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One entry found for : micromachinist

Main Entry : mi-cro-ma-chi-ist (u-machinist) i
Pronunciation : "mI-kr&-mé&-'shE-nist

Function : noun [
Date : circa late 20th century

A

1: acraftsman who is skilled in the sculpting of dielectric material via solid-
state processing techniques to build state-of-the-art high frequency circuits ;
also posseses the ability to design, assemble, and evaluate the performance of —

micromachined circuits —

For More Information on "micromachinist" go to Britannica.com
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CHAPTER 1

Introduction

1.1 Motivation

HE THZ spectrum, loosely defined as the frequency range frdniBz to 10 THz
T [1], holds a great deal of promise for many applicationsudoig high-resolution
environmental sensing, high-resolution biological inmagiwide-bandwidth satellite com-
munications, and is widening to the military and commertigldls. However, while ad-
vanced technologies in its neighboring bands, microwawe aptical bands, have been
well-developed, research in the THz region has been limitéd is mainly due to the fact

that compact, economical, reliable, and high-power saurcéhe THz region are lacking.

Frequency
1q16 10'15 10'14 10'13 1912 10I11 10'10 1?9
1000 THz 100 THz 10 THz 1THz 100 GHz 10 GHz 1GHz
‘Pt »< >
ULTRAVIOLET  VISIBLE INFRARED MICROWAVE
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»
»
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Figure 1.1: Electromagnetic spectrum.



1.1.1 Millimeter-wave, Submillimeter-wave, and THz Sources

At present, the most commonly used RF sources for the micraad THz spectrum
are solid-state sources and microwave tube sources. Codhpétrethe microwave tube
sources, solid-state sources have the advantages of seeallav cost, and compatibil-
ity with microwave integrated circuits [2], and so are moreferred. However, as the
operating frequency of semiconductor solid-state devicereases, their power-handling
capacity is reduced due to the reduction in the size of theedsyv Hence, although there
has been an extensive effort to develop solid-state sofwcéise millimeter and submilli-
meter regime, vacuum tube-type sources such as klystrahgymotrons have been the
mainstay of microwave power sources at frequencies abd@&Hy, especially for high-
power applications. Unfortunately, these vacuum-typecesiare large in size and weight,
require high-voltage supplies for operation, and have keivability and short life time.

A considerable amount of effort has been carried out to ivgthe power and fre-
guency performances of semiconductor solid-state ogmiidased either on three-terminal
devices or two-terminal devices to serve as sources atdreges above 100 GHz. An out-
put power of JuW for a DC to RF efficiency of 0.014 % was demonstrated at 213 Gitle w
a Microwave Monolithic Integrated Circuit (MMIC) High Electn Mobility Transistor
(HEMT) oscillator based on AllnAs/GalnAs/InP technolod).[ Currently, two-terminal
devices are more promising candidates than the threertalahevices for RF power gen-
eration in the THz spectrum. For instance, an output pow&4omW was delivered at
193 GHz [4], 1.1 mW at 315 GHz using state-of-the-art InP Gdewices [5], and over 9
mW of output power at 202GHz with an outstanding phase ndis@4alBc/Hz with GaAs
Tunnel Injection Transit-time (TUNNET) diodes [6].

An alternate approach, rather than depending on all-sbéite local oscillators for
high-power and high-frequency signal generation, is to aiseequency multiplier or a
chain of multiplier stages driven by RF frequency oscillatat medium millimeter-wave

frequencies. This is the most common approach to RF powenagene aboveD-band



(110 GHz - 170 GHz) since it has the advantage of using lovesgguiency oscillators or
amplifiers which, compared with currently available higeefuency oscillators, have su-
perior frequency stability, accuracy, and phase noiseopmdnces [7]. For instance, a
high-performance InGaAs/InAlAs/AlAs heterostructurerrix varactor (HBV’s) tripler
has been reported that produces an output power 9.55 mW vatmeersion efficiency
of 10.7 % at 247.5 GHz [8]. A demonstration of a 1.126 THz mahm GaAs Schottky
diode membrane tripler, driven by a 400 GHz solid-staterchamposed of power ampli-
fiers followed by two tunerless frequency doublers, with atpat power of 8QuW at room
temperature, 195W at the ambient temperature of 120 K, and as high as|®8@t the
ambient temperature of 50 K has been reported [9].

Although these are excellent results, they still suffepsftow power levels and thus are
not suitable for medium to high-power applications, suclaasr systems. One possible
solution to overcome this limitation of solid-state sowt®to combine the output power
of numerous solid-state oscillators, amplifiers, or fregpyemultipliers. Theoretically, a
large amount of RF power can be generated by combining a nunhlseurces. However,
the amount of power that can be combined is limited due tamfactuch as loss in the
combining circuit, isolation between each sources [2], loiming efficiencies, and circuit
size limitations.

There are various techniques of power combining. Devicel lembining, which is
to design circuits with multiple devices in a series or gdatalonfiguration rather than a
single configuration, is generally limited in the number ef/ides that can be efficiently
combined. Power combining can also be realized at the tietel. The Wilkinson power
combiner is an example of a nonresonant circuit level powenlining scheme, which
offers better frequency performance compared with redarniamit level power combining
schemes such as those utilizing rectangular or circulam@e® cavities. Multiple power
combining schemes can be used, both device level combimiagiecuit level combining,

to achieve higher efficiency and higher output power levéiswever, the efficiency of



circuit level combining decreases dramatically and evahytuecomes impractical as the
number of components increases, since then most of the seductor area will be used
for the passive matching and combining circuitry.

Spatial or quasi-optical power combining provides enhdrammbining efficiency by
coupling the output powers of each component in a singleesiad¢arge-diameter guided
beams or waveguide modes [10]. In this approach, comptidassy network can be elim-
inated, which provides the ability to achieve higher conmgnefficiencies. Moreover,
guasi-optical power combining schemes become more aveadthigher frequencies since
denser device integration is feasible due to the shorteel@agths [10], and thus higher ef-
ficiency and output power level can be achieved. For instargirg a quasi-optical power
combining scheme, 24 mW of power was delivered at the outpguency of 1 THz from

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

1.1.2 Micromachined Power Combining Module

The proposed waveguide-based quasi-optical power conthsystem [12] is shown
in Figure 1.2. Each module that constitutes the power comdpinystem consists of 3
components - a solid-state Microwave Monolithic Integda@rcuit (MMIC) RF source
such as frequency multipliers or oscillators, a transitonuit between the output of this
planar circuit and a micromachined waveguide, and a seofioricromachined waveguide.
The output signal of the planar solid-state component iplaalto the waveguide via the
transition circuit, which is then delivered to the outputtloé waveguide. The waveguide
can then be used to feed a highly directive micromachined hatenna. A number of
these modules can be simply combined together in an effol¢lieer combined, therefore
higher power levels into free space.

The advantage of the proposed power combining system ithptit powers of Fi-
nite Ground Coplanar (FGC) line-based MMIC’s are combinedgiaiwaveguide system.

Compared with microstrip lines, FGC lines are easy to fabgisace the necessity to met-



Micromachined
Horn Antennas

(a) Micromachined power combining system.

Micromachined
Waveguide Halves

(b) Power combining module.

Figure 1.2: Proposed fully micromachined power combinipstam (a) and module that
constitutes the power combining system (b). An example of & 8rray power
combining modules is shown in this figure. Each module ct&sita finite
ground coplanar line-based MMIC RF source, a transitiong@rahd a silicon
micromachined waveguide section. The waveguide can thersée to feed a
highly directive micromachined horn antenna.



allize backside of the wafer is eliminated and that the dladtcharacteristics are relatively
insensitive to substrate thickness. Moreover, its ungrlaature allows straightforward in-
tegration of series and shunt elements, diodes for examwglegut the need for via holes
which can provide additional parasitics as well as fabiocatomplexity. All of these are

a strong advantage over microstrip lines especially for K@Kl MMIC’s have the advan-

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

circuits in large quantities at low cost.

Waveguides are bulky and difficult to integrate other cirgyiespecially at lower fre-
guencies where the dimensions of waveguides are on the ofdentimeters. However,
the loss in waveguides is significantly lower than the logslamar transmission lines, and
its power handling capacity is well beyond that of FGC linesgrostrip lines, and other
types of planar transmission lines. In addition, wavegsiiciEn optimize the circuit perfor-
mance with incorporated tuners such as backshorts and aaselego directly feed highly
directive horn antennas. The proposed power combiningsytikes such advantages of
waveguides to combine the output power of individual moslalethe low-loss waveguide
system level, rather than at the lossy planar transmissieridvel. The difficulty and high
cost of conventionally machining waveguides for submiditer and THz spectrum due to
their small size and therefore small dimensional toleratare be considerably reduced
by means of silicon micromachining technology. The wavegsican be fabricated in a
“split-block”’manner, using various cost-effective siic micromachining techniques, and
still provide excellent performance.

The transition from the output of the MMIC to the waveguidam®ther critical element
of the proposed power combining system. The transitiofizasla novel micromachined
E-plane probe that is fed by extending the center conductandfGC line and inserted
into the waveguide. Effective transition between the FG@ land the micromachined
waveguide is important since it has a substantial effecthenaverall efficiency of the

power combining system.



The biggest challenge in realizing the proposed power coim@pisystem lies in the
difficulty of 2D-integration of individual modules and algsophase locking MMIC output
signals with suitable power dividing circuits. In additighe design of a micromachined
horn antenna array is another key factor for the overallquardnce of the power combining

system.

1.2 Dissertation Overview

The main object of this dissertation is development of thegppsed fully microma-
chined power combining module. Module components - GaAsatithic frequency mul-
tipliers and fully micromachined FGC line to waveguide s#ions - are first investigated.
A complete power combining module can be developed by iategy the two heteroge-
neous components.

Chapter 2 presents millimeter-wave high efficiency monaitBaAs frequency multi-
pliers. A relatively simple yet effective means to reduce lthss in the passive circuitry of
monolithic circuits and therefore to improve the frequemaytiplier efficiencies is demon-
strated. Simulated as well as experimental results aragedyv The frequency multipliers
developed in this chapter are used as the RF source in the powdrining module pre-
sented later in this dissertation.

Chapter 3 describes the development of transitions betw@éhftite ground copla-
nar lines and micromachined waveguides. A simple yet prmgpitechnique to develop
micromachined waveguides via dry etching silicon is introeld and utilized to fabricate
waveguides. A free-standing transition probe that pravitie potential of such transitions
to be applicable well into the submillimeter-wave and THag®, is also presented. The
transition and the micromachined waveguide is the passveqg the power combining
module presented later in this dissertation. Thus, devedop of effective transition is an

essential part for successful demonstration of the module.



Chapter 4 demonstrates the fully micromachined power comdpimodule. It inte-
grates, in a unique micromachined arrangement, the highegfty monolithic GaAs fre-
guency multipliers developed in Chapter 2 and the FGC lineitwmamachined diamond
waveguide developed in Chapter 3. A number of the demondtratelules can be simply
combined together to produce higher output power levelgr@fbre demonstrated power
combining module will seek as a promising candidate of artiefit power source for
high-frequency high-power application sources.

Chapter 5 summarizes the accomplishments in this dissertatid introduces other
high-frequency applications that the multi-functionalif the demonstrated power com-

bining scheme can be utilized in.



CHAPTER 2

High Efficiency W-band

GaAs Monolithic Frequency Multipliers

2.1 Introduction

IGH-FREQUENCY signals can be generated either by using hegfuiency oscil-

H lators, or by multiplying signals from lower frequency soes. The performance
of oscillators, in terms of stability, accuracy, and phasis@® becomes worse as the operat-
ing frequency is increased [7]. This makes frequency miidagon a preferred method for
generating high frequency signals. As a result, frequenayiphiers are one of the critical
components in millimeter and submillimeter wireless comroation systems.

Traditionally, frequency multipliers have been based ohoB&y barrier diodes. Fre-
guency multipliers utilizing novel diodes such as SBV (S@Blarrier-Varactor) have been
reported [13], yet the results are only promising. Recefriguency multipliers utilizing
various types of transistors such as pHEMT’s and FET’s atés@ Ishown high efficiency
performance in millimeter and submillimeter region witleithpotential to amplify the out-
put signals 7,14, 15]. However, due to the advantages oftBghdiode-based multipliers
over transistor-based multipliers such as higher powedlivamcapacity, improved stabil-

ity, and better frequency response [16], Schottky diod#semain as preferred nonlinear



devices for frequency multipliers in millimeter and sudimiketer systems.

The most popular type of millimeter-wave and submillimetewe frequency multipli-
ers have been of waveguide-based [17-19]. Waveguide tdrcave low loss, higlk), and
the ability to optimize the performance with incorporateddrs such as backshorts. How-
ever, as the operating frequency is increased, convehtioaehining of metal rectangular
waveguides becomes more difficult and thus costly. Speltyfifta the waveguide-based
multipliers, the mount structures become more complex sigtheand fabricate as the op-
erating frequency increases [20].

An alternate but still competitive approach is monolithicrawave integrated circuits
(MMIC’s). MMIC frequency multipliers have more loss and low® than waveguide-
based frequency multipliers, and it is nearly impossiblenttude tuning elements. How-
ever, MMIC'’s are often preferable to bulky-waveguide citsulue to their small sizes and
the possibility of low-cost fabrication in large quantgtiesing integrated circuit (IC) fabri-
cation techniques. In addition, MMIC'’s allow much betternagucibility of performance
than waveguide-based frequency multipliers.

Useful diode-based MMIC multipliers have been reporteeémndy. Chenet al. suc-
cessfully demonstrated a diode-based MMIC multiplier vethoutput power of 65 mW
and an efficiency of 25 % at 94 GHz using microstrip lines [Aijauchleret al. demon-
strated output power of 93 mW at 80 GHz [20] and Papapolymetal demonstrated
an output power of 115 mW at 74 GHz with 4 diodes [22], both Hase finite ground
coplanar(FGC) lines. However, MMIC frequency multipliees/b suffered from relatively
low efficiencies compared to their waveguide-based copatéer

One of the major limiting factors for achieving high efficaé@s in MMIC's is the loss
in the passive circuitry. For instance, transmission liaesused extensively not only to
transfer the input and output signals but also to match tipedances of active devices to
those of the input and output ports, with open/short stuliserdfore, the efficiency of a

multiplier can benefit from reducing the loss in the transiois lines.
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Figure 2.1: Scanning electron micrograph of a fabricatedI®@Kequency multiplier with
GaAs Schottky barrier planar diodes of ingRt2. Shown in the top right
corner are test diodes.
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This chapter presents high efficiency diode-based MMICueagy multipliers that
have comparable performance to the waveguide-based cparttan W-band. Passive cir-
cuitry with lower loss has been adopted to improve the miidtigfficiencies. First, Section
2.2 will discuss basic Schottky barrier diode theory. Eotirey diode DC parameters from
experimentalC/V andl/V curve is also shown for a Schottky barrier diode used as the no
linear device for the frequency multipliers presented.dati®n 2.3, a practical method of
reducing the loss in FGC lines is provided and its experialgesults are discussed. Then
the design and fabrication of two types of MMIC frequency tipliers are described in
Sections 2.4 and 2.5. Section 2.6 is devoted to the measntemieip and procedures. In
Section 2.7, the evaluated performance of the fabricagggifncy multipliers is presented.
Finally, conclusion will follow in Section 2.8. The frequenmultipliers discussed in this
chapter will be used as the MMIC RF source in the power comgimiodule presented in

Chapter 4.

2.2 Schottky Barrier Diode Theory

Signal generation plays an important role in high frequermymunications systems.
A variety of stable, low noise sources are available belo@ G®iz, but most higher fre-
guency systems require harmonic multipliers in order t@obthe required output power
and frequency [23]. Due to their advantages such as higheemploandling capacity, im-
proved stability, low noise characteristics, and supdiregquency response especially at
high frequencies, Schottky (metal-to-semiconductoryibadiodes have been the most
common nonlinear device for millimeter and submillimeteave frequency multipliers.
Reactive multipliers can be realized when the Schottky éadiodes are used as varactors,
nonlinear voltage-controlled capacitors. Compared testiesi multipliers where Schottky
barrier diodes are used as resistive diodes, reactivepheis have a strong advantage of

theoretical efficiency of 100%, restricted only by the Iassethe diodes.
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Semi-insulating n+ Layer

GaAs
Etch Stop Layer

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

2.2.1 Junction Capacitance

A diagram of the Schottky barrier diode used for the muléigdiin this chapter and in
Chapter 4 is shown in Fig. 2.2. The diode shown in this figureptaaar disk type com-
monly used in MMIC applications. The~ layer had a doping leveNy) of 1x10' /cm?
and a thickness of 470B. Then™ layer had a doping level 05108 /cm? and a thickness
of 2.5um. The ohmic contact is formed on top of the layer with GaAs alloyed nickel-
germanium-gold layers. The size and shape of the anodelaoteskto give the appropriate
combination of junction capacitance and series resistimm¢he intended application. Due
to the difference in work functions of anode metal antype semiconductor (GaAs), a
Schottky barrier type junction is formed when the anode tuausists of Ti/Pt/Au metal
layers is placed on the semiconductor surface. Electramsransferred from the semi-
conductor to the anode until equilibrium is obtained anchglsi Fermi level characterizes
both the metal and the semiconductor [24]. Hence, a deple&gion is formed within
the semiconductor at the metal interface, which is depletedobile carriers (electrons).
Having lost electrons, the-type semiconductor will be charged positively with redgec
the anode at thermal equilibrium.

The depth of the depletion regiory) can be controlled with an external bias voltage

13



and is obtained by solving Poisson’s equation :

2€r
Xd = ‘/q_l\b((ﬂ —Va)  [cm], (2.1)

whereg, is the permittivity of the semiconductarjs the electron charge (1 eV=1xa801°
J),Ny is donor density (doping level) of thre™ layer, @ is the built-in voltage or the voltage
drop across the depletion region (space charge region)udltbemym, andV; is the bias
voltage applied to the anode with the semiconductor grodif24]. The built-in voltage
@ is simply the difference between the metal work function tn@electron affinity of the
semiconductor.

The space charg®s per unit area in the semiconductor is

Qs = dNuxg = 1/2q&Ng(@ —Ng)  [Clcn?] (2.2)

and the capacitance per unit area under small-signal adtmmsdcan be calculated by

using Equation 2.2:

_[0Qs| gerNg &
C_‘a—va _‘/72«9 % [Flcn]. (2.3)

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

gerNg
((ﬂ —Va) = 22:2 : (2.4)

Equations 2.4 indicates that a plot of the square of the recgb of the small-signal
capacitance (0?) versus the reverse bias voltage should be a straight lihe. slope of
the straight line can be used to obtain the doping leMg) (n the semiconductor, and the

intercept of the straight line with the abscissa should kuie built-in potentialg [24],

-2 1

Ng

14



Shown in Fig. 2.3 is a plot of a @ as a function of DC bias for a test diode with an
anode area of 0.389 nfmThis diode was fabricated on the same wafer as the multplie
presented later in this chapter, for the purpose of calogdhe doping level. The mul-
tiplier diodes can be used for such a measurement. Howewesjdering the fabrication
tolerances and that the value of the anode area squaredifeage per unit area, [F/ci})
is considered in the calculation, the results are more stergiwhen obtained using a test
diode with relatively large anode area. The measurements taken with an HP 4285A
Precision LCR Meter for the bias levels from -9 V up to -1 V with iacrement of 1 V.
Also shown is a fitted curve used to find the exact slope andtta@xhe built-in potential
@ from the intercept of this line with the positig, axis where no measurements were
taken. The doping level was calculated to be 18"’ /cm?® which agrees well with the
value (1x 10" /cm?®) provided by the vendor. The calculated built-in potengialvas 0.71
V.

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

8e21

N < —— Measured
6e21 —=—=Fitted
4e21
N
o
-

2e21 4

N\
N
0 N
N
N
N
\ .
-2e21 T T T T T T
-12 10 -8 -6 -4 -2 0 2 4
Val[V]

Figure 2.3: Plot of 1C? versus applied bias for a test diode with an anode area 090.38
mm?
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Figure 2.4: Plot of measured capacitance versus applisddriaQ=3 diode with an anode
area of 65.3um?.

G

Va
Vi—a

whereC, is the zero bias capacitance and can be obtained from Equafip

N
Co=Cluuzo = 1/ T2t (2.7)

Taking into account the parasitic capacitances from diodgefis and probing pads, the

C= [Flcn], (2.6)

total capacitance of a Schottky barrier diode can be expdess :

[Flen], (2.8)

Ct :Cp+

whereC,, is the parasitic capacitance.
Shown in Fig. 2.4 is a plot of measured capacitance versugedppas for aQ=3 diode

used for the multipliers presented later in the chapter.dibde had an anode area of 65.3
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um? and was fabricated on the same wafer as the large test didelg.i2.3. The built-in
potentialg of 0.71 V obtained from Fig. 2.3 was used to obtain the zeas-bapacitance

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

2.2.2 1/V Characteristics

The dependence of current on applied bias voltage ¢f a Schottky barrier metal-
semiconductor junction can be obtained by the thermionisgon-diffusion theory. The

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

J = Jou {exp(r?;/jgl‘_) _ 1} [Alcm?], (2.9)

wherelJsgt is the reverse-saturation current densitys the diode ideality factok is Boltz-
mann’s constant (1.3710-23 J/K), andT is the temperature in Kelvirlss can be obtained
by extrapolating the current density from the log-lineajioa toV,=0. An expression for
Jsat IS [25]

Jsat = A**Tzexp(i—(_?_) , (2.10)
where A** is the modified Richardson constant and is approximately 4ot K2 for
GaAs. @ is the the barrier height, or the built-in potential.

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

the same equation :

g 0Va

for Va> %T (2.11)

The diode ideality factor accounts for unavoidable imparéas in the junction and
for other secondary phenomena that thermionic emissiarryh@annot predict [25]. The

value ofn represents departures from an ideal Schottky junctieri] and actual Schottky
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barriers on moderately dopeetype GaAs usually haveg values within the range of 1.0 to
1.25. However, it can depart substantially from unity whiee doping is increased or the
temperature is lowered [26].

The reverse-saturation current denslty; and the diode ideality factay of the g=3

diode are calculated from the &/ curve in the next section.

2.2.3 Parasitic Series Resistance

It should be noted that Equation 2.9 is an approximét€dcharacteristic of the junc-
tion of a Schottky barrier diode and does not include theagatdrop across other parts of
the diode. In Schottky barrier diodes, the epitaxial lageraver fully depleted of charge in
normal operation even at the highest reverse voltages [2&hsequently, there is always
some undepleted epitaxial material between the depletidrtize layers below. This rep-
resents a parasitic resistance in series with the dioddigumcHigh electron mobility in
GaAs allows lower series resistance to be achieved withivelglighter doping. However,
this series resistance is an important loss mechanism deditor mixers and frequency
multipliers and thus must be considered.

Shown in Fig. 2.5 is the high frequency equivalent circuind@chottky barrier diode.

Diode junction

R

Figure 2.5: Equivalent circuit for a Schottky barrier diodéhe components in the dotted
box represents the diode junction.
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Anode Metal
Depletion region ) Ohmic contact

Figure 2.6: Profile of the Schottky barrier diode shown in. A¢

It consists of three nonlinear elements : the junction cigace C;) in parallel with the
junction resistanceR]) associated with the generation-recombination curreiffijsibn
current, and surface leakage current, and the parasitesgesistanceRs). HoweverRs is
usually approximated as a linear element even when the ddageerated as a varactor with
a reverse bias, in which case the series resistance showsaasity and varies somewhat
more with applied bias [25].

Fig. 2.6 shows the profile of the Schottky barrier diode shawRig. 2.2. In such a
mesa-type diode where both contacts (anode and cathodm) dre top surface of the chip,
the current through the device flows down from the anode arehd laterally around the
base of the mesa before flowing out of the cathode [21]. Theeotiflow path is shown
by the arrows in the right half of the figure. Assuming thatdéime@de metal has an infinite
conductivity and that the current density is confined withiskin depth §), total series
resistanceRs) of a Schottky barrier diode can be broken into the comp@&qt Ry, Ro,
Rs, R4. R, is the spreading resistance of the undepletedayer, andR, is the contact
resistanceR; ~ Rs are the spreading resistance of titelayer and are divided based on
the current path shown in Fig. 2.6. The analytical equationsach series resistance

component are as follows [21, 27, 28]

t—Xqg
onTa2’

R, = (2.12)
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R 2.1

1 2_n_o_sa27 ( 3)
1
R 2.14
2 4ATI050¢ ( )
1 b

Rs = In{ = 2.15
3 2100 (a)’ ( )

PmPs

= Pmds + PsOm

[%T n()+ 2 (Alo(BC) + BK(B) + " (Alo(Bb) + BK(BD)
(2.16)

where

A_ T [mel(Bb> psKl(BC)}7

2MBA | OmC 3sb

1 [pmli(Bb) | psli(Bc)
B_ZT[BA[ 5nC | b }

= l1(Bc)K1(Bb) — 11(Bb)Ky(Bc),

o Pm Ps
k= \/pc <5m+ 53)

andt is the thickness of the™ epitaxial layerxy is the depth of the depletion regiopy is

the ohmic contact resistancd; anddy, are the skin depth®s andpp, are resistivitiesgs
andop, are conductivities, in the substrate and metal regionpexsely. Thea, b, andc
dimensions can be found in Fig. 2.6(-) andKu(-) are modified Bessel functions of the

first and second kind, respectively. The total series @st& of the Schottky diode is then
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Figure 2.7: MeasuretdV curve for aQ=3 diode with an anode area of 6587,

Rsi=Rhn+Ri+R+R3+Ry. (2.17)

Thus, the series resistance of a Schottky barrier diode e&aloulated using the above
equations. For =3 Schottky barrier diode witb=4.56um, b=8.7 pm, c=12 ym, t=4700
A, andNy = 1.08x 107, the estimated series resistance is approximatel1.6

Fig. 2.7 shows a measurdfl/ characteristic for the sam@=3 diode, plotted on
semilogarithmic axes. The diod®/ curve was measured using an HP 4155A Semiconduc-
tor parameter analyzer and a pair of Cascade Microtech mgsbbes with 2.4m radius
tips. The reverse-saturation currénand the diode ideality factat can be found from the
slope of the fitted line and Equations 2.10 and 2.1 = Js x (Anode areg615 fA and
n=1.19. The parasitic series resistagecan also be found from the measured and fitted
curves in Fig. 2.7. As is seen from this figure, the curve degifrom a straight line at the
high voltage end because of the voltage drop acrosB¢h€he series resistance value can
be obtained from the differencAVY) between the actual bias voltage and the expected bias
voltage (found from the fitted curve) for a certain currenelgl;) beyond the deviating

point
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TheRs of theg=3 diode is found to be 5.8, which is higher than the value calculated
from Equation 2.17. The measurBglof 5.6 Q includes the contact resistance between the
probe tip and the on-wafer gold pad. This resistance can taenatal from thd/V measure-
ments of a back to back probe tip to gold pad contact, and theage contact resistance is
found to be 0.9 per contact. Thus, it is reasonable expectation that theaHgt of the
Schottky barrier diode is 3.8. This series resistance value is still higher than the value
(1.6 Q) calculated using Equation 2.17. The difference of abo( Between the theo-
retical experimental values of the series resistance gebaidue to the resistance coming
from other diode components such as anode metal, ohmicatpated ohmic metal. The
Equation 2.17 assumes that the anode metal has an infinitkictnity (zero resistivity)
and the contacts between the metal and semiconductor ale lid@ddition, the employed
ohmic contact (325/250/648 of Ni/Ge/Au annealed at 40% for 40 sec.) is known to
have an average contact resistivity 005 2.5 x 10~/ Q- cm? [29]. Thus, it can be said
that the measured series resistance ofBi8in reasonable agreement with the theoretical
value of 1.6Q.

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

a large capacitance variation can be achieved. From Equat® this implies that the
depletion region depthx§) varies considerably over the voltage applied across tiaipn.
Since the series resistanRe consists largely of the undepleted epitaxial layRy ih Fig.
2.6), it is expected that there is also a great variatioRsofT herefore, the assumption that
the series resistance is linear may not be valid for vara¢#].

When the junction capacitan€g in Fig. 2.5 and the series resistarRgare obtained,
the quality factor of the diode can be calculated. The qutdittor,Q, of a diode is the ratio
of energy stored to energy dissipated within the diode aadi®asure of the efficiency of

a varactor [26]
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WCjR,

Q=17 WCPR|Rs

(2.19)

Since the junction resistanég is on the order of & range and is much larger than

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

1 Xn

Q~ «WCjRs  Rn’

(2.20)

whereRj, and X, are the real and imaginary parts of the diode input impedaheefre-
quencyw.

For a given biasQ varies aswC;R; at low frequencies and as/'@C;Rs at high fre-
quencies [26]. This is due to the fact tiigtis fixed when the bias is fixed, and to the fact
that there is a great difference between the valud®; @ndRs. Diodes operating at high
frequencies are subject to additional phenomena that éect #ieir performance [25]. For
example, the skin depttd) effects will have an effect on parasitic series resistdtice

A Schottky barrier diode can be modelled as a one-sided stepipn which is a highly
asymmetrical (abrupt) junction [24]. The dopant concditreon one side of the junction
(metal) is much higher than on the other side (semicondycamd thus the depthx{ in
Fig. 2.6) of the depletion region on the heavily doped redimetal) is negligible when
compared to that of the lightly doped region (semicondycibine breakdown voltage of a

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

Vi 2 60(Eg/1.1)%2(Ng/10%6)~%/4, (2.21)

whereEy is the bandgap of the semiconductor material at room-teatyer, which is 1.12
eV for silicon and 1.424 eV for GaAs at 300K.
The cutoff frequencyf; is a figure of merit for a diode, and is traditionally calcelat

from its DC parameters [25] :
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(2.22)

2.3 Loss Control in Finite Ground Coplanar Lines

Geometries of the two most popular planar transmissiors luged in MMICs are
shown in Fig.2.8. Owing to several advantages over the cuioreal microstrip lines,
finite ground coplanar (FGC) lines have become one of the miogiywused transmission
lines in today’s millimeter and submillimeter applicatiorAmong the advantages is a bet-
ter control of loss in the transmission lines. One way to cedilne loss in a microstrip
line is to reduce the current density on the conductor by ntakie conductor widths(in
Fig. 2.8(a)) wider. This reduces the ohmic loss in the micipdine, therefore the overall
loss. However, in order to account for the decrease in theachexistic impedancez()
due to a wider conductor width, the thickness of the sulesttain Fig. 2.8(a)) has to be
increased accordingly. This may not be feasible, espg@altery high frequencies where
thin substrates are required to prevent higher order modes.

In FGC lines, most of the electromagnetic field is conceattat the aperture between
conductors\ in Fig. 2.8(b)). Thus, dielectric loss in FGC lines can beuat by remov-
ing the dielectric in these apertures [30]. However, remg\the dielectric from the slots
also affects other transmission line characteristics sigchffective permittivityde s ) and
thus its characteristic impedance and electrical lengtierdfore the relationship between
the amount of dielectric removed from the slots and the trassion line characteristics
needs to be explored when designing such FGC lines. In additiicromachining grooves
in the slots requires an additional process step which maeoompatible with the other
process steps, or which may be feasible only for certainteatesmaterials.

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

overall loss of FGC lines. Ohmic loss can be reduced by widgthe center conductor
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(b) Finite Ground Coplanar(FGC) line geometry.

Figure 2.8: Geometries of the two most popular planar tréssion lines used in MMICs.

width (sin Fig. 2.8(b)) thereby reducing the current density. Irt,fius is a more effective
method for reducing the loss of FGC lines, since ohmic lofisaslominant factor of FGC
line loss [31, 32]. The changes in transmission line parammetuch as the characteristic
impedance due to a wider center conductor width can be cosapesh simply. Provided
that the ground plane widthly {n Fig. 2.8(b)) and the dielectric thicknedsi( Fig. 2.8(b))
can be considered to be infinite, the characteristic impegléh,) of an FGC line, found

by a quasi-static analysis using conformal mapping, isesg®d as [33]

Zo = o]] (2.23)

where




S
k= —
S+ 2w’

andK(-) andK’(-) are the complete elliptic integrals of the first kind and iwsnplement,
respectively. Thus for FGC line&=5/(s+2w) is the dominant factor that determines the
characteristic impedances. Therefore, if this ratio is kept the same by increasing the
widths of the slots at the same time and by the same ratiolibaténter conductor width
is increased, the characteristic impedance will remainipéae same. Thus, it can be said
that controlling the loss in FGC lines is relatively easiempared to microstrip lines.

There are limitations. As mentioned above, as the centehuamar is widened to reduce
the ohmic loss, the slot widths needs to be widened in ordendmtain thew/s ratio
constant, therefore the characteristic impedance cans#@nthe same time, to ensure
a single mode of operation, the entire width of an FGC line tkabe less than half a
wavelength in the dielectric at the highest frequency ofrapen [34]. This condition sets
an upper limit on center conductor and slot dimensions. Tpjger limit, in turn, sets a
threshold on how much line loss can be improved from incieéds®ensions. In addition,
due to the wider center conductor slot widths, the circue snay become too large to
implement. Reducing the ground plane widths maybe a soltdisach a problem, but such
truncation can reduce the characteristic impedance ofiies [33, 35], and/or introduce
additional loss [32].

The relationship between FGC line dimensions and the lossexperimentally veri-
fied. Two FGC lines with characteristic impedances ofbare used for this experiment.
The FGC line with narrower dimensions are the FGC lines tha¢lbeen used extensively
by our group at University of Michigan for high frequencyaiits. The FGC line with
wider dimensions are scaled versions of these. In an effagduce the ohmic loss, the
width of the center conductor was widened by 40%. At the same, twidth of the slots
was widened also by 40% so as to maintain the safseatio and thus the characteristic

impedance of the line. Additional two FGC lines with chaeaidtic impedances of 7Q
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were also investigated in this experiment. The ground plaickhs of scaled FGC lines
were carefully chosen to minimize the effect on charadierimpedances, and to ensure
single mode of propagation. The dimensions of FGC lines usdlis experiment are
summarized in Table 2.1. Thru-reflect-line(TRL) calibratistandards of the four FGC
lines were fabricated on a 62Bn semi-insulating GaAs wafer and testedMiband. The
lines were patterned with 508 of titanium and 1pm of gold via standard lift-off pro-
cess. Measurements were performed with an HP8510C vediworkeanalyzer and a set
of ground-signal-ground model 120 GGB Picoprobes. On-inedébration was achieved
through the use of MultiCal [36], a TRL protocol. In Fig. 2.9(#)e measured charac-
teristic impedance of the wider 0 FGC line, normalized to the measured characteristic
impedance of the narrower 30 line, is plotted in the solid line. The measured charac-
teristic impedance of the wider 2 FGC line, normalized to the measured characteristic
impedance of the narrower Tlline is plotted in the dotted line. The results show that the
changes in impedances due to the changes in dimensionsessréhhn 1% over the entire
W-band, for both 5@ and 71Q FGC lines.

Shown in Fig. 2.9(b) are the real parts of the effective p#ivity of the two 50Q
FGC lines tested. The fact that the effective permittivstpearly constant indicates that the
propagation along both lines are quasi-TEM modes and amyrgigpersionless. As can

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

Table 2.1: Dimensions of 5Q and 71Q FGC lines on semi-insulating GaAs substrate used
to experimentally verify the relationship between FGC ldm@ensions and the
associated loss.

Zo, Center [um] Slot[um] Ground [pum]

500 50 45 160
70 63 140
710 20 80 260
28 112 230
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Figure 2.9: Experimental results for comparison of FGCdimeTable 2.1. (a) Impedances
of 50Q and 71Q FGC lines with 40 % wider center conductor and slot widths,
normalized to the impedances of original FGC lines. (b) &ffe permittivity
of the two 50Q lines tested.
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in W-band.

These results, together with the fact that no mode other tihardominant mode is
excited over the entird/-band, implies that the tested FGC line pairs are eleclyiaadlis-
tinguishable in this frequency range.

Shown in Fig. 2.10 are the attenuation curves of the tested ks, obtained from
MultiCal. Since loss in FGC lines are mainly ohmic, the cunwese fitted to,/f functions,
to illustrate the differences in loss more clearly. As carséen in this figure, 40% wider
center conductor width reduces the overall loss by aboudB/8m for the 502 FGC line
and about 0.7 dB/cm for the R FGC line across the whoM/-band. For example, for
the 50Q line, the loss was reduced from 2.5 dB/cm to 2.2 dB/cm at 80 GHetHe 71Q
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 extegsivélIMIC designs not
only to transfer the input and output signals but also to m#te impedances of active
devices to those of the input and output ports, the efficesnof MMIC’s can benefit from

reducing the loss in these FGC lines.

2.4 Multiplier Design

Monolithic frequency multipliers were designed with a pafitGaAs Schottky barrier
planar diodes as the nonlinear devices. Shown in Fig. 2.albisck diagram of the de-
signed monolithic frequency doublers. The planar diode ipaionnected from the signal
lines to the ground planes of FGC lines, in a shunt configomatwhich is not an eas-
ily available configuration in circuits based on microstiiges. The two matching and
isolation networks should be designed so that the maximumepof the fundamental fre-
guency is delivered to the diodes and at the same time, thémmax second harmonic
power output from the diodes is delivered to the output ports

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

lanche breakdown voltage, and mode of operation, basedearotte described by East
al. [37,38] was used to design the circuit so that the diodes mpwtQ's of two and three.
The inputQ of a diode determines the operating mode. Multipliers witlvdr Q diodes
are more resistive and thus have relatively lower efficesiand wider bandwidths. Those
with higher Q diodes are more reactive and the multipliers with such diddaractors)
have relatively higher efficiencies and narrower bandvadfs theQ of a diode increases,
the circuit design becomes more sensitive to small chamgteeiactual circuit [38]. For
example, variation in the passive circuitry dimensions u@brication tolerances can de-
grade the actual multiplier performance. This degradatiem be greater for multipliers
operating with highe@ diodes.

The Q of a diode is inversely proportional to the product@iRs (whereC; is the
junction capacitance anigs is the parasitic series resistance, Equation 2.19), arfiehig
diodeQ can be achieved with lower junction capacitan€g.(Higher reverse bias voltage
(more negative) increases the depth of the depletion regipm Fig. 2.6), which in turn
reduces the junction capacitance. Therefore, smallereaageh and/or higher bias voltage
is required to operate a diode with a higligrThe designed)=2 diode has an epitaxial
layer doping of & 10'7/cm?, a thickness of 4708, an anode area of 73j6n? per diode,

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

the same doping and the same thickness, an anode area qir65.and a tuning bias
voltage of -6 V. As is expected, the difference between tredesigned diodes are in the
anode area and bias voltage that is used to contrdDtbethe diodes. At the fundamental
frequency (40 GHz), the impedances of the diodes were eéalito be 52.3100Q and
52.44160.8Q for the Q=2 andQ=3 diodes, respectively. At the second harmonic (80 GHz),
the impedances of tH@=2 diode was calculated to be 4156 Q and that of th&)=3 diode
was calculated to be 50j86 Q. The peak efficiencies predicted by the nonlinear multiple-
reflection program was 34% and 39% for {@e2 andQ=3 diode multiplier, respectively.
The passive circuitry was designed in Agilent ADS with FGa&8 optimized for lower
loss, using the calculated diode impedances at the fundahieguency and at the second
harmonic. The ground plane widths of the FGC lines were a#lyethosen in an effort to
ensure a single mode of propagation. A schematic of a designatiplier is shown in
Fig. 2.12. The lengths of the open-ended balanced stub ptieanput are\g/4 at the
second harmonic and the lengths of the open-ended balatdegair at the output are

Ag/4 at the fundamental frequency. The 80standard sections C and E are algp4
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Table 2.2: Passive circuitry dimensions for te2 diode multiplier.

Section Description w[pm] s[um] Length [pm]
A 50 Q signal launch section 70 63 200
B 49 Q open-end balanced stubs 70 65 318
C 50 Q standard section 70 63 374
D 71 Q diode feed lines 28 112 213
E 50 Q standard section 70 63 694
F 49 Q open-end balanced stubs 70 65 710
G 21.5Q low impedance section 168 14 300
H 50 Q signal launch section 70 63 200

Table 2.3: Passive circuitry dimensions for te3 diode multiplier.

Section Description w[um] s[um] Length[um]
A 50 Q signal launch section 70 63 200
B 42 Q open-end balanced stubs 70 26.6 346
C 50 Q standard section 70 63 360
D 71Q diode feed lines 28 112 273
E 50 Q standard section 70 63 702
F 49 Q open-end balanced stubs 70 65 682
G 21.5Q low impedance section 168 14 307
H 50 Q signal launch section 70 63 200
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long at the second harmonic and at the fundamental frequeespgectively. Thus the
output isolation network appears to be an open circuit atfuhdamental frequency, and
similarly, the input isolation network appears to be an ogeruit at the second harmonic,
providing appropriate isolations. At the same time, theangnces of these stubs and the
high impedance FGC lines (Section D in Fig. 2.12) that arel uethe diode input to
resonate the average capacitances of the diodes, are ¢basaich the diode impedances
to the input and output port impedances of @Pat the input frequency of 40 GHz and
at the output frequency of 80 GHz, respectively. The input amtput matching/isolation
networks were optimized using Agilent ADS where the diodeseamodelled as a resistor
in series with a capacitor. The goal was to match the diodedapces to the embedding
impedances, while the harmonic trap at the input and punp dtahe output provide
appropriate RF blockings. The designed passive circuitnyedsions are summarized in
Table 2.2 and 2.3.

The measured DC characteristics of fabricafze® andQ=3 diodes are in Table 2.4.
The measurement was taken with HP 4155A Semiconductor Rteamnalyzer and a pair
of Cascade Microtech tungsten probes withdrtradius tips. As is mentioned in Section
2.2.3, included in the measured parasitic series resissafi) in Table 2.4 are contact
resistance between the probe and the gold probing pad onatee. Whis was found to be
0.9Q/contact. Considering the fact that measurements requa@tabe-to-gold contacts,
the actual parasitic series resistances are expected t® be&hd 3.8Q for the Q=2 and

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

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

Rs[Q] CjolfF] CplfF] Io[fA] Ver[VI n fc[GHZ]
Q=2 54 59 182 278 128 116 750
Q=3 56 48 165 615  13.0 119 873
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Figure 2.13: Schematic of a frequency multiplier circuit $otmulations in Agilent ADS.

used in the frequency multiplier simulations in Agilent ABSg. 2.13). The simulated
peak efficiency for th€Q=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 sexedl peak efficiency
for the Q=3 diode multiplier was 37.3% at an output frequency of 79HEz@vith an input
power level of 17 dBm and biased at -4.4 V. Simulated efficiemaind return loss for both
multipliers with fixed bias is plotted in Fig. 2.14. Shown ilgF 2.15 are the simulated
output power as a function of the input power at the outpujfescy 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 GaAger with a thickness
of 625um. The silicon-doped active layers were grown on a 3 inch }td@nted GaAs

substrate. The~ layer was 4700 thick with a doping level Kly) of 1x107/cm® and
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Figure 2.14: Simulated efficiency and return loss vs. outguency for the GaAs mul-
tipliers. Diodes were modelled in Agilent ADS using the DQagmaeters 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-& @nd 79.4 GHz for the
Q=2 andQ=3 diode multipliers, respectively. Each diode was biased &
and -4.4V.

then™ layer was 2.5um thick with a doping level of 5% 10'%/cm?. Between these epitaxial
layers was a 508 thick etch stop layer of A§GayAs.

First, ohmic contacts were formed through standard liftpobcess after tha™ layer
was etched through with 3P0y:H20,:H20 (1:1:8) and the native oxide was removed in
buffered-HF (BHF). The ohmic metal consisting of 250/325/850/25008 of Ni/Ge/Au/
Ti/Au layers was then annealed for 40 seconds af 4D5Second, the Schottky anodes
that consisted of 500/500/30@0 of Ti/Pt/Au layers were formed through standard lift-off
process. The native oxide on the anode patterns were etelizgddr before the wafer was
metallized. After the planar diodes were formed, the domtistelayers were etched away
in NH4OH:H,0O5 (1:24) followed by an oxide etch in N¢#OH:H,O (1:15), forming mesas
to isolate the diodes from the passive circuitry. Then thespa circuitry was printed with
500A/1 pm of Ti/Au via standard lift-off process. Finally, air bridg were added by gold

electroplating to equalize the the ground planes of FGGlaral at the same time, diode
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fingers were added to connect the Schottky anodes to thevpagsiuitry. An SEM picture
of a fabricatedQ=2 diode frequency multiplier is shown in Fig. 2.1. Shown ig.R2.16 is
a fabricated planar GaAs Schottky barrier diode.

2.6 Measurements

The performance of the fabricat&d-band frequency multipliers was evaluated using
the measurement system in Fig. 2.17. The system consistee &ubsystems, input and
output. A single tone signal from the HP 8510C Vector Netwnalyzer system is multi-
plied to aKa-band (26-40 GHz) signal by an HP 83554A mm-Wave Source Modrihis
signal drives a Hughes 800IH TWT (Travelling Wave Tube) afrglivia an HP R382A
variable attenuator. The output power level of the TWT angliis controlled by the the
variable attenuator so that the measurements can be takenats multiplier input power
levels. The output of the TWT amplifier is connected tEaband waveguide (WR-28)
system consisted of a pair of HP R752D 20 dB Directional CogpldeP 11970A Har-
monic Mixers (26.5-40 GHz), and HP R365A Isolators. The WR-28egaide system
mixes the sampled forward and reverse signals from thetdred couplers with an LO
signal provided by the network analyzer system and the tiegullF 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 Daeat Coupler.
An HP R4886A Power Sensor (26.5-40 GHz) followed by an HP 43@®d? Meter is
connected at the coupled port of this coupler to monitor thegy levels at the output
of the thru port. Using an HP R281A coax-to-WR28 adapter, the plart of the 20 dB
coupler was connected to a 2.4 mm Micro-Coax coaxial cablé;hwis connected to an
HP 11612B 45 MHz-50 GHz Bias Network (tee). Bias is providedrfran HP E3631A
DC Power Supply, and the output of this bias tee is connectadl60um pitch Picoprobe
(Model 40A) by GGB Industries using a 2.4 mm-to 2.9 mm adapter a 2.9 mm Micro-
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Figure 2.16: (a) Scanning electron micrograph of a fabetalanar GaAs Schottky barrier
diode. (b) The diode finger connects the anode to th€ MAGC line that
cancels out the average capacitance of the diode. Air lsidge added to
equalize the potentials of FGC line ground planes.
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Figure 2.17: Block diagram and image of the frequency mudtipheasurement setup sys-
tem. AKa-band TWT amplifier and a variable attenuator was used to Yary t
power delivered to the multipliers.
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Coax coaxial cable.

The output measurement subsystem consisted of grhgfitch Picoprobe (Model 120)
that has a WR-10 waveguide input, a 30 cm long WR-10 waveguid®seand an Anritsu
MP717A Power Sensor (60-90 GHz) followed by an Anritsu MAB(&ensor Adapter and
an Anritsu ML4803A Power Meter. With the described meas@einsystem, the highest
input frequency is limited to 40 GHz whereas the lowest outfgguency is limited to 70
GHz. Therefore, the frequency multiplier performance meaent is limited to the input
frequency range of 35-40 GHz, which corresponds to the a@itpguency range of 70-80
GHz.

In order to accurately measure the frequency multiplieciefficies, loss introduced by
the input and output measurement subsystems needs to henseatdor. To measure the
loss associated with the input measurement subsystemystenswas first calibrated at
the output flange of the 20 dB coupler connected to the WR-28guade system, denoted
by the dotted line AA in Fig. 2.17(a). Calibration was acledwsing WR-28 load, short,
and offset short calibration standards (HP R11644A WR-28 Galdor Kit), and a WR-28
load was at the coupled port during calibration. The losdiced by the components
between this reference plane and the end oitadand probe tips can be obtained from
the Sparameters of the system consisting of the componentssyildtem can be treated as
a two-port network with unknow&-parameters$ 1, S1, Si2, andS,. The Sparameters
can be calculated by measuring the input reflection coefficiEthis two-port networkI{i,
in Fig. 2.18) when a load with a known reflection coefficidnt {n Fig. 2.18) is connected
to the output of this two-port network [39]:

S12510ML

Once the input reflection coefficientgj{) of the input measurement subsystem with
three standard planar short, open, andB@ad connected at the output port is measured,

the Sparameters of the two-port network yields a system of tlegeations with three
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Figure 2.18: Block diagram of the input measurement subsysieyond the waveguide-
calibrated reference plane (AA). The components betwéerdomponent
and the end of th&a-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 reflectoefficient
measurements.

unknowns :
Sll — I_Ioada (2-25)

Spp = 2I_Ioad — [ short— I_open

, 2.26
I_short— ropen ( )

S1=So= \/(822— 1>(rload - ropen)» (2-27)

The S-parameters of the output measurement subsystem (an guilhg and a WR-10
waveguide section) can be calculated in a similar way usiR@51L0C in aV-band config-
uration. The calculate8-parameters of, for example, the output measurement sSignsys
are plotted in Fig. 2.19

The S;1 of the input and output measurement subsystems remained kb dB in the
measured range, i.e. 35-40 GHz for the input and 70-80 GHth&output. Therefore, the
loss introduced by each subsystem can be approximated msédion loss |&1]). The

loss in the input measurement subsystem is found to ke®2dB. The loss in the output
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Figure 2.19: Calculated return loss and insertion loss obtitput measurement subsys-
tem. The subsystem consists of a ground-signal-grouncgRibe and a sec-
tion of WR-10 waveguide.

measurement subsystem is found to bet®. 17 dB. Using the obtained loss, the input and
output power level reference planes can be set to the comdspy ports of the frequency
multipliers, as shown by the dotted line BB’ (input) and theteldiine CC’ (output) in Fig.
2.17(a). For accurate monitoring of the input powiparameters of the 20 dB coupler of
the input measurement subsystem were also measured.

Frequency multiplier efficiency measurements were taketh®input frequency range
of 35 GHz to 40 GHz, with 100 MHz steps. For each frequency gpithe input power
was varied from 10 dBm, with increments of 1 dBm, up to as highzagEn. Input power
was varied by controlling the power driving the TWT amplifigtiwthe variable attenuator.
The power levels at the input port of the frequency multiglieere monitored using the
power meter at the coupled port of the 20 dB coupler, meassipadameters of this 20 dB
coupler, and the loss of the input subsystem obtained fre8parameters. Finally, the DC
bias was varied at every test points to maximize the perfoo@dor the given conditions,

i.e. input frequency and input power. The loss associatéd thie output measurement
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Figure 2.20: Measured efficiency and return loss versusub@itpquency for @)=2 diode
frequency multiplier at an input power level of 200 mW (20 dBm)

subsystem was calibrated out for the multiplier efficienalcalations.

2.7 Experimental Results

Measured RF power efficiency and return loss versus outpgaémcy of aQ=2 diode
multiplier is shown in Fig. 2.20. The multiplier shows a pestkciency of 29.5% at the
output frequency of 76.2 GHz with an input power of 20 dBm, simgva very close perfor-
mance to the simulated peak efficiency of 26.2%. It is alseecto the peak efficiency of
34% predicted by the multiple-reflection program. The cgponding experimental output
power level is 14.7 dBm (29.5 mW). The efficiency remains abd¥ 2n the majority
of the measured frequency range. For an input power leved afBm, the minimum effi-
ciency is 13.9% at the output frequency of 72.8 GHz, whereptitput power level is 3.3
dB below the peak level.

As can be seen in this figure, tlig=2 diode frequency multiplier is well matched,
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the return loss exhibiting better than 10 dB in the majorityttee measured frequency
range for the input power level of 20 dBm. For example, therreloss is 10.4 dB at the
output frequency of 76.2 GHz where the multiplier shows nmaxn efficiency of 29.5%.
The return loss at the output frequency of 72.8 GHz where thiEpher shows minimum
measured efficiency of 13.9% is 12.4 dB, which indicates thss than 6% of the input
power is being rejected. This implies that the actual diogleddances reasonably matches
the predicted impedances and that the input matching nktiw@fficiently delivering the
input power to the diodes, therefore showing a good impezlamatch at the input port.
The difference in the efficiencies at the two frequency oistlargely due to the output
matching network. The output matching network consists 60& standard section, a
pair of balanced 49 open-ended stubs, and a 2Xb5quarter wavelength (at 80GHz)
transformer. At the second harmonic frequency, this ndtugodesigned to match th@=2
diode impedance of 42— j56 Q to the output port impedance of 8D so that maximum
second harmonic power coming out from the diodes is deli/arehe output port. The 50
Q standard section and the open-ended stubs are quarterewgited at the fundamental
frequency, or half wavelengths at the second harmonic. €Fbes, greater variation in the
impedances of the output matching network than the inputinimag network are expected
with respect to frequency. All the passive circuitry seasiof the multipliers are equal
to or shorter than quarter wavelengths in the input frequeacge (35-40 GHz) where as
all the sections are close to being half wavelengths in thpubtdrequency range (70-80
GHz). Therefore, it is expected that the input and outputhiag networks exhibit greater
performance variations with respect to the input frequehay to the output frequency.
Experimental results of RF power efficiency and return logsu& output frequency
for a Q=3 diode multiplier is shown in Fig. 2.21. The peak efficiensy36.1% at the
output frequency of 76.0 GHz with an input power of 20 dBm, agdiowing very close
performance to the simulated peak efficiency of 37.3%. Iisse aery close to the peak

efficiency of 39% predicted by the multiple-reflection pragr. The corresponding output
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power level is 15.6 dBm, or 36.1 mW. As is the case with @=2 diode multiplier, the
efficiency remains better than 20% in the majority of the mead frequency range for
the Q=3 diode multiplier. For the input power level of 20 dBm, thenimum efficiency
is 18.6% at the output frequency of 70.2 GHz, where the oytputer level was 2.9 dB
below the peak level. The return loss of f3e3 diode multiplier is also better than 10 dB
in the majority of the measured frequency range. For exantipdereturn loss is -10.4 dB
at the output frequency of 76.0 GHz where maximum efficies@chieved, indicating that
less than 10% of the input power is being rejected at the ipptitof the circuit.

Although the experimental results show peak efficiencyltetheat are very close to the
simulated results, there are still discrepancies betwaeiwo. For example, Agilent ADS
expected the peak efficiency of tliE=3 diode multiplier at the output frequency of 79.4
GHz whereas in the experiment, the peak efficiency is at tigubfrequency of 76.2 GHz.
The shift in the peak efficiency frequency point is mostly ttméhe reduced zero-bias ca-
pacitances. Using Equation 2.3, the zero-bias capacaareecalculated to be 79 fF for
a Q=2 diode and 69 fF for =3 diode. The zero-bias capacitances obtained from the
measuredC/V curve are 25-30 % smaller, 59 fF and 48 fF. The reduction irzéve-bias
capacitances are due to the dimensional tolerances in thle gemeration especially for
circular patterns. The shift in the peak efficiency freqygpaint is also in part due to para-
sitic capacitances of the multiplier diodes, that had nadmunted for in the simulations.
From the measure@/V curve, the parasitic capacitancé&) 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 metarande/ohmic metal to be
over 10 fF.

The measured efficiencies and the output power versus the pgover at the output
frequency of 76.2 GHz and 76.0 GHz Q=2 andQ=3 diode multipliers, respectively, are
shown in Fig. 2.22. Due to relatively high loss associateti #ie input measurement sub-

system (2+ 0.2 dB), the input power delivered to the frequency multiplieess limited
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Figure 2.21: Measured efficiency and return loss versusub@itpquency for @=3 diode
frequency multiplier at an input power level of 2700 mW (20 dBm)

to 20-21 dBm at the frequencies where maximum efficiencieseneeved. Therefore, no
measurements were taken with higher input power levelsesetifrequency points. How-
ever, as can be seen in the figure, the output power levels stilraot saturated at the
input power of 21 dBm and 20 dBm f@=2 andQ=3 diode multipliers, respectively. Due
to current saturation within the diodes, the efficiency & @2 diode multiplier started
to saturate at the input power level of 18 dBm, whereas theiaffiy of theQ=3 diode
multiplier starts to saturate at the input power level of Bdnd which are in reasonable
agreements with the simulated results (Fig. 2.15). Througthe whole experiment, the
maximum output power for th@=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 m®Afr theQ=3 diode
multiplier, the maximum output power was 16.5 dBm (45 mW) atdahgput frequency of
75.6 GHz with an input power level of 22 dBm (158 mW). Howevesnirprevious results
with similar diodes [40], it is a reasonable expectatiort tiath multipliers would be able

to produce higher output power levels given higher input@olevels.
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Figure 2.22: Measured efficiencies and output power levetsus input power of =2
diode multiplier and &=3 diode multiplier.

48



2.8 Conclusions

GaAs Schottky barrier diode-based MMIC frequency muktiidiwere designed with
finite ground coplanar (FGC) lines, fabricated, and test&u-iand. In an effort to increase
the efficiency, the FGC line geometries were optimized teicedhe ohmic loss, therefore
the overall loss, while still maintaining a single mode opagation.

The relationship between the loss in the FGC lines and themsions were experimen-
tally verified. Four different thru-reflect-line (TRL) catdtion standard sets were printed
with 500 A of titanium and 1pm of gold on semi-insulating GaAs of 628n thickness,
two of which have the characteristic impedances of58nd the other two have the char-
acteristic impedances of ©@. A 50 Q and a 71Q FGC lines were those that have been
used extensively at The University of Michigan for high fuegcy circuits while the other
two FGC lines have wider center conductor and slot dimessi&oth the center conduc-
tor and the slots are widened by 40 % so as to maintain the sasmatio and thus the
characteristic impedances of the lines. The ground pladéwiof scaled FGC lines were
carefully chosen to minimize the effect on characteristpedances, and to ensure single
mode propagation. Experimental results reveal that byntged® % wider center conductor
and slot widths, the loss can be improved by 0.3 dB/cm for &3ie and by 0.7 dB/cm
for a 71Q line over the entird&V-band with nearly the same characteristic impedances and
effective permittivities €e ).

Based on the FGC lines with optimized dimensions, monolittaquency multipliers
with GaAs Schottky barrier diodes were investigated. Tledency multipliers were de-
signed so that the diodes have inQi$ of two and three. The peak efficiencies achieved
were 29.5% at the output frequency of 76.0 GHz with an inpuwtgraf 20 dBm for aQ=2
diode multiplier, and 36.1% for@=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 thighest efficiency re-
ported for a diode-based MMIC frequency multiplieniband. The experimental results

imply that MMIC frequency multipliers, with the advantagg#fdow cost fabrication, small
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size, and better reproducibility of their performance, gary well compete conventional

waveguide-based multipliers for millimeter-wave freqogsources.
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CHAPTER 3

Finite Ground Coplanar (FGC) Line

to Waveguide Transitions

ECTANGULAR waveguides, coaxial cables, and planar transimislines such
R as finite ground coplanar (FGC) lines and microstrip linesuse extensively in
microwave circuits to transfer input and output signals. éiective transition between
two types of transmission lines, for example a coax-to-astip transition, is required in
applications where two or more of such transmission meanased.

Since its introduction in 1969 [41], the finite-ground coda (FGC) line has become
one of the most widely used transmission lines in Monolitilicrowave Integrated Cir-
cuits (MMIC's), owing to the simplicity of fabrication andsitability to easily integrate
series and shunt elements without via holes . However, ctiorelly machined rectan-
gular waveguides still play an important role, especiatiywery high frequency systems
where the loss of such waveguides is significantly less thahdf popular planar trans-
mission lines. Besides its low loss and hi@Qieharacteristics, rectangular waveguides have
the ability to incorporate tuners to optimize their perfame, and are capable of handling
signals at much higher power levels than planar transnmdgies. Therefore, effective
transitions between FGC lines and rectangular waveguigeseguired in many applica-

tions.
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While considerable amount of work has been done on micrestripraveguide transi-
tions [42—-48], comparatively fewer efforts have been madestablish suitable transitions
from FGC lines to waveguides [49-52]. In this chapter, titeorss between FGC lines on
silicon and various waveguides are presented. The transgirealized with a microma-
chined rectangular probe inserted into the broad sidewalveaveguide.

First, loss characteristics of\@-band waveguide (WR-10) are investigated in Section
3.1. Measured attenuation as well as theoretical attestuafithe waveguide are presented
and compared with the attenuation of a typical(3GGC line. Then a transitions from an
FGC line to a conventiona{-band (WR-90) an&a-band (WR-28) rectangular waveguide
are presented in Section 3.2. TKa-band measurement results demonstrate the ability of
such a transition to operate efficiently across the entingl lod a WR-28.

Prior to presenting thé/-band performance of fully micromachined transitions ig-Se
tion 3.4, a simple yet promising micromachining technigdegp reactive ion etching
(DRIE), that is used to develop micromachined waveguidesasgmted in Section 3.3.
Although waveguides have many advantages over planamtiasi®n lines especially at
very high frequencies, the small dimensions make it diffithiis costly to convention-
ally machine to tight tolerances. If the high frequency waudes can be micromachined,
the cost can be reduced by taking advantage of the batclcéion ability of microma-
chining, while maintaining equal or better dimensionattahces. In Section 3.4 and 3.5,
transitions between FGC lines and waveguides micromadhimeilicon are presented.
Micromachined waveguides developed via the DRIE technig@ve Bidewall profiles that
are nearly identical to those of conventionally machinedegaide. When bulk, anisotrop-
ically etched, waveguide with diamond shaped profiles araéd. The novel free-standing
probe presented in Section 3.5 proves the ability of suatsitians to be applicable well
into the submillimeter-wave and THz range. The presengausition and micromachined
waveguides will be the passive part of the power combininguedemonstrated in Chap-

ter 4.
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3.1 Loss in Rectangular Waveguides

The largest advantage of rectangular waveguides over gophainar transmission lines,
such as finite ground coplanar (FGC) lines and microstrigs|irgeits loss performance and
power handling capacity.

Although the strengths of most dielectrics used as the plaaasmission line sub-
strates are greater than that of air, the power handlingodigpaf a planar transmission
line is limited primarily by the heating of the substrate da@hmic loss [2]. The power
handling capacity can be increased by increasing overakdsions of a planar transmis-
sion line. In microstrip lines, for example, as the substkecomes thicker, the breakdown
voltage increases, thus its peak power handling capacitgpsoved. However, this may
not be feasible at high frequencies where thin substrateseguired to suppress excita-
tions of higher order modes. In FGC lines, larger slot widthsonly improves its power
handling capacity, but also leads to excess radiation lnds@her order mode excitations.
Assuming maximum operating temperature of XD0the average power handling capac-
ity of a 50 Q microstrip line on silicon is calculated to be 1.6 kW at 20 GFd3]. On
the other hand, the power handling capacity of a rectangudaeguide is limited mostly
by the breakdown of air that fills up the waveguide. Air bredks/n at a field strength
of aboutEyg = 3 x 10° V/m at room temperature while silicon and GaAs breaks down at
a field strength that is 10 times higher or more. However, wawkes have much larger
cross sectional area and the metal sidewall thickness iarthitker than the metal strips
of planar transmission lines. This enables rectangulaegaides to be suitable for high
power applications. For example, a WR-10 rectangular wadeghbas a cross sectional
area of 2.54x 1.27 mntf where as the typical width of a 30 FGC line center conductor
is below 100um for operation inW-band (75 GHz-110 GHz). The sidewall thickness of a
standard WR-10 waveguide is around 1 mm while the planar trissgmn line metal strip
thicknesses are on the orderwh’s. At the time of this writing, &-band (18-26.5 GHz)

rectangular waveguide (WR-42) section with a peak power lagndapacity of 170 kW is
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commercially available from Advanced Technical Materi#tke., Patchogue, NY [53].
The other major advantage of a rectangular waveguide ogseaptransmission lines is
its superior loss performance. As is seen in Section 2.8,pesformance of planar trans-
mission lines can be improved, to some degree, by enlarg@giimensions. However,
there are limiting factors in such schemes and also due tbrtfiation on the realizable
minimum circuit size, the loss performance is especialifoal for higher frequency ap-
plications, where the wavelengths become very small. Fciangular waveguides, the
surface roughness of the sidewalls and finite conductivith@sidewalls are the two main
sources of loss. Due to the low loss characteristic of aiyegaides exhibit negligible
dielectric loss. If the sidewall roughness is negligiblenpared to the wavelengths, the
attenuationd) of a waveguide is solely ohmic loss and thus can be expressedlosed

form [54] :

(o2 Bl (C
~In10V\ po 08¢ \ 2A

where the dimensionless geometrical parameigrs= Nmn = 2/3 for the TRo mode,o

fe { fc 2
e amn+nmn(7)} @Biml,  (31)
- (%)

is the conductivity of the sidewall metad. is the skin depth at the cutoff frequendy,
is the waveguide cross sectional area, @nd the waveguide circumference. The guided

wavelength of a signal travelling inside a waveguide candpeessed as :
Ag= —m—=, (3.2)

where), is the free-space wavelengthis the frequencyf; is the cutoff frequency of
the specific mode. Using these two equations, theoretisalper guided wavelengthd)
for the TR mode of a WR-10 is plotted in Fig. 3.1(a). Also plotted is the suead

attenuation of a WR-10 waveguide. The experimental resuitohtained by measuring
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Figure 3.1: Attenuation per guided wavelengki)(for the TE o mode of a WR-10 rectan-
gular waveguide and a 80 finite ground coplanar line on silicon with typical
dimensions (50/45/16@am).
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the §1 of a 30 cm WR-10 thru section with a waveguide short connectatieabther
port. The measurement was taken with an HP 8510C vector netwmalyzer and standard
one port waveguide calibration was performed with shofsetdfshort, and load calibration
standards. Another important source of loss for waveguidesactice is the connections of
two waveguide sections or elements. Improper tighteninge$crews can lead to radiation
loss, or introduce reactance, therefore affect the sigaabkfer. In order to compensate
for this affect, theS;; of the waveguide short was measured and twice the magnisude i
subtracted from the magnitude of shorted 30 cm WR-10 se&ignindeed, although not
shown here, thé&;; of the waveguide short was somewhat different from that ebqoke
from an ideal waveguide short. This is mostly due to screwirad cannot be perfect in

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

(3.3)

wherev is a fitting parameter.

For comparison, an example of planar transmission linena#tigon is plotted in Fig.
3.1(b). The plot shows the loss per guided wavelengt) ¢f a 50Q FGC line with
gap/slot/ground widths of 50/45/160n. The line was printed on a high resistivity
2000Q-cm) silicon wafer with 1Jum of gold via standard lift-off process. The curve was
plotted using the attenuation (dB/cm) and effective pemitift (€c1f) data provided by
MultiCAL [36] after performing a thru-reflect-line (TRL) célration. Since loss in FGC
lines are mainly ohmic, & curve fitted to the experimental data is also plotted.

Fig. 3.1(a) shows that measured attenuation for a WR-10 i$@BB3\y at 75 GHz and
drops down to 0.013 dB{ at the high frequency end of the measured range. Throughout
theW-band, the experimental data was approximately 1.6 timgsehnithan the theoretical
data. This is expected since theoretical data only accddatehe ohmic loss, whereas in

practice more loss is expected due to dielectric (air) legsface roughness, and minute
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surface irregularities [55]. Also, as mentioned previguishproper connections of waveg-
uides sections and/or elements can introduce additiosal |étlowever, as is evidenced
from the figure, the frequency dependence of the experirhatienuation values agrees
very well with the theory. Fig. 3.1(b) shows that attenuafer guided wavelength for a
typical 50Q FGC line is 0.44 dBy at 75 GHz and drops down to 0.37 @g/at the high
frequency end. As can be seen, the experimental attenuatioe is in an excellent agree-
ment with a/f curve, showing that loss in FGC lines are mostly ohmic. Thenattion
per guided wavelength of an FGC line is more than 10 timesdnititan that of a rectangu-
lar waveguide, approaching 30 times higher values than guagte attenuation at the high
frequency end o¥V-band. Although the loss in FGC lines can be reduced by thbaodst
in [30] and in Section 2.3, rectangular waveguides stillieilsuperior loss performance.
Typical loss for commercially available WR-10 is 2.0 dB/foo7&tGHz and 1.4 dB/foot
at 110 GHz [56], which is approximately 0.043 dg/and 0.015 dBY¥y 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 promhisg Tentzeriet al. [52] is
depicted in Fig. 3.2. A micromachined rectangaplane probe and FGC line are printed
on a substrate. The probe is fed by extending the center ctorcaf the shielded FGC line,
and is inserted into the waveguide through a slot on the bsaivall of the waveguide,
aligned with the electric field of the waveguide’s dominamtd®. By choosing appropriate
probe sizel(andw in Fig. 3.2), probe position within the waveguidegndh;), probe-
supporting substrate material (therefore the dielectitstant, ), and the thickness of this
substratelf,), the characteristic impedancg} of the FGC line can be directly matched

to that of the rectangular waveguide, eliminating the ngitgsf impedance matching cir-
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Figure 3.2: Sketch of the finite ground coplanar (FGC) lineetdangular waveguide transi-
tion via a micromachine#-plane probe. Dimensions are summarized in Table
3.1and 3.2.
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cuits. Transitions utilizing such probes provide widebahdracteristics to operate across
the entire waveguide band. Moreover, the simple structuakes such transitions more
attractive for high frequency systems.

The original transition design in [52] was to couple from a®EGC line to aG-band
rectangular waveguide WR-187, the dominant mode of whichapéwate in the frequency
range of 3.95 GHz to 5.85 GHz. For an initial experiment tafyehe performance of such
atransition, arX-band (WR-90, 8.2-12.4 GHz) anda-band (WR-28, 26.5 GHz-40 GHz)
transition were designed by scaling tBeband design. The dimensions of a WR-187 (
andb in Fig. 3.2) are 4.755 cnx 2.215 cm, whereas the dimensions of a WR-90 are
2.286 cmx 1.016 cm and those of a WR-28 are 0.711 xr.356 cm. Since the ratios of
width (ain Fig. 3.2) to heightl§) of the three standard waveguides were different, tuning
of matching parameters,(h;, andhy in Fig. 3.2) other than the scaled probe dimensions
(I andw) was required for an effective operationXaband andKa-band. Optimization
was achieved with the help of Ansoft HFSS and the dimensions@mmarized in Table
3.1 and 3.2. Full-wave simulation results for single traoss inX-band andKa-band are
shown in Fig. 3.3. The return loss is better than 15 dB from & the designed-
band transition, and is better than 20 dB across the entiveguade band for th&Ka-band
transition. For both simulations, the dielectric (sili¢and metals were assumed to be

lossless.

Table 3.1: Dimensions faB-band [52],X-band andKa-band transition designs. Standard
rectangular waveguides are used for all designs (WR-187, WRRDWR-28).
All dimensions are in mm.

| a b w | x hy  hy h3 hy
G-band | 47.55 2215 38 108 08 132 20 1.2 20

X-band ‘22.86 10.16 158 467 054 6.06 0875 0.79 0.875
Ka—band‘ 711 3.65 0.544 1595 0.244 2337 0.25 0.215 0.5
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Figure 3.3: Simulated results for FGC line to rectangulavegaide transitions iX-band
andKa-band assuming lossless.
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Table 3.2: Dimensions of the FGC lines in Geband [52],X-band anda-band transition
designs. All dimensions are in mm.

‘Center Slot Ground
Gband | 08 05 58

X-band | 0.42 0375 1.335
Kaband | 0.112 0.99  0.365

3.2.2 Fabrication
Transition Probes

For experimental verifications, design®eband andKa-band transitions were fabri-
cated and tested. For measurement purposes, the traasitere fabricated in a back-to-
back configuration with an FGC line section between the tvabes. TheX-band probe
structure that consists of two back-to-back transitiorbpsowith a 3.15 cm long FGC line
section between the two probes was fabricated from 50 md& ®RT/Duroid 6010 M/W
Laminate substrate with dielectric constagy) ©f 10.8 and foil (Copper) thickness of 0.67
mils. A milling machine was used to pattern the metal layetamof the substrate, and
also to mill around the probe structure so that they can leaseld.

TheKa-band probe structure consisted of two back-to-back triangprobes with 1.65
cm long FGC line section between the two probes and was &tbdmout of 50Qum thick
silicon. First, metal alignment patterns were formed ontteof the wafer by standard
lift-off process. 5004 of titanium and 250@ of gold were evaporated to print verniers and
crosses that could be used to align patterns on both sidée @fdfer. Then the wafer was
flipped over to thin down the silicon that would later servéesprobe-supporting substrate
to approximately the half of its original thickness. Thigasthe purpose of improving the
transition performance. As mentioned previously, thekihgss of the probe-supporting

substrate is one of the critical factors that determinesrtresition performance. Lithogra-
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Figure 3.4: Scanning electron micrograph of a fabricataeband transition probe struc-
ture. To improve performance of the transition, the silisobstrate under the
probe was thinned down to half of its original thickness.

phy was done using an infrared (IR) alignment technique fok&iae processing, the pat-
terns on which are aligned to the alignment marks on the Bol® Rectangular apertures
were opened in approximately 7080thermally grown oxide by chemical wet etching in
49% buffered hydrofluoric acid (BHF) at an etch rate of rougl‘(Dﬁ)OA/min. The oxide
on the front side was protected with another silicon wafardaal with photoresist. With
the remaining oxide serving as the mask, the silicon wasoamically etched in 25%
tetramethyl ammonium hydroxide (TMAH) at 8C. The average etch rate was roughly 20
pum/min, and the etch depth was measured using an optical seigpe (Nikon Optiphot-
2) by changing the focus from the etched surface to the tojaair After the oxide was
stripped, probe and FGC line patterns on the front side weredd by gold electroplating.
Taking into account the theoretical skin depth of QuA®for gold (@ = 4.1 x 107 (Q-m)~1)

at 26 GHz, approximately Bm of gold was electroplated on top of Ti/Au (500/15&()
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Figure 3.5: lllustration oK-band anda-band test structure assembly. Conventionally ma-
chined waveguide blocks were designed to accommodatetbda&ek transi-
tion probes and introduce waveguide backshorts.
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Figure 3.6: Digital still image of th&-band test structure with a probe structure placed in
the groove. Screw holes for UG-135 standard waveguide flaageincorpo-
rated on the aluminum block to accefpband standard waveguides (WR-187).
Also shown are HP X281A coaxial waveguide adapter usedfparameter
measurements.

seed layers. Finally, the probe structure was released tinensilicon wafer with a dic-

ing saw tool. A scanning electron micrograph of a fabricaf@eband transition probe

structure is shown in Fig. 3.4.

Waveguide Blocks

The X-band andKa-band rectangular waveguides were conventionally madhaug
of 1/8 in. thick aluminum. The waveguide blocks were desise that the back-to-back
transition probe structures could be mounted. As suggésted. 3.5, the probe structure
rests in a shallow groove machined in the metal block, theétdepwhich is same as the
thickness of the FGC line substrate. The groove above tinsrtrssion line serves as a
shield and thus its height is chosen to ensure single-mangagation along the line and
maintain an impedance of 90. Each probe faces what becomes the waveguides back-

short in the assembled system. For measurement purposasgtal blocks also serve as
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flanges, designed to accefand orKa-band standard rectangular waveguides or suitable
adapters. The test structure féfband transition measurements is shown in Fig. 3.6. A
similar metal block set as shown in this figure is also maahicenventionally to accom-
modateKa-band transition probe structures and to accept WR-28 withriberporated

screw holes for UG-599 standard waveguide flanges.

3.2.3 Experimental Results

The X-band transition structure was measured using HP 8722bwveetwork an-
alyzer. Standard 2-port short-open-load-thru (SOLT)bration was performed from 8
GHz to 12 GHz with 3.5 mm coaxial calibration standards. gghe HP X281A coaxial
waveguide adapters shown in Fig. 3.6, tiparameters of the transition structure were
measured and are shown in Fig. 3.7. The results include lessodthe coaxial waveguide
adapters and also the loss in the 3.15 cm long FGC line se@&m®is seen from this figure,
the return loss is better than 10 dB from 9 GHz with reasonaisiertion loss for a back-
to-back transition up to the highest frequency end. Theriimgeloss, for example, is 0.56
dB per transition at 11.0 GHz, and is getting better as theatipg frequency is increased.

The measured insertion loss is expected to be much smootéethe frequency range
if the transition probe and the coaxial waveguide adapteeweparated further. The dis-
tance between the two was decided by the thickness of therbattetal block, 3.175 mm
(1/8 in.). Thus in this experiment, the distance is less th@0 of the guided wavelength
(Ag) at 8 GHz, and about 1/10 of the guided wavelength at 12 GHis distance should be
at least quarter wavelength in order to minimize the effeet @ higher-order propagation
modes generated at discontinuities.

The Ka-band transition structure was measured using HP 8510@rvaetwork an-
alyzer. Standard 2-port short-open-load-thru (SOLT)bration was performed from 26
GHz to 40 GHz with HP 85056A 2.4 mm coaxial calibration stadda Using a pair of
HP R281A coax-to-WR28 adapters connected to the metal bldukS;parameters of the
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Figure 3.7: Measured&-parameters of a back-to-backband FGC line to rectangular
waveguide transition.

back-to-back transition structure was measured and isrshowig. 3.8. The loss due to
the coaxial waveguide adapters and also the loss in the &gy FGC line section were
de-embedded out in the insertion loss shown in this figure Mbasured insertionS1])
loss of back-to-back coaxial waveguide adapters is corsid® be the loss introduces by
the adapters. This is reasonable since the return loss efidyaters are better than 20 dB,
in the entireKa-band. Loss in the FGC line section between the two probegasared by
on-wafer calibration protocol using MultiCAL [36]. As is @lenced from the figure, the
return loss of the back-to-back transition is better thaniB@hroughout the entire wave-
guide band, with the majority of the band exhibiting betteart 20 dB. Also, the measured
return loss shows a reasonable agreement with the simulkstiet loss of a lossless case.
Measured results show that the insertion loss is betterGHaaB per transition through-
out the entireKa-band. Due to the defective wafers provided by the venderrekistivity
(p) of the silicon wafer that the probe structures were falbeiddrom was lower than 150

Q-cm while the expected resistivity was greater than 100ém. This results in a greater
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Figure 3.8: Measure&parameters of a back-to-ba#da-band FGC line to rectangular
waveguide transition. Simulated return loss for a losstese is also shown.

loss due to increased current in the FGC line substrate dsawél the probe-supporting
substrate. Indeed the FGC line attenuation, obtained fratti®AL [36], was around 3.5
dB/cm which is more than twice as high as the attenuation of & 38C line on high
resistivity (o > 2000 Q-cm) silicon with similar dimensions [30]. Shown in Fig. 39 i
simulated insertion loss results fiia-band transitions with substrate different resistivities
Loss tangent (tad) of 0.004 was assumed for the substrate and conductwjtyf(4.1x 10’
(Q-m)~! was assumed for the metal layers. FGC lines feeding the pnobee assumed
to be lossless. According to the simulation results, thesiteon performance is degraded
by approximately 0.2 dB when the resistivity is 100cm, whereas the insertion loss for
substrate resistivity of 200Q-cm shows little difference from the infinite resistivity eas
Thus, itis expected that the insertion loss in Fig. 3.8 imprioy 0.2 dB per transition when

the probes are fabricated out of silicon with resistivity2600Q-cm or higher.
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Figure 3.9: Simulated insertion loss for silicogy & 11.9 and ta®d = 0.004) substrates
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3.3 Deep Reactive lon Etching (DRIE)

Silicon remains the substrate of choice for highly integratcuits (IC’s) and micro-
machined circuits owing to its advantages such as high tyudlermal oxide, high sta-
bility during thermal processing, low defect densitiespesior mechanical properties as
well as good electrical properties and a well-establishetgss technology. Etching is
an essential process in developing micromachined ciramtsstructures. Deep reactive
ion etching (DRIE) is a simple yet cost-effective technigbattenables microfabrication
of high-aspect ratio structures. The advantage of DRIE owtranisotropic etching (Fig.
3.10) is that DRIE exhibits little crystal plane dependernberefore reducing the geo-
metric restrictions [57]. As evidenced in Fig. 3.11, DRIE leles fabrication of trenches
that are independent of crystal planes thus making it plessibdevelop micromachined
waveguides with vertical sidewall profiles.

The DRIE system by Surface Technology System (STS [59])zung the “Bosch pro-

cess” [60], typically achieves high aspect ratios of 20 td 3@th etch rates up to gm/min.
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Figure 3.10: Scanning electron micrograph of micromadathigeoves in (001)-oriented
silicon, etched with 25% TMAH [57]. The crystal orientatidependence of
etch profile can be clearly seen.

Etch uniformity is better thant5% and Si:SiQ selectivity of more than 150:1 [61] is
achievable. Typical silicon to photoresist selectivityp&1. A picture of the DRIE sys-
tem of the Solid-State Electronics Lab, University of Migan, Ann Arbor is shown in
Fig. 3.12(a), and its schematic is shown in Fig. 3.12(b) §&2, The wafer is loaded into
the process chamber through a load station chamber. Thedoadfer (4 in. diameter)
is mechanically clamped to the electrode using 8 aluminaefimtamps, and the process
chamber is pumped down to the preset base pressure (0.2 nall tbe work presented
in this dissertation). High-density, low-pressure, and-knergy plasma is driven induc-
tively with an RF power source operating at 13.56 MHz, and cekrated by another RF
source connected to the electrode. The wafer chuck is cdoleguid nitrogen tempera-
tures (77 K). Using helium gas under the wafer to transfet, ltba wafer’'s temperature is
maintained at cryogenic temperatures throughout the psjéel]. The cryogenic cooling
enhances condensation of reactant gases and as a redelt{psidewalls from etching to

achieve anisotropy [61].
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Figure 3.11: Scanning electron micrograph of micromadhiibcon feature via deep re-
active ion etching (DRIE) [58]. DRIE is capable of developimgtures in
silicon with vertical sidewalls.

The silicon etching process in the DRIE technique consisanoétching cycle flow-
ing only Sk and a sidewall passivating cycle flowing onlyFg, known as the “Bosch
process” [60] or time multiplexed deep etching (TMDE) [65]igh etch rate is achieved
by the fluorine-rich gas (S during the etching cycle, and anisotropy is achieved by the
deposition of Teflon-like inhibiting films during the passiing cycle. During the etching
cycle, bombardment of the accelerated ions removes pasgivdm preferably from the
wafer surfaces, and further etches silicon by breaking tmelllbetween silicon atoms. The
DRIE tool can either be operated with a predetermined predsuels for both cycles, or
with the automatic pressure control (APC) valve fixed at arudargposition. In the first
case, the position of the APC valve position will vary in eaglles to maintain the pre-
set pressure level whereas in the latter case, the preesale Are determined by the gas
flow rates. Higher APC valve angles correspond to higher tieaipressures for the same
gas flow rates. The etch mechanism is a combination of pHyspcetering of silicon and

thermal reaction between silicon and the reactive fluorakcals. The etch characteristics
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Figure 3.12: Deep reactive ion etching (DRIE) system by Searfdechnology System
(STS).
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such as etch rate, sidewall profile (anionotropy), underauiformity, selectivity, surface

roughness, and critical dimension control depend on varamnditions : gas flow rates,
pressure levels, etching cycle duration, passivatingecglatation, switching time between
the two cycles, platen power, coil power, mask type, expadembn area, platen temper-
ature, etc. In general, by tailoring such conditions, the bombardment as well as the
formation and preservation of protective films on the sidsa@an be controlled, thus the
etch characteristics.

Due to the alternation of etching and passivating cyclesne iultiplexed deep etch-
ing systems and to the spontaneous nature of the etch infaied chemistries, resulting
structures of DRIE exhibit horizontal scalloping on the widbs. It has been reported that
the depths of such scallop range from 50 nm up to 300 nm [65k0Asince physical
sputtering of the substrate is the primary etch mechanisailiplasma-assisted etching
systems, the surface of etched features exhibit roughhasstusually worse than that of
a wet chemically etched surface. Although DRIE surface roegh can be improved to
some degree, the surface roughness for the recipe utilietids dissertation is known to
be approximately twice the roughness of wet etched (tetittayhammonium hydroxide,
TMAH) surface [57]. Certainly, the surface roughness is ohthe most critical issues
when developing micromachined waveguides via DRIE, thedbsehich largely depends
on surface roughness of the walls. This becomes especighgriant at very high frequen-
cies when the wavelengths become very small.

In addition to the scalloping due to the inherent charasties of time multiplexed
deep etching systems, vertical striations known as “rongigebands”on the sidewalls of
DRIE trenches also contribute to the sidewall roughnesss Ehtcaused by the plasma
damage to the etch mask (photoresist) during the etchinig eyiich then leads to the
uneven receding of photoresist as the etch proceeds. Asila the uneven patterns at the
photoresist edges are transferred to the sidewall of theedtteature. This becomes worse

when the photoresist is hard baked prior to the etching goddistorically, researchers of
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Figure 3.13: Profile of Clariant AZ9260 photoresist spun atgik.
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Radiation Lab have been using quarter pieces of 4 in. silicaiers. Since the STS DRIE
system only accepts 4 in. full wafers, the wafer has to be édrid a 4 in. carrier wafer
prior to loading. This has been done by bonding the two wafsirsg photoresist followed
by a hard bake. Thus, the patterning photoresist is alsolbedseld during wafer mounting
process. Hard baking is used to further remove solventdertbie photoresist, to improve
adhesion of the photoresist to the substrate, and to iretezh chemical and physical etch
resistance of the photoresist. However, the edge profileeopatterned photoresist profile
deteriorates when it is hard baked, as shown in Fig. 3.13.288%hotoresist by Clariant
was spun at 2000 rpm, and soft baked for 4.5 min on @Q@1bt plate. The resist was
exposed for 2 min. at an UV intensity of 20 mW/¢r@ind was developed in AZ400K:
(1:3). Fig. 3.13(a) show the photoresist profile when théstegas not hard baked and
Fig. 3.13(b) show when the resist was hard baked for 8 min. i8&C oven. Although
not shown, the photoresist profile remain almost the sama &&yi 3.13(b) even for a
longer hard baking time, 40 min. for example. The verticaabns can be clearly seen in
Fig. 3.14 that displays the sidewall of a micromachined WR-&0eguide half, developed
via DRIE. As is evidenced in Fig. 3.14, the vertical stria@are usually worse near the
photoresist interface.

This sidewall roughness can be improved by introducing arsgary hard mask, such

as a thermal Si@layer [65]. Also, it has been the author’s experience thatdigring

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 ow 25w 6w 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 ofRibfeature. Approximately
20 um of hard baked photoresist was used as a masking layer.

the etch conditions for a lower etch rate, the sidewall rowgis can further be improved.
Table 3.3 summarizes two DRIE recipes that have been inagstlg Recipe 1 is utilized

in all the DRIE work presented in this dissertation. Recipe@ [@as been investigated to
improve sidewall roughness and to achieve more verticalgdl profiles. The recipe can
be used to develop micromachined WR-3 waveguides (220-325,@Hizxch remain as a

future work. The major differences between the two recipesrecycle durations, gas flow
rates, and electrode power for both cycles.

Compared with Recipe 1, the passivating cycle is longer in RezZigithough the etch-
ing cycle durations of the two are approximately the same. th&setch proceeds and
the trenches become deeper, the reactive species tend tiostger at the bottom of the
trenches. Thus, DRIE profiles tend to be somewhat negativeeatrant. Longer passivat-
ing cycles provide lower etch rates and less negative (r@ef)tetch profiles since thicker
passivating films are deposited on the sidewalls to prevent etching. Obviously, longer

passivating cycles will give lower etch rates, since thespasing films will be thicker not
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Figure 3.15: Scanning electron micrograph of sidewall ofRibfeature with Recipe 2 in
Table 3.3. 800@\ of thermal oxide was used as a making layer in addition to
photoresist.

only on the sidewalls but also on the etch surface. The gasrfiteg are reduced substan-
tially in both passivating and etching cycles of Recipe 2, all as the electrode power of
the etching cycle, which also reduces the etch rate. Thenglakensities are expected to
be roughly the same since the coil power are almost the saon¢h& investigated recipes,
the APC valve was fixed at a preset angular position thus tambkr pressures were de-
termined by the gas flow rates. Since the gas flow rates ar¢esiiadly lower in Recipe 2
for both cycles, and the APC valves are set at approximabeysame positions, chamber
pressure levels of Recipe 2 are expected to be lower.

Shown in Fig. 3.15 is a scanning electron micrograph of tdevgall of a silicon mi-
cromachined WR-3 waveguide developed via DRIE using Recipe 2aRgular apertures
were opened in 8008 thick thermal oxide by standard lithography and converdiae-
active ion etching (RIE) during which approximately fi& of photoresist serving as the

etch masking layer. The 2 mm silicon wafer was then mounted drin. carrier wafer,
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(a) After 5.5 hours of etching with Recipe 1 in Table 3.3.

1apn D24

(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 regip Table 3.3.
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Figure 3.17: Scanning electron micrograph of sidewall of a 3/Raveguide half devel-
oped via DRIE with Recipe 2 in Table 3.3. 808M®mf thermal oxide was used
as a making layer in addition to photoresist.

bonded with photoresist and hard baked. Top and bottom sabeze etched down 430
pm at an average etch rate ofugh/min, which is roughly half the etch rate of Recipe 1.
Finally, the wafer was diced to examine the sidewall rougsn€ompared with Fig. 3.14,
the sidewalls show less roughness, especially near thesit interface. The amount
of vertical striations are reduced substantially, althHotltey still appear near the bottom.
Visually examining the micrographs in Fig. 3.16, there wageat improvement on the
sidewall roughness of Recipe 2. As was done in [57], thoroagéstigations on the side-
wall roughness of such DRIE features, taking into accountetbhing time, remain as a
future work. Shown in Fig. 3.17 is a scanning electron micapd of a WR-3 waveguide
half developed via DRIE using Recipe 2, the depth of which is 480 Compared with a
WR-10 waveguide half developed via DRIE using Recipe 1 in Fig3,3R&cipe 2 results
in a less negative and much more straight sidewall profilesvaver, the slow etch rate of

Recipe 2 makes it suitable for developing waveguides thatiregtch depths of about 400
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(a) Rectangular waveguides. (b) DRIE waveguides.

Figure 3.18: Cross sections of rectangular waveguide and DRiEguide.

pm of less.

DRI E Waveguides

Shown in Fig. 3.18(a) is the cross section of a conventignathchined rectangular
waveguide with thé&-field vector of the dominant waveguide mode suggested bgrtiogy.
Such waveguides can propagate transverse electric (TEjransiverse magnetic (TM)
modes and have a unique characteristic that below cutajfiéecies, propagation is not
possible. For a rectangular waveguide with such dimenssria Fig. 3.18(a), the cutoff

frequencies of the Tk, or TMy, mode for vacuum-filled waveguides are given as follows

o= iy () +(5)° @4

whereg, andy, are the permittivity and permeability of free space.
The propagation constarfp); guided wavelengthAg), and TE,, mode characteristic

impedance (#£) of a waveguide are given as follows :

2
B—kox |/1- (fT) , (35)
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Ag=—22 (3.6)

g = ——u, (3.7)

wherek, = Wy/Ho€o, Ao, No = \/% are the free-space propagation constant, wavelength,
and wave impedance.

As will be shown in later sections, the trenches formed whi DRIE recipe utilized
in this work show somewhat negative or reentrant profiless Ehdue to a relatively long
etching cycle duration (13 sec.) compared with the passiyatycle (7 sec.). The trench
slopes have dependence on several etch conditions, dipeniaoil and electrode power,
the ratio of etching cycle duration to passivating cycleadion, and chamber pressure [67].
By controlling such conditions, the trench slopes can be madely vertical.

Assuming that DRIE gives reentrant profiles (see Fig. 3.2&)nil out byd for an etch
depth ofa/2. The cross section of a resulting DRIE waveguide is showrign 8.18(b).
The cutoff frequency of such “perturbed” geometry (DRIE wgwiee) can be approxi-
mated by the cutoff frequencyfd) of “unperturbed” geometry (rectangular waveguide)

using perturbation method, and can be expressed as [68]:

pfe  Jas <H0|H0|2—50|E0|2) ds
fo s (olHol* + €| Eof?) dS

(3.8)

whereE, andH, represent the fields of the original geometry.
Whend < b, then the change in the geomethq] is negligible compared with the orig-
inal geometry §. Assuming that the field iAS can be considered as constant, Equation

3.8 can be simplified as (see Appendix B) :
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wherel, is the free-space wavelength.

Using the above equation, the first two cutoff frequencies\WR-10 rectangular wave-
guide and a DRIE WR-10 waveguide, wiggk2.54 mm,b=1.27 mm, and = 80um have
been calculated. The cutoff frequencies of both waveguatescalculated with Ansoft
HFESS and summarized in Table 3.4. As can be noticed, therpation method results
reasonably agrees with Ansoft HFSS results. However, thigpation method result
starts to deviate as the variation of the field®@becomes larger for the BEmode.

As is noticed from Table 3.4, the cutoff frequencies of a DRI&®guide are nearly
the same as those of a rectangular waveguide, exhibitinggéesmode bandwidth that is
close to 2:1 single-mode bandwidth of a rectangular wavkguAlthough not shown here,
the propagation constarf,(Equation 3.5) and the hlg mode impedanceZgg, Equation
3.7) of a DRIE WR-10, obtained using the cutoff frequency in &&H, 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 mypular planar trans-
mission lines have been discussed. The advantages areadiggagportant for very high

frequency circuits where the loss of planar transmissinesliibecome excessively large.

Table 3.4: The first two cutoff frequencies ([GHz]) of a WR-16tesgular waveguide and
a DRIE WR-10 waveguide.

| Analytic | HFSS
Mode | Rectangular DRIE | Rectangular DRIE
TE10 59.02 58.08 59.01 57.57
TE2o 118.03 116.1 118.03 110.75
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Unfortunately, as the operating frequency is pushed towsedlHz region, small wave-
guide dimensions make it difficult and costly to conventibnaachine rectangular waveg-
uides to tight dimensional tolerances. There has been amirupgffort to develop waveg-
uides using various low-cost micromachining techniquekitting those described in [69]
and [70]. However, in these works, the waveguide heightewetermined by the limited
thickness of photoresist, resulting in reduced-heightegandes atV-band which suffer
from higher attenuation and mismatch loss. This limitattonachievable waveguide di-
mensions through micromachining can be overcome by adgptiten“snap-together” tech-
nique [71-74], which is to fabricate micromachined wavegsiin two halves and put the
two halves together to form a complete waveguide block. dfloee the depth/height that
needs to be achieved by micromachining is reduced to theohéie standard waveguide
dimensions thus making it possible to develop micromachiwaveguides even at rela-
tively lower frequenciesy-band for example [75, 76].

An alternate technique that has the potential to satisfydezls for fabrication of low-
cost high-performance micromachined waveguides is deagtive ion etching (DRIE)
introduced in the previous section. DRIE is capable of eghianches with vertical side-
wall profiles. Hence, micromachined waveguides developgdRRIE have cross sections
that are identical to those of conventionally machined \gaiges. this circumvents the
bandwidth compatibility issue that the diamond shaped wgaides [75] have. Also, the
relatively fast etch rate and high selectivity of DRIE pravithe ability to develop full-
height waveguides which overcomes the high attenuatiomasighatch loss issues. There-
fore, DRIE is a promising technique for fabrication of higbrfmrmance micromachined
rectangular waveguides.

The FGC line to waveguide transitions presented in the pusvgection is converted
to a fully micromachined version in this section. Wavegsidee developed via DRIE, the

cross section of which resembles that of a conventionallghmed waveguide.
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Figure 3.19: Drawing of transition to a conventional wavidguleft) and to a microma-
chined waveguide (right). For a fully micromachined tréiosi, the rectangu-
lar probe is rotated 90

3.4.1 Motivation

To develop a fully micromachined version of the FGC line toveguide transitions
investigated in Section 3.2, the transition was designed priobe rotated 90 As shown
in Fig. 3.19, the transition probe to conventionally maelinvaveguides was facing the
waveguide backshort. 90otated probes are preferred to fully micromachine suchra tr
sition since, from a fabrication standpoint, then the lan@hannel) of a waveguide is
compliant in the plane of the wafer. Full-wave simulatiosuks of FGC line to conven-
tional waveguide transition via 90otated probe, although it requires different matching
parameters, nevertheless show excellent transitionipeaioce across the entire waveguide
band.

A fully micromachined transition has been demonstrated kBeet al. [77] where the
waveguide halves were micromachined in (001)-orientadasilvia wet anisotropic etch-
ing, resulting in a waveguide with a diamond-shaped crostsose Such waveguides have

several advantages. They are simple to fabricate and caasbg ashioned into microma-
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Figure 3.20: Cross sections of conventional rectangulareg@ade and diamond-shaped
micromachined waveguide. THefield vector of the dominant waveguide
mode is suggested by the arrow for each type.

chined horn antennas. In addition, the sidewalls in theegt¢bature are very smooth since
wet chemical etching relies on the selectivity of the et¢harcrystal orientation. This is
of critical importance since the loss in a waveguide is dat&d by the surface roughness
of its sidewalls [55].

However, due to the fact that its height (tbelimension in Fig. 3.20) is determined
by the width & in Fig. 3.20), the diamond-shaped waveguide has a limiteglesimode
bandwidth of approximately 1.33:1. This can be problemasi¢he bandwidth is signifi-
cantly less than that of a standard waveguide, especiadlpptications that operate across
an entire waveguide band. In rectangular waveguides, tighthef the narrow wall I
in Fig. 3.20) is chosen to establish a 2:1 frequency rangéngfesmode operation. For
the fully micromachined transition version investigatedhis section, waveguides are mi-
cromachined using a deep reactive ion etching (DRIE) teck&ig/hich does not depend
on the crystal plane orientation. Therefore, micromadhinaveguides that maintain a
single-mode bandwidth of 2:1 can be developed, providingteebcompatibility with con-

ventional waveguide systems.
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Figure 3.21: Schematic of th@/-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 traasithodule, utilizing
only DRIE as a micromachining technique, is depicted in Fig13A printed rectangular
probe is fed by extending the center conductor of a shiel@e@ 5GC line inserted into
the DRIE WR-10 waveguide through its broadside wall, facingrtherow sidewall. The
design of such a transition is based on matching the impedafribe FGC line to that of the
waveguide. This can be done by by carefully choosing thedizke probe, the position
of the probe within the waveguide, the distance between tbbepand the waveguide
backshort, and the dielectric constant and the thicknesheokubstrate supporting the
probe.

Optimization of the transition design with a center frequemaround 76 GHz was
achieved with the help of Ansoft HFSS, the results of whiclthvd 0.5 cm section of
DRIE waveguide are shown in Fig. 3.22. The silicon under tldb@mwas assumed to have
a resistivity p) of 2000Q-cm and loss tangent (tépof 0.004. All metals were assumed to
be goldg=4.1x10" (Q-m)~!, 4=0.99996) whereas the shielded FGC line was assumed
to be lossless. Simulation results predict that the retsa bf a single transition is better
than 20 dB across the entiY&-band, from 75 GHz to 110 GHz, with insertion loss better
than 0.5 dB in the same frequency range. The size of the dasigobe is 54%m x 185
pm on a silicon substrate with a thickness of 100, and the distance between the center
of the probe and the backshort is 8&5. The FGC line has center, slot, and ground strip
widths of 50, 45, and 16(m, respectively, and the height of the FGC line shield is ehos
to be 100um in order to ensure single-mode propagation along the F@&Caind maintain
a 50Q impedance. The length of the extended center conductoredf@&C line feeding
the probe is 9%um. Arm-like appendages, as shown in Fig. 3.21(a), are dpeélon the
probe structures for handling purposes as well as for prplaeement of the structure in

the probe cradle.
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Figure 3.22: Simulate8;1 and$;; of a single FGC line to DRIE waveguide transition with
a 0.5 cm section of DRIE waveguide assuming gold metallinatio

3.4.3 Fabrication
DRI E Waveguides

A back-to-back transition consisting of input and outpui@lies with a 1 cm section
of micromachined waveguide in between the two transiti@bps was fabricated for mea-
surement purposes. The top and bottom halves of the waveguate etched via DRIE, at
an etch rate of approximately 3pm/min. The utilized DRIE recipe is Recipe 1 in Table
3.3. The etch depth for each waveguide half was 1.27 mm, whiche half of a standard
W-band waveguide (WR-10) width. A high resistivity £1000Q-cm) silicon wafer with
a thickness of 2 mm was used for the fabrication of these wasleghalves. Photoresist
with a thickness of approximately 26n was used as a masking layer for the deep etch. A
scanning electron micrograph of a micromachined DRIE waideghalf is shown in Fig.
3.23. As evidenced by this figure, deep etching with theaddirecipe (Recipe 1 in Table
3.3) shows a negative-sloped profile, flaring out approxage®0 um on each side for an
etch depth of 1.27 mm. However, it has been seen in Sectiah& 3uch waveguides have

characteristics that are nearly same as those of rectangal@guides. Also, this negative
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Figure 3.23: Scanning electron micrograph of a micromaathiwmaveguide(WR-10) before
metallization. Only the half is shown here. As can be seen,EHDdétlows a
negative-sloped profile with the utilized recipe.

etch profile was taken into account in the transition desighsamulation.

Additional grooves were etched 1@Q@n deep by DRIE, for which photoresist with a
thickness of 7um on top of a 30004 thick sputtered titanium layer served as masking
layers. The grooves in the bottom waveguide half serve asrdle where the fabricated
probes are placed in, and the grooves in the top waveguideséiale as the shield for
the FGC lines. At the same time that these grooves were fqrpitsdin forms of crosses
and squares were etched on both top and bottom halves. Roerpgbbignment of the two
waveguide halves, 2Q@n thick alignment blocks that have exactly the same croggsesc
as these pits will be placed in these pits that are half as, d@&um. The alignment blocks
were fabricated out of 20@m thick silicon by deep etching around the pattern. By placing
the alignment blocks in the correct pits on the top and bottaiaes that are half as deep,
both halves can be precisely aligned, thus forming a compleieguide block. Shown in

Fig. 3.24 is an alignment block placed in its pit that is halfd@ep as the thickness of the
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Figure 3.24: Alignment block placed in its cradle that isflaal deep as the thickness of the
block.

block.

The waveguide halves were then diced and finally, the wadegualls and the grooves
were sputtered with 508 of titanium and 1.6um of gold for metallization. Though not
carried out in the reported effort, an additional step ofding may be completed to ensure

intimate contact between the two waveguide halves.

Transition Probes

The probes were fabricated on a high resistivipy2000 Q-cm) silicon wafer with
a thickness of 10um. To avoid the possibility of exposing gold inside the DRIEacH
ber, double side processing is required. Therefore, tigmmient marks were first etched
through by DRIE. Then on the top side of the wafer, the FGC line the probe were
patterned via standard lift-off process with 58®f titanium and 1um of gold. Then the
wafer was flipped over for backside processing. Using theeetd¢hrough vernier and cross

alignment marks, the substrate around the probe was etohmeyh from the backside us-
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ing DRIE. 100um thick silicon wafer pieces that have roughly the same széaetching
apertures are used to monitor deep etching and to obtairetfieed depth of 10Qm. Fi-
nally, the remaining photoresist was removed in PRS2000actlle probes are released
from the wafer. For each process steps, the @fiGhick silicon wafer was mounted on a
400 pum carrier wafer using photoresist.

Shown in Fig. 3.25 is a scanning electron micrograph of aobothalf of a microma-
chined waveguide with fabricated probes placed in theidlesa Also displayed in Fig.
3.25 are alignment blocks in their alignment pits. Since2B@um-thick alignment blocks
are placed in pits that are 1Q@n deep, the upper half of these alignment blocks come up
above the wafer surface by 1. This can be clearly seenin this figure. The upper halves
of these alignment blocks will fit in the 1Q@n-deep alignment pits on the top waveguide

half, enabling both waveguide halves to be aligned acclyrate

3.4.4 Experimental Results

A fabricated transition in a back-to-back configurationofe-to-probe) with a 1 cm
section of DRIE waveguide between the two probes was measurddband using an
HP8510C network analyzer and a set of ground-signal-granadel 120 GGB probes.
Calibration was achieved with MultiCal [36], a thru-reflertd (TRL) protocol, using on-
wafer thru, short, and delay lines. The measured resultshenen in Fig. 3.26. Loss in the
FGC lines are calibrated out using the attenuation dataiggdvby 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 transitehsv excellent perfor-
mance across the entire waveguide band. The return losstés bean 10 dB in over 90
% of theW-band, with the insertion loss exhibiting better than 1.5tdB¥sition (including
the loss in 0.5 cm long DRIE waveguide) across the entire wadedand, and better than
1 dB/transition in about 30 % of this band.

Compared with the performance of the similar transitions écten 3.2 and in [77]
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Figure 3.25: Scanning electron micrograph of a bottom Halfraicromachined waveguide
with probes placed in the cradles.
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Figure 3.26: Measured results of a fully micromachined backack FGC line to silicon
DRIE waveguide transition.

where waveguides formed via wet anisotropic etching werpleyed, the insertion loss
per transition of the investigated transition is somewhglhér. This is mainly due to the
difference in the loss of waveguides. As can be seen from Big3 and Fig. 3.25(a),

the sidewalls of DRIE waveguides show some roughness, ediyecear the photoresist
interface. As mentioned in Section 3.3, the roughness isethby the imperfect side wall
passivation throughout the DRIE process for the requiret bigh rate, and also by the
plasma damage to the etch mask (photoresist) during thangtcycle which then leads to
the uneven receding of photoresist as the etch proceeddditiom, the alternating etching
and passivating cycles of DRIE process forms scallops onitlesvalls [67], which also

contribute to the sidewall roughness. Since the loss in gu@ides is dominated by the
surface roughness of the sidewalls, it is a reasonable &atpecthat the performance of
the investigated transition will be significantly improvedth the improvement of DRIE

waveguide sidewall roughness through selection of theagpjate etch recipe and etch

masks. Moreover, the transition performance can furthemipeoved using wafer bonding
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of the waveguide halves.

The performance of the transition to a diamond-shaped waded77], in terms of
bandwidth, is limited to the single-mode bandwidth(1:).88the diamond-shaped wave-
guide itself. On the other hand, waveguides micromachine@dRIE enable the single-
mode bandwidth to be the same as that of a standard rectangataguide. As a result,
the investigated transition shows excellent performarcess the entire waveguide band,
from 75 GHz to 110 GHz.

The presented work also suggests that, along with otheomiachining techniques in-
cluding photolithographic techniques [69—72,74], wateih processing [73,75,76], X-ray
lithography [78], and laser milling [79], DRIE is a relatiyedimple, yet another promising
technique to develop low-cost high-performance micronrexhwaveguides especially at

submillimeter and THz frequencies where the required eggtidis about 40um or less.

3.5 Transition for THz applications

3.5.1 Motivation

While the initial results of fully micromachined FGC line taaweguide transitions are
encouraging, additional fabrication challenges exisefdending the transition to submilli-
meter and true terahertz frequencies. A major difficultyhia investigated transition is the
required thinning of silicon wafer in order to achieve destoated transition performance.
In Section 3.2Ka-band probes were fabricated from 5@ thick silicon and the silicon
substrate under the probe was etched to half of the origimeitriess in order to improve
the performance of the transition. As tka-band design was scaled down for operation in
W-band in Section 3.4, the substrate under the probe had ttthededown to 10Qum, to
provide a comparable level of performance. The thinnedmilsubstrates were difficult to
fabricate from thicker wafers. In order to overcome thisgbem, thew-band probes were

fabricated on a 10Qm, which made it unnecessary to thin down any part of the wéiffer
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(b)

Figure 3.27: Drawing of close-up views of FGC line to wavelguiransitions. Depicted in
(b) is the case when free-standing probe is realized by cetelglremoving
the probe-supporting substrate.
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the substrate supporting the probe is made even thinnegased at higher frequencies,
it is expected that the transition performance will imprakee to a reduction of the loss
associated with the substrate. As we go higher in frequeheysubstrate thickness under
the probe has to be thinner in order to retain the same-sdateehsion. Also, as the op-
erating frequency is increased, the substrate thicknedsruhe probe must be thinner for
the probe structure to properly fit within the waveguide whdsnensions must likewise
shrink in accordance with the increased operating frequdisentually, complete removal
of the substrate beneath the probe may in fact become negessa

Another limitation of realizing such transitions at highfeequency lies on the size
of the slot on a waveguide sidewall that is required to ingeztprobe. As conceived in
Fig. 3.27(a), the width of this opening is the overall widthtlbe FGC lines, whereas
the height of this openingk(dimension in Fig. 3.27(a) is the thickness of the FGC line
substrate and the height of the FGC line shield. For exantipéewidth @ dimension in
Fig. 3.27) of a WR-1, the dominant mode of which is to be operd@ts GHz up to 1.1
THz (1 THz=1000 GHz) is 254m. If the transition probe in Section 3.4 is designed for
a WR-1 using, for example, 2%m thick silicon substrate and 28n shield, the height of
the slot will be 5m. Practically, this is roughly the smallest possible sleight since
from a fabrication standpoint, the substrate of the probgctire has to have a certain
thickness to be properly handled. This implies that the htedd the slot is larger than
1/10 of the waveguide width, which can lead to substantia@amof leakage loss through
such a slot. Also, the waveguide will be partially filled ughvwrobe-supporting dielectric,
which result in excitation of spurious modes due to inhonmaify and eventually impede
effective transitions.

If the probe-supporting substrate is completely removedjepicted in Fig. 3.27(b),
the height of the slot can be reduced down to the height of B€ kne shield and the
height required for the probe metal. Thus, by complete rehoithe substrate, the height

of the opening on a waveguide wall can be reduced to nearhthheight required for
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a probe with supporting dielectric underneath. In addjtiwwhen the substrate under the
probe is completely removed, the probe may have better mexdiastrength than when it

is etched locally and partially since the remaining sulbstiof a single thickness. In this

case, the metal probe has to have mechanical strength intoride suspended in air. Also,

control of the stress in the metal layers comprising the @tmdcomes crucial in preventing
the suspended probe from warping.

In this section, the design, fabrication, and experimergallts of a fully microma-
chined transition via a free-standing probe is demonstraBy completely removing the
substrate under the probe, the associated dielectric liidseaminimized, thus maximiz-
ing the transition performance. Such a structure is dematest to maintain its mechanical
integrity. Moreover, the utilized free-standing probeya®the potential of such transitions

to be applicable well into the submillimeter-wave and THzaga.

3.5.2 Transition Design

A schematic diagram of the FGC line to silicon diamond waveguransition is de-
picted in Fig. 3.28. Thé&-field vector of the dominant waveguide mode is suggested by
the arrow. A free-standing rectangular probe is fed by alitenthe center conductor of
a 50Q FGC line into the waveguide. The waveguide halves are miaotimed in silicon
via wet anisotropic etching, resulting in a waveguide witliamond-shaped cross section.
As mentioned in Section 3.4.1, such waveguides have redsingte mode bandwidth of
approximately 1:1.33 due to the restrictions in the realiz@eometry. However, this type
of micromachined waveguides have several advantages dvit Waveguides. They are
simple to fabricate and can be easily fashioned into micotmimed horn antennas. In ad-
dition, the sidewalls in the etched feature are very smowtiis is of critical importance
since the loss in a waveguide is dominated by the surfacehrass of its sidewalls [55].

The dimensions of diamond waveguide utilized in this sedgachosen so that its width

(ain Fig. 3.28) matches that of a standard WR-10 waveguide, 2r84 his in turn de-
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Figure 3.28: Schematic of the FGC line to diamond waveguidesition utilizing free-
standing probe. The top half is depicted in outline. The \gaide halves are
micromachined in 2 mm silicon via wet anisotropic etching.

termines its heightl(in Fig. 3.28) to be 1.796 mm. The first two cutoff frequenciés o
diamond waveguide with such dimensions, calculated by An#eSS, are 85.9 GHz and
113.8 GHz. Shown in Fig. 3.29 are the dominant mode impeda@gg) of rectangular
WR-10 waveguide, diamond waveguide=.54 mm), and DRIE WR-10 waveguide with
80 um of undercut  in Fig. 3.18(b)), calculated with Ansoft HFSS. The resultews that
the diamond waveguide exhibit a greater variation in theeidgmce with respect to fre-
guency in its single mode band, than the rectangular wadegand the DRIE waveguide.
It is also evidenced from the figure that DRIE waveguides amthngular waveguides
have nearly the same dominant mode impedances, and thahpleelance of a diamond
waveguide is about 3 times higher than that of a rectangudaeguide .

Among the critical factors that affect the transition pemiance are the dielectric con-
stant and the thickness of the substrate supporting theeprtilthe substrate under the

probe is thinned, or if a substrate material with a lower ptivity is used, less field will
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Figure 3.29: Calculated dominant mode impedances of regtang/R-10 waveguide, di-
amond waveguide, and DRIE WR-10 waveguide.

be confined in the dielectric under the probe and thus theceded dielectric loss is re-
duced. As a result, the transition performance will improve

In an effort to maximize the transition performance, thesst#te under the probe
was completely removed. An optimum transition design whh free-standing probe was
achieved with Ansoft HFSS. The FGC lines have center/siowtgd widths of 50/45/160
pum and the designed probe size is G08 x 202 um. The distance between the center of
the probe and the backshort is 2.101 mm. The length of thené&tbcenter conductor of
the FGC line feeding the probe is 1{h, and the width of the micromachined waveguide
(thea dimension in Fig. 3.28) is chosen to match that of a stan®léitobhnd waveguide
(WR-10), 2.54 mm. The height of the waveguide (théimension in Fig. 3.28), 1.8 mm,
is chosen by the height. The lowest two cut-off frequencies diamond waveguide with
such dimensions, calculated with Ansoft HFSS, are 85.9 Gtdz14.3.8 GHz.

Simulated results of a single transition via a substrasepgsbe and 0.4 cm of dia-
mond waveguide section are shown in Fig. 3.30. The shield&d khes were assumed

to be lossless, where as the probe metal was assumed to le¢ wittka conductivity of
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Figure 3.30: Simulate®; 1 and$y; of a single substrateless probe transition and 0.4 cm of
diamond waveguide section.

1.45x107 (Q-m)~1. The diamond waveguide surfaces were assumed to have aczondu
tivity of 5x10° (Q-m)~1, since such a conductivity gives the approximate loss dffi suc
waveguide in its dominant mode bandwidth [75]. The simalatiesults predict that the
transition performance be at its peak at around 97.5 GHz avitimsertion loss of 0.25 dB
and a return loss of better than 25 dB. As expected, the tramgierformance is degrading,

as the frequency of operation is reaching the upper and louteoff frequencies.

3.5.3 Fabrication

For measurement purposes, back-to-back substrateldss fpamsition 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)-tecerigh resistivity ¢ >
2000Q - cm) silicon wafer with a thickness of 1Qfn, in a similar manner as in Section

3.4.3. To minimize the possibility of the mechanical defl@ttof the suspended probe,
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Figure 3.31: Scanning electron micrograph of a suspended! pmbe formed by deep
reactive ion etching of the underlying silicon substrate.

a relatively thick metallization is desired and realizedbtigh nickel plating. Approxi-
mately 8um of nickel was electroplated on top of 2000/58itanium/nickel seed layers,
at an electroplating rate of 0.18n/min. From an electrical loss standpoint gold is clearly
preferred due to its higher conductivity. However, due topatibility issues with the fab-
rication processes of other researchers in our sharedtyagibld was not allowed to be
used in the deep reactive ion system. In addition, stresstteimetal layers of the metal
pattern are a critical issue in fabricating these air-sndpd probes. Also, due to the degree
of inherent stress, plated gold may in fact be more difficulttilize for the free-standing
structure than nickel. Further investigation is neededvestigate the potential of utilizing
gold in the reported transition structure.

After the metal layers are formed, the silicon around thebprstructure was etched
through via DRIE from the backside so that they could be relédsom the wafer. At
the same time, substrate under the probe was also etched &®veay to releasing the

probe structures from the wafer, the 208aitanium seed layer of the probe metal, now

100



T e e, s gt i

e At

Magn FH—— 20pm ]
787x W Probes

Figure 3.32: Cross sectional view of a free-standing prolee dilicon wafer is 10@um
thick.

exposed after complete removal of the silicon under the garabetched in hydrofluoric
acid:deionized water (1:10). This was done to relieve thesstcoming from the inter-
face between the titanium and the nickel. Finally, the rengi photoresist is stripped in
PRS2000 and the probes are cleaned in acetone and isoproglybb{IPA).

A scanning electron micrograph of a fabricated free-staggirobe is shown in Fig.
3.31. As can be seen, aboupdh of electroplated nickel is thick enough to provide me-
chanical strength to the probe to keep it suspended in aso,Ahe warping effect of the
probe due to stress is negligible. A cross sectional vievhefadge of the probe is given
in Fig. 3.32. The deep etching recipe utilized (Recipe 1 inld&b3) results in a nearly

vertical sidewall, as evidenced by the figure.

Diamond Waveguides

The silicon diamond waveguide are fabricated in a similannea as in [77]. A (001)-

oriented high resistivityd > 1000Q - cm) silicon wafer with a thickness of 2 mm has been
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etched in 25% tetramethyl ammonium hydroxide (TMAH) to fawp and bottom halves
of a diamond waveguide. 800D of thermal oxide was used as the etch masking layer
and the temperature of TMAH was held at°80 The etch rate was roughly 2Bn/min.
The etch depth is 127@m, which is one half of th&V-band standard waveguide (WR-10)
width. At the same time, pits for 59@n diameter glass microspheres for aligning the two
halves of a waveguide are also etched.

The next step is to etch 10@m deep grooves by deep reactive ion etching (DRIE).
Grooves in the bottom waveguide half serve as the cradlehtofabricated probes, and
grooves in the top waveguide half serve as the shields oedf@C lines. Before applying
photoresist, 500@ of titanium is sputtered over the entire wafer. This titanilayer is
used as another masking layer, in additiopgn® of photoresist, when etching the grooves.
This is especially important for the immediate edges of tlaeeguide where the resist
becomes too thin to mask deep etching. Insufficient maskitigegowaveguide edges may
result in etching damage along the waveguide edges, whitlrinmay degrade overall
transition performance through signal leakage. p@Chick silicon wafer pieces that have
roughly the same size as the etching apertures are used titometching and to obtain
the desired depth of 10@m. The waveguide halves are then diced and Aaf titanium
and 1.6uym of gold are sputtered to metallize the waveguide walls &edgrooves. A
scanning electron micrograph of a bottom half of a silicoanubnd waveguide with two

probes placed in their cradles is shown in Fig. 3.33 and F&#.3

3.5.4 Experimental Results

The fabricated back-to-back transition module was medauwsmg an HP 8510C vector
network analyzer and GGB picoprobes of 128 pitch. Calibration was achieved using
thru-reflect-line (TRL) protocol with on-wafer FGC thru, sh@nd delay lines of the same
geometry as that used to feed the probe. From TRL calibratievgs calculated that the

nickel-plated FGC line has loss of about 4.4 dB/cm at 85 GHzadowalit 4.8 dB/cm at 105
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Figure 3.33: Scanning electron micrograph of a bottom Hadfl@on diamond waveguide
with probes placed in the cradle. Pits for aligning the tod battom wave-
guide pieces are shown in lower-right corner.
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Figure 3.34: A closer look at a free-standing probe placetsioradle.
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Figure 3.35: Measured and simulated results of back-t&-B&xC line to silicon microma-
chined diamond waveguide transition.

GHz. which is somewhat higher than FGC lines with the samesdsions and patterned
with gold (Fig. 3.1(b)).

Fig. 3.35 displays the measured results of a back-to-badisition after the FGC line
and waveguide loss have been de-embedded out. For compakissoft HFSS simulation
results for assuming waveguide wall conductivity ok 30° Q-cm are plotted in dashed
lines. The measured results and simulated results are ith @g@ement, but is somewhat
different around 105 GHz, where the measured insertionifossughly 3 dB below the
simulated insertion loss, while exhibiting an excellenttchavith a measured return loss
of 12 dB. The greatest cause for the difference between theesudts rests in the fact that
the two waveguide halves are simply clipped together. Ifiggebonding introduces gaps
between the two halves. It is believed that in this experimére effect of the gap was
negligible in the measured band except around 105 GHz.

Measured results show that the waveguide is cutoff below B&.GAbove the cutoff

frequency, the return loss of the back-to-back transitdpeitter than 10 dB throughout the
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entireW-band, up to 110 GHz. The insertion loss is less than 0.5 dBrpasition from
~92 GHz to~101 GHz, and less than 0.25 dB per transition fre88 GHz t0~98.5 GHz.
When compared with the results of [77] where there was aub®thick probe-supporting
substrate, the experimental results suggest that comgateval of the dielectric may
indeed improve the performance of such an FGC line to wadeguansition. As expected,
the transition performance, in terms of bandwidth, is lediby the narrow dominant mode
bandwidth of the diamond waveguide. However, the measurseltion loss and return
loss are in good agreement with the simulated results witi@rsingle-mode bandwidth of
the waveguide. It is certainly expected that when the topthedbottom waveguide halves
are thermo-compression bonded (the waveguide halves wepé/lipped together in this
study), the transition performance will be further imprdve

In addition to exhibiting improved performance over aniearhicromachined version
[77], the novel free-standing probe structure providesadiei means to effect broadband
FGC line to waveguide transitions applicable well into thérsillimeter-wave and THz

range.

3.6 Conclusions

The uniplanar geometrical characteristic of finite grouoglanar (FGC) lines provides
ability to easily integrate both active and passive elesefhus, FGC lines have become
one of the most popular transmission lines for current mdmolmicrowave integrated
circuits (MMIC’s). However, owing to its superior loss pemnitance as well as power
handling capacity, there is still need for hollow rectamgulkaveguides. Thus, effective
transitions between FGC lines and waveguides are requireiny applications.

Such transitions have been demonstrated with convenlyomalchined waveguides in
X-band (8.2-12.4 GHz) anda-band(26.5-40 GHz). Although the transition showed ex-

cellent performance across the entire waveguide bande#sghility of such transitions is
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limited due to the difficulty and high cost of conventionattyachining rectangular waveg-
uides at very high frequencies.

This has led to developing micromachined waveguides. Miaxchining has the ability
to cost-effectively manufacture to better, if not the satokerances. Among various micro-
machining techniques, deep reactive ion etching (DRIE) isbanfsing technique since it
is a relatively simple and has a potential to fabricate nrm@aohined waveguides that have
the same cross sections as conventional waveguides.

The fully micromachined transition employing micromacakdnwvaveguides developed
via DRIE showed not only the bandwidth but also the insertass Iperformance that is
comparable to the transition employing conventionally hiaed waveguides. One concern
with developing waveguides via DRIE is the reproducibilifytioe process. It has been
to the author’s experience that the DRIE etch rate varies bywsh as 10% depending
on various conditions. One important factor is wafer mauwngprocess. The STS DRIE
system is capable of only handling full 4 in. wafers. Thusarger-piece wafers are bonded
to a 4 in. carrier wafer using photoresist. This inevitalliroduces air gaps between the
two. Together with the wafer-bonding photoresist that heswvaethermal conductivity, the
air gaps impede efficient cooling during deep etching. Stheeformation of air gaps is
not always the same, wafer cooling is not the same and thukgés different etch rates.
This can be circumvented by processing full 4 in. wafers.c&ithe process wafer can
be directly cooled with helium from the backside, the resalte expected to be far more
consistent.

Finally, the free-standing probe presented in this chapiith a reduced single-mode
bandwidth of the diamond waveguide, not only maximizes thedition performance, but
also proves the ability of such transitions to be applicald# into submillimeter-wave and

THz range.
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CHAPTER 4

Micromachined Power Combining Module

4.1 Introduction

OLID-STATE sources have advantages over vacuum tube-typeeass because of
Sheir small size, low cost, and compatibility with monoid¢hmicrowave integrated
circuits (MMIC) [2]. However, as the operating frequencyrgses, their power-handling
capacity is reduced due to the reduction in the size of thd-sthte devices. As a result,
vacuum-based sources have been widely used as microwaws powrces at frequencies
above 100 GHz. Unfortunately, these vacuum-based souredarge in size and weight,
require high voltage supplies for operation, and have |dialvgity and a short life time.

A considerable amount of effort has been carried out to ivgtbe power and fre-
qguency performances of solid-state oscillators and freguenultipliers that can be used
as millimeter-wave sources [4, 14]. Although these are leeeresults, they still suffer
from low power levels and thus are not suitable for mediumigh lpower applications,
such as radar systems. One possible solution to overcomlentit&tions of solid-state
sources is to combine the output power of numerous solig-stcillators, amplifiers, or
multipliers [10, 11].

The proposed waveguide-based power combining systemveansina-ig. 4.1. An ex-

ample of a X3 array of power combining modules is shown in this figure.daremodule
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Figure 4.1: Proposed waveguide-based fully micromachipeder combining system
composed of modules. Each module consists of a finite groopiducar (FGC)
line-based MMIC source, a transition probe, and a silicomramachined
waveguide section. The waveguide can then be used to feeghly lirective
micromachined horn antenna. A number of these modules caorbined
together to produce higher output power.
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that constitutes the power combining system, the outpund#IC source is coupled

to the micromachined waveguide via a rectangular tramsiimbe. The waveguide then
can be used to feed a highly directive micromachined horaranat. A number of these
modules can be combined together to constitute a fully rmeihined power combining
system for high-power millimeter-wave applications.

This chapter presents a fully micromachined power compginiodule that operates at
an output frequency of 72 GHz. The module has the unique ctearstic that it integrates,
for the first time, micromachined components fabricatedadutaAs and silicon. GaAs
monolithic circuits provide optimum high frequency perf@ance while silicon microma-
chined components allow low cost fabrication. State-efdint high efficiency GaAs mono-
lithic frequency doublers and all silicon-based finite grdwoplanar (FGC) line to silicon
micromachined waveguide transitions have been succbssiinonstrated in Chapter 2
and Chapter 3, respectively. A successful integration oftthe heterogeneous compo-

nents through a unique micromachined arrangement is deratetsin this chapter.

4.2 GaAs Micromachining

GaAs is notoriously fragile, thus is not well suited to be rarnachined, to be chemi-
cally sculpted on a very fine scale [25,57]. On the other h#mehigh electron mobility
and high saturated drift velocity characteristics make &a#aterial of choice for high
speed or high frequency circuits. Another strong advantd@aAs over other materials is
the availability of semi-insulating substrates [80]. Higisistivity substrates are required
to construct monolithic circuits since it greatly reducesgsitic capacitances. However, a
well-established process technology is available andltsiscost fabrication of microma-
chined structures is viable with silicon that provides sigranechanical properties.

In order to integrate GaAs monolithic high frequency citswith silicon microma-

chined structures, for example in the power combining meguesented later in this chap-
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Figure 4.2: Typical wet chemical etching profiles of GaAs aiidon with most common

slice orientations.

ter, process technology other than standard GaAs IC falmiceechnology is also required.

In this section, several GaAs micromachining techniquesiacussed.

4.2.1 Wet Chemical Etching

GaAs and silicon wet chemical etching are anisotropic dubkdémature of etching be-

havior that is dependent on crystal orientations. Etchaittattack different crystal planes

at different etch rates, thus resulting in anisotropic guafiles. However, the difference

in the crystal structures of GaAs (zinc blende) and silicdiarfiond) leads to other wet

etching characteristics that differ from each other, aswha Fig. 4.2. This is because the

(111) crystal planes in GaAs are either of all gallium (Gayaplanes (11A planes) or all

arsenide (As) atom planes (1B planes) that have very different chemical properties thus

different etch rates, whereas all crystal planes in silia@of only silicon atoms.

There are various purposes for wet etching GaAs : to remousgagdad material, to

form mesa structures for device isolation, to recess gaiestp metallization in FET'’s, to
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aid in polishing, as part of of cleaning procedures, etc. ttshants for GaAs contain an
oxidizing agent, a dissolving agent, and a dilutant, suctvater [81]. The etchants first
oxidize the surface and then dissolve the oxide, therebyverg gallium and arsenide
atoms. The popular GaAs etchang3D4/H,02/H»0, for example, has hydrogen peroxide
that oxidizes the surface, and sulfuric acid that dissothesresulting oxide. However,
GaAs will not etch in either B0, or H,SO4 alone. For example, the etch rate was reduced
to roughly 0.5um/min from roughly 1Qum/min by diluting HS04/H20,/H,0 from 1:1:10

to 1:1:40. The etch rate depends strongly on proportionadh ehemicals, especially the
dilutant. Other conditions such as etchant temperatureagitdtion, as well as etchant
type also have effects on various etch characteristii®0}/{111} selectivity for example.
Most GaAs wet etchants have pof@00}/{111} selectivity, and generally the amount of
undercutting for GaAs wet etching is about the same as tiedefoth. The undercutting of
masking patterns for silicon wet etchants is small or néglkg and thus is better suited than
GaAs for micromachining structures that require tightenelsional tolerances. Typical
{001}/{111} selectivity for silicon wet etching is 10/1 in TMAH, 400/1 KOH, and 40/1

in EDP.

Other popular GaAs etchants includgHgOy (Citric acid)/H,O2/H20, H3POy/H202/H20,
HCI/H202/H,0, and NHOH/H,0,/H,0 systems. For frequency multipliers in Chapter 2
and in this chapter, §P0Oy/H20,/H-0 is used to etch through time layer for ohmic metal
deposition. The etch system gives an etch rate that is rah§otow and controllable.
The etch rate is approximately 1@Gec. for the mixture ratio of 1:1:8. To form mesas
for device isolation, NHOH/H2O2/H20 (1:24:0) is used . The etch rate is relatively high,
roughly 3.5um/min., but this etchant system has a very high AlGaAs/Gaecsivity 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 wetiext GaAs profile.
(100)-oriented GaAs is etched ipBOy/H202/H,0 (1:1:40) at an average etch rate of 0.5
pum/min. The etch depth is 124m (measured with DEKTAK Profilometer) with an orig-
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Figure 4.3: Profile of GaAs wet chemically etched ipgS4/H>05/H,0 (1:1:40).

inal opening width of 25Qum. Visual examination of the SEM reveal that the width of
opening top is roughly 55(@m whereas the bottom is roughly 1g&. As mentioned, most
GaAs etchants have po¢t00}/{111} selectivity, usually less than 1, resulting in substan-
tial amount of masking-pattern undercutting. In the caseFig. 4.3, the{100}/{111}

selectivity was approximately 0.83.

4.2.2 Reactive lon Etching

Dry etching of GaAs, compared with wet chemical etchingyjates better dimensional
control and its anisotropy can proceed more rapidly in thiéoad direction. Therefore, un-
dercutting of masking patterns can be greatly reduced [80)].etching techniques involve
plasma etching of any type, in which the plasma generatesiveapecies that serve to
chemically (therefore isotropically) etch material in iradiate proximity to the plasma. In
most cases, the reactive species (ions) are driven by thageodpplied between the up-
per and lower electrode to obtain anisotropy. Upon reacttiegsubstrate with a certain

kinetic energy, ions sputter the material away from the wafethe atomic scale. Com-
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Figure 4.4: Schematic of the reactive ion etching (RIE) systised for GaAs dry etching.

mon problem with plasma etching occurs when the physicalliytered particles are rede-
posited on the wafer surface. Usually, this “micromaskinggchanism leads to formation
of tall, thin columns in the etched trench. Plasma-assisteting can be highly directional
(anisotropic), thus is a suitable technique to form narreeplholes, for example source
via ground connections, in GaAs circuits.

The investigated reactive ion etching (RIE) recipe optimdibg Nordhederet al. [82]
is investigated in this section, with the focus on etch maglkssues. The optimized GaAs
RIE is utilized in the fabrication of GaAs circuits presenkaigr in this section. The etch is
necessary to define each GaAs circuit structure, and th&eegich depth is 10@m. The
RIE uses a mixture of GIBCls/Ar plasmas. Chlorine provides the majority of the reactive
species while argon is used as a buffer gas. The boron tridklis added to scavenge
oxygen in the chamber and to remove native oxide on the Gariascgu The gas flow rates

in [82] are increased by 50%, from £ZBCl3/Ar 8/6/20 sccm to 12/9/30 sccm, in an effort
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minimize loading effects. Also, the chamber pressure isgi@ged from 15 mT to 27 mT at
which the recipe is reported have the highest etch rateywdihno major difference in the
etch rates is observed. The RF power is controlled by the loiéage of -300 DCV, which
corresponds to roughly 160 W of RF power.

The GaAs dry etching experiments in this chapter are peddrm a PlasmaTherm
SLR 720 parallel-plate RIE system, the schematic of whiclh@s# in Fig. 4.4. The 4 in.
anodized aluminum platen electrode is operated at 13.56 Mttizhe upper electrode and
chamber walls grounded. The chamber is pumped down to theefrassure of & 10~°
Torr prior to etching. Gas flow rates are controlled with mée® controllers and the
powered electrode is cooled by a circulating chilled watea temperature of 2@ during
the process.

GaAs samples with an approximate size of kihin. are patterned with approximately
30 um thick, triple coated AZ9260 photoresist. The first two layare spun at 2000 rpm
and the third layer is spun at 4000 rpm. After each spin, plestst is soft baked for 30
min. in a 90C oven followed by a 20 min. rest on a flat surface. The patt@ragxposed
for 315 sec. at UV intensity of 20 mW/cand developed in AZ400K:$D (1:3). The
patterned samples are then mounted on 4 inch silicon cava#asrs with 500/200G of
titanium/nickel layers and 2(dm thick photoresist. The evaporated metal layers are used
as an additional masking layer to protect silicon from beadtghed thus changing the etch
chemistry during RIE. On top of the metal layers of the cassiafer, AZ9260 is spun twice
at 2000 rpm with 30 min. soft bake at 9D after each spin. The patterned GaAs sample
is mounted in the center and baked for 3 min. on a°@0Botplate, 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 RIEeTverage etch rate
is 0.46um/min. with a selectivity of 6:1 As can be seen, an excellentival profile is
obtained. However, as is shown by this figure, signs of sarfianage are seen across the

entire GaAs wafer. In plasma etches, the ion bombardmentsemy results in physical
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(a) Photoresist not hard baked.
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(b) Photoresist not hard baked. Etch performed in 20 minceinc
ments
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(c) Photoresist hard baked for 2 hours at 420

Figure 4.5: GaAs profiles after reactive ion etching (RIE).
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Figure 4.6: Temperature dots for measurement of the peageeature during RIE. The
circle turns dark when the temperature exceed a certaireyvétu example
132°C (right).

sputtering of the material, but also increases the temperatf the wafer. Although the

wafer chuck is continuously cooled with circulating chdlevater throughout the process,

effective heat transfer is impeded due to the thick (ovguBPphotoresist layer on the car-
rier wafer that is used to protect the carrier wafer and tadtve GaAs sample. It can be
also attributed to the low pressure operating conditioar@fore low heat convection) and
the low thermal conductivity of GaAs (0.46 W/et@ at 300 K). The peak temperature of
photoresist during 100 min. of RIE, measured with the tenmtpegalots in Fig. 4.6, did not
exceed 132C (132C is the lowest temperature that is detectable with the teatpe dots
used for this experiment). However, the continuing ion bardments on heated photore-
sist leads to photoresist corrugation, creating valleysreteventually the wafer surface
is revealed and damaged (etched). This is illustrated in &ig. Microscope images of
initial test RIE patterns before and after removal of the otuned (corrugated) photoresist
are shown Fig. 4.8. As can be seen in Fig. 4.8(c), the entifengarface is damaged by
corrugated photoresist.

Shown in Fig. 4.5(b) is the etch profile of GaAs RIE, in incremsesf 20 min. The etch
recipe is the same as that of Fig. 4.5(a), except the biasliccesl (less negative) to -225
DCV, which corresponds to RF power of roughly 110 W, and the stclivided into nine
20 min. etches for the total etch time of 180 min., with apjoraately 10 min. of cooling

time between each etch. The modification in the etch recige @leviate photoresist
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Figure 4.7: Illustration of surface damage due to convaolytieotoresist.

heating problems. The decrease in the bias voltage anddhetbe RF power reduces the
kinetic energy of ions. Therefore average etch rate is redllay roughly 10% while the
selectivity is roughly the same. Also, as can be seen fronsithewall slopes in the two
figures (Fig. 4.5 (a) and (b)), the anisotropy is degradeddueduced ion bombardment.
Moreover, there is a discontinuity in the slope which is éedd to be due to native oxide
formed during every 10 min. of idle time between each etclrchSudiscontinuity in the
etched profiles is also seen for deep reactive ion etchingEP&Isilicon when a long etch
is divided into a number of short etches. Although the etcipeeis modified to alleviate
excessive heating of photoresist problems, the wafer sairfiamage due to overheated
photoresist is still seen.

Since the temperature of photoresist does not exceetC18dring RIE, the problem
of overheating can be circumvented by hard baking the pbsistt The heating due to
ion bombardment will have minimal effect if the photoressshard baked at about the
same temperature prior to etching. While hard-baked phsigirprovides improved phys-
ical/chemical resistances and thus is preferred for mggkincesses such as RIE, it also
leads to an uneven slanted etch profile resulting in loosimgiginal dimensions. As seen
in Fig. 3.13, reflow of photoresist occurs during hard bakw eesist profile at the pat-

terned edge no longer is close to being vertical. This natiea photoresist profile is then
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(a) Convoluted photoresist.
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(c) Surface damage on the wafer due to heating of photoresist

Figure 4.8: Convoluted photoresist and the resulting patiee to ion bombardment and
heating during RIE.
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transferred to the wafer during RIE, resulting in a similahgprofile and loosing its origi-
nal dimensions. As mentioned, RIE is required in power comgimodule fabrication to
define each GaAs circuit structure that will later be relddsam the wafer and placed in a
cradle with the same dimensions. Thus, dimension contnehgusaAs RIE is of critical
importance in this work.

Shown in Fig. 4.5(c) is the etch profile after RIE when the paitey resist is hard
baked for 2 hours in a 12C oven prior to etching. Rather than mounting the process
wafer on a carrier wafer with already soft-baked phototetiie GaAs wafer is mounted
prior to the 30 min. soft-bake (9Q) of the second photoresist layer on the carrier wafer.
This is done to minimize any air gaps between the carrier maafd the process wafer, and
therefore provide efficient cooling of the wafer during RIEe€Tletch recipe is same as that
for Fig. 4.5(a). However, the average etch rate is reducechdo 0.3um/min and the
selectivity to less than 5:1. The reasons for lowered ettd aad selectivity, as well as
degraded surface roughness will be discussed in SectioB. 44 is seen in Fig. 4.5(c),
the sidewall profiles are less vertical when compared to #i§(a) since the non-vertical
profile of hard baked photoresist is transferred to the et¢renches. Visual examination
of the SEM reveals the top width of the trench is 340 and the bottom width is 28@m,
while the width of the opening on the mask is P& However, the surface damage is no

longer seen due to increased physical resistance of h&etiipgnotoresist.

4.2.3 Wafer Lapping

Virtually all GaAs wafers require substrate thinning foetimal and/or electrical rea-
sons [80]. Significant amount of heat is generated withinrg small surface area of GaAs
devices such as FET’s and diodes. The thermal conductiViya#\s, 0.46 W/cn?C at
300 K [26], is about 1/3 of silicon and thus GaAs is often cdesed as a poor thermal
conductor. Hence, after front-side processing, GaAs safiesis usually thinned down to

100~150pum to achieve low thermal impedance and efficiently trandferhteat to a heat
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Lapping Plate

Figure 4.9: Lapping GaAs substrate with grit.

sink attached to the backside. The electrical motivatiantfiinning GaAs substrates is
related to the transmission lines printed on the substedker than do GaAs devices. For
example, the impedance of a microstrip line is a functionhef $ubstrate thickness, and
thicker substrate requires wider conductor line which imtuncreases the overall circuit
size. Also, for high frequency operations, thinner sulbstr@are required to suppress any
unwanted propagation modes. Therefore, substrate tignsirequired.

Lapping has been the most popular mechanism for wafer thgniiapping is not only
used to thin IlI-V substrates for the reasons mentioned @dmw also to remove unwanted
materials, for example, after molecular beam epitaxy (MBEwgh. Wet etching lacks
uniformity while lapping is a relatively simple, yet an affeve method to thin wafers with
excellent uniformity and reasonable accuracy. A slurry afex and grit (abrasive) is ap-
plied between the wafer and the flat lapping plate. As the miafenoved (rotated) with
respect to the lapping plate, the grit mechanically remd@vaés material. This is illus-
trated in Fig. 4.9 [80]. The grit is usually a very hard compdwsuch as silicon carbide
(SIC) or alumina (A$Os) of various sizes. Finer grit gives slower lapping rate andather
lapped surface. Shown in Fig. 4.10 is a picture of a Logitddl2 Precision Polishing ma-
chine of Solid-State Electronics Lab, University of Micarg Ann Arbor, in operation. The
substrate is mounted on a 3 in. glass carrier chuck using which is then mounted to
the sample holder (Logitech PP5 Precision Polishing Jigigaacuum. The glass lapping
plate rotates at a preset speed, and the jig rotates randomigiform lapping. The depth

of lapping is monitored with the indicator on the jig. Lappispeed is decided by the grit
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Figure 4.10: Logitech PM2 Precision Polishing machine iaragon.

size, glass plate rotational speed, and amount of prespphiedto the sample.

The most important step when lapping GaAs is mounting thetsate upside down
on a glass carrier chuck. For bonding the two, wax is usuaddor its strong bonding
ability. Prior to mounting, photoresist can be spun on tbetfside of GaAs to avoid direct
contact of wax and protect the circuit, for example air besigPhotoresist can also be used
to bond the substrate to the chuck. An nevenly mounted atbstsults in unevenly lapped
substrate, and moreover, the notoriously fragile GaAstsatesis likely to break/crack or
even pulverize during the lapping or unmounting processhigstudy, weights are used
to achieve maximum flatness when mounting the GaAs wafer. (Figgl). With heated
(melted) wax on the glass chuck, the GaAs wafer is placeddapgown. A total of 3
weights (-1 kg) are put on so that the GaAs wafer is pressed down evettyappropriate

pressure. To avoid direct contact of the steel weights ta@hAs wafer, a glass slide is
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Figure 4.11: Weights (340 g each) are used for maximally emennting of GaAs sub-
strates on glass chucks.

placed between the two. Prior to mounting, the weights aadjtass slide are also heated
to the same temperature as the glass chuck. With the weiglhtsxghe wafer, the wafer-
mounted glass chuck is left for at least one hour at room teatyes to cool down.

Lapped substrates are more fragile due to the inevitabkalrgamage introduced by
lapping and therefore handling thinned 20Qum) GaAs wafers needs special care. For
subsequent processes, the GaAs substrate can first be chounrsecarrier wafer, then the
carrier wafer can be mounted to the glass chuck . In doing $®also very important to

bond the two wafers with maximum flatness for the same reasmtiaoned above.

4.3 Module Design

4.3.1 FGC line to waveguide transition

A schematic diagram of an FGC line to waveguide transitiaontwa seen in Fig. 4.1.
A rectangulaiE-plane probe is fed by extending the center conductor of @ 5 C line
on a 100pm GaAs substrate into the waveguide. The waveguide haleefoamed by

bulk anisotropically etching silicon, resulting in a diantbshaped waveguide. The bot-
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Figure 4.12: Simulate&; and$; 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, senargupport the GaAs structure.
As mentioned in Chapter 3, such micromachined waveguidesiange to fabricate and
can be easily fashioned into micromachined horn antennase®er, provides one of the
smoothest sidewalls among various micromachining teclasqThis is of critical impor-
tance when developing micromachined waveguides sinceilosaveguides are in large
part due to the surface roughness of the walls. The waveglidensions are chosen in
order to include the operating frequency range (70-80 GHty@frequency doublers in
its single mode bandwidth. The widtlv(n Fig. 4.1) is chosen to be 2.474 mm, which then
determines the deptldl {n Fig. 4.1) to be 3.5 mm. The first two cutoff frequencies affsu
a waveguide, calculated with Ansoft HFSS, are 62.3 GHz angl GRiz.

The FGC line to diamond waveguide transition is designeddeiofor the center fre-
guency of operation to match the frequency at which the #aqy doublers have the high-
est efficiencies. The transition performance depends ositieeof the probe, the position
of the probe within the waveguide, and the distance betweeptobe and the waveguide

backshort. The transition design is optimized with HFSSe @signed probe size is 796
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pum x 264 um and is inserted 200m into the waveguide. The distance from the backshort
to the center of the probe is 2.3 mm. Simulated results of glesimansition with a 0.475
cm section of diamond waveguide are shown in Fig. 4.12 whesalts for silicon and
GaAs substrates with same dimensions are shown. GgaA$4.9) is assumed to have a
zero conductivity ¢) and a tangent loss (té&h of 0.006 whereas silicorg(=11.9) is as-
sumed to have a conductivity of 0.08 - m)~—! and a tangent loss of 0.004. FGC lines with
center/gap/ground dimensions of 70/63/140 and shield height of 100m are assumed
to be lossless. All other metal surfaces (probe, waveg@oee assumed to be gold with a

conductivity of 4.1<10” (Q-m)~L.

4.3.2 GaAs Frequency Doublers with Incorporated Probes

The FGC line-based GaAs monolithic frequency multipliexsGhapter 2 were re-
designed to incorporate the transition probes designedadhid 4.3.1. The frequency dou-
blers were originally designed using the nonlinear mutipgflection program described by
Eastet al. [37,38] so that the GaAs Schottky barrier diodes have iQwiof two and three.
The Q=2 diodes have an epitaxial layer doping of 10'’/cm?, a thickness of 4708 and
an area of 73.¢im? per diode, whereas th@=3 diodes have an epitaxial layer thickness
with the same doping and the same thickness, and an areafi®5. The FGC line
dimensions are optimized so as to minimize the loss in thsiyasircuitry and therefore
maximize the efficiency.

A schematic of the designd€@=2 diode frequency doubler with an incorporated tran-
sition probe on 10@um thick GaAs can be seen in Fig. 4.13. The high impedanc€)71
FGC lines at the diode inputs are used to resonate the avespgeitances of diodes. The
input and output matching and isolation networks, eachisting of a pair of open-ended
stubs, are designed so that the maximum power of the fundahfesquency is delivered
to the didoes and at the same time, the maximum second harmatput from the diodes

is delivered to the output port. For this experiment, the&lb0utput FGC lines were ex-
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tended to 300@um and additional space was provided in the input side of ttoaiiti This
is for proper handling and placement of the GaAs structuthimihe groove. The overall

dimensions of the structure is 8.1 mm1.91 mm.

4.4 Fabrication

4.4.1 Diamond Waveguide

For measurement purposes, the structure is fabricated atlatb-back configuration
with a 0.95 cm of diamond waveguide section in between thepgwbes. The diamond
waveguide is fabricated using a (001)-oriented high re#igt(p >1000 Q-cm) silicon
wafer with a thickness of 2 mm. At the same time, pits wereoihticed on both halves to
accommodate glass microspheres, thus allowing simplerakgt of the top and bottom
halves of the waveguide. Withdm of thermally grown oxide serving as a masking layer,
the silicon wafer is etched in 25% tetramethyl ammonium byile (TMAH) at an average
etch rate of 2Qum/hour to form top and bottom halves of the diamond waveguitiee
oxide is patterned through standard lithography and by Wwetrically etching in buffered
hydrofluoric acid (BHF) and the TMAH is held at 80 throughout the etch. The mask is
generated taking into account for th@01}/{111} selectivity of TMAH, roughly 10/1. To

ensure the designed waveguide dimensions, the etch wasamezhiegularly by comparing

Transition Probe

1.91 mm

Output 50 Q FGC Line

8.1 mm

Figure 4.13: Schematic of the design@d2 diode frequency multiplier with incorporated
transition probe on 10Am thick GaAs.
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Figure 4.14: Microscope image of ruler patterns on a mask.

the etched feature with the ruler patterns on a mask, showigin4.14 . Each bar is 5
pm wide and is separated from each other ynd A mask aligner is used to accurately
align the sample (etch feature) parallel to the alignmenrd traus measured lengths/widths
accuracy is less thafi5um.

Then additional grooves were etched 10 deep by deep reactive ion etching (DRIE).
The groove in the bottom waveguide half serves as a cradleenthe GaAs structure is
placed, and the grooves top waveguide half serve as thelshiel the FGC lines of the
GaAs circuit. Finally, the waveguide halves were diced aethflized by sputtering 508
of titanium and 2um of gold.

4.4.2 Silicon Probes

For complete on-wafer measurements (Fig. 4.15), silicab@istructures at the out-
put was also fabricated. These probe structures were #bdout of 10Qum thickness
high resistivity p >2000Q-cm) silicon. Etched-through alignment marks, shown in Fig.

4.16(a), are formed by deep etching. Relatively larger featas shown in Fig. 4.16(b)
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Figure 4.15: Schematic diagram (top view) of the fabricgted/er combining module.
Only the bottom half of the waveguide is shown. A transitioolge on silicon
was used at the output for measurement purposes.

were used to monitor deep etching and avoid excessive gtcliigned to these etched-
through alignment marks, transition probe and FGC line hiayars were patterned with
500 A of titanium and 1um of gold, via standard lift-off process. Then using the DRIE
technique, silicon around the probe structure was etchedigih from the backside. Fi-
nally, the remaining photoresist was removed in PRS2000actlle probes are released

from the wafer.

4.4.3 GaAs Frequency Doublers with Incorporated Probes

The GaAs monolithic frequency doublers with incorporatadsition probes were fab-
ricated out of (100)-oriented GaAs wafer with a thicknes§26 um. The epitaxial layer
consisted of a 4708 thick silicon-dopedn~ layer with a doping concentratiomNg) of
1x 10 /em® and a 2.5um silicon-dopecht layer with a doping concentration of&.0'8
JemB. In between the epitaxial layer and the substrate was &30k AlGaAs layer that
would be used as an etch-stop layer in the mesa formatioregsocl he passive circuitry
was printed with 500 of titanium and 1um of gold on semi-insulating GaAs after the
Schottky diodes were formed and the doped active layer veaedtaway. Air bridges and
fingers were added to equalize the potentials of FGC linergt@lanes and to connect the

anodes to the passive circuitry, respectively. Relativieigkt (> 4 um) metallization was
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(a) Deep etched verniers.

AccY Spot Magn Det 1 500 um
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(b) Etch monitoring feature.

Figure 4.16: Etched-through alignment marks via DRIE forldewside processing. Rela-
tively larger patterns were as in (b) are used to monitor gegpcetch.
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Figure 4.17: A scanning micrograph of an test GaAs wafer @ithultiplier test pattern
etched using reactive ion etching (RIE).

realized so that these air bridges and fingers can have emoeghanical strength for the
subsequent processes.

After the Schottky diodes and passive circuitry were forntgaAs around the structure
was etched down 10@m using conventional reactive ion etching(RIE) to definevittlial
circuits. An example initial test GaAs wafer etched with dtiplier test pattern is shown in
Fig. 4.17. Approximately 2Qm of resist is required to mask the etching, and an additional
10 um is required to protect the air bridges and diode fingersaratapproximately §im
high. AZ9260 photoresist was spun three times at 2000/2000/rpm with a 30 min. soft
bake at 90C (oven) and 20 min. idle on a flat surface after each spin. Td&sGvafer with
patterned photoresist was then mounted on a 4 in. silicarecavafer and then baked for
another 30 minutes at 9G (oven) and hard baked for 2 hours at AC0The silicon carrier
wafer had 20um of photoresist, AZ9260 spun twice at 2000 rpm, on top of evaied
500/2000A of titanium/nickel layers. The evaporated nickel is usediask etching of the
silicon, which can affect the etch chemistry. The averagh ette was 0.3m/min. and

the selectivity was roughly 1:4.5.
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A serious impediment to successful plasma etching of GaAgurf0deep is the condi-
tion of the chamber, especially its cleanness. Plasma etegses are usually followed
by a cleaning etch process typically using a mixture of Ar @adat high pressure. These
plasmas, driven at several hundred watts of RF power, aretiefeor cleaning organic
materials and the by-product of fluorine-based siliconmpkagtching. By no means, how-
ever, are these as effective for cleaning GaAs or other Ipldsma etch by-products. NF
plasma is a popular choice for such purposes [83], which waswailable for the RIE
system at the time of this work. Thus, prior to the RIE run, thamber was opened to be
physically cleaned with 6% $0, and IPA, followed by a 60 min. cleaning etch process
with Ar and &, plasmas. However, due to the limited time available in trereath research
facility, the chamber was not pumped down to the base presg®x 10~° Torr. The etch
process was performed at the base pressure lev@ltiines higher than this level, around
1x10~* Torr). The higher base pressure decreases ion directigraaid thus results in de-
creased etch rate, anisotropy, selectivity, and incresisksivall roughness. The degraded
sidewall roughness can clearly by the difference betwegn4b(a) and Fig. 4.5(c).

After these 10Qum trenches are formed, 1@n of resist was spun on the wafer to
protect the entire circuit on the front side including airdiges and diode fingers. Then
the wafer was flipped over and mounted on a p@0thick silicon carrier wafer, bonded
with photoresist. The bonded wafers are baked for 30 min. 9°& oven and for 1.5
hrs. at 110C, pressed down by three weights in Fig. 4.11 to achieve maximtdhesion
and flatness. Using wax, then the carrier wafer is mounted ®ma glass chuck to be
loaded to the lapping tool. Again, the sample was pressedduith the same weights
to achieve maximally flat mounting. The GaAs substrate wppdd from the backside.
When the GaAs wafer was thinned down to the required thickoe$80 um, the 100um
deep trenches were revealed so that the individual stesttwuld be released from the
wafer. The 20Qum silicon carrier wafer is used to handle thinned wafers wirenounting

from the glass chuck and releasing the individual circuftdhere is not a perfect adhesion
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(a) Transition probe on GaAs.

AccY Spot Magn 1 300 m
15.0kV 3.0 b2x

(b) Transition probe on silicon.

Figure 4.18: Scanning electron micrograph of fabricated$probe and silicon probe,
placed in cradles on the bottom waveguide half. The diffeeein sidewall
roughness of GaAs conventional RIE and silicon deep RIE iglglsaen.
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(a) Bottom half of the module test structure
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(b) Q=3 diode multiplier.

Figure 4.19: Scanning electron micrograph of a fabricat®dgr combining module test
structure. Only the bottom half of the waveguide is showrain (

132



between the GaAs wafer and the carrier wafer, the GaAs stestre likely to come off
during lapping immediately after the trenches are revedtedrder to circumvent this, the
final 10 um is thinned using a wet etchant (NE8H:H2O, 1:24). Finally, the individual
GaAs circuit structures were released and cleaned in PRSGDIPA. and Fig. 4.18(a).

Show in Fig. 4.18 are SEM images of the GaAs and silicon ttimsprobes, placed in
their cradles. The sidewall roughness of GaAs RIE, degradedalhigher base pressure,
can be clearly seenin Fig. 4.18(a). As is evidenced, sili2BihE provides much smoother
sidewalls as seen in Fig. 4.18(b).

A scanning electron micrograph of the bottom half of a fadtied power combining
module is shown in Fig. 4.19(a). Shown in the lower right esris a GaAs monolithic
frequency doubler with an incorporated transition probdov# in the top left corner
is a transition probe on silicon used for complete on-wafeasurements. Fig. 4.19(b)
displays the frequency multiplier part of a GaAs structufiéhe thickness of the GaAs
substrate is 10Qm and the GaAs structure is sitting in a 2J@@ deep cradle on the bottom

of the waveguide. The measured DC characteristics of fata©)=2 andQ=3 diodes are

summarized in Table 4.1. The 0¥ contact resistance between the measurement probe

and the gold pad is de-embedded from the series resistaRge€omparison with the DC
parameters reveals that the fabricated Schottky barrietedi are almost identical to those
in Chapter 2. Then~ layer doping level, calculated from tl&/V characteristics of a test

diode with an anode area 0.389 rirwas 1.1x 10 /cm?d.

Table 4.1: Measured DC characteristics of @r2 andQ=3 Schottky barrier diodes.

Rs[Q] CiolfF] CplfFl 1o[fA] Ver[V] n fc[GHZ]
Q=2 33 62 163 206 126 114 778
Q=3 33 49 158 579 126 1.07 984
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Figure 4.20: Measured results of the back-to-back tramsitiith 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-bachsion structure was first mea-
sured with silicon probes only. Calibration was achievedhwiultiCal [36], a thru-reflect-
line (TRL) protocol. The measured results are shown in Fig04Loss in the FGC lines
is not included, but the loss in the 0.9 cm waveguide secsandluded in the insertion
loss. As can be seen in this figure, the return loss remairieriibain 10 dB in most of
the measured range and the insertion loss is better than dad&itton in a majority of the
measured band.

The measurement of the power combining modules is similétreguency multiplier
measurements described in Section 2.6Ka&band TWT and a variable attenuator was
used to vary power levels at the module input. A power meténeatoupled port of a 20
dB coupler on the input side was used to monitor the poweveled to the multipliers.
Measurements were taken for the input frequency range ofl356 6 40 GHz, with 100

MHz steps. For each frequency points, the input power wasddrom 10 dBm up to as
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(b) Measured results for the module wifF3 diode multiplier.
Figure 4.21: Measured efficiencies and return loss for teidated power combining
modules at the input power levels of 18 dBm. Module efficiemdrelude

multiplier efficiencies, loss in the 30Q@n long multiplier output FGC line,
transition loss, and loss in the micromachined waveguidgse
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high as 22 dBm, with increments of 1 dBm. Finally, the DC bias wa$ed at every test
points to achieve the maximum performance. The loss in i iand output measurement
setup, calculated by measuring the return loss of planat,shmen and load standards, was
de-embedded in the final efficiency calculation.

Measured efficiencies and return loss versus output frexyuen the two types of fab-
ricated modules are shown in Fig. 4.21. As is expected, thaduleavith a lowerQ diode
multiplier shows relatively lower efficiency and wider bavidth while the module with a
higherQ diode multiplier show relatively higher efficiency and rawver bandwidth. The
peak efficiency of the module employing@=2 diode multiplier is 21.8% at the output
frequency of 72 GHz with an input power of 18 dBm. The peak efficy of the module
employing aQ=3 diode multiplier is 25.0% at the output frequency of 72RzGvith input
power of also 18 dBm. These efficiencies include the doubfaieficies, loss in the 3000
pm long 50Q output FGC line of the doublers, a GaAs probe transition,lassl loss in
1/2 of the total waveguide section (0.9 cm). By de-embeddiege 3 types of losses, effi-
ciencies of the doublers can be calculated. The GaAs prabsition loss and loss in the
waveguide section of the module can be approximated fromsiicen back-to-back tran-
sition measurements Fig. 4.20). This is reasonable simdedtiic constants, loss tangents,
and resistivities of silicon and GaAs substrates are simi#ecording to the simulation
results in Fig. 4.12, with all the substrate parameterstah® account, the transition per-
formances for both substrates are very close around 72 Glgs in the 300@m long
doubler output FGC line can be obtained from MultiCal [36] leyfprming a simple TRL
calibration. The calculated doubler efficiencies aftered#edding the losses are plotted
in Fig. 4.21. The peak efficiencies are 30.3% and 33.9%, feih2 andQ=3 diode
doublers, respectively, both with an input power of 18 dBme Pkak efficiencies are very
close to those in Chapter 2. Fig. 4.21 also displays that botiutes 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, respectivelye ffequency multipliers
and thus the power combining modules in this Chapter have pleak efficiencies at 72
GHz and 72.2 GHz, respectively. The shift in the peak efficydnequency points are due
to the difference in the impedances of FGC lines. The frequenultiplier FGC lines in
Chapter 2 are fabricated on 6280 GaAs substrate, whereas the GaAs structure in this
Chapter are fabricated out of 1Q@n or thinner GaAs substrate due to fabrication error
during lapping process. For example, the substrate of gggiégncy multiplier shown in
Fig. 4.19(b) is thinned down to §@m. As can be seen from this figure, the GaAs wafer
surface is actually lower than the silicon wafer surfacethdligh full-wave simulations
reveal that the transition performance is barely affectethb 20um thinner substrate, the
frequency multiplier performance is indeed affected duéheochanges in the FGC line
impedances. FGC lines are relatively insensitive to thestsate thickness as long as the
substrate thickness is much larger than the FGC line wislthaw in Fig. 2.8(b)) [84].
When the substrate thickness is comparable to the FGC lindawilte capacitance of the
conductor-backed FGC line is increased, and thereforecheduhe line impedance. The
impedance of the 50 FGC line in the multiplier circuit at 75 GHz, calculated wilonnet
and ADS, is expected to decrease by 9.4% when the substthieried from 62%m down

to 100um. If the substrate is thinned even more, for example dow® {8 the FGC line
impedance is expected to decrease by 13.5 % from its origimm@dance of 5@.

As was the case with the frequency multipliers in Chapter Zasaeed multiplier ef-
ficiencies and therefore the module efficiencies as a fumatidrequency are not smooth
curves. This is due to the fact that the DC bias voltage waiedat every test points,
to maximize the multiplier performance. Typical bias poivdas between -5V and 0V,
with higher (more negative) bias required for lower inputveo levels. With a fixed bias,
smooth efficiency curves are expected as is the case fordhadncy multiplier simulated
results shown in Fig. 2.14. For example, each bias levelskidiw a curve similar to the

gray curves in Fig. 4.22. Since the bias level is adjustedratyetest points, the mea-
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Figure 4.22: Example of multiplier efficiency curves illteging 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 shamwthe same figure. Another
important factor that contributes to the roughness of tlieiefhcy curves is the ripples
present in the loss of the input and output measurementygibrss (see Fig. 2.17(a)). In
practice, the small ripples are always seen in e&parameter experiments due to various
inevitable measurement errors. In this experiment, thaeegpin the loss of the input and
output measurement sub-systems are found te®4.6 dB and+0.12 dB, respectively.
Therefore, the maximum error of the measured output powebea?16:012 = +0.14
dB. For example, when the measured output power level is 11 dBanfinput power level
of 18 dBm, the efficiency is 20.0%. In the extreme case, whemig@sured output power
is 10.86 dB, 0.14 dB lower than the actual level due to inelgtabrors in the measurement
setup, the efficiency drops to 19.3%. If the measured outpwepis 0.14 dB higher than
the actual level, the efficiency increases to 20.6%. Altlioihng difference due to the error
is small and this error even reduces for larger output poexai$ (higher efficiencies), it is

inevitable and is always seen in efficiency curves.
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(b) Module withQ=3 diode multiplier at the output frequency of 72.2 GHz.

Figure 4.23: Measured efficiencies and output power for tvegp combining modules.
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The module efficiencies can be improved by wafer bondingwloevtaveguide halves
and also by reducing the length of the 3@ FGC line section between the doubler output
and the probe. There is a significant amount of loss in thissedor example almost 0.7
dB of loss at 72 GHz. As mentioned previously, the purposéisfgection is for proper
handling and placement of the GaAs structure in the cradieirStance, if this section is
shortened down to 50am, the output power levels will be increased by more than 8.5 d
which then increases the peak module efficiencies to 24.80284%, respectively. Even
when the doubler output FGC line section is shortened, priogedling and placement of
the GaAs structure in the cradle can still be achieved byigimog enough space on the
input side of the multiplier.

Measured module efficiencies and the output power versusplépower at the output
frequency of 72 GHz and 72.2 GHz are shown in Fig. 4.23. Du&eddrge amount of
loss (around 9 dB) associated with the input measuremenysigns, the measurement
setup was not able to provide more than 21-22 dBm of input poavéine multipliers at
the frequencies where maximum efficiencies were achievhds, Tho measurements with
higher input power levels were taken at these frequencytpadiowever, as can be seen in
the figure, the module output power levels are still not sdaad. The efficiencies of both
modules start to saturate at the input power level of 16 dBmaaadat their peaks at 18

dBm.

4.6 Conclusions

A novel fully-micromachined power combining module thategrates, for the first
time, components micromachined out of GaAs and silicon mafestrated with two dif-
ferent GaAs monolithic frequency doublers. The experirlerdgsults are in reasonable
agreement with the results expected from the performancieslividual module compo-

nents. The module shows an RF power efficiency of up to 25.0%eaiutput frequency of
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72.2 GHz with an input power of 18 dBm. The module efficiency lbanmproved further
with a minor modification of the circuit and by wafer bondirng twaveguide halves..

The biggest challenge in the development of the presentegmpoombining modules
lies in reactive ion etching of GaAs for the required depth@®um. Currently, a variety of
plasma etching tools specifically designed for GaAs dedpregcare commercially avail-
able. For example, the plasma etching system Oracle froomTrechnology of Tempe,
Arizona, utilizes an electrostatic chuck (E-chuck) to meffectively cool the wafer dur-
ing the process with helium from the backside, and thus ges/capabilities to deep etch
GaAs substrates. Wafer cooling is perhaps the biggest wsghealeep etching GaAs with
conventional RIE systems. Due to the relatively high substemperature, the etch selec-
tivity is greatly reduced. It has been to the author’s exgrere that a thin (200&) layer of
evaporated nickel, although patterning by wet etching tstraight forward as wet etching
other metals, is a very strong plasma etch mask. Etch satgets high as 1000:1 has been
observed. Unfortunately, nickel mask is not suitable fas thork, since metal cannot be
directly put on the circuits including diodes. Also, due e tsurface topology of diode
mesas and air bridges that are as high pgi\8photoresist is required to protect the circuit
during RIE. The air bridges and diode fingers, shown in Fig4 4aPe realized with thicker
metal layers than usual to provide mechanical strengthBarstibsequent processes. In
fact, this was the key factor in achieving maximally flat fléisan+ 2.5 um) mounting for
the substrate lapping process.

The power combining module can be cost-effectively mi@bricated and the passive
part of the proposed power combining scheme is well apdkdatsub-millimeter and THz
range by utilizing the free-standing probe demonstrateSaation 3.5. A silicon micro-
machined horn antenna can be incorporated with the denadedtmodule, and a number
of these can be combined together to produce higher outpugmplevels. For example,
close to 100 mW of maximum power can be produced at an effizieh25% by combin-

ing six of the presented power combining module. Howeveiteaél challenges, such
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Figure 4.24: Scanning electron micrograph of air bridgesdinde fingers after substrate
lapping. Relatively thick ¢ 4 um) metallization was realized so that the air
bridges and fingers can have enough mechanical strengthd@uibbsequent
processes.

as phase locking MMIC output signals with suitable powerdiing circuits and designing
efficiency micromachined horn antenna array that still &mBD-integration of a number
of modules, exist for realizing such a power combining syst&levertheless, its unique
micromachined arrangement for the integration of the lgEmeous components makes
the demonstrated power combining module a promising catelidf an efficient power

source for millimeter/submillimeter-wave and THz highamy application sources.
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CHAPTER 5

Summary and Suggested Future Work

5.1 Summary

FULLY micromachined power combining module is demonsttatéth an RF
A power efficiency of up to 25% at the output power of 72.2 GHzthie module,
the output signal of a GaAs MMIC frequency multiplier is céeghto a micromachined
waveguide via a rectangular transition probe. The waveguiticromachined in silicon
using “split-block” technique, then can be used to feed &lgigirective micromachined
horn antenna and finally, a number of these modules can beigedchbbgether to con-
stitute a fully micromachined waveguide-based power caingi system for high-power
millimeter-wave applications.

When tested separately, GaAs MMIC frequency multiplieriszeti in the demonstrated
power combining module show an excellent RF power efficierfcypoto 36.1% at the
output power of 76.2 GHz. This is the highest efficiency régbfor a diode-based MMIC
multiplier with the output frequency in th&/-band (75-110 GHz). In the power combining
module, the output of this frequency multiplier is coupledcatmicromachined waveguide
via a transition probe that couples popular finite groundagr line to waveguides. Such
a transition, when tested separately inWdand, shows excellent return loss and insertion

loss performance across the entire waveguide band. Inaddiemonstrated free-standing
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probe proves the potential of such transition to be applkcaiell into the submillimeter-
wave and THz regime.

The demonstrated module integrates, for the first time, ®terogeneous components,
the compact GaAs MMIC frequency multipliers and silicon rairnachined waveguide,
through a unique micromachined arrangement. GaAs morwditcuits provide optimum
high frequency performance while silicon micromachineohponents allow low cost fab-
rication. In addition, the module efficiency can be improvadher by wafer bonding
the two waveguide halves and also by reducing the lengtheo8@®0um long 50Q FGC
line section between the multiplier output and the traasiprobe. Therefore, the proposed
power combining system is a promising candidate for a logt-aad 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) techmiguutilized to develop
fully micromachined transitions at WR-10. However, wavegsidieveloped via DRIE
have not been investigated alone. Although conventiommalghined rectangular waveg-
uides show superior loss performance, DRIE waveguides gected to exhibit loss that is
somewhat higher. This is due to relatively rough sidewdIBRIE features. Indeed, inser-
tion loss of FGC line to waveguide transition was somewhghiéi when DRIE waveguides
are employed. Although no measured results are available 3WRveguides (220-325
GHz) have been developed with improved sidewall roughnedssalewall profiles using
an optimized DRIE recipe, as shown in Section 3.3. Also, agesitgd in the same section,
thorough investigations on the sidewall roughness of DRHuiees, taking into account
the etching time, needs to be performed.

Evaluation of micromachined waveguide performances requgasy use with existing
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(&) Micromachined waveguide flanges of WR-3 (top left), WR-bt{aim
left), and WR-10 (bottom right).

(b) Micromachined conventionally machined WR-10 waveguildgages.
The cross sectional dimension of a WR-10 waveguide is 2840« 1270

pm.

Figure 5.1: Micromachined waveguide flanges. The flange$adrecated out of 40Qum
silicon via DRIE.
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waveguide measurement systems. Therefore, a suitableguideeconnections (flanges)
need to be developed. The flanges can be also fabricated vatBDRIE technique, as
shown in Fig. 5.1. Alignment blocks similar to the one showrig. 3.24 can used to
accurately align and assemble the micromachined flangéswaeguides.

In fact, development of high performance high frequencyamachined waveguides is
an essential part of extending the demonstrated power comgidcheme into submillimeter-

wave and THz range.

5.2.2 Multifunctional Module

While the power combining module results are promising sihckemonstrates the
feasibility of proposed power combining system, there iesyaspects to be improved. The
demonstrated module employs micromachined waveguidedajed via wet anisotropic
etching of silicon. Although these diamond-shaped wawggihave several advantages,
its limited single-mode bandwidth restricts such wavegsittom being fully compatible
with conventional waveguide systems. Since the transgioploying DRIE waveguides
has already been designed and demonstrated, not muchiefieeded to demonstrate the
module with micromachined waveguides with much better catibpity with conventional
waveguides. In addition, incorporating highly directiverin antennas and combining a
number of such modules to construct the power combiningesysémain as the ultimate
goal. Development of appropriate DC bias network as welhesstigations on the power
combining efficiency of such a combining system needs to desgded.

Demonstrated power combining module can be used at highdrexy transmitter ends.
However, perhaps the most intriguing applications of theaiestrated module are those
that utilizes the multifunctionality of the module’s passicircuitry. The module can be
used also at high frequency receiver ends with, for exanfpéeuency mixers or high
frequency detectors in place of the frequency multiplietigh frequency signals, captured

by the antenna that is connected to the micromachined waledange, 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 comlvewtbe processed at lower
frequencies. Shown in Fig. 5.2 is a schematic of a radiontgierating at 183 GHz, the
research of which has already been initiated by Dr. Jack &ddniversity of Michigan.
The complete radiometer block consists of a mixer and a pligtj which requires use of
the demonstrated module’s passive circuitry in both dioest Indeed, the demonstrated
power combining scheme possesses a potential to be extenaedriety 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 blockdatband transition in Sec-
tion 3.2. The block is conventionally machined out of 1/8tmck aluminum.
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Appendix B

DRIE Waveguide Cutoff Frequencies

by Perturbation Method

As mentioned in Chapter 3 Section 3.3, the waveguides form#dtiae DRIE recipe
utilized in this work show somewhat negative or reentranfijgs. The cross section of
a resulting DRIE waveguide is shown in Fig. B.1(b). The cutodijuency of such “per-
turbed"geometry (DRIE waveguide) can be approximated byctheff frequency {c) of
“unperturbed’geometry (rectangular waveguide, Fig. B)lgaing perturbation method,

and can be expressed as [68]:

-t

b~
EI
a

(a) Rectangular waveguides. (b) DRIE waveguides.

X

Figure B.1: Cross sections of rectangular waveguide and DRieguade.
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Afe Jlas <H0|Ho|2—€o|Eo|2> ds
o ffs (o lHol + o [Eof?) dS

whereE, and H, represent the fields of the original geometry excluding aapsverse

(B.1)

components, i.e. in this cagg, Ey, Hy, andHy in S

For TExp modes, the electric field and magnetic field components aeeas :

E, = _J(;CT”aOMTAWSin (?) exp(—B2) (B.2)

Hy = ‘Eg”;”Amsin(m%D‘) exp(—jB2) (B.3)
1111%¢ .

H, = Arrocos<7> exp(—jBz) (B.4)

Ey=E,=Hy=0 (B.5)

whereAny is the amplitude constant for the fEmode ande = (), B = /kZ — k2, and
Ko = 0y/Ho€o.

Even though the magnitude of the electric field|{ varies from 0 to 1 irf, the field
in the perturbed area\§) can be considered as constant sinc& & b, ASis negligible
compared with the original geometr§)( If the electric field inASand can be approximated

as the electric field at= 374"", then Equation B.1 can be simplified as :

st ({4 (ol )}
o 11 (lHo+eolEol?) ds

Plugging in the expressions f&, andH, in Equations B.2, B.3, and performing the

(B.6)

integral further simplifies the equation :
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. 2 - 2
ate 2 (HolYsin(3) [ —eo [Xsin (3 )

fe 2P (WolY[*+£0lXP?)
whereX = wpomrt/ (k2a) andY = Bmrt/ (kZa) for TEmp mode.
Thus, for the Tk mode :

2n2 _
Afe & A3P?—4r? .n2(3mn>

o T 2b A4 O\ 4

where, is the free-space wavelength.
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Appendix C

Fabrication Procedures for

GaAs Frequency Multipliers

The fabrication procedure details for GaAs frequency plidiis are provided in this
appendix. The UV light intensity of the aligner is 20 mW/friThe given developing time
and etching time are typical ones. They can vary dependingtloer conditions, such as
humidity. Fresh new developers should always be poured xedrfor consistency. After
each chemical process, the wafer should be rinsed thorpugltlascade DI water for at
least 4 min. DI rinse should be at least 10 min. after B3 soaking. Acidic chemicals
such as HF often require longer rinses. Plasma asher se#tiedl00 W at 250 mT, unless
specified otherwise. For lift-off processes, ultrasonithisnould be used if necessary.

After annealing, the ohmic contacts should be tested by @8ipg two adjacent ohmic
pads. Once the ohmic contacts and the Schottky anodes aredpthe 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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Immerse wafer in Acetone for 2 min.
Immerse wafer in Isopropy! Alcohol (IPA) for 2 min.
Etch native oxide in BHF for 1 min. followed by DI water rinse

Dehydrate bake at 130 (hot plate) for 3 min.

Ohmic Contact Definition

. Clean wafer by placing in Acetone and IPA for 2 min. each. \Dehte bake at
130°C (hot plate) for 1 min. Wait until wafer cools down.

Spin HMDS/AZ5214-E at 4.5 krpm for 30 sec.

Soft bake for 2 min. at 108 (hot plate).

Expose edge bead removal patterns for 1.5 min.

Develop in AZ327 for 40 sec.

Expose ohmic contact patterns for 4.5 sec.

Reverse bake for 1 min. at 130 (hot plate).

Flood expose for 1.5 min.

L
= o

12.
13.

14.
15.
16.
17.

© © N o 00 b~ WD

Develop in AZ327 for 40 sec.

Plasma ash for 1 min.

Check with DEKTAK before and after etching.

. Etch througm™ layer in HsPOy:H202:H20 (1:1:8). Typical etch rate is 100/sec.

Etch native oxide in BHF for 15 sec.

Immediately after drying, load into evaporator and aa&pdi/Ge/Au/Ti/Au 250/325/

650/450/2500A..
Liftoff in Acetone.

Immerse in IPA.

Immerse wafer in clean Acetone and IPA.

Plasma ash at 120 W for 1 min.
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18. Anneal ohmic contact metal layers at 240/405724fbr 20/40/20 sec.

C.3 Schottky Anode Definition

1. Clean wafer by placing in Acetone and IPA for 2 min. each. \Diehte bake at
130°C (hot plate) for 1 min. Wait until wafer cools down.

Spin HMDS/AZ5214-E at 4.5 krpm for 30 sec.

Soft bake for 2 min. at 108 (hot plate).

Expose edge bead removal patterns for 1.5 min.

Develop in AZ327 for 40 sec.

Expose Schottky anode patterns for 4.5 sec.

Reverse bake for 1 min. at 130 (hot plate).

Flood expose for 1.5 min.

© © N o 00 &~ WD

Develop in AZ327 for 40 sec.

=
o

Plasma ash for 1 min.

[
[

. Etch native oxide in BHF for 15 sec.

=
N

. Immediately after drying, load into evaporator and d#pt/Pt/Au 500/500/3000
A.

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-reversabfffphotoresist AZ5214-E is

used as an etch mask without reversing the image. This isubecdZ5214-E provides
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better resistance than other AZ&&r AZ9260 photoresist to the etch system used in this

step.

=
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12.
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Clean wafer by placing in Acetone and IPA for 2 min. each. \Deate bake at
130°C (hot plate) for 1 min. Wait until wafer cools down.

Spin HMDS/AZ5214-E at 2.5 krpm for 30 sec.

Soft bake for 2 min. at 108 (hot plate).

Expose edge bead removal patterns for 2 min.

Develop in AZ327 for 50 sec.

Expose mesa patterns for 4.5 sec.

Develop in AZ327 for 50 sec.

Hard bake for 1 min. at 13C (hot plate).

Plasma ash for 1 min.

Etch mesas in NADH:H2O, (1:24). Typical etch rate is 3.am/min. Examine
visually and agitate sample. Use magnetic stirrer if neargs&tch until all rainbow
patterns disappear. Rinse for 10 sec. and immediately follitvan oxide etch in
NH4OH:H,O (1:15) for 15 sec.

Remove remaining photoresist is heated PRS-1000.

Plasma ash at 120 W for 1 min.

FGC Line Patterning

Clean wafer by placing in Acetone and IPA for 2 min. each. \Deate bake at
130°C (hot plate) for 1 min. Wait until wafer cools down.

Spin HMDS/AZ5214-E at 2.5 krpm for 30 sec.

Soft bake for 2 min. at 10& (hot plate).

Expose edge bead removal patterns for 2 min.

Develop in AZ327 for 50 sec.
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Expose FGC line patterns for 4.5 sec.

Reverse bake for 1 min. at 130 (hot plate).

Flood expose for 1.5 min.

Develop in AZ327 for 50 sec.

Plasma ash for 1 min.

Evaporate Ti/Au 508/1 um.

Liftoff in Acetone. Use ultrasonic bath if necessary.
Immerse in IPA.

Immerse wafer in clean Acetone and IPA.

Plasma ash at 120 W for 1 min.

Post Definition

Clean wafer by placing in Acetone and IPA for 2 min. each. yde#ate bake at
130°C (hot plate) for 1 min. Wait until wafer cools down.

Spin HMDS/AZ1827 at 3 krpm for 30 sec.

Soft bake for 30 min. at 9C (oven).

Expose edge bead removal patterns for 1.5 min.

Develop in MF351:HO (1:5) for 40 sec.

Expose post patterns for 12.5 sec.

Develop in MF351:HO (1:5) for 30 sec.

Plasma ash for 1 min.

Contour bake for 5 min. on a metal block that has been heateat feast 30 min.
ina 130C oven.

Evaporate seed layers of Ti/Au/Ti 500/1500/300
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Bridge Definition

Clean wafer by placing in Acetone and IPA for 2 min. each. ydeate bake at
130°C (hot plate) for 1 min. Wait until wafer cools down.

Spin AZ1827 at 3 krpm for 30 sec.

Soft bake for 30 min. at 9C (oven).

Expose edge bead removal patterns for 1.5 min.

Develop in MF351:HO (1:5) for 40 sec.

Expose bridge patterns for 12.5 sec.

Develop in MF351:HO (1:5) for 30 sec.

Plasma ash for 1 min.

Etch exposed top Ti layer in HF2 (1:10) for 5 sec.

Electroplate-3.5um in Orotemp-24 gold plating solution held at®& The current

level for a certain plating rate differs on various otherditions. Preferred plating
rate is~0.1 um/min. Check with DEKTAK before and 10 min. after. Electrdpla
more accordingly.

If electroplating was performed in 3440 EECS Laborataafer should be rinsed
thoroughly before proceeding to next step. Rinse in cascaderbase bench) for
20 min.

Flood expose 3 min.

Develop remaining photoresist in MF352®1(1:5) for 1.5 min.

Etch top Ti seed layer in HF3@® (1:10).

Etch Au seed layer in Au etchant. Typical etch rate is 5800 pm/min.

Etch bottom Ti seed layer in HF:B (1:10).

Remove sacrificial photoresist in heated PRS-1000.

Plasma ash at 150 W for 2 min.
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Appendix D

Fabrication Procedures for

Transition Probes on 100um Silicon

The fabrication procedure details for transition probed400pum silicon are provided
in this appendix. The UV light intensity of the aligner is 20\fc?. The given developing
time and etching time are typical ones. They can vary depgnai other conditions, such
as humidity. Fresh new developers should always be pounaiked for consistency. After
each chemical process, the wafer should be rinsed thorpugltlascade DI water for at
least 4 min. DI rinse should be at least 10 min. after BB®0 soaking. Plasma asher
settings are 100 W at 250 mT, unless specified otherwise.

Special care is required when handling 100 thick wafers. Before each process step,
always follow the wafer mounting process provided in thipexpdix. Preferred carrier
wafers are 40Qum or thicker silicon, slightly larger than the process wafgh any kind

of dielectric on both sides.

D.1 Wafer Mounting

1. Clean carrier wafer by soaking in Acetone and IPA for 2 mathe Dehydrate bake

at 130C (hot plate) for 1 min. Wait until wafer cools down.
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Spin HMDS/AZ1827 on carrier wafer at 3 krpm for 30 sec.
Mount process wafer. Tap gently around edges with backpgdet, if possible.

Place bonded wafers on a flat surface and wait for 2 min.

o c 0w DN

Bake for 30 min. at 120(oven).

D.2 Alignment Marks

Double side processingseferred 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. di@nvith care.
Dehydrate bake at 13Q (hot plate) for 1 min. Wait until wafer cools down.

2. Mount process wafer on a carrier wafer by following wafeumting steps in D.1.

3. Spin HMDS/AZ9260 at 4 krpm for 30 sec. Spread AZ9260 at @prkfor 4 sec.

prior to spinning.

Soft bake for 30 min. at 9C (oven).

Expose alignment mark patterns for 25 sec.

Develop in AZ400K:HO (1:3) for 1 min.

Mount sample on a 4 in. carrier wafer by following wafer mting steps in D.1.

© N o 0 s

Deep etch using Recipe 1 in Table 3.3. Use a larger apedur®mitor etch. The
DRIE etch rate varies much in first 30 min. Examine visually.ridd over etch.

9. Release hy 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. dianvith care.
Dehydrate bake at 13Q (hot plate) for 1 min. Wait until wafer cools down.
Mount process wafer on a carrier wafer by following wafeumting steps in D.1.
Spin HMDS/AZ5214-E at 2.5 krpm for 30 sec.

Soft bake for 2 min. at 108 (hot plate).

Expose metal patterns for 4.5 sec.

Reverse bake for 1 min. at 130 (hot plate).

Flood expose for 1.5 min.

Develop in AZ327 for 50 sec.
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Plasma ash for 1 min.

[
o

Evaporate Ti/Au 508/1 um.

-
-

. Liftoff in Acetone. Use ultrasonic bath if necessary.

=
N

. Immerse in IPA.

=
w

. Immerse wafer in clean Acetone and IPA.

'_\
N

. 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 satestthe metal layers of
free-standing probe in Section 3.5 must be thicky(um) to provide enough mechanical
strengths. In this work, this is realized by electroplatiigkel described in this section.
Nickel is preferred due to the less amount of inherent stitees gold, although further
investigation on stress in metal layers is required. It &hba noted that wet etching nickel

is not straight forward as wet etching other metals.
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Clean wafer by placing in Acetone and IPA for 2 min. each. dfeanwith care.
Dehydrate bake at 13Q (hot plate) for 1 min. Wait until wafer cools down.
Mount process wafer on a carrier wafer by following waferumting steps in D.1.
Deposit seed layers by sputtering 2006f Ti and evaporating 508 of Ni.

Spin AZ9260 at 3 krpm for 30 sec. Spread AZ9260 at 0.5 krpmd feec. prior to
spinning.

Soft bake for 30 min. at 9C (oven).

Expose metal patterns for 40 sec.

Develop in AZ400K:HO (1:3) for 1 min.

Plasma ash for 1 min.

Electroplate~8 um of Ni. The current level for a certain plating rate differswar-
ious other conditions. Preferred plating rate-3.1 um/min. Check with DEKTAK
before and 10 min. after. Electroplate more accordingly.

Flood expose for 3 min.

Develop remaining photoresist in AZ400k®l (1:3) for 3 min.

Etch Ni seed layer in HCI:#O (1:1) for 3 min.

Etch Ti seed layer in HF:4D (1:10) for 10 sec.

Repeat above two steps, if necessary.

Clean wafer in Acetone/IPA.

Probe Releasing

Clean wafer by placing in Acetone and IPA for 2 min. each. dfamnvith care.
Dehydrate bake at 13Q (hot plate) for 1 min. Wait until wafer cools down.

Mount process wafer on a carrier wafer by following waferumting steps in D.1.
Spin HMDS/AZ9260 at 4 krpm for 30 sec. Spread AZ9260 at @dorkfor 4 sec.

prior to spinning.
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Soft bake for 30 min. at 9C (oven).

Expose etch patterns for 25 sec.

Develop in AZ400K:HO (1:3) for 1 min.

Mount sample on a 4 in. carrier wafer by following wafer mting steps in D.1.
Deep etch using Recipe 1 in Table 3.3. DRIE etch rate variehnmufirst 30 min.
Examine visually.

(For free-standing probe only) Etch exposed Ti layer of probe in HR:B (1:10)
for 5 sec. This is done to relieve the stress coming from ttexface of nickel and
titanium.

Release by placing in Acetone.

Immerse in IPA.

If necessary, use heated PRS-2000 to clean released pktdnadle 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 waneg transition structures
on 2 mm silicon are provided in this appendix. The UV lightmsity of the aligner is
20 mWi/cn?. The given developing time and etching time are typical ofié®y can vary
depending on other conditions, such as humidity. Fresh reswldpers should always be
poured or mixed for consistency. After each chemical preceém wafer should be rinsed
thoroughly in cascade DI water for at least 4 min. Acidic cieais such as HF often
require longer rinses. DI rinse should be at least 10 mirer #RSx000 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 pigiag tools (for example
MJB-3 aligner), the wafers need to be scribed into smallecgge However, for 2 mm

silicon wafers, this can be done only by dicing. The follogvare the dicing parameters :

e Spindle speed : 5.0 krpm

This is the speed at which blade spins.
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e Thickness : 84 mils
This is the thickness of the wafer and the wafer-mounting film.

e Depth per cut: 4 mils
This is the maximum dicing depth for each travel.

e Height: 2 mils
This is the remaining height after dicing. For through-walieing, the height should
be set slightly less than the blue film thickness3.5 um).

e Cutting Speed : 40 mils/sec.
This is the speed at which the spindle travels with respetttaavafer.

e After dicing, silicon wafers should be cleaned thoroughjyRiranha cleaning in
H2SOy:H202 (1:1). Always add acid to pD». If the wafer is bare (without any
dielectric), oxide etch in BHF (or HF:#0 (1:10)) should always follow.

E.2 DRIE Waveguide

Although the procedures described here assumes only glsagbetch masking layer,
additional hard mask such as thermal oxide is preferred pwawe sidewall roughness of
DRIE features. This is of critical importance when develgpivaveguides. When using
thermal oxide as a secondary mask, reactive ion etching (Rligferred than wet etching
for patterning the oxide. If, for any reason, having theraébe is not possible, a thin
layer of Ni (2000,&) on 500A 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. dfanvith care.
Dehydrate bake at 13Q (hot plate) for 1 min. Wait until wafer cools down.

2. Spin first HMDS/AZ9260 layer at 2 krpm for 30 sec and wait Zymwith wafer
resting on spinner. Spread AZ9260 at 0.5 krpm for 4 sec. poispinning.

3. Rest wafer on flat surface for 20 min.
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E.3

Soft bake for 30 min. at 9C (oven).

Rest wafer on flat surface for 20 min.

Spin second AZ9260 layer at 2 krpm for 60 sec and wait 2 mith wafer resting
on spinner. Spread AZ9260 at 0.5 krpm for 4 sec. prior to sSpqn

Rest wafer on flat surface for 20 min.

Soft bake for 30 min. at 9C (oven).

Rest wafer on flat surface for 20 min.

Expose waveguide patterns for 24460 sec.

Develop in AZ400K:HO (1:3). Developing times from 2 min. to more than 5 min.
have been observed.

Mount sample on 4 in. carrier wafer by following wafer mtng procedures in
D.1.

Deep etch using Recipe 1 in Table 3.3. Monitor etch rateldging thinner (100,
200, 400um) silicon wafers with sizes approximately same as wavegpatterns.
Measure etch depth with Zygo.

Release by placing in PRS-2000.

Plasma ash for 3 min. at 120 W.

Dice to separate top and bottom waveguide halves ustiggdbarameters in E.1.

Sputter 50@ of Ti and 2pm of Au. Static sputtering is required for Au.

Diamond Waveguide

Although the etch rate of thermal oxide in TMAH is negligipleis safe to have at

least 50004 thermal oxide to form 1.2fim deep V grooves in TMAH. Masks should be

generated taking into account the 001/111 selectivity oghty 10/1.

1.

Clean wafer by placing in Acetone and IPA for 2 min. each. dfeawith care.

Dehydrate bake at 13Q (hot plate) for 1 min. Wait until wafer cools down.
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Spin HMDS/AZ1827 at 3 krpm for 30 sec.
Soft bake for 2 min. at 108 (hot plate).
Expose waveguide patterns for 14.5 sec.
Develop in MF351:HO (1:5) for 30 sec.
Hard bake for 1 min. at 13C (hot plate).

Plasma ash for 1 min.
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(Only when patterning oxide by wet etching) To protect oxide on backside from
etching, mountwafer on a carrier wafer by following waferunong steps in D.1.
9. Pattern oxide by wet etching in BHF or HR@ (1:10), or by RIE. Typical oxide

etch rate in BHF and HF:3O (1:10) is 10008/min.

10. Check by measuring the oxide thickness with Ellipsomat@ther 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 nengpsample from DI
water, place in TMAH that has already been heated €80

16. When etching is finished, rinse in DI water for 20 min.

17. Dice to separate top and bottom waveguide halves usoggddbarameters in E. 1.

18. Sputter 50@ of Ti and 2um of Au. Static sputtering is required for Au.

E.4 Deep Etching Probe Cradles

3000A of sputtered Ti is used as an additional masking layer is skep.

1. Clean wafer by placing in Acetone and IPA for 2 min. each. dfemith care.
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11.

Dehydrate bake at 13C (hot plate) for 1 min. Wait until wafer cools down.
Sputter 300@ of Ti.

Spin AZ9260. Spinning speed varies depending on wavegitidicture. Try dif-
ferent spinning speeds and choose one that provides béstpoo and uniformity
around immediate edges of waveguide. 60 sec. spinning pftandes better uni-
formity. Spread AZ9260 for 4 sec. prior to spinning.

Soft bake for 30 min. at 9C (oven).

Expose groove patterns. Set exposure time according &pihning speed. Typical
exposure time is 25 sec. for 4 krpm spins, 40 sec. for 3 krpmssind 75 sec. for
2 krpm spins.

Develop in AZ400K:HO (1:3).

Plasma ash for 1 min.

Mount sample on 4 in. carrier wafer by following wafer mtng procedures in
D.1.

Deep etch using Recipe 1 in Table 3.3. Monitor etch rate agipy 100um silicon
wafers with sizes approximately same as groove patterrsurEretch depth of 100
pum by measuring with DEKTAK. Etch more if necessary.

Release by placing in PRS-2000.

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 ofgbeer combining module
in Chapter 4 are provided in this appendix. The majority ofghecess is the same as the
frequency multiplier process in Appendix C. The differenees in the air bridge/diode
finger step, and the additional RIE and wafer lapping stepsfioe and release each GaAs
structures. Relatively thickX 4 um) metallization is realized using a thicker photoresist
so that the air bridges and diode fingers have sufficient nmechlafor the subsequent
processes.

The UV light intensity of the aligner is 20 mW/én The given developing time and
etching time are typical ones. They can vary depending oeratbnditions, such as hu-
midity. Fresh new developers should always be poured oraniee consistency. After
each chemical process, the wafer should be rinsed thorpuglalascade DI water for at
least 4 min. DI rinse should be at least 10 min. after BA@3 soaking. Acidic chemicals
such as HF often require longer rinses. Plasma asher se#tredl00 W at 250 mT, unless
specified otherwise. For lift-off processes, ultrasonihishould be used only if necessary.

After annealing, the ohmic contacts should be tested by @8ipg two adjacent ohmic

pads. Once the ohmic contacts and the Schottky anodes aredpthe test diodes should
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be tested by DC probing after each steps.

F.1 Wafer Cleaning

Immerse wafer in heated Xylene for 2 min.
Immerse wafer in Methanol for 2 min.

Immerse wafer in Acetone for 2 min.

Immerse wafer in Isopropyl Alcohol (IPA) for 2 min.

Etch native oxide in BHF for 1 min. followed by DI water rinse

o g0 &M w d P

Dehydrate bake at 130 (hot plate) for 3 min.

F.2 Ohmic Contact Definition

1. Clean wafer by soaking in Acetone and IPA for 2 min. each. ydedte bake at
130°C (hot plate) for 1 min. Wait until wafer cools down.

Spin HMDS/AZ5214-E at 4.5 krpm for 30 sec.

Soft bake for 2 min. at 10¥& (hot plate).

Expose edge bead removal patterns for 1.5 min.

Develop in AZ327 for 40 sec.

Expose ohmic contact patterns for 4.5 sec.

Reverse bake for 1 min. at 130 (hot plate).

Flood expose for 1.5 min.
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Develop in AZ327 for 40 sec.

=
©

Plasma ash for 1 min.
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[

. Etch througm™ layer in HsPOy:H202:H20 (1:1:8). Typical etch rate is 100/sec.
Check with DEKTAK before and after etching.

12. Etch native oxide in BHF for 15 sec.
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Immediately after drying, load into evaporator and d#pdi/Ge/Au/Ti/Au 250/325/
650/450/250G.

Liftoff in Acetone.

Immerse in IPA.

Immerse wafer in clean Acetone and IPA.

Plasma ash at 120 W for 1 min.

Anneal ohmic contact metal layers at 240/405724fbr 20/40/20 sec.

Schottky Anode Definition

Clean wafer by soaking in Acetone and IPA for 2 min. each. yidedte bake at
130°C (hot plate) for 1 min. Wait until wafer cools down.

Spin HMDS/AZ5214-E at 4.5 krpm for 30 sec.

Soft bake for 2 min. at 10& (hot plate).

Expose edge bead removal patterns for 1.5 min.

Develop in AZ327 for 40 sec.

Expose Schottky anode patterns for 4.5 sec.

Reverse bake for 1 min. at 130 (hot plate).

Flood expose for 1.5 min.

Develop in AZ327 for 40 sec.

. Plasma ash for 1 min.
. Etch native oxide in BHF for 15 sec.

. Immediately after drying, load into evaporator and c&pb/Pt/Au 500/500/3000

o

A.
Liftoff in acetone.
Immerse in IPA.

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-reversabfffphotoresist AZ5214-E is

used as an etch mask without reversing the image. This isubecdZ5214-E provides

better resistance than other AZ&&r AZ9260 photoresist to the etch system used in this

step.

=
o

11.
12.
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Clean wafer by soaking in Acetone and IPA for 2 min. each. yidedte bake at
130°C (hot plate) for 1 min. Wait until wafer cools down.

Spin HMDS/AZ5214-E at 2.5 krpm for 30 sec.

Soft bake for 2 min. at 10& (hot plate).

Expose edge bead removal patterns for 2 min.

Develop in AZ327 for 50 sec.

Expose mesa patterns for 4.5 sec.

Develop in AZ327 for 50 sec.

Hard bake for 1 min. at 13C (hot plate).

Plasma ash for 1 min.

. Etch mesas in N¥OH:H,O, (1:24). Typical etch rate is 3.agm/min. Examine

visually and agitate sample. Use magnetic stirrer if neargs&tch until all rainbow
patterns disappear. Rinse for 10 sec. and immediately follitvan oxide etch in
NH4OH:H,0 (1:15) for 15 sec.

Remove remaining photoresist is heated PRS-1000.

Plasma ash at 120 W for 1 min.
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FGC Line Patterning

Clean wafer by soaking in Acetone and IPA for 2 min. each. yidedte bake at
130°C (hot plate) for 1 min. Wait until wafer cools down.

Spin HMDS/AZ5214-E at 2.5 krpm for 30 sec.

Soft bake for 2 min. at 10¥& (hot plate).

Expose edge bead removal patterns for 2 min.

Develop in AZ327 for 50 sec.

Expose FGC line patterns for 4.5 sec.

Reverse bake for 1 min. at 130 (hot plate).

Flood expose for 1.5 min.

Develop in AZ327 for 50 sec.

Plasma ash for 1 min.

. Evaporate Ti/Au 508/1 pm.

. Liftoff in Acetone. Use ultrasonic bath if necessary.
. Immerse in IPA.

. Immerse wafer in clean Acetone and IPA.

. Plasma ash at 120 W for 1 min.

Post Definition

Clean wafer by soaking in Acetone and IPA for 2 min. each. yidedte bake at
130°C (hot plate) for 1 min. Wait until wafer cools down.

Spin HMDS/AZ1827 at 3 krpm for 30 sec.

Soft bake for 30 min. at 9C (oven).

Expose edge bead removal patterns for 1.5 min.

Develop in MF351:HO (1:5) for 40 sec.

Expose post patterns for 12.5 sec.
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Develop in MF351:HO (1:5) for 30 sec.

Plasma ash for 1 min.

Contour bake for 5 min. on a metal block that has been heateat feast 30 min.
ina130C oven.

Evaporate seed layers of Ti/Au/Ti 500/1500/300

Bridge Definition

Clean wafer by soaking in Acetone and IPA for 2 min. each. yidedte bake at
130°C (hot plate) for 1 min. Wait until wafer cools down.

Spin AZ9260 at 4 krpm for 30 sec.

Soft bake for 30 min. at 9C (oven).

Expose edge bead removal patterns for 2 min.

Develop in AZ400K:HO (1:3) for 1~2 min.

Expose bridge patterns for 25 sec.

Develop in AZ400K:HO (1:3) for 1 min.

Plasma ash for 1 min.

Etch exposed top Ti layer in HF28 (1:10) for 5 sec.

Electroplate-6 pm in Orotemp-24 gold plating solution held at®&h The current

level for a certain plating rate differs on various otherditions. Preferred plating
rate is~0.1 pm/min. Check with DEKTAK before and 10 min. after. Electrapla
more accordingly.

If electroplating was performed in 3440 EECS Laborataafer should be rinsed
thoroughly before proceeding to next step. Rinse in cascader\{base bench) for
20 min.

Flood expose 3 min.

Develop remaining photoresist in AZ400Kk® (1:5) for 3 min.

176



14.
15.
16.
17.
18.

F.8

o g ~ w

10.

11.
12.
13.
14.
15.

Etch top Ti seed layer in HF3@® (1:10).

Etch Au seed layer in Au etchant. Typical etch rate is 5800 pm/min.
Etch bottom Ti seed layer in HF:B (1:10).

Remove sacrificial photoresist in heated PRS-1000.

Plasma ash at 150 W for 2 min.

Structure Definition

Clean wafer by soaking in Acetone and IPA for 2 min. each. yidedte bake at
130°C (hot plate) for 1 min. Blow dry with care. Wait until wafer de@own.

Spin first HMDS/AZ9260 layer at 2 krpm for 30 sec and wait 2xmwith wafer

resting on spinner. Spread AZ9260 at 0.5 krpm for 4 sec. poispinning.

Rest wafer on flat surface for 20 min.

Soft bake for 30 min. at 9C (oven).

Rest wafer on flat surface for 20 min.

Spin second AZ9260 layer at 2 krpm for 60 sec and wait 2 mith wafer resting
on spinner. Spread AZ9260 at 0.5 krpm for 4 sec. prior to spmn

Rest wafer on flat surface for 20 min.

Soft bake for 30 min. at 9C (oven).

Rest wafer on flat surface for 20 min.

Spin third AZ9260 layer at 2 krpm for 60 sec and wait 2 mirthwafer resting on
spinner. Spread AZ9260 at 0.5 krpm for 4 sec. prior to spmnin

Rest wafer on flat surface for 20 min.

Soft bake for 30 min. at 9C (oven).

Rest wafer on flat surface for 20 min.

Expose etch patterns for 315 sec.

Develop in AZ400K:HO (1:3). Developing times from 2 min. to more than 5 min.
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have been observed.

Prepare a 4 in. silicon carrier wafer with evaporatedlﬂ”ﬂOO/ZOOOA. Spin first
AZ960 layer at 2 krpm for 30 sec. and wait 2 min. with wafer irggon spinner.
Spread AZ9260 at 0.5 krpm for 4 sec. prior to spinning. Resewai flat surface
for 20 min. Soft bake for 30 min. at 90 (oven). Rest wafer on flat surface for 20
min. Spin second AZ960 layer at 2 krpm for 60 sec. and wait 2 miith wafer
resting on spinner. Spread AZ9260 at 0.5 krpm for 4 sec. poi@pinning. Rest
wafer on flat surface for 20 min.

Mound GaAs wafer on carrier wafer.

Soft bake for 30 min. at 9C (oven).

Hard bake for 2 hrs. at 110 (oven).

Etch patterns 100m deep in PlasmaTherm RIE. Ensure chamber is in good con-
dition prior to etching. Physical cleaning with 6% @, prior to etching improves
selectivity.

Release by placing in Acetone.

Immerse in IPA.

If necessary, use heated PRS-1000 to clean released pktdoadle with care.

Plasma ash at 150 W for3 min.

Substrate Lapping

Clean wafer by soaking in Acetone and IPA for 2 min. each. yidedte bake at
130°C (hot plate) for 1 min. Blow dry with care. Wait until wafer de@own.

Spin first HMDS/AZ9260 layer at 2 krpm for 30 sec and wait 2ymwith wafer
resting on spinner. Spread AZ9260 at 0.5 krpm for 4 sec. poispinning.

Rest wafer on flat surface for 20 min.

Soft bake for 30 min. at 9C (oven).
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20.

Rest wafer on flat surface for 20 min.

While GaAs sample is resting, prepare a silicon carrieewarhin 200um wafers
are preferred. Spin HMDS/AZ960 at 2 krpm for 30 sec. and waiir2 with wafer
resting on spinner. Spread AZ9260 at 0.5 krpm for 4 sec. poigpinning.

Place the GaAs sample on the carrier wafer upside dowrceRlglass slide on
flipped GaAs wafer and 3 weights in Fig. 4.11 on the glass tdygmessure.

Rest wafers and weights on flat surface for 60 min.

Soft bake for 30 min. at 9C (oven).

Hard bake for 1.5 hrs. at 120 (oven).

Using hot plate, heat glass chuckt@00°C. Apply small amount of wax on glass
chuck center and wait until wax melts. Heat glass slide anghvas well.

Place bonded wafers on melted wax. Place heated gldesasld weight on wafer
to apply pressure. Keep on hot plate for 5 min.

Remove from hot plate. Keep the glass slide as well as tightven wafer. Place
glass chuck on thick clean room towel to avoid direct cont@tiveen glass chuck
and cold table surfaces..

Wait until everything cools down to room temperature.

Lap substrate down to 1@én with 3 um grit at rotational speed of 2dL5 rpm.
When lapping is finished, clean with DI water.

Heat glass chuck on 1380t plate and slide off silicon carrier wafer.

Clean wafer by placing in heated Xylene.

Release GaAs structures by placing in Acetone. Use psired and teflon tweez-
ers. Handle with care.

Clean GaAs structures in heated PRS-1000. Use petri dastteeflon tweezers.

Handle with care.
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