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Abstract—Manufacturing variability in IC fabrication pro- The intra-die variations can be further categorized into de
cesses is gaining more and more attention as the technologyyice variations, dynamic variations and interconnectatians
dimensions continue to shrink, the operation frequenciesantinue [7]. Device variations mainly refer to the fluctuations irtiee

to go up and the fabrication complexity keeps increasing. Ta . . .
effects of the resulting process-induced variations can ntonger device parameters, including the threshold voltage, thte ga

be simply neglected in advanced design flows. For electrical OXide, the thickness of the gate oxide and the drain/source
verification and simulation purposes after (or during) compgetion  region parasitic resistance. Device variations are calmsed

of the physical design, designers usually employ models or patterning (photo lithography), thin film deposition andréhg
equivalent circuits. In view of the increasing variability in in the manufacturing process.

general, the need arises to study their effects on integrade D . iati iati d to th fi
passive components and eventually to develop parameterize ynamic variations are variations due 1o the operation

models so that the effect of the variability can be more effaely ~ fluctuations of the system, such as supply voltage variation
analyzed. Such parameterized models can be represented indue to loading of power supply grid and voltage drooping, and

various ways, one way is using polynomial expansions arourtie  temperature variations which vary with the location of Hygh
nominal value. Since the order of these expansions determés active blocks throughout the die

the complexity and the accuracy of the model, it is necessary ) tud trat it t iai Th
to find a good balance between the efficiency and the accuracy, ur study concentrates on Interconnect variations. €

which is a major task of this paper. effects of manufacturing variabilities on interconnectyd a

For that purpose, we have studied a system with two coupled integrated inductors have been studied in some papers [1] -
transmission lines using the 3D EM simulator Sonnet10.53, [6], but there still lack of a systematic method to study and
as well as a variety of integrated planar inductors using the ,qqel the effects for passive components.

compact model LSIM3.1 by Philips Electronics. A large amouh - - . . .

of simulation experiments has been conducted to study thefetts This paper wil §tart with a genelral review of Some primary
of process-induced variations in a statistical perspectw. For mechanisms of interconnect variations. In section Ill, we
integrated inductors, we have shown which geometric paranters analyse and present the effects of manufacturing variation
can contribute most to the variability of their inductanqe L on coupled transmission lines based on a lumped element
and quality factor Q and also that the order of magnitude yq4e|. An illustrative example of a parametric model is give

of Q-variability can be around 10% for typical manufacturin g . . . LI
tolerances with the variability of L being smaller. Furthermore, at .the end. Secﬂon IV studies the manufacturing Va”q’b'l_'t
we have also shown that the variability of L and Q can be Of integrated inductors based on a compact model. A detailed
accurately and efficiently captured by first-order polynomial case study is presented to give a clear idea of a variation-

expansions of the component values in a lumped equivalent aware model, which is followed by a statistical analysisngo

circuit model. _ o _ o conclusions are given in Section V.
Index Terms—manufacturing variability, microstrips, inte-
grated inductors, lumped element models, polynomial expasion. [l. INTERCONNECTVARIATIONS

In this section, we will introduce several major process
steps that contribute to interconnect variations; to wiédre
can they influence the geometry and electrical parameters of
Manufacturing variations can be divided into two majothe interconnects and the current compensation approashes
groups, the inter-die and the intra-die variations. We eonc well.
trate on studying the intra-die (also called within-diediaion Lithography Lithography-induced variations usually oc-
which is playing an important role and is gaining interest iour at the corners of interconnect structures and influebged
deep submicron technologies. As its hame implies, intea-diurrounding geometries and the process environment. -Varia
variations are deviations existing within a die. tions in the metal width and the spacing between conductors

I. INTRODUCTION



can extend out to a few microns due to the lithography effects
[8]. Optical proximity correction (OPC) is a technique thst
commonly used to compensate for such pattern transfer non-
idealities by making modifications to mask geometries.

Etching Besides lithography, the etching process can also
contribute to variations in the metal width. This is known as
etch biaswhich is mainly due to the isotropic property of the
chemical ingredient within the etching process.

Chemical Mechanical Polishing The chemical mechan-
ical polishing (CMP) process for meeting planarization re-
quirements in deep submicron technology has strong effects

on the thicknesses of metal layers and inter-layer dietectr Fig. 1: Sonnet schematic: target coupled microtrips.
The CMP effect is highly layout dependent, which is due to
the difference in polishing rate of different materials, de obiatiogst
specific, the metal and the oxide. This effect can be greatly
reduced by metal-fill patterning [9].
Above, we have briefly discussed the causes of manufac- @h Lais N

turing variations in three main geometry parameters, nagmel
the width of conductors, the thickness of metal layers and
the thickness of inter-layer dielectrics. In our study, sthe
parameters are considered to vary independently from each
other. We should notice that the spacing between conductors
is not one of them because the pitch is usually well contolld=ig. 2: Scheme of lumped element model of two coupled
in fabrication process and assumed to be constant in duicrostrips.

simulation experiments.
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I1l. COUPLED TRANSMISSIONLINES in Fig.1 is 50um, which is much smaller than wavelengths

Based on a lumped model, we analyze the effects ik our study in which the simulation frequency range is from
manufacturing variations on coupled microstrips in terms ¢GHz to 60GHz. The coupled microstrips can thus be treated

the behaviors of relevant lumped elements in the model wig§ o parallel lumped line segments as shown in Fig.2.
respect to random parameter variations. We then utiize e analyze the effects of process-induced variations on
1%t and 2% order polynomial expansion approximations t({;oupled microstrips by studying the behavior of each releva

model these behaviors and compare the resuilts to the desightdPed element in the lumped model while applying different
values. Finally, an illustrative example is given. variation values in three process-related parameters:

. . « w: the width of the conductor;
A. Simulation Setup « t,,: the thickness of the metal layer;

Two coupled microstrips are utilized for our study as shown ¢ to:: the thickness of the dielectric/oxide layer.
in Fig.1. This is the schematic from Sonnet10.53 where theThere are five relevant lumped elements, including:
microstrips are enclosed in a six-sided metal box whicheserv , [: the self-inductance of one conductor;
as the electrical ground. The four ends of the two conductors, M : the mutual-inductance between two conductor;
touch the box with four ports, meaning they are connected. R: the series resistance;
to the ground with ports whose impedance are by definition, (C: the capacitance between one conductor and the
50Q2. Two conductors, above which locates the air layer, are ground;
separated from the bottom ground plane by a dielectric layer, C,: the capacitance between two conductors.
The conductors argum in width and1um in thickness. The o G: the conductance between one conductor and the
space between them igim. The dielectric layer i2um thick ground.

with a relative permittivity of3.9. ~ Notice that the manufacturing variations will be applied
From the transmission line theory, we know that the electrjg only one of the conductors. This is because the coupled

and magnetic fields behave like waves in the dielectric lay@hicrostrips are originally symmetrical whei¥% variation is
In order to generate a lumped element model, the transmissigypied.

line is divided into small pieces whose lengths are much )

smaller than the wavelength (less than1/20 of )). Each B- Simulation Results

piece is treated as a lumped element sub-network, refeored tNext, we will give some conclusions drawn from our
as aumped line segmenthe whole transmission line can thersimulation results. A large amount of simulation experitsen
be obtained by cascading a integer number of these lumpgwe been conducted. We will take one of them as an example:
line segments. The length of the coupled microstrips showime series resistance R.



There is a group of four plots (Fig.3) where Fig.3a is it§ABLE I: Comparison ofL obtained from the ** order model
absolute value as a function of the frequency and the paeameind the simulation, i.e(*” order.

variation; Fig.3b shows a cluster of its normalized valu¢s DesignedL simulated Modeled L Deviations
at all simulation frequencies with respect to the variation Lo Lgim Lomodel 0t order | 1°* order
percentage; Fig.3c compares the simulation result withsits | 0.01010327nH | 0.010723nH | 0.010693nH | 6.14% 2.75%

and 2" order approximations at 30GHz and Fig.3d shows
its sensitivity at the designed value of the parameter, 0%.
parameter variations, over the frequency range. we assume the variations in three parameters are- €%
We should note that the calculation of thé order ap- and the simulation frequency 8GH z.
proximation in practice should depend on the distributibn o Thus we can obtain a model (2) utilizing B* order
errors with respect to parameter variations so as to obtapproximation to capture the effects of parameter varatio
an optimum approximation. For instance, if the distribatiowhose behavior with respect to frequencies is followed &ith
is uniform, aleast square fit lineover the target range of least square fit line. This model description can be written a
parameter variations is a better choice while a weigteadt
square fitmay be used for a non-uniform error distribution. In

. /
the last plot, the sensitivity refers to the slope of e order Lmoder = Lo(f) + L/(f’ Aw, At, /At‘”)
approximation. = Lo(f) + Law(f)Aw + Ly, (f) At
In summary, the following conclusions can be drawn from +Las, (f)Atog (2)
the simulation results:
) ] . ] where
1) The series resistanck increases while the frequency ) ) .
goes up as shown in Fig.3b where the curves spread aw(f) = Law(0)+ LA, ()]
around the design value. This is due to the skin effects e, (f) = L, (0)+ LA, (f)f:
and the current crowding; Lo (f) = L (0)+ L4 (OF 3)

2) The inductances, both self-inductanée and mutual _ .
inductanceM become smaller when the frequency goekable-1 compares the self-inductanéegiven by the model

up, as expected; (Limoder) With the simulation result I{,;,,,) at 30GHz with
3) Oppositely, the capacitance is not a function of fre=10% variation in three parameters.
quency as expected; IV. INTEGRATEDINDUCTORS

4) We can see in Fig.3c a perfect agreement between . .
simulation results and th2"? order approximation; A Simulation Setup

5) Simulation results can be linearly approximated. Slight In order to study the effects of process-induced parameter
deviations are observed; variations for integrated inductors, a parameterized @mnhp

6) Obviously, we can see from 3) that the sensitivity ghodel LSIM3.1 (Fig.5) which has been verified by measure-
capacitances is independent of the frequency. While forent results is utilized. The LSIM3.1 model was developed
other lumped elements, their sensitivities to variatiorfer spiral inductors with a few parallel current paths for Q-
are all clear functions of frequency; thus when we incofactor modeling improvement and symmetrical layouts with a
porate the variation sensitivities in our parametric modegnter tap for differential use [10].
description (as will be introduced in the next section), We have conducted a great amount of simulation exper-
their frequency dependency should be considered iggents on three common types of spiral inductors, namely

well. circle, octagonal and square inductors with various geome-
tries and several typical processes. Specifically, sinmurat
C. A Simple Example processes include QuBIC4, C90LP, C65LP and CMOS18.

Finally, we would like to show an illustrative example of dnductor geometries vary in several design parameters) suc
parametric model of coupled microstrips. The output of t2S the number of turns, inductor diameters, the thickness
model in this example is only the self-inductancg) (for of dielectric layers, the space between neighboring tracks
simplicity reason. The model aims at capturing the behasfior the width of conductor tracks, the thickness of metal layers

L versus process-induced variations and the frequencyeTh@Pd the thickness of substrate where the last three are the
are four inputs, namely the frequency)(and variations in manufacturing variation parameters studied in the paper.

the conductor widthAw), the metal thicknessXt,,) and the B simulation Results

Oxffetmglal?ﬁfti‘:)' The influence of variations on two key design factors (i.e.
: the maximum quality factor@,,..) and the effective induc-
L = Lo(f) + L'(f, Aw, Aty,, Atyy) (1) tance {@maz) atthe frequency wher@,.... lies) of integrated
inductors are extracted from the simulation results. Fble
where L’ is the sensitivity of L as a function of parameterand Il display the ranges of variabilities (in percentagé)
variations as well as the frequency (Fig.4). In this exampl€),,., and Lo, respectively for some geometric variations,
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Fig. 3: Simulation results. Blue squares: simulation rssuGreen lines2™? order approximation; Red lines:** order

approximation.

namely the width of conductor tracksv), the thickness of TABLE II: Variabilities of Q,... in three process-induced
arameter variations

metal layers ,,) and the thickness of substratg.,).

From Table-ll we can observe that some manufacturingrarameter Variation(%

variations have strong impacts on the maximum Q-factor.,

The variability of Q,,.., caused by variations inv can

be almost20% while the variations int,, may induce a

variability up to 17.31%. In other words, the mismatch in

Qmaz due to manufacturing variations should not simply

be neglected. Circuit designers should be able to be awal

Variability of Max. Quality Factor(%)
tm tsub Circle Inductors | Octagonal Ind. Square Ind.
-20 0 0 6.24~ 19.21 6.31~ 19.21 6.29~ 17.13
+20 0 0 -13.33~ -6.78 -13.16~ -6.82 -13.11~ -6.84
0 -20 0 -17.01~ -10.41 | -17.06~ -10.46 | -17.31~ -11.43
0 +20 0 8.66 ~ 15.45 8.70~ 15.55 9.51~ 16.33
re 0 +20 0~ 0.032 0 ~ 0.030 0~ 0.033

of these mismatches and decide whether they need to be
considered or modeled under specific circumstances. On the
other hand, manufacturing variations have much less infleierTABLE III: Variabilities of Lgm., in three process-induced
arameter variations

on the effective inductanc&gma. at the Q.. frequency.

Within all simulation experiments, a maximum mismatch gf Parameter Variation(%

nearly 6% inLgmaq. is caused by variations iw or ¢,,. The

ground shielding successfully isolates on-chip inductomd

the substrate, so that the substrate thickmggsdoes not play

a role in influencing neithe€),,,... nor L.

C. Case Study

Variability of Effective Inductance(%)
w tm tsub Circle Inductors | Octagonal Ind. Square Ind.
-20 0 0 3.33~5.23 3.34~ 5.62 3.48~ 5.89
+20 0 0 -4.13~ -2.75 4.2~ -2.74 -4.95~ -2.76
0 -20 0 0.72~ 1.84 0.74~ 1.94 0.67 ~ 2.05
0 +20 0 -4.95~ -0.75 -6.28~ -0.82 | -5.63~ -0.76
0 0 +20 0.028~ 0.076 | 0.036~ 0.073 | 0.040~ 0.072

An octagonal planar spiral inductor with @,,., around
15 at 2.5GHz is simulated in the case study. This 5-turns

inductor has a typical dimension &f00um in the outer- 3um in track spaces. Such a symmetrical inductor with a
diameter and 76 m in the inner-diameter as well as a typicakenter tap for differential use is commonly used in RF cisui
set of geometric parameters tdum in the track width and like voltage control oscillators (VCO). This particuladinctor
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structure was compared to the measurement results in [SFOCESBLE 1V: Geometric parameters and design criteria of the
QuBIC4M6 (the thickness of ML6 i8.05um) with medium  ¢gse inductor

resistivity substrates [10]. Target Geometric Parametels ~ Parameters Variations(%)
We know from Table-1l and Il that the process-induced wo tmo Aw Atm
variations inw andt,, are the major factors affecting, . 10pm 3.05um —5% —20%
and Lomaqe While the substrate thickness has a tiny impact. | Designed Criterion Factors Deviations
Therefore we only consides-variation Aw) andt,,-variation Qmaz Lomaz(nH) AQmaxz ALQmaa
(At,,) as the parameters of the model in the case study. Based 14.4304 11.011 —9.3% 2.3%

on practical considerations, we assume a process-induced
variation of —5% in w and —-20% in t,,.
Table-IV gives an overview of the inductor structure unhecessity of bringing manufacturing variabilities intacciit
der study, manufacturing variations and the induced prgpesimulations.
variabilities. There is nearlf0% deviation of Q,,,q, from Based on the simulation results, we study the behav-
the designed value of4.4304, from which we can see theiors of design criterion factors with respect to parame-



TABLE V: Design criterion factors’ designed values, pro-
cess/manufacturing values, approximated values fronithe

order model and its deviation from process values

Design Factor| Designed Value| Process Val.| Approx. Val. | Deviation
Qmax 14.4304 13.0900 13.32 1.76%
Lomaz(nH) 11.011 11.259 11.26 0.0089%
Coil Coil
o] O
Tapl Ra:ITaT:O L(AwaAtm) = LO+LwAw+Lthtm (6)
Shisld Shield = LO X [1 + ALU}Aw + ALtm Atm]
RS Based on (5), (6) and (7), the design criterion
Wi factors Qua: and Loma: as functions of variation-
aware lumped elements can be derived as,
Fig. 5: LSIM3.1 equivalent circuit. [10] Qmaz(R(Aw, Aty,), C(Aw, Aty ), L(Aw, Atyy,)) and

Lomaz(R(Aw, Aty ), C(Aw, Aty,), L(Aw, At,,)).
For the case study, we have
ter variations and find out an appropriate order approx- Qmas(R(Aw, Aty), C(Aw, Atn), L(Aw, At))

imation. We intend to use variation-aware lumped ele-

ments in the compact model (Fig.5) to capture the effects — Qumaz(R(=0.5%, =20%), C(=0.5%, =20%), (")
of manufacturing variations, resulting in a model descrip- L(-0.5%, —20%)
tion asQmaz (R(Aw, At,, ), C(Aw, At,y, ), L(Aw, At,,)) and = 13.32 (8)

Lomaz(R(Aw, Aty,), C(Aw, Aty,), L(Aw, Aty,)).

Lomaz(R(Aw, Aty,), C(Aw, Aty,), L(Aw, At,,
To achieve it, we analyse the behaviors of the three groups Qmaz (R(Aw ), ClAw ) L(Aw )

of lumped elementsK, L and C) with respect to process-  ~— LQmaz(R(=0.5%, =20%), C(~0.5%, —20%),  (9)
induced parameter variations respectively. But here wé wil L(-0.5%, —20%)
only presentk as an example. = 11.26nH (10)

D. ResistanceR(Aw, At,,) Table-V compares the values @f,,q, andLgmq, obtained

The behavior of resistances with respect to parameter va{FF—’m thelst—_order model to simulation results (_i.e_., values after
ation Aw is shown in Fig.6a, from which we can see tI,]ar{nanufacturmg process). We read a small deviation of lems th
variations in metal width have no effects on resistancess Tl‘?%_ N Qmas and a tiny deV|at|or_1 around.009% in LQmMF’ )
is because of a combined effort of the current crowding anfgich, together with the modeling process described in this

the skin effect where the current crowding is the dominaffction. demonstrates the possibility and the effectisene
factor [11] [12]. of describing variation-awar€), ., and Lgm., based on

st H H
Metal thickness variations, on the other hand, should bela —°rder approximation.

key factor as indicated in Fig.6b whefs — R, represent for g gtatistical Study
the resistances of inductor tracks. The maximum deviation o

1%t —order approximations from simulation results3i93% in
the case study where the parameter variation, is —20%.

A statistical study on the deviations 6f,,,; and Lgmax
due to a0*"-order approximation and &*-order approxima-

Rs — Re are not functions of variations in this metal IayeFon was conducted by randomly varying two most influencing

(ML6 of QuBIC4 in the case study) because they stand fhprametersy andt,, by £10% and+20% respectively (using

other resistances in the ground shielding, the center tapl"wha l:jnfﬁrm dlstlrt'|but|on).hThe t(_)taanur;b_T_L of samples ('js 1.0?0
are not on the same metal layer as the inductor. an € resulls are shown In Fg.7. 1he average deviation

The 1%t-order variation-aware model description of resis(-abSOIUte values) ofdyq, using 0% ordfar appro>t<|mat|on
tance can be written as IS 6.81% ar_1d drops_ down td.23039% using the_ls o_r_der
' approximation. While0** order approximation is utilized,
there aret1.4% of the samples with a mismatch smaller than
5% and 75% samples with a mismatch smaller tha6%.
With 1%* order approximation, more thai0% samples have
Similarly, we can derive th&*t-order variation-aware modela mismatch smaller thaf.2% and 80% have a mismatch
description of capacitance and inductance: smaller thar0.4%. As to Lgma., the average deviations using
0" and1%* order approximation are.1085% and0.064532%
respectively. Around:0% samples have a mismatch smaller
than1% using0*" order approximation an80% samples have
a mismatch smaller thah 1% using 1%t order approximation.

R(Aw,Atn) = Ro+ RoAw+ RimAtm,

Ro X [1+ ARyAw + ARy Aty

(4)

C(Aw,Aty,) = Co+ CpAw+Cy, Aty

Co x [1 4+ AC,Aw + AC,, Aty

(5)
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V. CONCLUSION have conducted a large amount of simulation experiments and
a few examples to indicate the necessity and possibility of
In this paper, we studied the effects of process-inducegbdeling these manufacturing variabilities. For industave
variations on two integrated passive components, namely tiyave shown that the mismatch in Q-factor while neglecting
coupled transmission lines and integrated inductorsizitd process-induced variations can be in the order@f for
3d em simulations and a compact model respectively. We



typical manufacturing tolerances, which will drop down to
around2% if a 1°*-order approximation is applied.
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