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AGENDA

Overview of Terahertz Device Research and Applications

Terahertz Metrology, Packaging/Assembly and Micromachined On-Wafer
Probes

 Context and Need

 Micromachined On-Wafer Probe Concept and Design
 Probe Fabrication and Assembly

 Probe Characterization

 Current Efforts and Future Directions

Heterogeneous Integration for Assembly/Packaging of Submillimeter-Wave
Components

* Integrated Quasi-Vertical Schottky Diodes
* Integrated High-Order Multipliers

Summary
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The Teratertz ¢Submttrmeterigyave)-Spectrum
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The Teratertz ¢Submttrmeterigyave)-Spectrum

(survey of sources)
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Atacama Large Millimeter/Submillimeter Array

« Located in the Atacama Desert of Chile (5000 meters elev.)

* 66 twelve-meter diameter radio telescopes

« Frequency coverage from 84 to 950 GHz (detect CO, HCN, SiO, H,, etc.)
 Interstellar media and planetary atmospheres

« Schottky diodes and SIS Junctions essential for sub-millimeter-wave

2

radio receivers

G.H. Tan, 2008
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Comp aet Radat-Range-Systems ama-kmaging

Scaled Radar Systems (Tank image taken at 1.6 THz).
Courtesy of the National Ground Intelligence Center,
Charlottesville, VA
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Examples of millimeter-wave (left, 94 GHz and right, 650
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Terahertz Metrology, Packaging/Assembly and
Micromachined On-Wafer Probes
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Metrology and-AssembiyRackagtng-at-Terahenzkrequencies

« Waveguide-Based Media
» Specialized Measurement Systems

« Characterization of global parameters
(noise temperature, conversion loss)

ssaiduaje-ueipuawy/:dpy wouy papeojumoq

* No standardized interfaces

* No traceable standards

Twin DC Supply lines
with GPPO Connectors

Quad Output Power Detector Wave Guide Switch  Amplifier DC Supply

Aq ypd’ | geYI-0dpG10Z/5£52922/1 ¥0200/0dA/S L 0Z/4Pd-8]011E/SB0UBISJU0D-Sd LI/ WD

SRS Diode Quadrupler [EEEEREESEESE

Hybrid Sink B
Port
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Source Power Detector (120 mw Max)
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Metrology and-AssembiyRackagtng-at-Terahenzkrequencies

Network Analyzer Frequency Extenders (Virginia Diodes, Inc.)

WR2 2 (330-500 GHz) VNA System

2

Image Courtesy of Anntsu

v

Waveguide Band (Ghz) WR34 | WR28 | WR2.2 | WR15 | WR 1.0
220-330 | 260-400 | 325-500 | 500-750 | 750-1100
Dynamic Range (BW =10 Hz, dB) 115 | 100 | 100 100 60
Dynamic Range (BW =10 Hz, min) | 100 80 | 80 80 | 40
Magnitude Stability ( dB) 0.3 05 |05 0.8 1
Phase Stability ( deg) 6 8 8 10 |15
-9 -16 -17 -25 -35

Test Port Power (dBm, typ)
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Metrology and-AssemblyPackagng -at-Terahenzrequencies

« Dicing and Mounting Chips
« Test Fixture with Flanges
« Calibration and De-embedding

A. Tessmann, et al, “Metamorphic HEMT MMICs and modules operating between 300 and 500 GHz,” Solid-State Circuits, IEEE
Journal of, vol. 46, no. 10, pp. 2193-2202, Oct 2011.
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Metrology and-AssemdlyPackagingat-Teraheniz kkequencies

Effects of Waveguide Misalignment

* Result of Machining Tolerances on Alignment Dowels/Holes

« Electrically Results in Unknown Shunt Susceptance at Junction
* Introduces Biased Error in Return Loss Measurements
» Effects More Severe as frequency — 1 THz

MIL 3922/67C (UG-387) Flange

(Alignment Tolerances)

Dowel:

0.0615" DIA

/ +0.0000
: -0.0005
—— ——
e
l Hole:
r = 0.0670” DIA
; .
3/// +0.001
-0.000

Maximum Waveguide

Offset = 3.5 mils

- International Microelectronics
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Metrology and-AssemblyPackagng at-Terahenzkrequencies

Test Port Flange Misalignment (UG-387)
WR 1.5 or WM 380 (500-750 GH?z)
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VDI Waveguide Test Port Seen Through Milled
Waveguide Shim
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Metrology and-AssembiyRackagtng-at-Terahenzkrequencies

Effects of Waveguide Misalignment

E-Plane Offset
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(A. R. Kerr, EDTN 215)
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Flange Repeatability (625 GHz

® [|nitial Measurement

€ 13 Reconnections

O Flange pushed East-West (H-plane)
O Flange pushed North-South (E-plane
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» Transistors have recently reached 1 THz operating frequencies
» Current Characterization Methods based on Fixturing Components
» Need for Direct On-Wafer Measurement

* No De-embedding of Fixture
» Rapid Measurement/Assessment
* Development of Device Models

<+« Semi-rigid

coaxial cable \\ 5
Y
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Clamped
Silicon
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Concept

750um
le N

rRectonguer  D€SIgN Features/Requirements:

oo 1. Waveguide Interface and Housing

= Compatible with VNA Front-Ends

= Split Block Design

» Waveguide-CPW/Microstrip Transition

» Waveguide Twist to Convert Polarization

2. Integrated Probe Chip

» Single Drop-In Module

» Fabricated using SOI Beamlead Process
» Mechanical Robusness/RF Performance
= Amenable to DC Biasing
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(a)
Frontside
Gold Deposition

(b)
Mount to
Quartz Carrier

1.6 THz HEB mixer on SOI

(c)
SOI Handle
Removal

(d)
Via Etch

Close-Up of 3 um silicon carrier
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Technology

Silicon Micromachining of SOI
Top and Backside Processing
Beamlead and Via Formation
Thickness of 3 um to 15 um

(e)
Backside ‘
Gold Deposition l

(H
Device
Extents Etch

(g)
Release
from Carrier

—

[] Gola [ ] sio.
- Silicon l Quartz

. Wafer Bond

Process Flow of Micromachined SOI Chip Fabrication
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RF Design

 Use of Electromagnetic Finite-Element Solvers (HFSS)

« Two Primary Transitions (Waveguide-to-Probe and Probe to Substrate)
* Incorporation of Bias Feed/Filter

* Minimize Insertion Loss/Maximize Return Loss

0
waveguide 54
Bias filter port port \ e
\ . = 107 ST
/N \ om —
) / \\// \ T ] S21
Backshort ‘ / 3 % Q 2
A A0S fal g i
\_.\\///\\// -E il j|||||h§- £ ‘s'7|i‘ l’\lil""- '.,":;;.LL“'? [ ®: y : e
X/ g1 ﬁ' (R = e
N = Il
\_“».*\__/,// /1 ‘ ‘ Hite
,"//
4 - ’///
4 \\J -40 4 : | . | |
075 080 085 090 095 1.00 1.05 1.10
RF channel
Frequency (THz)
it ‘Probe at 30° angle
Simulated Scattering 15 pm thick Si, p> 10kQ-cm (5 pm thick Si for WR 12)
Parameters 25 um probe pitch

*4 um plated Gold conductor

0.8 inch waveguide loss included
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Mechanical Considerations

my Assembly and Packaging Society

@ International Microelectronics
1tire microele roni
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002058

Material | E (GPa) | o%*@ (MPa) | e, Modulus of
Resilience (kJ/m?*)
Gold [54] 80 220 N/A 302
Nickel [55] 207 320 N/A 447
Fused Quartz [56] 73 50 3.8 17
Gallium Arsenide [57] [58] 118 85 12.9 30
Alumina [59] 300 330 9.1 181
Silicon Nitride [60] 310 830 5-8 1.111
Kapton HN Polyimide [61] 2.5 230 3.2 10,580
Single Crystalline Quartz [62] 97 1700 4.6 14,897
Silicon [63][64] 185 4500 11.9 54,730
Modmum Shess: 1000 —~T —————g . ——rrr
98.6 Mpa . Pu]}'i.mide *~ 50,000 kJim®
N . 2 ;i}lgle
=3 b “EQGDD kJim Crystalliie_gjlicor
= Te e Quartz "l
g 100 ¢ " 500 kdim’® TN '
i N N
i i . Y
a ™50 kdim’ * ) N
= L7 Gold, SiN .
E ol N ) Nicket . W "]
m F Fused [ | *.
= Quartz - u T -
m n - Alumina ..
GaAs ™ S .
0.1 1 10

Maximum Force (mN)
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Design and Implementation

Layout of Probe Chip Plated Au
E-plane .
DC feed SOI substrate waveguide :':

/ transition

100 pm EHT = 3.02kV Signal A = SE2 Date :20 May 2012
WD = 8.6 mm Photo No. = 6422 Time :11:44:42

Completed Probe Chip T T . T

Probe Chips Before Separation
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Packaging and Assembly

Probe Aperture

Clamping Region

Date :29 May 2012
Time :17:09:40

Signal A= SE2
Photo No. = 6953

EHT = 3.00 kV
WD = 88mm

End View of Chip Clamping
@ International Microelectronics
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WR-1.0 Probe Mounted to VDI Module and§
Cascade PA200 Probe Station
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RF Characterization

Reference plane 1 -> | | <-Reference plane 2

gu wouy papeojumoq

« Two-Tier Calibratian
. Offset CPW Short :
Standards

« Over-Determined
System

Contact Pads

- -~
\

. _Reference
Plane

Short Delay | | Delay | | Delay | | Delay
O || Short-1| |Short-2| |Short-3| | Short-4

€20z Arenuer g0 uo 3senb Aq ypd- | geur-0dpg | 02/5£52922/ 1 #0200/0dA/S 1 0Z/4Ppd-8]o1e/seousiajuod-sdewl/wod ssaidud|je uelpuswy,

@nlnternational Microelectronics 002061 Fountain Hills, AZ
Assembly and Packaging Society
March 19, 2015

Bringing together the entire microelectronics supply chain™



Magnitude (dB)
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RF Characterization

Measured and Modeled Probe Scattering Parameters

Measured Probe S-Parameters

Frequency (GHz)

WR-1.0 Probe (750-1100 GHz)

* Implemented in 15um Silicon
* Nickel-Plated Probe Tips
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750 800 850 900 950 1000 1050 1100
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Magnitude (dB)

Electromagnetic Simulation
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RF Characterization

Image of On-Wafer Standard

Measured Coplanar Transmission Lines

Delay Short 1 Delay
(13.5 um) Short 2

(27.0 um)

Short

Phase (deg)
U
o o
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DS 2
-50

-100 pss

Delay

Delay Short 4 Short 3 -150 DS 4

(54.0 um) (40.5 um) -200
760 — 1060 GHz 0.75 0.80 0.85 0.90 0.95 1.00 1.05 1.10
Frequency (THz)
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First Terahertz Transistor
Northrup Grumman Aerospace

B
EE I IMES coecie e oo
Electronics Community
PROTOTYPING
News & Analysis

DARPA Gets Guinness Record for World's First
THz Amp

R. Colin Johnson
11/3/2014 07:43 PM EST
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Tip Deformation Post-Contact

Probe Tip

IB/S90uaI8 u0o-sdewl/woo ssaidus)ie: uelpuaw//:dny Wwol papeojumoq

Signal A = SE2 Date :28 Ja
Photo No.= 1133 Time :17:5E

EHT = 154 kV
WD = 88 mm

Signal A = SE2 Date :28 Jan 2015 zmss.

EHT = 1.54 kV
WD = 85mm

Phote Mo. = 1132 Time :17:63:45

Sideview of Probe Tip
(Post-Contact)

Signal A = SE2
Photo No. = 1134

€20z Atenuer g0 uo 1senBAq

EHT = 1.54 kV Signal A =SE2 Date :28 Jan 2015
WD = 7.6 mm Photo No 1eb2065 Time :18:03:13
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Skating Mark Characteristics and Contact Resistance

Micromachined P

=‘

robe Skate Mark

contact cycle

. International Microelectronics
Assembly and Packaging Society

Bringing together the entire microelectronics supply chain™

& 600
& 500
3 100
g

£ 300
.

S 200
o

g 100
g8 o
Q 0 2 4 6 8 10

Micromachined Probe Skating Profile

gLl .
::E |"I.I" F"l_ ’
i . 'nk”I I'L' ,IF i P
mo—; y - ’v
e AN Y
= A
7~
o 45 .
£ 35 RS \/"/\
O v
Q
8§ 25
R
wn
) 15
3]
8 5
=
S 0 2 4 6 8 10 12
contact cycle
002066 Fountain Hills, AZ

March 19, 2015

€20z Arenuer g0 uo 3senb Aq ypd-|Lgeur-0dpg10z/SE£52922/ L ¥0200/0dA/S | 0Z/4Ppd-ajoie/seouaiajuod-sdew/wod ssaidus|je: ueipuswy/:dyy woly papeojumoq



2

IMAPS 11th International Conference on Device Packaging | March 16-19, 2015 | Fountain Hills, AZ USA

Heterogeneous Integration for
Assembly/Packaging of Submillimeter-Wave
Components
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Micromachined W'1.5 Probe wit Integrated Strain Sensor
Probe Layout: Image of Completed Probe:

Q b Recess NiCr Strain
Sensor

Bias Pad«

Bias Channel for
NiCr Sensor

Clamp Region o

Radial Stub

- Waveguide Ste : i
%( S udeSter  liEs e M,

-4 10— " -~
--+-- Test Results
—e— Simulation
> |
i £
I
)
3 > _
= <]
] 1
E -
& 2] 1
——— S21 Load Cell
321 St . S _10 1 1 1 1 1 1 1
8 . . : ithoadled 025 -015 -005 0 005 015 0.25
500 550 600 650 700 750 Contact Angle (deg ree)
Frequency (GHz)
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Two-Port Measurement Setup

Waveguide
S-bend

J

VNA
Frequency
Extender

Image of Probes Contacting
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. Sample =Z#~ " "Machined TRL Standard
. Waveguide Twist ' : = = ?

\ Wafel' Chlle North probe position

—— ——

Probe Set-Up for Two-Port Measurement

« Waveguide Twist Section
« WR-1.0 S-Bend

« Large-Area Micropositioner i
South probe position

Probe tip Probe tip
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Schottkyr{ieaes-fer-dHzisub-mmmmAFWwavelengths
Evolutlon of the Schottky Dlode

COPR T 10mm
HLB 225799 02P911353P3 5 B

anode whisker

~1980 ~ 1995 ~ 2000
Diode-Based Circuits Circuits:

DC Bias Pad

Bond Wire

: R—— RS Phase Shifter
Cornercube Mixer Fllp Chlp Mounted Dlodes

@nlnternational Microelectronics 002070 Fountain Hills, AZ
Assembly and Packaging Society
March 19, 2015

Bringing together the entire microelectronics supply chain™

€20z Arenuer g0 uo 3senb Aq ypd-|Lgeur-0dpg10z/SE£52922/ L ¥0200/0dA/S | 0Z/4Ppd-ajoie/seouaiajuod-sdew/wod ssaidus|je: ueipuswy/:dyy woly papeojumoq



waes QUrErs et Py's PR e T Dl His. A2 usa
Planar Diode:

anode Ohmic contact

SOG adhesive insulating substrate

GaAs mesa
(n—-nepitaxy)

 Coplanar anode/ohmic contacts
« Lateral current flow
» Partially-encircled anode

Quasi-Vertical Diode:

GaAs mesa
anode (5 p+epitaxy) metal
overlay

bottom Ohmic contact
SOG adhesive
insulating substrate

« Ohmic contact beneath Anode contact
* Bulk current flow (through thin ~ 1 um GaAs mesa)
« Large-area Ohmic contact
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Basic Process Steps:

}1 um
n - GaAs _1}200 nm
AlGaAs Etch Stop }2 um
Semi-Insulating GaAs 1650 um .
Wafer Bonding Press:
1- GaAs }200 nm
T L1 i Rubber Q Upper
Ge/Pd/Au Ohmic Contact 1500 nm Membrane Chamber
Spin-on-Glass | . \ H / ]
E ¥
High-Resistivity Silicon I \_ U \ o
e T
AR $200 nm ] . . ’V
nt-GaAs | }1 pum i /t:%l‘ eater :jJ _JE_
Ge/Pd/Au Ohmic Contact }~500 nm Lower Pe:de‘stal |

Spin-on-Glass Chamber

[a
TR
]
Mhasas
BTN §
N}

High-Resistivity Silicon -

S B H

finger contact
* nis &

200 nm { ) - GaAs
I um nt=GaAs || metal overl:\
~500 nm { Ge/Pd/Au- Ohmic Contact
Spin-on-Glass

3
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Quasi-Vertical Diode DC Characteristics

Side View of Diode: QVD Array on 15 pm silicon:
Ohmic Contact Overlay

silicon
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0 [
e o ¢ Mecasured
_ol|— Diode
wxn  Subsitate MEASURED DC PAWETERS OF QUASI-VERTICAL [?IODES 5
Anode diameter Ideality Resistance Saturation Curreny
p il (nominal), um factor (Q) (pA) ?%_
5 . 3.0 135 37 4
T o g | 24 1.28 45 04
= ( / Substrate Resistance 1.8 1.25 6.0 0.1 :
™
/ \Diode Model %
-9 02 0.4 0.6 08 I 3
Voltage (V)
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On-Wafer Characterization of Schottky Diodes

On-Wafer Measured Reflection Coefficient :
* WR-2.2 and WR-1.5 Bands
* Sq;vs. Diode Bias
« 3.0um and 2.4 um devices

/7 @ 3.0 ym, 425 GHz |\
® 2.4p.m,550 GHz [

'\' T4 4 #P*ﬁ#*L
L S o]
J_”\ ST T s

Extracted Capacitance Extracted Series Resistance
35 | 10
~ 30/ © Measured, 2.4 um B a T
é — Model, 2.4 pm \; 8 -
o 2511 O Measured, 3.0 um S 7 1
Q = Model, 3.0 mm < Q ‘
g 20 - R 6_ " & T
= . ]
2 15 ' & 4 I 1 4}1 |
% 1) _L J.
Q S
o 10 E=
- A 2
>
0 < U6 4 2 0 2
=6 -4 =2 0 2 - o -
Bias Voltage (V) Bias Voltage (V)
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High-Order Frequency Multipliers

Output Waveguide
Contact L

GaAs Mesa i\ —

T15 pm e / l'_'I

1 mm

Integrated Quadrupler Chi

Image of Quadrupler
Housing with Mounted
Chip

18 Varactor Diodes

* Filter/Matching
Networks

+ Alignment/Mounting
Tabs

* Bias Tabs
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Application of Quasi-Vertical Diodes
High-Order Frequency Multipliers

Output power vs. Bias

Output power vs Input Power
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Some Research Directions

 Micromachined Probes with Integrated Sensors (Detectors/Mixers)
* Incorporation of Front-End RF Electronics into Probe Housing
» Development of Integrated Six-Port Reflectometer

Probe Clamping Region

RF Channel and
Transmission Lin

and D output
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SUMMARY

= On-Wafer Measurements now possible up to 1.1 THz
* Probe Pitches of 25 um — 100 pm
* 1.5—6 dB Insertion Loss
* Probe Lifetime Measured > 20,000 contacts
* Bias Design permits > 100 mA DC current
« Commercially-Available through Cascade-Microtech/DMPI
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= Current Efforts Focused on Robust Tips and Integration of Sensors/Components ;

* Engineering Hard-Metal Probe Tips

* Integrated Stain Sensors

* On-Chip Balun for Differential Circuits

* Integrated Schottky Diodes for Detection/Signal Generation

» Heterogeneously-Integrated Electronic Devices

» Terahertz Operation with Low Parasitics

* Mechanically-Robust, Thin Support Membranes
* Chip Geometry Tailored for Housing/Application
* Fully-Integrated, Low Profile Instrumentation
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Questions ...?
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Overview
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waveguide

Bias filter port port

Backshort

— 4 Waveguide

channel

standard probe

mount holes ;
section
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Initial Design Approach —_— port
Waveguide

E-plane
bend

upper

right
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section

tips

Details and Implementation
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