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Characteristic Impedance of Integrated Interconnedons:
RF Experimental Extraction and Limit of Validity

J. Roullard!, S. Caprard', T. Lacrevaz', M. Gallitre *?, C. Bermond', A. Farcy?, B. Fléchet

! Université de Savoie, IMEP-LAHC,UMR 5130, 73376 Reurget du Lac, France
2STMicroelectronics, 850 rue J. Monnet, 38926 Ceotledex, France

Abstract: In this paper we extract the characterisic impedance of Back-End Of Line (BEOL)
interconnections from radio frequency (RF) scattemg parameter measurements. Quantification of the
electric interconnection performance on a broad frgquency band requires a good knowledge of the
characteristic impedance Z and the propagation exponent. This propagation exponent is easily obtained
by measuring two interconnections with different leigths. However, because of the complex test struceu
with mismatched ports where interconnections are ebedded, the extraction of Z from scattering
parameter measurements remains challenging. To sa@wthis problem, we propose an approach based on
the Winkel method without using simplified hypothegs generally applied. Limits of validity for our de
embedding procedure to extract characteristic impednce are also analyzed.

Key words:Characteristic impedance, interconnections, de-embedding, impedanjtenp, transmission line.

1. Introduction 2. Description of the de-embedding procedure

Nowadays interconnections play a dominating part on The objective is to determine the characteristipgdance
integrated circuits performance of the new genenati as of the under test interconnection zone, noted DFig. 1,
CMOS sub-65 nm nodes [1]. They are indeed at tlggnoof using [S] scattering matrix measurements obtainéth &
more than 40 % of the functioning circuit's time.ewW vector network analyzer (VNA).
technological developments are thus necessary mmafothe All de-embedding classics procedures require edgmta
privileged ways is the integration of intermetalifsulators electric models, for "pads” and “access" zonessahdétand B
with a low permittivity, as SIOCHg( < 2.7) porous oxide [2]. in Fig. 1, leading to the DUT zone. These equiviatdectric
This low permittivity makes possible to reduce at® the models are inevitably not perfectly rigorous anduce some
capacities of the interconnections, crosstalk aaldyd approximations in extraction procedure.

To quantify performance of interconnects, as delsg On the other hand in T.M. Winkel works, two devices
time and crosstalk, propagation exponent and cteristic families (Fig. 2), allow to determine the interceation
impedance of these transmission lines must bea&ttaThe characteristic impedance without using equivaleleictec
major difficulty of such measurements comes frone thnodels for Aand B zones.
surrounding of interconnects. Indeed they are euhbedn a A DUT B
complicated stack inside the Back End Of Line (BEQdith :

contact pads, vias or dummies. De-embedding proesdu _
must be performed to avoid parasitic effects duethis M

surrounding and to extract intrinsic electricalfpemnance of

interconnects. De-embedding procedures to measure & v
propagation exponent of interconnects are well km@amd ' Access
rigorous [3,4]. Rigorous extraction of charactécist Pad

impedance for embedded transmission lines s
mathematically unsolvable without a reference inqree Fig. 1: Schematic top view of interconnection untst embedded
used as calibration standard and this standard rhastinside pads and access lines.

measured in the same surrounding of the intercarumsaer Al L IB
test. This standard calibration is not rigorouglgdible. Many _ _
procedures have been proposed to extract the ¢bastic ! ! : :

impedance of embedded interconnects without thiseelaled
calibration standard [4-7] but they need hypothdsesolve
the equations associated to each approach.

In this paper we propose to improve the method
developed by Winkel [6,7] to extract the charastési Pad
impedance of transmission lines and to adapt thithad to @) (b)
interconnect integrated in BEOL. Accuracy of ourtinog is Fig. 2: Schematic top view of de-embedding devices
analyzed and a study about limits of validity isfpemed.

(a) Device for impedance characteristic determimatf pads
(b) Device for impedance characteristic determaratof DUT.



Each family requests several [S] scattering matrdharacteristic impedance.Z
measurements, for different devices lengths L. Avimus Zone A of the device represented in Fig. 2a can be
OSTL calibration is performed in order to set a (b0 decomposed as in Fig. 3:
reference impedance at the probe tip.

Results from measurements of devices representeidin < [Ad
2a are used to determine the pad characteristiedamnce £ ~ (A
Next results from measurements of devices repredeint o )

Fig. 2b are used to extract the characteristic dapee Z of et
the interconnection under test. Lo '

The following section details the procedure of deig. 3: Schematic decomposition of zone A of theicedescribed in
embedding to extract the characteristic impedanicéhe Fig. 2a.
interconnection under test.
The zone A can be decomposed into two elements: a
2.1 Determination of the pad characteristic impedace Z-  reflection element noted jA(Length: Ly and propagation
exponenty, ) and a transmission element noteg(Length:

2.1.1 Measurement stage L, and propagation constant, ). From this decomposition,
Measurements of the two [S] matrix for two differenhe following relation can be obtained:

lengths L1 and L2 of transmission lines, obtainewrf the

device presented in Fig. 2a, are necessary to oéxtre o — (6)
characteristic impedance of the pads;(&nd $,,). Each [S] ~ "7 Arho- oAz

matrix is expressed in [T] matrix. As each devian de _ _

broken up into three zones, noted A, L and B, tileWing where A, and A, are the normalized matrices.

relations are obtained: 1 0
- h(y,- Lo) 7

A =| angh(y,. Lo )
Ta=Ta Ty Ts (1) z, 1
T,=T,.T,.T, ()

[coshy,.L,) Z,.sinh(y,.L,)

Ta, To, Tg correspond respectively to the [T] matrices ot A, =| sinh(y,.L.) (8)
and B zones. A zp ° coshy,.L,)

p

Tg can be eliminated by the operation:

T T =T T.T.t71 (3) From equations (6), (7) and (8) thepAmatrix can be
m2* Tmi ATTL2TTLL A obtained according to oZ By transforming the A matrix
into T matrix (noted 7), the following expression can be

T.1 and T, matrices are easily known using the measuremeletermined:

of the propagation exponenbf the device.

-1 -1
We note: TThp =T,.T,.T, .T, 9
T T =T ) - |
m2* 'mi mp By transforming T, on ABCD matrix, noted 4\, the XP
coefficient can be defined according ta Z
By transforming the J, matrix into ABCD matrix, noted Ahp12
Amp, it is possible to define the XP coefficient: XP= A— (10)
hp21

XP = /—A“p“ (5)
] Anpzl 2.1.3 ldentification

The following relation is obtained by using equasd5)

Value of XP is known by measurements. and (10):

In the next paragraph, we are going to determitiage XP = /M = /m (11)
theoretical XP expression, according g ®ith a theoretical Aanl Ahle
model. Then we are going to dedugel®¥ identifying both
XP expressions. Ampi2 and Anp1 terms are known from measurements.

Amnp12 and Anpz1 terms are expressed according (o Thanks
to the identification of these four terms, @n be deducted
according to XPy, and Ly values:

2.1.2 Theoretical model
In this paragraph, expressions of thg matrix terms,
given by equation (3), are established accordinth& pad



Zp = XP.Zg. 1-tanHyp.Lo) 2

2.2 Determination of the DUT interconnect characteistic
impedance Z

The characteristic impedance, determination of the
interconnection under test is based on the sameothets the
extraction of the pad characteristic impedance.

Measurements of devices described in Fig. 2b alltows
determine XL coefficient (equivalent for the intenmect of
the XP coefficient for pads) which is identified tihe
theoretical XL expression, according tg Z

To obtain the theoretical XL expression, it is reszgy to
express the ABCD matrix of the zone A, namegd,/f the
device shown in Fig. 2b. This zone A is decompdsétiree
elements (Fig. 4): Afor the reflection part, Afor the pad
transmission part and A(Length: L and propagation
constantyy) for the interconnect transmission part.

(12)

Ad —+ |

; = [AJ
Al —TT—

Pl Lo, |

Lo Ls

Fig. 4: Schematic representation of the zone A tfog device
described in Fig. 2b.

The following relation can be deducted foisA
AAS = A1.P0-Ap-As. A3
where A; et A; are the normalized matrices.

(13)

So, from this matrix and measurements made on €gvi
shown in Fig. 2b, measured and theoretical XL ccieffits
are obtained. The first one is known and the secomsl is

according to Z Then by identification, the characteristic

impedance expression of the DUT interconnegt, cdn be
deducted.

Zc=2p \/% (14)
with:

num=Z p2 .sinh(yp .L p)2 + 202 . XL2 .

(cosl{yp . Lp)+sinh(yp . Lp).tant(yp . Lo))2 )

deno= ZOZ.XLZ.

(sinh(yp . Lp)+ cosr(yp . Lp).tanf(yp.Lo))z. (16)

VA p2 .cosl‘(yp .L p)2
3. Results of characteristic impedance
extraction

3.1 Description of validation devices and results
Devices were designed with a simple technologitatks

shown in Fig. 5, composed by a glass substrate and
aluminium  metallic level. Two different  widths
interconnections, 40 pm and 100 um, were realized.

Al [Al] [ Al ]

Glass substrate

Fig. 5: Schematic cross section view of the device.

In order to validate this extracted characteristipedance
method, a comparison between the developed mefby, (
a localized element method (LEM) and a 2D simufatio
(QUEST Silvaco) have been realized.
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Fig. 6: Comparison between experimental and sinaratesults
from two devices with different widths.
(a) Absolute value (b) Real part (c) Imaginary pertharacteristic
impedance



Fig. 6 shown that, the developed method is moreigge  According to Fig. 6, an higher value of real paft o
than the localized element method. Indeed resufta&ed characteristic impedance at low frequency have been
with this method are almost identical to those wistéh by obtained due to the effect of metal loss. Howevaghh
simulation on the broad frequency band, due to tfrequency stabilization of real and imaginary paefects a

consideration of the propagation phenomena in pads. substrate without loss.
12000 DUT interconnection characteristic impedancg ahd the
oM /\ M propagation exponentare enough to deduce the R, L, C, G
5 10000+ . gimulation parameters. . _
£ | Fig. 7 presents results obtained by using Zc frive t
O 8000 :
e developed method and Zc from 2D electromagnetic
E 6000+ simulation. Experimental extractions are stackedh whe
€ 4000 simulation for L and C parameters on the broad ueegy
= band. Concerning R and G parameters, a light vaniat
2000 beyond 10 GHz was observed.
0 Resistance parameter increases with the frequembigh
0 10 20 20 40 reflects the skin effect in the interconnection. Wtver
Frequency (GHz) frequency, fields in metallization were observed the
increasing inductance. However C parameter renmstaide,
@ =
due to glass substrate. G parameter variationestala lack
TEo7 - of precision in the extraction of primary paramster
€ 6.E-07 - - Simulation— Lo i i X
= S 3.2 Description of microelectronics devices and refs
g 5E07 somm Following the validaton method, sub-micronics
E interconnections are characterized in a real enwient of
g 4EO0T) integrated circuits of the 45nm node where metéiliies are
i N 100 pm 450nm widths copper. This device, show in Fig. & a
' : realized with a silicon substrate layer, a coppmyret of
2 E-07 ‘ ‘ ‘ 100nm thickness, then a 900nm silicon dioxide laged a
0 10 20 20 40 220nm of BDIIx layer are deposited. On the lastelev
Frequency (GHz) metallization, interconnection and ground are oisdiwith a
(b) 140nm copper thickness and between metallizaticBDHI
1.8E-1( layer are deposited.
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(©) Fig. 9 compares the DUT interconnections chareastteri
24 impedance obtained with the developed method asetho
DM obtained with simulation, we can see a very goagemgent
2,7
= - - Simulation /‘1/ \{‘ on thebroad frequency band
=~ 1.6 A nﬁ'
5. W
8 12-
qé 100 pm
g 08 W
8‘ —~— 40 um

0-: //‘\ - \/(/‘;\ (/5\
D 10 v 20 \/)V ;8\/\ /\MAO

Frequency (GHz)

(d)
Fig. 7: Comparison between experimental and sinaratésults
from two devices with different widths.
(@) R parameter. (b) L parameter. (c) C parameter. Gd
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Fig. 9: Comparison of absolute characteristic impedavalue,
between experimental result and simulation for a0 4Bm
interconnection width.

4. Transitions considerations - Limit of validity

4.1 Theoretical model

of Qp and Q. quadripoles, respectively note¢pSand Qp-
The [T] matrix of the pad-interconnection transitiooted T
can be determined with the equation 19 and by fivaméng
previewsly [S] matrix into [T] matrix, respectivehoted Tp
and Top-.

Top =Top T, (19)

Once the [T] matrix known, the, Batrix can be deducted
and compared with the; Snatrix obtained by considered the
transition like an impedance jump.

If S; and $ matrices are identical, the extraction
procedure is valid and we can consider the tramsiike a
simple impedance jump. In the contrary case, thasition
between pad and interconnection does not behasaesimsple
impedance jump and the Extraction obtained is falsified by
the bad modelization of the transition.

4.2. Experimentation to find the limit of validity

Tested devices, show in Fig. 11, were realized ftmm
technological stacking of integrated circuits cosgmb of a
silicon substrate, a thin SjQayer and copper metal lines.

For the DUT interconnection characteristic impe@angy,gies have been execute on devices having differielths.

determination, the transition between pads andslime

considered by a simple impedance jump, modelizedaby

reflection coefficient, equation 17, and a [S] matmoted 38,
shown in matrix 18.

(z,-2.)
r=+ ZP+Z (17)
p C
Ir| 1-12
&' = (18)
V1-r2 ||

However, to be more meticulous, this transition ten
represented by a quadripole having a [S] matrixecdS
which is different to impedance jump [S] matrixs, S
especially when the topology is marked.

In order to know the limit of validity of this medld, we
compare the Smatrix at $ matrix. We obtained Smatrix
from a double LRL calibration realized on the lewélP and
P’ plans, on specific structures shown in Fig. 10.

Fig. 10: Schematic top view of device for a doubRiL calibration.
The first calibration is performed on P level ark tsecond
calibration on P’ level.

With this two calibration, we can deduice the [S3trix

Sio,

Silicon substrat

Fig. 11: Schematic cross section view of the device

The configuration studied is composed by a 3 um
interconnection widths and 50 um pads widths.

According to Fig 12, § and $; parameters of the
transition, between pads and interconnection, nbthby the
double LRL calibration (noted Real Transition), acenpared
at the impedance jumpSand $; parameters.

1
i —e e an
[
% 084 Q) 521
% — Real Transition
© mp
S 0.6 Impedance Ju
.(%‘
0.4 B e A
S12
0.2 T T T
0 4 8 12 1€
Frequency (GHz)

Fig 12: Comparison between transitignrBatrix and an impedance
jump § matrix

The relative rati® (equation 20), between the both matrix
can be deducted, by using; $natrix parameters of the
transition. This value represent the error whencosmsidered
the transition like an impedance jump.



(20)

In Fig. 13 it can be observed that the relativeorerr
increases in an exponential way according to thquency.
For example, a 3 um width interconnection presamsative
error insignificant for frequency lower than 5 GHan the [1]
other hand for frequency above 5 GHz, the errorar@dthe
characteristic impedance can not be ignored beceidus%]
reaches a little more than 5 % at 15 GHz.

10
(3]
S 8
< [4]
2=
2 6
IS
[}
2 47
g (5]
(9}
X 24
0 s : :
1 6 1 16 (6]
Frequency (GHz)

Fig. 13: Relative ratio for a 3 pm interconnectiadtiv.

small form factor.
The knowledge of the constant propagation and the
characteristic impedance of the interconnectioth eviable to
determine the R, L, C, G parameters which allow to
determine
metallization conductivity of the interconnect netl:

the dielectric materials permittivity dhe
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method, extractions were realized on interconnastiwhich
widths varied between 3 and 25 pm aGlHz (Table 1).

Table 1: Relative error onyBarameter for different interconnections

widths at 15 GHz, between our developed method and
measurements.
Interconnection width (pm) 3 |5 |10} 25
Relative error (%) 51|25 18 13

According to these results, the error made decseaken
the interconnection width increases and gets clmstre pad
width. Therefore, the modelling transition pad-otemection
by a simple impedance jump will become hazardous fo
lowest interconnection width. In order to corredtet
transition effect, it will be necessary to carryt an iterative
process on Zuntil obtaining the samej;Smatrix for the
transition, between ;Smatrix obtained by measurement)(S
and § matrix obtained by the developed methogd (S

5. Conclusion

The extraction protocol of the characteristic imgeck
was validated on devices with a technological stack
composed of a glass substrate and aluminium netaiks
then interconnections of advanced microelectroiizuits of
the 45 nm node. The developed method allows toirbta
results more precise than the localized method exsn

The double LRL calibration procedure allows to fyethe
consideration of the transition pad - interconractiand
shows that the extraction is reliable when traosgi are a

lenghts", 47th Automatic Radio Frequency Technig@esup, pp. 102-
111, June 1996.



