CHAPTER 1. INTRODUCTION

1.1 Purpose of Research

With the downscaling of device channel length ie ttheep-submicrometer CMOS
process, the accuracy of the on-wafer measuringdareimbedding techniques has become
an extremely important ‘issue for the device charazdtion and modeling in the
RF/microwave regime. Since the fabrication of thecise: 502 load or well-defined 5@
transmission lines is still difficult in the curreiC technologies, the: classical calibration
procedures, such as short-open-load-thru (SOLNhg-feflect-reflect-matech (LRRM), and
thru-reflect-line (TRL) calibrations, are impracticfor the wafer-level measurements
conducted on silicon substrates. For this reasos,de-embedding techniques have been
frequently_utilized in conjunction with the on-wafealibration procedure to remove the
unwanted parasitics. As shown in Fig. 1.1, aftenoeing the error:boxes composed of the
RF test set, cables, and probes by using a cenanpiedance standard substrate (ISS), the
reference planes can be shifted to the probingeglano further obtain the intrinsic device
characteristics of the device under test (DUT), éher boxes composed of the probe pads
and interconnections should be subtracted by usimgvafer de-embedding standards.
Although many de-embedding methods have been pgesbever the past years [1]-[13],

most of these studies have focused on the probdéiine parasitic estimation and correction.



Little research has been done to reduce the clei@-@onsumption and characterization time

of a de-embedding procedure.

1.2 Review of Literature

In previous researches, several physics:based Oeedrtimg techniques based on
lumped equivalent-Circuit models have been develoged extensively utilized over the
years [1]-[7].sThese physical equivalent-circuitaets consist of probe-pad and interconnect
parasitics-eonnected in parallel-serieé configaraetl For example, as shown in Fig. 1.2, the
current. industry-standard--open-short de-embedditjguses one open ‘andsone short to
reproduce and remove the admittance and. impeddnite deeding. networks, respectively.
After de-embedding the parasitic elements in aagmae ) and impedanceZf domains, the
external parasitic effects can be significantlyueetl. However, as the device is operated at
microwave frequencies and/or its interconnect llerigtconsiderable, these lumped-circuit
assumptions may be invalid due to the distributatune of the test fixtures. Recently, a
de-embedding methodology hased on microwave netaoakysis was developed to model
the fixtured DUT in cascade configurations [8]. stsown in Fig. 1.3, it uses one open and
two thru dummy structures to subtract the pad amdréonnect parasitics and does not
require any lumped circuit. The physics- and casdzbed de-embedding methods

mentioned above can be used to extract the introesvice performance, however, they still



consume considerable chip area and testing timedi@sitic extraction.

1.3 Major Findings and Contributions
In this dissertation, we propose a systematic nugtlogy of designing and

de-embedding microwave test  structures. This_ pmgbosnethodology is accurate,

area-efficient, and time 3 [ & of this study are summarized as
follows:
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1.4 Content and Organization

To substantiate the proposed design and de-emlgpddinemes, the test structures



fabricated in standard CMOS technology were chareed with two-port microwave
measurement systems. Moreover, full-wave electrowig (EM) simulations were
accomplished to validate the test structures atetdannect scalability. This dissertation is
composed of six chapters, and the rest of it isamipd as follows. In Chapter 2, a
length-scalable de-embedding method* - 0 * ' a ter and noise characterization of

single device is develc ) t: e-embedding method for

on-wafer mierov I izati ingled m e devices is proposed.
Chapter 4-descri pplication of s lerdbeddi rocess monitoring

test str _ Vi act -  prese miniature test structure for
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Fig. 1.1 lllustration of on-wafeSparameter measurement. (a) Microwave measurement
system. (b) Equivalent representation. The erroxebol and 2 represent the parasitic
networks composed of the RF test set, cables, eoizkp for ports 1 and 2, respectively. The
error boxes 3 and 4 represent the input/outputingedetworks composed of the probe pads
and interconnections of a fixtured device.
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CHAPTER 2. LENGTH-SCALABLE PARASITIC
DE-EMBEDDING METHOD FOR ON-WAFER MICROWAVE

CHARACTERIZATION OF MOSFETS

2.1 Introduction

With the progress of CMOS process technology, eewoity-gain frequency has
reached therange from RF to millimeter-wave fregqies: For the design of silicon-based
radio-frequency integrated circuits (RFICS) and oiohic microwave integrated circuits
(MMICs).in future low-cost systems, on-wafer chaesization of the RF/microwave devices
would. become an extremely important task. Sincelkd device.models call for precise
measuring technique, the fixtured.devices and spmeding de-embedding. standards on
silicon bulk should be carefully designed to rep@eland remove the external parasitics. In
general, a three-terminal MOSFET (with its sournd hulk tied together) is connected in a
common-source -configuration for high-frequency dewtharacterization. Thus, its external
parasitics mainly come from, the probe pads, Intamects, and lossy silicon bulk. To
extract the intrinsic device characteristics froncnowave measurements, much research
effort has been focused on this subject and sewdwadmbedding methods have been
presented over the past years. The open de-emlgenhdithod [1] was first demonstrated to

remove the shunt admittance of the probe pads aithopen standard. The open-short



de-embedding [2] was developed to further subtitaetseries impedance of the probe pads
and interconnects by employing an additional ststeindard. Although there are other
de-embedding techniques to accomplish the parasititraction [3]-[7], the open-short
de-embedding procedure is still the current indusstandard. The physics-based
de-embedding methods mentioned above utilize lurgredit models to simulate the
external parasitics ‘in. series-shunt/shunt-seriesfigurations. Recently, a de-embedding
method based on cascade configuration. [8] was piegelt uses open and thru standards to
subtract fthe pad admittance and interconnect pesasand does net. require any
lumped-circuit representation. Moreover, severdicient cascade-based .de-embedding
methods for Sparameter [9]-[11] and noise parameter measuresnéhi?] were also
developed to minimize the chip area for.test figgur

In "this chapter, we aggressively combine the plsysased: and -cascade-based
de-embedding techniques to propose a length-seatidlembedding method for on-wafer
Sparameter and/noise parameter characterizatioth e utilization of the bulk-shielded
technique [13], the open‘and short standards canskd to accurately remove the pad
parasitics of the DUT. Based on transmission-limeoty, the thru standard can be used to
efficiently reproduce the interconnect parasitiosgate, drain, and source terminals of a
MOSFET. To substantiate the proposed method, thé& Nt@nsistor and its corresponding

de-embedding standards were fabricated using adatén CMOS technology and



characterized up to 40 GHz.

2.2 Length-Scalable De-Embedding Theory
2.2.1 On-Wafer Test Fixtures

As illustrated in Fig. 2.1, the

designed to mount the device with

the probe pads, inte nd AC sources can be guided

to the DUT t - 2 blas-1 A PS5 By, e g ate and drain of the
MOS transi: : : . o ) S : and bulk are tied
- leakage and
ploy shielding
layer rﬁ z [ '. _ an be used to

1896

the thru stam L rﬁ-length transmisim parametel

ad parasitics of

‘be extracted to

reproduce and d he interconnect parasitigate, .C source terminals of a

MOSFET.
2.2.2 Fixture Modeling and Scaling

To de-embed the unwanted parasitics of the DUT ptrasitic networks composed of
pad and interconnect elements should be precisplypduced from the open, short, and thru

standards. Fig. 2.2(a) exhibits the semi-distributedel for the fixtured MOSFET. Here the
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shielding technique is employed to improve theauéity of probe-pads [13]. The probe-pad
parasitics, which include the shunt admittance saries impedance, can be evaluated from
the open and short standards shown in Figs. 2(2]b)Fhe chain scattering matrices of the

probe-pad parasitics in port 1 and port 2 are

2.1)
2.2)

where

(2.3)

(2.4)

1= Sopeniim * 3Ssorim T SorenimSsorrim

. - (2.5)
S peNiim SS-IOR‘[iim + S)PENiim.-SSH

It should be mentioned th&pe rasured reflection coefficients at

porti of the open and short standards, respectively.
As shown in Fig. 2.2(d), the thru standard can hedeted as the probe pads and
interconnect in cascade connection. Consequelhtdy irttrinsic interconnect characteristics

can be expressed as
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[Tr] = [TPADl]_l[TTHRU ][TPADZ]_l (2.6)
where [Mint] and [Truru] are the chain scattering matrices of the intdristerconnect and
thru standard, respectively. Converting the chaattering matrix Tint] to scattering matrix

[Snr], the characteristic impedancg: and the propagation constaptof the intrinsic

interconnect can be calculated using [14

2.7)
and
(2.8)
hgth, and

(2.9)

ne lengthl{ I,
and I3 in Fig. d from the chain

scattering matrix of alossy

eYIi _e_YIi r

_| T 1-r2 1-T2 .
[TINT|] - (e-yli _eyli)r (1_r2)2 _(eyli _e—yli)2r2 , I = 1, 2, 3 (210)
1-T? @-T?*)(e" -e™r?)

wherell = (Zo — Zc )/( Zo + Z¢).
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2.2.3 SParameter De-Embedding Theory

The main procedure for the proposed scal&parameter de-embedding is illustrated in
Fig. 2.3. Once the interconnect parasitics areutatied, the parasitic networks surrounding a
fixtured MOSFET can be expressed as

T2 wali Tl Tl (2.11)

(2.12)
(2.13)
And thength I teri _ @ [T], and [1] ca ' totheir scattering
y toftsttie

e detailed

(2.14)

], [F], [G], and H]

are the diagonal matrices defir

[E] = diag(S};, S7) (2.15)

[F]=diag(S,.S) (2.16)
[G] = diag(S},, S3y) (2.17)
[H] =diag(S,, S5)- (2.18)
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6) Convert the two-port scattering matri&][to three-port scattering matri§{] using [15]

KK v KK 2K
311+L12 $2+L21 11
4-K 4-x 4-k
S - " K 2K " K 2K21 2K22
S'|= + 222012 + 22 2.19
s Dy el o 219)
K
12 21
| 4-«k 4-K 4-K |

wherex =Sy; +S + S+ S0, k11 =1-S1 -Si2, k12=1-S1 -1 101 = 1-Sp - Sz,

k2=1-S - S

7) Subtract the s :

where Blis the ey o . | 8 ng mafitk@DU b '." [G], and
[H] aretf
(2.21)
(2.22)
(2.23)
(2.24)
_w;bort scattering matrix

8) Convert the de-€

[S°] using [15]

338‘31 338‘32

g, -2 g S

o | 14, 21+,
5] 5, S5 oSSl (2.25)

T1rs, 2 1+s,

2.2.4 Noise Parameter De-Embedding Theory
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Figure 2.4 shows the test structures and suggesiedel for line-scalable noise

de-embedding. ThABCD matrices of the probe pads are

1 Zeno
= 2.26
(A {Ym 1+YPADZPAJ, (2.26)
and
(2.27)

It should be noted thatpp ' ; Where Zg.ormp = (Ysiorra1 =

YOPEN,ll)_la and [v n d short converted
from the S-param ents. | The lumr glthe probe pads and

interconnect onnectior dhusidgnt] =

1e.matrix, and

[AnT] ane c interconnef:t d_thrundoy,

respectively L S he 1 ﬁg ers, such as characteristic

ionstant can be evaluated as in |

impedanc nr_opagati ]. Based on the above

results, the paras of the input/outipiirconnect “ | dangling leg with arbitrary

line length (3, |, andly) of a‘fixtured MOSFET can be efficiently reprodudesim theABCD

matrices of a lossy transmission line

coshl;  Zgsinhyl; |
[ANT]=LisinhY| coshyl ] i=1,2 9 (2.28)

The proposed noise de-embedding procedure is ditsléollows.

1) Measure th&parametersJput], [Soren]s [Ssiort], and [Sruru] 0f the DUT, open, short,
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and thru, respectively.
2) Measure the noise paramettiz,,""", R,°T, andYq" ' of the DUT and calculate the
correlation matrix C,°""] as in [16].

3) Convert fopen] and [Ssiorr] to their Y-matrices Yopen] and [Ysiorr], respectively, and

calculate theABCD matrices p

¥ 4

pads from (2.26) and (2.27).

4) Extract the intri 0 4t =[A T Amhrul[ Aeanz] * and
calculate jthe _ istic. i . . . '_constamtas in
[14].

5) Caleulate ices A\ Ans], and A the | nects and

6) e parasitic

= [Anr2]
[Apap2].

7) Convert Byu1] to _ ) matrix [Ap] of the

MOSFET with danglingleg using\] = [An]* [Aour] [Acur] ™.

8) Convert Ap] and [Aintg] to Z-matrix [Zp] andY-matrix [Yinrg], respectively.
9) Calculate th&-matrix [Zuog) of the MOSFET without dangling leg froyjog = [Zp] —

[ZLEG]; where ZLEG] is

[ZLEG]: 1/YINTg.11 1/YINTg;ll . (2.29)
1/YINTg,11 1/YINTg,11
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10) Convert Zyog| to [Avog], where Pwog] is the ABCD matrix of the intrinsic MOSFET.

11) Convert An] and [Aout] to their impedance matrice& ] and [Zout], respectively.

12) Calculate the noise correlation matric&'f], [C°VT], and [C/F¢] from [C/V] =
2KTRe(IZn]), [C2V"] = 2kTRe([Zout]), and [C7"%°] = 2kTRe([ZLed]).

13) Convert €] and [Cz°"] to their chai ricesdy ] and [Ca°V"] using [CA™] = [T

r

[N [T and A" """, where the Superscript® denotes the

Hermitian:conjugate ' e ormation matrices

15)Convert| €] to its impedancé ] using €] = {17 [C:)

16) Calculatesthe v angli Ieg 64"
=[C"] -[CF . i '
17) Convert €M% to its chai ‘ using [Ca"97 = [TM99 [CM99
|
[TMOSH where T is the transformation matrix [16].

18) Calculate the intrinsic noise parametlifs,n, R, andYqy from the noise correlation

matrix [Ca¥°9 using

NF, =1+ (Re(CA) +CI°CH ~ (m(C)?) (2:30)
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R = Car (2.31)

COokT
and
v - VCHPCHE - (Im(C2*))° + ] Im(CZ® (2.32)
opt — Cxlc;s

2.3 Results and Disg oI
To validate , 5 ek ”";-a_. its corresponding
de-embedding . > fabric i .- metaldayeriCMOS process.
The NM@S ftr : ith ‘ Ay .: hi{g) = 0.24 | 1d channel
width A
he probe pads
and the r I 2 0 " ndlz = 42 um. ' [ iparameter
measurements v ; i Hg NE ‘ . Measurement
System, and ah A i ) ri-; Iiv;zly. The SOLT
procedure was ulse 0,Ci
2.3.1 SParameter Characterizatio '

Figure 2.5(a) shows the resistance and inductahahart standards, and Fig. 2.5(b)
shows the conductance and capacitance of operestinelxtracted as

Reno = Repyp) (2.33)

Lono = IM(Zppp )/ 0 (2.34)
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Gep = ReWo) (2.35)
Conp = IM(Yopp)/ (2.36)
wherew is the angular frequency. Here we compare theldsslfixtures to the large ones,

which are respectively typical for active and passievice characterization, to examine the

and short i dshow approximately identical pad
L

=

scalability of probe pads. The oper

admittance and img o)l Y respectively. These results
indicate thatithe capaciti ing.and.condecteakage between the two ports of open

and short:standa : led;-and aldoxtiee size ca educed to 100 um (or

(2.37)
(2.38)
(2.39)

Cnr =Imy/2.) ! w. (2.40)
The interconnect parameters are extracted from #tamdards using the conventional
scalable de-embedding method [9] and the proposethad, respectively. Here the

interconnect length of small thru standards ige@00um to mitigate the effects of forward
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coupling on short interconnects [9]. As shown ig.R2.6(a), the per-unit-length resistance
and inductance de-embedded using the scalable Heeelimg method exhibit higher values
over that using the proposed method. Figure 2.6(lmws that both the conductance and
capacitance display close results. Besides, theupietength resistance and inductance of
small and large thru standards de-embedded usiagptbposed method are in good
agreement. It is because the proposed method udesdthe short standard to further takes
into accountsthe resistance and inductance. of tbbeppads, which are neglected in the
conventional cascade-based de-embedding methoeld 48] Accordingly,-the proposed
method can be used to accurately extract the mneexct parameters for scalable parasitic
de-embedding. When frequency enters the millime&re regime, the scalability of thru
standard, especially the per-unit-length.condu@abecomes worse while the scalability of
open and. short standards still remains good. Tisiseiss mainly due ;to the lossy silicon
network and.scan be improved by employing the simgldechnique [13]. However, care
must be taken to prevent the electromagnetic cogtom device to the shielding plane.
Figures 2.7 and 2.8 demonstrate the magnitudegmgids of two-pors-parameters for
the fixtured MOSFET biased atp¥= 2 V and \&s = 1.065 V (bs = 20 mA), respectively.
These results are de-embedded using standard opdndghiembedding [2], conventional
scalable de-embedding methods [9], [11], and pregasethod. As the operation frequency

increases, the raw measurements tend to deviatetfre de-embedded results. The parasitic
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effects on device characteristics are consideraspgecially at high frequencies, and should
be appropriately removed. The scalable method [9]siders only the effects of pad
admittance and interconnect parasitics in inputelgand output (drain) ports and this
assumption results in a significant inaccuracy. 3tedable method [11] further subtracts the
interconnect parasitics in grounded (source)s part @ahus substantially improve the
de-embedding accuracy As we discussed in previahsestion, the proposed method can
extract the jprobe-pad parasitics and..interconnectpeters. more precisely than the
conventional scalable de-embedding'methods [9], fiblby employing an additional short
standard. Consequently, as shown in Figs. 2.7 aé\di#& proposed method shows the best
consistency between itself and the industry-stahdpen-short method.
2.3.2 Noise Parameter Characterization

Figure 2.9 shows ‘the measured and de-embedded paiseneters as a function of
frequency. These results indicate that the intrinsaése parameters obtained from the
proposed method also agree well with those fronstaedard open-short method. They also
demonstrate the parasitics of the dangling legaféect the noise characteristics of a MOS
transistor, especially for equivalent noise resista R, and optimized input reflection
coefficient (opy) at higher frequencies.

Based on the above results, the proposed lineldeatie-embedding method can be

used to efficiently and accurately extract theimsic characteristics of the MOSFETS.
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2.4 Conclusion
In this chapter, a length-scalabfparameter and noise de-embedding method for
two-port on-wafer MOSFET characterization has be@sgmted and verified. The proposed

method combines the physics cascade-bds@nbedding techniques to

comprehensively model a : ' i xtured MOS transistor. The

substrate-shielde | nd act e pad parasitics and the thru
standardyis used ct the. : onnect fiaeam gat in, ource terminals of
' de-embedding

e proposed
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Fig. 2.9 Measured and de-embedded noise paranddtéhne fixtured MOSFET biased at
Ves=1.065V and ¥s =2 V (Ips = 20 mA). (a)NFmin (0) Rn (C) [ opd (d) T/ opt Obtained from
raw data, conventional de-embedding methods, amybged method.
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CHAPTER 3. GEOMETRY-SCALABLE PARASITIC
DE-EMBEDDING METHOD FOR ON-WAFER MICROWAVE

CHARACTERIZATION OF MOSFETS

3.1 Introduction

The design of silicon-based RFICs and MMICs reguigtiable process technology and
foundry design kits. Device modeling.and. parastitraction are significant issues for circuit
design te-minimize the failures and frequency shifince reliable '/RF models call for
accurate wafer-level microwave characterizatioractive and passive compenents, testing
methodologies and modeling test keys should beugreleveloped.to evaluate the intrinsic
device characteristics. To extract the Intrinsicvice parameters from. microwave
measurements, much research effort has been foarsédls particular subject. Although
much work has been done to date, most researcfotiased on the accuracy of the parasitic
estimation and carrection [1]-[8]. In this chapter attempt to propose a systematic parasitic
de-embedding procedure” to. minimize the chip ared aharacterization time in a
mass-production line. With the utilization of theiedding technique, the reflect and thru
dummy structures can be used to calculate the igesasof probe pads and the
transmission-line parameters of interconnects, ewsgely [13]. Based on the

transmission-line theory and microwave network wsial the proposed method can generate
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the parasitics of feeding networks with arbitrargometry to efficiently and accurately
de-embed the parasitic effects of the fixtured M@isistors with various gate dimensions
and multiplier factors. To validate this geometcglsble de-embedding theory, MOS
transistors and de-embedding structures were faledcusing a UMC 0.1@m CMOS

process, and full-wave electromagnetic simulatisase carried out.

3.2 Geometry-Scalable De-Embedding. Theory.
3.2.1 On-Wafer Test Fixtures

Fig. 3.1 illustrates the-on-wafer test fixtures jebhcontain a DUT and its eerresponding
dummy. structures, for the proposed de-embeddingryhe'he design of RF test keys for
global device modeling must cover.the complete mlayslevice dimensions, such as channel
length, channel width," finger number, multiplierct@ar, etc. Therefore, both single- and
multi-transister (I—Ty) test fixtures should be employed to extract teei@e characteristics,
multiplier effects,fand proximity effects. In geakrthe gate and drain of the MOSFET are,
respectively, connected to‘the input and output, pdrile the source and silicon substrate are
tied together to the ground reference. In our dedige source of the MOSFET is connected
to the ground shield beneath the signal tracesrto f« microstrip-like transmission line, and
thus the parasitics of the dangling leg betweentithiesistor and the ground plane can be

eliminated by simply using a two-port model [111,7]. Here the ground shield not only
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improves the substrate isolation, but also provide®d fixture scalability [13] and
interconnect scalability [9] for the proposed getmpscalable de-embedding method. The
substrate-shielded reflect structure, which coasiéta simple open at the input port and a
simple short at the output port or vice versasisdito remove the parasitics of the GSG pads
[13]. A thru dummy with anN-conductor interconnect ifl\) is used to evaluate the
transmission-line parameters for subtracting thteraonnect parasitics of thd-transistor
test fixtures.. It 'should be noted that. the muliadoctor: thru IS employed, instead of a
single-conductor. one, to mitigate the step-discanty effects of the pad-to-interconnect
interface [18].

Fig. 3.2(a) shows the semi-distributed parasiticleid®ased on.the cascade and parallel
configurations for the modeling test keys. The pii&acomponentYpap andZpap, Which
can be replicated from the reflect structure in. Bi@(b), are the shunt-admittance and series
impedance of the probe pads, respectively. Since the shielding technigue is applied, the
multi-conductor interconnect can be modeled asaisdl transmission lines in parallel with
each other. As shown in Fig. 3.2(c), after subingctthe probe-pad parasitics of the
N-conductor thru dummy, the transmission-line patanseof a single-conductor interconnect
calculated using the network analysis can be enepldg de-embed the parasitic effects of

the interconnects with arbitrary geometry.

36



3.2.2 Combination of Microwave Networks

As mentioned in the previous subsection, both #sade and parallel combinations of

two-port networks would be utilized to establisk the-embedding procedure. In this case, it

is convenient to characterize the fixtured trawssst using the ABCD-parameter

representation. The combination defined in terms of the total voltages

and currents is sho Vo two-port networks, the

overall ABCDima individwBCD matrices [19], namely

(3.1)

(3.2)

onsequen ..--. h z 1 ﬁg.ﬁ

by multipl 1' *x matrix and by ianverse of matri '

e accomplished

ively.

Similarly, the o 3CD matrix of the two-port ne “onnected in patatan

be expressed as

S A

where

37



AB, +B/A, BB,

[Ap Bp} B, +B, B, +B, 3.
Co Do|7|c 4o, + (A=A)D,-D) DB, +BD,
B, +B, B, +B,

Consider the case of multi-conductor interconnettswn in Figs. 3.1 and 3.2. The

input/output feeding networks are equally dividatbiM microstrip-like transmission lines

with appropriate line separation gt.overallABCD matrix of theM identical

two-port networks o

(3.5)
Crostrip.

MOSFET test

ated and then

rasitics for portsid 2

are respectively

[A, ]- ol } (3.6)
. PAD 1 + YPAD Z PAD
and
1+Y.,.Z Z
[AW]{ PO PAD P’*’} (3.7)
Youo 1

It should be noted thafmp = YREFLECT,ll and Zpap = 1/( YREFLECT,22 - YREFLECT,11)1 where
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[YrerLecT] is theadmittance matrix of the reflect dummy. The thrundoy can be modeled in
cascade connection and its pad parasitics can MWdrasted by using Ant] =

[Apao1] [ArHrul[Aeanz] . where Bruru] and [Anr] are the ABCD matrices of the thru
dummy and theN-conductor interconnect without probe-pad parasiticespectively.

Accordingly, the transmission-li f ti-conductor interconnect, such as

characteristic impec _evaluated as in [9]. Here we

have that

(3.8)
Based O : ffettthe ut i onnects with
arbitral caldekh
from theAl

(3.9)

sinhy |,

coshyl,

NZ,

19) Measure th&parametersJpour], ], and 5 nru] Of the DUT, reflect, and thru,
respectively.

20) Convert $rerLec] to its admittance matrixYgeriect], and calculate théBCD matrices
[Apap1] and [Apap2] Of probe pads from (3.6) and (3.7).

21) Extract the intrinsic interconnect parametesisgi [Ant] = [Aeana] [ Amhrul[ Aeanz] * and
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calculate the characteristic impedaeeand propagation constanas in [9].
22) Calculate thédBCD matrices Aint1] and JAintz] for the input/output interconnects from
(3.9).

23) Calculate theABCD matrices An] and [Aout], which are respectively the input and

output feeding networks, frg % ' ‘! 1][A and [Aout] = [Aint2][Apapa].

24) Convert $u1] to atrix [Aput] and

thé\BCD matrix [Ap] of the

intrinsic MOS

corresponding
MOS process.
e width () =

8 were connected

B

in a two-port GSG n gu CO with the dimensions of
line length [; andl,) = 41um; line wid | ) = 6um, and line separatiorsy= 7.5um were
designed with the EM simulations and placed betwé&enprobe pads and transistors. The
DC and RF measurements of the on-wafer test stestwere performed on an Agilent

4142B Modular DC Source/Monitor and an Agilent 861¥NA, respectively. Before

starting theS-parameter measurements, the measurement systencallasited using the
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LRRM calibration procedure.
3.3.1 Electromagnetic Smulations

In this subsection, the full-wave EM simulationséa on the method of moment (MoM)
were performed to design the feeding networks. Aews in Fig. 3.4, four two-port
microstrip geometries were simulated:  single-cataolumicrostrip and shunt microstrips on
a silicon substrate "and on a ground shield. Figé(a3 and 3.4(b) show the simulated
characteristic.impedance as a function. of frequefocya single microstrip on a silicon
substrate-and a ground shield, respe'ctively. Isglmnfigurations, the line-width was kept
constant at @m and the line length)(was varied from 5@m to 1000um. It issshown that
both of the two single-conductor microstrip struesishow excellent interconnect scalability
over a wide range of frequency. In practice, thersonnect scalability would be degraded by
improper parasitic de-embedding [9], and therefozee the Iinterconnect length of the thru
dummy was set to about 30 to mitigate the parasitic effects aswell as sheechip area.
Figs. 3.4(c) and: 3.4(d) display the simulated ctieréstic impedance as a function of
frequency for unshielded “and substrate-shieldedtsicrostrips, respectively. The line
length and line width were held constant at 300 and 6um, respectively, and the line
separation § was altered from Jum to 100 um. As the line separation increases, the
impedance of the unshielded shunt microstrips besolower because of the increasing of

the effective line width, while the substrate-stiéel ones show approximately identical
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impedance. These results indicate that the shuatostrips can be divided into isolated
two-port networks by the use of the ground shigjdamd careful design of the microstrip
geometry. Here a line separation of jirh was adopted according to the transistor size and
arrangement.

Based on the above findings; we can efficientl\icape and de-embed the parasitics of
the shielded feeding networks with arbitrary lieadth and number of lines.
3.3.2 Microwave Measurements

Fig.13:5 shows the layout of the fabricated modgetest keys and dummy structures for
the industry-standard open-short de-embeddingrd]the proposed method. In this work, a
two-conductor thru is selected to mitigate. the <tesgontinuity effects of the
pad-to-interconnect junction and to.generate theEr@onnect parasitics. Fig. 3.6 compares the
characteristic impedance calculated based on {8.%)at measured from the thru dummies
with various numbers of line®(= 1, 2, 4, and 8). It can be seen that the caionis match
well with the measurements. Fig. 3.7 demonstrates. tivo-port S-parameters of the
MOSFET test fixtures with*various multiplier facsofVl = 1,2, 4, and 8) biased ¥dgs = 1.2
V and Vps = 1.2 V. These results are de-embedded using plea-short method and the
proposed one. As we can see, the results obtanoed the two different methods are in
excellent agreement over the entire frequency range a result, the proposed

geometry-scalable de-embedding methodology carsed to accurately extract the intrinsic
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characteristics of the silicon-based device. Thip einea and the characterization time also
can be significantly reduced since only two dumnyctures would be implemented on a

wafer.

3.4 Conclusion
In this chapte - e flding method for two-port
on-wafer ":]. I i '| DI 1‘: ed '\ lt'_ - The proposed
de-embedding me - ed on : N siortk : petwork analysis
uses on >-shielded d Ctu aeflic .A he parasitic
and the

GHz. The

nd efficient for

189G

evaluating the 1Sic devic"aracteristics.
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46



250

- 9 EM simulation, S=5 pm
g ~ 2 EM simulation, S= 10 um
< 500k & EM simulation, S=20 um s
L) - -©- EM simulation, S= 50 um L8
Q > EM simulation, S= 100 um 185 H1 MM oxide
C
©
3 150 Si substrate
ot T
§ i —
£ 100
o N
E [
(&) — =
© 50
= N
e
@) -
|-. ] ] | ] ] ] ] L=
- =-- 1

200 . e S e
fé E 1.35 “:5 6 UM oxig

* - £
d shielding =
. 150 _ Si substrate
] [ ] - E §
.9 ) o
O -
@© -
G
ey
@)
0 ] ] ] ] ] ] ] ]
0 10 20 30
Frequency (GHz)
(d)

Fig. 3.4 EM-simulated characteristic impedanceuweifrequency for different guided wave
structures. (a) Single microstrip without shieldirflg) Single microstrip with shielding. (c)
Shunt microstrips without shielding. (d) Shunt rogtrips with shielding.

47



[ Open-Short method :._: Proposed method

1,2,4,8

M, N

-"D .=

(D
U
I
1
=n =

LR

yut of the on-wafe

rt methoo _m

Fig. 3.5
the ope

ding structures for

Characteristic jl'u

Frequency (GHz)
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thru dummies were removed.
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CHAPTER 4. APPLICATION OF THE SCALABLE
DE-EMBEDDING TECHNIQUE TO PROCESS MONITORING

TEST STRUCTURESFOR RFDEVICE CHARACTERIZATION

4.1 Introduction

Device variations'in an RF CMOS process are on@@imost important issues for the
fabrication and the design of silicon-based RFI&iace circuit design calls for reliable and
high-yield-CMOS process- to minimize-the failures drequency shifts, the relationships
between the circuit designers and the process eaginshould be intensified to make
one-pass circuit" design possible. As shown in Bid., the conventional on-wafer test
structures are usually laid out in the east-wesfigaration to characterize the RF devices.
To monitor a process, 'the GSG probe pads of thestagctures should be placed within a
scribe line between two adjacent dies [20]-[21]eiHfore, the total width of the proposed
in-line test structures typically should not excedD um..In addition, the corresponding
de-embedding structures must be carefully desigoegiminate the parasitic effects of the
probe pads and input/output access lines surrogrttiie device. In this chapter, we further
apply the scalable de-embedding method [9] to tidine test structures for process
monitoring. The corresponding open and thru duminyctures within the scribe line are

designed using the full-wave EM simulations. Whtle utilization of the shielding technique
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[13], the electromagnetic energy can be localizZedgthe microstrip-like access lines so

that the substrate coupling can be reduced anthtbreonnect scalability can be improved.

To verify the proposed in-line test structures,measuredhe high-frequency characteristics

of the devices fixtured in a die and in a scribeeirespectively. The DUTs and the

de-embedding structures were fabricated usingraatd CMOS process and characterized

up to 20 GHz. We found that the proposed in-lirst &ructure is very suitable for process

monitoring and is capable of characterizing varidegicessin a scribe line:

4.2 RE._Test Structures

4.2.1 On-Wafer'and In-Line Test Fixtures

As illustrated in Figs. 4.1 and 4.2, the on-wafed &-line test fixtures are designed to

mount the devices with the probe pads and intemctsn To monjtor a.process, the

conventional.on-wafer test fixture should be insgiinto a scribe line and thus its GSG probe

pads should be rearranged to access the deviceshikkling technique is employed to

isolate the silicon substrate. To investigate thikece of substrate coupling on the

characteristics of test structures, the full-wavecteomagnetic simulation based on the

method of moment was also accomplished. As shoviaign4.3, the forward coupling-c (=

-Y12) of open dummy decreases as the distahcleefween two signal pads increases. It is

seen that the forward coupling can be mitigate@ioploying the bottom shielding. Besides,

52



the pad admittanc¥pap (= Y11+Y12) of the shielded open dummy is greater than thahe
unshielded one due to the larger capacitance dftileédded open dummy.
4.2.2 Interconnect Characteristics

Here the MOSFETS of the on-wafer and in-line tedufes are laid out as close to the
ground plates as permissible tominimize the paeasof the dangling leg in source terminal
[17]. However, care" must be taken when determitivggspace between signal and ground
traces to ensure the. microstrip-like field disttibn aleng the intercennects. Once the
electromagnetic wave Is propagated 'along the Ioptalt interconnects within the limited
space of the in-line test fixture, the substrateptiog between the signal and.ground traces
would.be considerable and should be also takenaiedount for the analysis. To.simplify this
task, the bottom metal (Y1 can be connected to the ground pads to shieldodsy silicon
substrate. Consequently, both substrate leakagea@mdo-port coupling can be significantly
mitigated [13]. Fig. 4.4 shows the effect of suatgrcoupling on the characteristic impedance.
The unshielded jinterconnects with various signagftmund spacing ;) show different
characteristic impedance ‘while the shielded onesplay ‘close results. It is because the
signal-to-ground spacing of the unshielded intenemts determines the field distribution
along the interconnects and thereby affects therdnhnect characteristics. These results also
indicate that the shielding technique can be usegkduce the spacing between signal and

ground traces and the consumption of chip areash&svn in Fig. 4.5, good interconnect
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scalability over wide ranges of interconnect lengtid operation frequency is achieved by
employing the bottom shielding.

As shown in Fig. 4.6, to remove the unwanted pacaspf the MOSFET test fixture, the
parasitic networks composed of pad admittances iatetconnect elements should be

replicated from the open and thru du u s. Sinee tee shielding technique is employed,

the equivalent-circuit n e open dummysiures can | 2 simpxpressed as two

independentyi esmodeled as shunt
admittances anc SMiSS S 0 i fter scaling the

orks of the

in-line MOSFET te i TR of channel length
(Lg) = 0.35um a:1d chanr fthvie) n 3 3 e'r's) were connected in a
two-port common-source cc-)nfigurati . sgof the 1Qism wide interconnects
between pads and transistor are

On-wafer test fixturet; = 95um, |, = 92um

In-line test fixturel; = 195um, I, = 192um

wherel, is the length of the interconnect at part
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The interconnect lengths between the signal padbeoon-wafer and in-line thru dummy
structures are 210m and 41Qum, respectively. The DC measurements of the MOSteRT
fixtures were performed in the Kelvin connectionghwan Agilent 4142B Modular DC
Source/Monitor, and the two-po&parameter measurements were accomplished with an
Agilent 8510C VNA and Cascade Microtech. Infinity GSprobes. Before starting
Sparameter measurements, the measurement systemcali@sated using the SOLT
calibration procedure.

Thejinterconnect parametezs andy as functions of frequency_can be extracted from
the Sparameter measurements based on [14]. As showkigin4.7, the differences in
characteristic impedance and the propagation conb&ween the on-wafer and. in-line thru
dummies are negligible and thus_the interconneaiabdity is guaranteed. This is because
that here the shielding technique is applied tofinenthe electromagnetic energy in the
vicinity of the microstrip-like  interconnects. Mareer, the effect-of contact resistance was
mitigated by using the Infinity microwave probef]2and.the effects of step discontinuity
[18] were also reduced by properly designing th&jwns between the signal pads and the
interconnects. Fig. 4.8 demonstrates the refleataefficients §1 andSy;) and transmission
coefficients §, and $;) of the on-wafer and in-line MOSFET test fixturds-embedded
using the standard open-short and scalable methsgectively. It is shown that the results

obtained from the two different structures using tfferent de-embedding methods are in
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excellent agreement over the entire frequency raBgsed on the above results, the proposed

scalable de-embedding method can be applied tpribmess monitoring test structures, and

can be utilized to accurately and efficiently cédte the intrinsic parameters of both active

and passive DUTSs.

4.4 Conclusion

In this chapter, the shi . ‘ dibganethod has been applied to the
RF CMC elding technique,
full-wave ca eSIC 1' ,. > :. ions, good

interconnect sca - elit . ieved and the

subtractic : srnal p: rhe-de-embedded

agree well with

that of the co ional onﬁer test structu@empared with ndard open-short

gy
f =

method used in process
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CHAPTER 5. MINIATURE RF TEST STRUCTURE FOR

ON-WAFER DEVICE TESTING AND PROCESSMONITORING

5.1 Introduction

With the progress of CMOS: process technology, aewaity-gain frequency has
reached the microwave regime and beyond. It hasmeanore and more significant for
process engineers and circuit designers.to chaizethe. silicon-based devices at such high
frequencies: As shown in Fig.-5.1(a), a-conventionawafer RE test structure is usually laid
out in the east-west configuration. The microshike-interconnects are introdueed to reduce
the capacitive coupling between the device andemaxs. However, these access lines not
only occupy considerable chip area, but also irsed® drop across them. In addition, the
conventional on-wafer 'RF test;structure is diffictd be inserted into the-scribe line for
process monitoring due to its specific configunatio

In previous literatures [20]-[21], the in-line REst structures have been presented to
monitor an RF CMOS process. As illustrated in Bid.(b), two GSG probe pads in these test
fixtures are aligned in a row (or in a column) ahds can be placed within a scribe line.
Although these in-line test structures are flexiba suitable for both on-wafer testing and
process monitoring, they still consume much chigaaand suffer from large IR drop and

interconnect parasitics. Recently, an area-efficRi test structure [23] was presented. As
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shown in Fig. 5.1(c), this improved test structtegarranges the GSG probe pads to fit in a
ground-signal-ground-signal-ground (GSGSG) probeé weguires about 60 % of the chip
area for a conventional on-wafer test structurethla chapter, we propose a new compact
layout to further reduce the chip area of RF tasictures. As shown in Fig. 5.1(d), the MOS
transistor is slightly off center to prevent theedi coupling from the signal pads to the
device. Consequently, both the spacing between @86 probe pads and the length of
interconnectican be substantially reduced. By eyipipthe shielding technique [13], the
noise coupling through silicon substrate can pbepmgsed and the industry-standard
open-short de-embedding method [2] can be usedcixrately subtract the external parasitics
surrounding the MOS transistor. This miniature B$t fixture consumes only 36 % chip area
of a conventional on-wafer test structure and isable for characterizing and monitoring
various devices such as MOSEETSs, BJTs, varactapaattors, resistors, etc. To substantiate
the proposed RF test structure, the MOS transisinds corresponding dummy structures
were fabricated using a 90 nm RF CMOS process aadacterized up to 30 GHz with a

two-portS-parameter measurement system.

5.2 Miniaturization of RF Test Structures

5.2.1 Conventional On-Wafer and In-Line Test Fixtures
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As illustrated in Fig. 5.1(a), the conventional wafer RF test structure is designed to
mount the devices with probe pads and interconné&bis gate and drain of a MOS transistor
are respectively connected to the input and owmtal pads while the source and bulk are
tied together to the ground reference. Besidesgtband plane (I) is laid out as close to
the MOS transistor as possible;to minimize the #&dand parasitic effects of the dangling
leg in source terminal [17].

Figure 5.1(b) shows the conventional in-line tdsticture. TO monitor a process, the
on-waferstest structure should be inseited interéds line between two adjacent dies and
hence ts total width should be typically less tH&0 um [21]. Once the eleetromagnetic
wave is propagated along the feeding networks withe in-line test fixture, the substrate
coupling. between the interconnects and ground srageuld become considerable. To
overcome._this problem, the bottom metal layer cammdnnected to the ground reference to
shield the semiconducting "silicon substrate. Aseault, both  substrate coupling and
port-to-port isolation can be_significantly imprakeAs shown in Fig. 5.1(c), the GSGSG (or
GSSG) RF probes also can be utilized to furthengedhe length of interconnect [23].

5.2.2 Proposed Miniature RF Test Fixture

Figure 5.2 shows the parasitic model of an RF MOBSHKe&st structure. The shunt

parasiticsY; andY; are the admittances of probe pads and intercoma¢¢he two ports, and

Y3 is the capacitive coupling between them. The sgr@gasiticeZ;, Z,, andZs represent the
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impedances of probe pads and interconnects in #ie, girain, and source terminals,
respectively. Since here the shielding techniqueti®duced, the shunt and series parasitic
networks surrounding a MOS transistor can be repred from the open and short dummy
structures [2], [13] and subtracted outvinandZ-domains, respectively. For the design of RF
MOSFET test structures, intercennects should be waitt short to reduce the IR drop across
Z, andZs. As the spacing between two signal pads becommseshhowever, care must be
taken to avoid coupling from signal_pads to.the M@#hsistor. Figure 5.3 shows that the
measured-probe-to-probe capacitancé increaseg apdlcing between two face-to-face GSG
probes:decreases. This implies that the RF chaistate of a MOS transistorsbetween two
close signal pads will suffer from strong elecfredd and associated problems, which cannot
be easily modeled.

To overcome these difficulties, we propose a mumaatRF test structure suitable for
on-wafer device testing and‘in-line process moimtpin this chapter. As illustrated in Fig.
5.1(d), the MOS transistor s located in an ardavéen the signal and ground pads to prevent
the electric field penetrating, into the device. tdiere, the pad-to-pad spacing can be
minimized and fixture size can be significantly wedd. Moreover, small signal pads (2%

x 50 um) and short interconnect (um x 9 um) are used to mitigate the coupling capacitance
between pads as well as the voltage drop acrossamnects. This miniature RF test fixture

requires only 36 % and 40 % chip area of the cotweal on-wafer and in-line test
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structures, respectively, and it can be used fdh lutevice characterization and process

monitoring.

5.3 Results and Discussion

s was uecflricate the MOSFET test

A 90 nm nine-metal-layer R
structures and de-embed : ' Stans :_ith the dimensions of
channel leng L.
connected e _ n-sou juratiore Al asurements of the
_ dular DC
1easurements,
both DC and
RFch- Stic , h'the same DO 2cts of process
variation.

Figure 5.4 . _ 'eas__,ured DEVb curves of wafe -and in-line MOSFET
test structures. Compared with the conventional g&¢ es, the proposed miniature test
structure demonstrates the highest drain currentieruvarious gate/drain bias conditions.
This indicates the IR drop across the interconnetdtslegrade the DC characteristics as well

as the other parameters of the MOS transistorsur&i®d.5 displays the de-embedded

reflection coefficients &1 and $,) and transmission coefficient§ § and $;) of the RF
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MOSFET test fixtures. It is shown that the resutstained from the proposed RF test
structure and the conventional ones, except th@erdional in-line GSG structure, are in
excellent agreement over the entire frequency rarfiges small inconsistency in the
de-embeddedSparameters may be caused by the higher IR dropoantie larger
interconnect parasitics, which _cannot be properbgeted by open-short de-embedding [8],
of the conventional in-line GSG test structure.urey5.6 also shows no significant difference
in gain-frequency response between.the conventimmalproposed test structures. Based on
the aboveresults, the proposed miniature RF testtare can be used to acquire reliable DC
and RE characteristics of the MOSFETS and redueedghsumption of chip area. The fixture
size of the proposed design is compact and coultlifteer reduced, nevertheless, the pad
size would be limited by the tip sizerand skatimgjahce of the RF probe. Theeretically there
is no lower limit for the pad-to-pad spacing thahde realized. However, care must be taken
to ensure the probing consistency when two sigadkpare placed.as close as possible. For
instance, the automatic measurement system capphiedto achieve good probing stability

[24].

5.4 Conclusion
In this chapter, we propose a miniature RF tesicire suitable for both device testing

and process monitoring. With the application okding technique and careful design of the
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probe pads and interconnects, the chip area girttysed layout can be reduced to less than

40 % of the conventional ones. Compared with theveotional RF test structures, the

proposed new design shows lowest voltage drop ansistent RF characteristics.
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lllustration of RF test structures for-wafer device
monitoring. (a) Conventional on-wafer GSG testdte. (b) Conventiona

structure. (c) In-line GSGSG test structure.
width of interconnect is @m and the estimated resistances of each

are 0.27Q, 0.86Q, 0.32Q, and 0.042, respect

Fig. 5.1
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Fig. 5.2 Lum ed 10S transistor for on-wafer
device testin \ ;
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Fig. 5.3 Forward capacitive coupling between GSGRobes. Two Infinity probes were
placed in air with different separation distancHse reference plane of each port was shifted
to the probe tips using the short-open-load-thtibiation procedure.
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Fig. 5.4 DC characteristics obtained from thé @afewand in-line MOSFET test fixtures.
Io-Vp curves for \s = 0= 1 V with 50 mV steps.

e

Fig. 5.5 Sparameters obtained from the on-wafer and infii@SFET test structures using
standard open-short de-embedding method [2]. Th&ERMET'Ss were biased at:\c Vp =1V
and theS-parameters measurements were performed from 0Zt&GBO GHz.
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CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS

A systematic methodology of designing and de-emiogdtést structures for on-wafer
microwave characterization has been developed alidated. In chapter 2, a length-scalable
Sparameter and noise de-embedding method for oprwidvice characterization has been
presented. The proposed method combines the pHyasexi and cascade-based
de-embedding techniques to de-embed.the parasiticonks in gate and drain terminals of a
MOSFET..To further eliminate the parasitics of damg leg in source terminal of the
MOSFET, the microwave network analysis was: alsaothiced to ' accomplish the
two-port-to-three-port transformation fos-parameters. Both the fixture scalability of
de-embedding standards and the.de-embedding agcaracverified up to 40 GHz. The
de-embedded results ‘indicate. that the proposed amei accurate and. efficient for
characterizing  silicon-based devices. In chapter &, geometry-scalable parasitic
de-embedding method for characterizing multiple M@hsistors has been presented. The
proposed method based on the transmission-linayttzem microwave network analysis uses
only two substrate-shielded dummy structures toemed the parasitic networks
surrounding the global modeling test keys. Both tietwork combinations and the
de-embedding accuracy of the proposed method didated up to 30 GHz. These results

indicate that the proposed method is accurate Hiwikat for evaluating the intrinsic device
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characteristics of multiple devices. In chapteth¥, scalable de-embedding method has been
applied to the RF CMOS process monitoring. With épplication of shielding technique,
EM simulations, and careful design of the in-linestt structures, the intrinsic RF
characteristics of the proposed in-line processitaong test structures match well with

those of the conventional on er ones. In ichaptethe RF test structure has been

miniaturized for both de - D " The h| area of the proposed
compact layout C

terizing two-port
3 d for future
example, the

guires reliable

calibration aracterization in

the millimeters gineers. Further
studies should be lllimeter-wave device

characterization

75



