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Student : Ming-Hsiang Cho Advisor : Dr. Lin-Kun Wu

Department of Communication Engineering
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Abstract

In this dissertation, -we propose a systematic methodology ~of designing and
de-embedding RE/microwave test structures for on-wafer device -characterization. First, a
length-scalable parasitic de-embedding technique for S-parameter and noise characterization
of silicone MOSFETs is presented. Based on- transmission-line theory and cascade
configurations, this method uses planar open, short, and thru standards to estimate the effects
of parasitic networks on the device characteristics. The substrate-shielded open and short
standards can be used to simulate the probe-pad parasitics, and the thru standard can be used
to efficiently remove the interconnect parasitics in-gate, drain, and Source terminas of the
MOSFET. Second, a geometry-scalable parasitic de-embedding technique suitable for global
device modeling is presented. This method combines the cascade and parallel configurations
of two-port networks, and it uses only one reflect and one thru standard to remove the feeding
networks«with arbitrary geometry surrounding the MOS transistors. And then, we further
apply the scalable de-embedding method to process monitoring test structures for RF device
characterization. With the utilization of shielding technique, the substrate eoupling can be
reduced and the interconnect scalability can be improved. Finally, a miniature test structure
for RF device characterization.and process monitoring isaso proposed. This new layout
design can minimize the voltage drop across interconnects and can prevent the capacitive
coupling to devices. It consumesonly 36 % and 40 % chip area of the conventional on-wafer
and in-line test structures, respectively. To validate the proposed test structures and
de-embedding schemes, the MOSFETs and corresponding de-embedding structures were
designed and fabricated in standard CMOS processes and characterized up to several tens of
GHz with two-port microwave measurement systems. Full-wave electromagnetic simulations
were also performed to design the test structures and to verify the interconnect scalability and
network combinations. Compared with the industry-standard open-short method, the
proposed methodology is much more area-efficient and time-saving, while still maintaining
high accuracy. The RF characteristics of the proposed miniature test structure are shown to be
in excellent agreement with those of the conventional ones.



Acknowledgement

I would like to acknowledge every person, company, and organization who has
contributed to this dissertation. First, | wish to express my sincere gratitude to my advisor,

Prof. Lin-Kun Wu, for his support and guidance during this research. In the past years, he

taught me not only the te 'te, be creative and thoughtful.

Second, | am gratef Jational Nano Devices

especialy Dr.

Laboratorie g‘
ictor Liang,
,:Ryan Lee,

- Kiwi Hsu,

ition, | must
lon of samples.
r .ri.cation support.

Findly, | would like to. tha 'NU as well as my sisters
Chia-Fang and Hsiu-Ni for their support and encouragement. Specia thanks to my wife

Xiao-Fang and my daughter Y eats for their love and patience over the years.



Table of Contents

CINESE AD S AT . .. ot

Y 0] 1 = (o il
ACKNOWIBAGEMENT . ...t e e e e e e e e et e e iii
=1 (=0 ) @] o1 1= ] £ P Y
LIST OF FIQUIES. .. e e e et e e et e et e et et e eae et eeereeaeees Vi
CHAPTER 1. INTRODUCTION ... it ittt et et e it eeeeeeee e enneaaeenaeees 1
1.1 Purpose of Re SR C R Sl cn. .. . .............coenenneen 1
1.2 ReVieW Of LITBIAtUIE. ...........coo et it e e e e e e e eaeeaen e 2
1.3 Major Findings and Contributions ...............ooi i iinemmit e 3
1.4 Contentand Organization...sec il Sl el .. Ll 3
CHAPTER 2. LENGTH-SCALABLE PARASITIC DE-EMBEDDING'M ETHOD FOR
ON-WAFER MICROWAVE CHARACTERIZATION OF MOSEETS...............  ....... 8
2. 195w\ uction ..l .......... e B R B . TR e 8
2.2 Length-Scalable De-Embedding Theory............ccoooviiiiime i, 10
22l OMsiaierIESHEIXIIE ST 0. JIe ., ... ... B 10
2.2.2 Fixture Modeling and Scaling:....a ..o e 10
2.2.3S-Parameter De-Embedding Theory.....................oo i, 13
2.2.4 Noise Parameter De-Embedding Theory......................ccciiii e, 14
2.3 Results and DiSCUSSION. . s s ssssssmss- <« « -« s 2as aassannenenneens 18
2.3.1S-Parameter Characterization...... ... . L. i e e et 18
2.3.2 Noise Parameter Characterization............coiii v cinniee i 21
2.4 COrMPUSIIEI M. ... e X 22
CHAPTER 3. GEOMETRY-SCALABLE PARASITIC DE-EMBEDDING METHOD
FOR ON-WAFER MICROWAVE CHARACTERIZATION OF MOSFETS ............. 34
3.1 Introduction ... T . . ... 34
3.2 Geometry-Scalable De-Embedding Theory...............ocooiicceiiiiiiieen, 35
3.2.1 On-Wafer Test FIXIUIES.......cuui it i e e e e 35
3.2.2 Combination of Microwave NetWOrkS............cooviiiiiiiiiii i i 37
3.2.3 De-Embedding ProCeaUre. ... .o i e 38
3.3 ReSUItS @Nd DiSCUSSION. ... .cuiitiitit ittt e e et e e et e e 40
3.3.1 Electromagnetic SIMuUlationS............cooiii i e e 41
3.3.2 MiCrowave MeaSUIEMENTS.......uu ittt et e e e e e ae e 42

B4 CONCIUSION. ...t e e e e e e e 43



CHAPTER 4. APPLICATION OF THE SCALABLE DE-EMBEDDING TECHNIQUE
TO PROCESS MONITORING TEST STRUCTURES FOR RF DEVICE

CHARACTERIZATION . .. e e e e e e e e e 51

0 R (0T (3 o3 1o o PP RPRPR 51

4.2 RE TeSt StUCIUIES .. ottt et e e e e e e e e e e e 52

4.2.1 On-Wafer and In-Line Test FIXtUresS...........ccoviiiiieiiiiiii e, 52

4.2.2 Interconnect CharacteristiCS... ..ot i e e e e, 53

4.3 ResuUlts and DiSCUSSION. ... ..ot e e e e e e e e 54

4.4 Conclusion............ccoceevnenne. G i s 56
CHAPTER 5. MINIATURE R 1 STF Ul E FOR,ON-WAFER DEVICE

TESTING AND PROCESS MONITORING ... i e i e e e ien e, 63

5.1 Introduction e T ST 63

5.2 MiniatUAZation of RF TESt SUCIUIES. ........ .o ver ssssest e e sorererens 64

1 ' | - S 64

....................... 65

............... 67

........... ..68

.......... 74



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

List of Figures

1.1 lllustration of on-wafer S-parameter measurement. (a) Microwave
measurement system. (b) Equivalent representationfhe error boxes 1 and 2
represent the parasitic networks composed of the Rfest set, cables, and probes
for ports 1 and 2, respectively. The error boxes 3and 4 represent the
input/output feeding networks composed of the probe pads and
interconnections of a fixtured BeViCe i . riu. oo vieii i 5

1.2 Physics-based . open-short de-embedding meth [2]. (a) DUT and its
corresponding dummy structures. (b) Schematic diagm............................. 6

1.3 Cascade-based de-embedding method [8]. (®UT and its corresponding
dummy structures. (b) Schematic diagram......am.....ccoiiier e eeeieenenaennns 7

2.1 lllustration of the on-wafer fixtured device and corresponding de-embedding
standards for length-scalable de-embedding method..............ccooonn.. ... 23

2.2.Suggested parasitic.models for the on-waftest structures. (a) DUT. (b) Open
standard. (c) Short standard. (d) Thrustandard............c... ..o eiiimennn e 23

2.3 Main procedure for length-scalable de-emlaigling method................cce.. ... 24

2.4 Length-scalable noise de-embedding. (a) Dland de-embedding structures. (b)
Suggested parasitic model forthe DUT.............o i e e e 25

2.5 Scalability of open and short. standards.aj Pad resistance and. inductance

extracted from small (.= 100um) and large (=400 um) short standards. (b)
Pad conductance and capacitance extracted from snigl = 100pm).and large (
=AC0NN ) openiGlaNtar IS B = A== 4 = S .. ... . ........... 26
2.6 Scalability. of thrusstandards. (a) Per-urttlength interconnect resistance,
inductance, (b) conductance, and capacitance extrigd from small (| = 200pum)
and large ( = 400um). thru standards using.conventional scalable methib[9]
F=TaTo Il o] foT oo RS0 I 1= 1 o o BN 27
2.7 Magnitudes of measured and de-embedde8-parameters of the fixtured
MOSFET biased at Vss =1.065 V'and \bs = 2 V (Ips = 20 mA). (a)Sy1. (b) Sp2.
(C) So1- () Son: wvnvee et e e e 28
2.8 Angles of measured and de-embedd&parameters of the fixtured MOSFET
biased at \6s = 1.065 V and \Wbs =2 V (Ips = 20 mA). (a)S11. (b) Si2. (€) Sp1. (b)
S TSP 30
2.9 Measured and de-embedded noise parametessthe fixtured MOSFET biased
at Vegs = 1.065 V and \bs =2 V (Ips = 20 mA). (a)NFmin (b) Rn (C) [/opt| (d) O/ opt
obtained from raw data, conventional de-embedding ethods, and proposed
MEENOA. . e e e 32



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

3.1 lllustration of the on-wafer MOSFET test $ructure and corresponding dummy
structures for proposed geometry-scalable de-embeddy method................. 44
3.2 Suggested parasitic models for the propas@n-wafer test structures. (a) DUT.
(b) Reflect dummy structure. (c) Thru dummy structure. . P ¥ |
3.3 Combination of two-port networks. (a) Casade connection. (b) Parallel
(o 0] o1 =T o 1 o 1 45

3.4 EM-simulated characteristic impedance verss frequency for different guided
wave structures. (a) Single microstrip without shilding. (b) Single microstrip
with shielding. (c) Shunt microstrips without shietling. (d) Shunt microstrips

with shielding. ... .. 5 T . L A B B o 46
3.5 Layout of the on-wafer MOSFET test structues and de-embedding structures
for the open-short method [2] and proposed method-......5.....ccovvvvvvinnnn 48

3.6 Measured and calculated characteristic imgdance versus frequency for thru
dummy: structures with different numbers oflines N ='1, 2,4, and 8). The pad
parasitics of thru dummies Were remoVed...........ccoeeveiiiiiiiee i 48

3.7 De-embedded-parameters of the fixtured MOSFETs:with different multiplier
factors M =1, 2, 4, and 8) biased afcs= 1.2 VandVps= 1.2 V. (@)S1. (b) Si2.
e 1. (ChleSioomat™ e s ot S o, . B gt i . 49
4.1 lllustration of the conventional on-wafertest structures. .......................... 57
4.2 lllustration of the proposed in-line proces monitoring test structures.......... 57
4.3 EM-simulated forward coupling Yec and pad admittanceYpap of shielded and
unshielded open dummy.structuresi(= 150 — 40Qum). ..........c.coeeiiinneennn. 58
4.4 EM-Simulated ' characteristic impedance4e)m0fshielded ;and unshielded
MSrgBRNects G, SIS SUIINN. . 5. 0 4.5 . 0 .CUREE ... 58
4.5 EM-Simulated "characteristic impedance 4¢) of shielded interconnects I( =
2008B00RIMIR) .. ...... e G R 59
4.6 Suggested parasitic models for the RF testructuress...... B 59

4.7 Interconnect parameters of the conventiodaon-wafer and proposed in-line
thru dummy structures extracted using the scalablale-embedding method. (a)
Complex characteristicimpedance. (b) Complex propgation constant. ........ 60

4.8 S-parameters obtained from the conventional on-waferand proposed in-line
test structures using scalable de-embedding methodand open-short
de-embedding method. (aB11. (b) Si2. (C) Sp1. (d) Sz2. The MOSFET was biased
ALV G T VD T 2 Vi e e 61

5.1 lllustration of RF test structures for onwafer device testing and in-line process
monitoring. (a) Conventional on-wafer GSG test strature. (b) Conventional
in-line GSG test structure. (c) In-line GSGSG teststructure. (d) Proposed
miniature GSG test structure. The width of intercomect is 9 pm and the



estimated resistances of each interconnect for (&h are 0.27Q, 0.86Q, 0.32Q,

and 0.04Q, reSPECHVEIY.........iu it e e e e e 70
Fig. 5.2 Lumped equivalent-circuit representation 6 a fixtured MOS transistor for
on-wafer device testing and in-line process Monitarg. ...............c.cccceeenee. 71

Fig. 5.3 Forward capacitive coupling between GSG RHProbes. Two Infinity probes
were placed in air with different separation distartes. The reference plane of
each port was shifted to the probe tips using the hsrt-open-load-thru
calibration ProCeAUIE. ... ... ... e 71

Fig. 5.4 DC characteristics obtained from the on-wi@r and in-line MOSFET test
fixtures. Ip-Vp curves for Ve = ith 5 ¥ SEOPS-.eeeeeeeeeee e, 72

Fig. 5.5 S-parameters, obtainec ‘ d QSFET test structures
using standa _ | [2]The MOSFETs were
biasedrat \6 = Vp =1Vand the S-parameters rh'ea_ mefits were performed

from0.4' GHz to 30 G [ | S T R . .............. 72

Fig. 5.6 Cu = ard open-siio
de-€ =1V and the

T 73




