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Broad-Band Microwave Characterization of
Bilayered Materials Using a Coaxial Discontinuity
with Applications for Thin Conductive Films for

Microelectronics and Material in Air-Tight Cell

Nour-eddine Belhadj-Tahar, Olivier Meyer, and Arlette Fourrier-Lamer

Abstract—A new measurement method of complex permittivity precise permittivity estimations. Another problem encountered
of bilayered materials has been developed using a coaxial discon-in practice is the air gap near the inner conductor for the
tinuity. The electromagnetic analysis is performed according 10 athod where a test specimen is inserted in a precision coaxial
the “mode-matching” method. The reflection coefficient of the . i Itis sh in 141 that ai b d
principal transverse electroma_gnetic (TEM) mode is calculat_ed ar fine. _'S s Own '_n [4] Td alr—_gap e_rrors ecome more an
by matching the fields at the interfaces of the layered material MOre serious with increasing dielectric constants. A coaxial
and using the orthogonality properties of modes in cylindrical capacitor model for air-gap corrections is used in [5].
waveguides. The complex permittivity of several known liquid  Open-ended coaxial lines are commonly used as electromag-
or solid materials in bilayered structure are measured using this netic probes for nondestructive testing. The method has been
method. The experimental results over a wide frequency band (1 . . S

found to satisfactorily work for liquid measurements where

kHz-18 GHz) are consistent with those in previous papers and . . g
with dc measurements. good contact between sample and probe is easily obtained

s Tems-Siayered s, o st 5 100018600 prope e ecenty beer proosca T
coaxial discontinuity, microwave characterization, mode-
matching method. be used for the layered problem.

The purpose of this paper is to outline a broad-band mea-
surement technique for bilayered materials in confined media.
The method proposed here uses the inner-coaxial conductor

HERE is an increasing interest in broad-band measumtiscontinuity into which the cylindrical sample to be measured

ment of the complex permittivity of materials in layereds easily inserted. The problem analysis is based on the
structures. The knowledge of thin films permittivity is essentigresence of higher-order modes in materials to be tested
in microelectronics since their performances are related to thaird excited by the coaxial discontinuity [8]. The capacitive
frequency behavior. Other applications are also encounteredhature of these higher-order modes of transverse magnetic
tight media where the measurement of permittivity shows tlf&M) type and their evanescent character allow permittivity
evolution of the state of matter with temperature and time amgeasurements from low frequencies up to 18 GHz in APC-7
enables the following of the physical process. mm standard and 40 GHz in APC-2.4 mm standard on samples

Due to its relative simplicity, the transmission/reflectiomvith thickness greater than Oidn. The method is best suited
(TR) method is presently the widely used broad-band mefar various scientific applications, where only small quantities
surement technique [1]. This method, where a sample of tbkmaterials are available.
material to be tested is inserted in a waveguide or a trans-
mission line such as a coaxial or planar line, is nevertheless Il. DIRECT PROBLEM
limited in frequency. The increase in frequency is limited by
the appearance of resonance phenomena due to the sarmpleormulation of the Problem
length. The explicit solution for permittivity determined from . . N S
measured reflection coefficient leads to an ill-conditioned shetThe proposed structure is depicted in Fig. 1. The coaxial air

of equations when the sample length is equal to an integrfgle (A region) is loaded by a circular waveguide. This circular

number of half-wavelengths inside the sample. To bypass tH\{gvegwde is filled with a bilayered material and a short-

C|rFuited back side. Both layers 1 and 2 (B and C regions) are

problem, a short sample can be used. However, the use Ssumed isotropic and nonmagnetic. The relative primitivities
short samples lowers the measurement sensitivity [2] whié P . g L P
ande, are dimensionless numbers in general are complex

makes this method inadequate for the thin film’'s measureme L frequency-dependent
Iterative algorithms are also used (i.e., [2] and [3]) to find more d y-aep I .
Let us consider an incident transverse electromagnetic

Manuscript received February 16, 1996; revised October 18, 1996.  (TEM) wave in the coaxial line. At thee = 0 plane, the
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Regions In (1)—(3),Z; represents the linear combination of tie order
A B ¢ Bessel functions of the first and second kinds as follows:

Z; (7rrn7)) = Ji(’]rrnT) + GArnNi(ﬂ_rnT)- (8)

In the first layer (B region)

E.5= Z B, Ji(Anr)exp(vBnz) + T exp(—ypnz)]  (9)

n=1
Fig. 1. Cross section of the studied structure. i A
Ep=>)_ B = Jo(Man)[exp(v807) = T exXp(=7502)]
n=1 n
(10)
Yo A Hop =Y  YpnBnJiQr)exp(v8n7) — I exp(—78,2)]
n=1
(11)

z=0

wherel’,, represents the reflection coefficient of tié,
higher-order mode in the first layer at the= 0 plane, and
the admittance of this mode

Fig. 2. Equivalent representation of the structure.

involves they, determination by a modal analysis combineé/B"

with the mode-matching method. Y, = _ngogl (12)
YBn
B. Fields in the Structure with
The nature of the TEM mode and the cylindrical symmetry
of Fig. 1 enable us to predict that only higher-order modes of YBn = \/ A2 — k3e1. (13)

type TM independent of the azimuthal angle F are excited at
the geometrical discontinuity plane= 0.

In the coaxial line (A region), the components of the total o
electromagnetic field are Evc =Y Cpdilxpr)shlycp(z + di + do)] (14)

In the second layer (C region)

1 . . P=
Erq= ;Ao[exp(ﬂfoz) + I'exp(—jkoz] > . xp
Bic = 3Gy~ Jolxpr)ehlicy (2 + du + d2)] (19)
p=1 P

+ Z ArnZI (7rrn7>) eXp(—’YAan) (1) oo
m=1
oo . Hoe = ZYCpijl (xp7r)chlyep(z +di +d2)]  (16)
EZA = Z Arn ,y:l ZO(’]I-TRT) eXp(—’YAan) (2) p=l1
3"=1 with
Hgq == AoYaolexp(Jkoz) — Dexp(—jkoz
®A = OOOAO[ p(jkoz) p(—jkoz] Yoy = —j wjgefz (17)
b
+ Z ArnYArnZI (WAWLT) eXp(—’YAan) (3)
— and
where a time dependence ekp(jwt) is assumed, with Yop = /X2 — kiea. (18)

w = 2xnf and f the operating frequencyd, represents the

incident TEM wave amplitude anH its reflection coefficient =~ The E. axial component of the electrical field for each TM
at thez = 0 plane.Y 4y andY,, are, respectively, the wavemode must be zero at the conductors in the three regions.
admittances of the TEM andMy,, in the coaxial waveguide The following conditions are thus obtained by canceling the
relations (2), (10), and (15):

Yao=—y/— (4)
. Ho Z0(7rma) :Z0(7rmb) =0 (19)
Jweo
YArn = (5) Jo()\na) =0 (20)
. I Tam . Jo(xpa) =0. (21)
with £y and o the permittivity and permeability of free space
_ Equation (19) enables us to determine the coeffici@nt,
ko = wy/ 6
0 = wWvEoHo ©) contained in (8)
and Jolrma) __ Jolrmb)
_ o\Tma _ o\Tm
YAm = 7r72n - k(% (7) GATn B NO(Wrna) N NO(W—nlb) (22)
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and, thus, from the following transcendental equation, we This may be written in the form
obtain the coefficientsr,,:

2/{}0@&‘1
JO(Wnla)NO(’]rrnb) - JO(anb)NO(Wrna) =0. (23) Ye = Jhl ( ) < Z xnlynz> (31)
b m=1
The constants\,, and x,, are obtained by solving (20)—(21). _
Note that),, and x, are equal forn = p. whereyo, r,, andy,, are defined as
From the relations (9), (11), (1), and (3) the boundary 1—T ) PO
conditions for the transverse components at.the 0 plane Yo = Z o g( nb) (32)
are written in the following manner: o1+ Tn A2a?\/A\2a? — KRa?ey JE(A
Am
E’pB = 0 0 <r < b (24) Tm = me1 (7r'rnb) (33)

Ep =) BuJiQwr)[1+T,]

1-T', 1
— Ym = — 5
=t nzzl T+ T (Ma? = n2,02)y/ a2 = Rgale;

= %Ao[l T4 Y AnZi(mnr)  b<r<a (25) ~JE(OwD) (34)
7 me=1 JE(Ana).
Hgp = ZYBanjl()\nT)[l -1,] b<r<a In (31)—(34),I",, and z,,, are still unknown.
n=1 I',, is computed by using orthogonality properties of TM
1 o0 modes in the cylindrical waveguide. The total electromagnetic
= AoYaoll 1T+ > AnYam Zy (7). (26) field in the B and C regions is matched at the plane —d;.
m=1 Referring to (9), (11), (14), and (16) we have
The coefficientsA,, and B,, are determined by using the oo
orthogonality properties of Bessel functions. E.p= Z B, J1(Anr)exp(=vBnd1) + T exp(vBnd1)]
The first step consists of performing the integrals n=1
15 rJi(A\nr)E,.p dr. The substitution ofF,.5 from (24) and
(25) in the above integral yields = Cpilxpr)sh(vcpds) (35)
p=1
B,[1+T,] 2Jo(Anb) oo
N o L+Tl5 20272 (M) Hop =Y Yo Badi(ar)[exp(—7Bnd:)
n=1
Z rn bZl (7rrn b) (27) _OOFTL exp(fan dl)]
2
oy Ao(1 1) Ty = 3 Yer Cp i (xpr)ech(rcpda)- (36)
n p=1
forn =1,2,3--- The above relations are used to perform the integrals
Ne_zxt, we integrateHsp betweenr = b andr = a. We J& rdi(Mr)E,g dr and [§ rJi(\,7)Hep dr. Integrating
obtain from (26) and using (12) and (17), we may write
YioAo[l — Iln (%) = YBA"B "1 = Ta]Jo(Aeb). (28) Bylexp(=yBndy) + 'n exp(ypndi)]
=1l " = Cpsh(yepds) for n=p (37)
£
At the = = 0 plane the input admittance normalized ,y—an[eXP(—’VBndl)—Fn exp(vBnd1)
in relation to the characteristic admittance of the coaxial B 9
waveguide is = ECpCh(WdeQ) for n=p (38)
1-T .
= — 29) with
Ye =131 (29)
so (27) and (28) give us the result VB =1/ A2 = kel (39)

2k0a5 i J2(Anb) vop =3/ X5 — ke (40)

(_ = [A2a2JE(Mna)]V/ A2a? — kjale; and

- rn bZl (anb) (30) Xp = )\n for n= p. (41)

m=1 Ao(1+1T) 7r_72n -1 Combining (37) and (38) the value bf, is then found (see
A% (42) at shown at the bottom of the next page).
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The unknownsz,, are found from (26) if the integration 0.35
of the quantityrZ; (r,,7)Hep is made betweem = b and |

r = a. The result is 0.29 \f»\;\‘\
\ 332 be

ge & be

Ya a*Z3(m,a)
5 AgbZi(mgb) [W(w:b) -1 0.23 - I
YBnB An Jo()\ b) 0.17
= Z [1—T,) (43) N=3 N=6 N=10 HFSS
. . 0.11
If Ya,, YB,, and B,, are substituted with (5), (12), and (27)
in (43), it may be shown that 0.05 L~ T C
1 Aq 272
S bZI(qu)[b;LZQl(W)b _ 1} 1 10 100
dey /7202 — kZa? 0[1+ ] i(m+qb) M (modes in coaxial air line)
s )\%GQ 1-T, Fig. 3. Variations of the admittancg. = g. + jb. vs M for various
= - 5 values of N at 1 GHz. The simulation uses = 3.5 mm andb = 1.52
= (A2a? —w2a?)\/A2a? — kiera? 1+ 1% mm, with d; = 0.5mm,ds = l4mm,e; = 9.6 (alumina window), and
P oo A b7 ; €2 = 14.78 — j10.43.
. g( n ) 1— Z m 1(7rrn ) (44)
J2( M\, a) Ao(l +T) 72,02 — \2a?
(n = 1,2,---,N). In the same manner, to compute the
or most conveniently unknownsz,,, we consider a\/ number of TM,,, modes
in the coaxial line(m = 1,2,---, M). Hence (45) is reduced
Z AT = g g=1,2- (45) to a system ofM equations withA unknownsz,,. From

this, 5. is obtained. Since the value &f governs the number
of simultaneous equations to be solved, it is clear that for a
solution of given accuracy there will be a considerable saving
of computer time and storage if the ratié/M is correctly
) ) chosen. The effect on the admittance computation accuracy of
C. Numerical Computation the number of higher-order modes retained has been described
The y. computation (32) starts with the evaluation ofn [10] and reported by other authors [11]-[12]. Fig. 3 shows
quantitiesr,,,, A,, andy,, from a Bessel subroutine. The rootghe variations withi/ of the admittancey. for various values
of the transcendental equations (23), (20), and (21) are fousfdNV. In order to check the correctness of admittance value
by iteration. It can be shown that all these roots,.( A,,, computed for this case, a comparison was made with value
and x,) are real even in the lossy case (lossy materials @alculated by the finite element method (HP 85 180A High-
regions B and C), and so the arguments of the calculatetequency Structure Simulator [HFSS]). There is uniform
Bessel functions are real. These functions are programmaahvergence of the normalized values of conductapcend
in the polynomial approximation form [9] with an absolutesusceptancé. for M increasing. Changes of slope being
accuracy of 108. Hence, for a given frequency and for twoshown near the HFSS'’s value fad > N/2. The reason of
layers of known electrical propertids, (42), yo (32), and the change of slope can be explained as follows. The magnetic
ym (34) can be conveniently processed if the infinite seridield distribution in the cylindrical waveguide is known as the
involved are truncated. This truncation recurs to retainingfanction of the TEM mode (28). The electric field for a given
finite number of higher-order modes excited by the innetfM,, mode in the cylindrical waveguide is determined by
coaxial conductor discontinuity at = 0. Hence, we retain a series of electric fields of coaxidlM,,,, modes (27). The
a N number of TM,, modes in the two-layer structureamplitude of the magnetic field of each coaxid!ly,,, mode is

m=1

by setting (see (46) at bottom of the page) whéyg is the
Kronecker delta function ang, is found by (34).

€1

COth(dQ )\% - ]{}362)

€2
X2 —k2e; /X2 — kZe
r -V A Hies Vv i ke — )exp(—2d11/)\%—k351) (42)
n — Kp&2

+ coth(d
VAL —Kger A} = kde: e

A = f: A2a? 1- L3000, 1 B [aQZf(an) B 1}
q = (M2a? —7n2a%)(M\a? — 72,a%)\/A2a? — k2e2q? 1+ LpJ2(Mna) e 4\/m V2 Z2(7,b)

(46)
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derived from (43) by a series of magnetic fields of cylindrical 1
waveguide modes. The predominant term in the mode series ge & be
in (43) will be that for which the values of,, and A,, are be
close. If these quantities are expressed as [13] N WY E3S s
Tmla — b) mmm 47
7r 0.14
A R 2(4” -1) (48) v SRS Ty
then &¢
am 0 (49) vN=2M  AN-M —HFSS
4dn —1 a 0.014 ",
In this case, botH['M,,, and TM,, have the same cutoff
wavelength and also the same field variation across thed 1 10 100
discontinuity (for a 502 coaxial air-line,1 — b/a = 0.56, M (modes in coaxial air line)

andm ~ 0.5671) If N modes are retained in the CIrCUIarl 4. Variations of the admittan + jbe vs M for two ratios
waveguide, magnetic field distribution in this region is knowﬁgw At 1 Oy The ot G = e e Y = 1 5h oy
exactly [see (28)], being that the TEM mode is independepith d; = 0.5 mm,d, = 14 mm,e; = 9.6 (alumina window), and
of the calculation process. In (43), the excess mdotikg,, 2 = 1478 —j10.43.

with ¢> (1 — b/a)N have small amplitude coefficients and
are effectively ignored. The accuracy of the solution is not
affected by an excess of coaxial modes and so the Adjid/

of integers should be chosen slightly less thar- b/a
(M/N = 0.5 for the 50 coaxial air-line). Fig. 4 shows
that the convergence rate is improved when the rafid/
corresponds to the ratio of spatial frequencies of the highest-
order modes on either side of the junction and convergence
is sufficient after only three modes in the small waveguide.
For a discontinuity in a 5 coaxial air line, all computations
are performed withV = 6 and M = 3. In Fig. 5 is shown
measured and calculated admittange = g. + jb. of a Frequency (GHz)

bilayered structure formed by an alumina windody & 0.5 Fig. 5. Measured (o) and calculatéd) admittancey. = ge + jb. of a
mm) and distilled waterd, = 14 mm). Measurements arepilayered structure formed by an alumina windaly & 0.5 mm) and distilled
performed from 45 MHz-18 GHz at 2Q using an APC- water ¢z = 14 mm) in APC-7 mm standard.

7 mm coaxial air line. The dielectric properties of distilled

ge&be WwATER .o, ge

bb\\wu -2

024681012141618

BN o N O~ o o

water are summarized from [14] by the equation (Cole—Cole TABLE |
representation) DisPERSION PARAMETERS USED WITH (50) To CALCULATE
THE PERMITTIVITY OF LIQUIDS MEASURED IN THIS STUDY
€5 — €0
e2(W) = €00 + ———— 1% (50)
. <i) Liquids £a & | @/27m | q
wo

(GHz)

with parameters values summarized in Table I. Alumina showp
very small losses:(’ is lower less than 0.001) and ahvalue water 59 80.4 17.0 0
of 9.6 according to [15].

methanol 5.7 33.64 3.0 0

IIl. | NVERSE PROBLEM AND EXPERIMENTAL RESULTS

In this section, we consider two practical cases. ethanol 4.2 25.07 1.1 0

1) Dielectric properties are known for layer 1 and unknown Temperature is 20C.
for layer 2. This configuration constitutes a tight cell and Values from [14].
is used for complex permittivity measurements of liquids
and semisolids as shown in Fig. 1.

. . . If e; =€, —je! (i =1 or2)is the complex permittivity of
2) Dielectric properties are unknown for layer 1 and know{he unknown layer, the simultaneous determinatior’c&nd

f?cr Layer 2. This strfuc;t]ureflls used fo(; meadsulremenlfs, is carried out from measured = g. + jb. values. For this
of the permittivity of thin films coated on dielectric purpose we use an iterative method derived from the gradient

substrates. ) ) method [16]. Let us consider an initial vector
The measurements presented are obtained°at B8ing the

HP8510B network analyzer in a APC-7 mm standard air line. ,
To avoid contact effects the samples are metallized on contact T, = |:5i } (51)
surfaces with line conductors. 2
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where we define an error vectdyy. in the following manner: 10 1
(m) _ (¢) Et
Age = g?rn) g(€c) (52) 8+ 10.8
be ' — be
where the superscriptsx and ¢ denote, respectively, the 64 ALUMINA 1os
measured and calculated admittance values. AtNfievector, Er E"r
we associate a second vecthf/ as follows: ni los
Ajj. = [DIAT (53)
51 102
where the matri{D] is defined as the derivative matrix E'r
90 9 0 Frmrep—————— gt O
(D] = agg) agég (54) 0 2 4 6 8 10 12 14 16 18
(%_e % Frequency (GHz)
oe'i  Oe'i _ o . ) , .
Fig. 6. Complex permittivity of alumina measured in the tight bilayered
and structure formed by the alumina window (= 0.5 mm) and air {> = 14
. Ae'i mm) in APC-7 mm standard.
AU = {As”z}' (55)
40 40
The AU vector value is obtained from the inverse matrix 353 Er & E'r METHANOL 135
—1 . L
[D]~! as follows: 308, 130
AU = [D] ' Aj.. (56) 251 % Er 125
L %
The nth direction of investigation is now 201 % $20
. . A 151 115
Un =Up—1+ o, |:A€//,L~:|- (57) 10} 110
ag IS initialized at 0.2. The coefficient,, is equal t02cv,_1 S1xF 5
(0.9 at maximum) ifi|AZ. ||, | A% ||ln1, €lseq, = a,_1/10. ol 0

Iterations are stopped whela\. ||, is lower than 169 or «,,
lower than 103. These values are fixed by the accuracy of
the network analyzer. The calculatedande’ values become
the initial values for the next measured point. The typical
computation time for 201 frequency measured points is leSg. 7. Complex permittivity of methanol measured in the tight bilayered
than 30 s using a HP 715-75 workstation. Sg”‘f“rli fr?qr;]")e?n t/)-elpct:hs ﬁi‘;]m'sr::n‘é";?go"“ = 0.5 mm) and methanol
To illustrate this method, we begin with measuremen%sz B '

conducted on two reference liquids: ethanol and methanol. In 5

0 2 4 6 8 10 12 14 16 18

Frequency (Gliz)

this case, layer 1 is alumina and constitutes a tight dielectric Er & E'r 3
window which separates the liquid (layer 2) from the coaxial 551 ETHANOL 105
line. Alumina and the reference liquid have a thickness of 0.5

mm and 14 mm, respectively. The first step is to measure g & 120
the window permittivity. This determination is performed by Et

measuring the admittangg of the empty tight cell. The in- 15} %Er 115
verse problem is solved by assuming that the permittisitpf %

alumina is unknown and that the permittivity of air is equal 104 t10
to unity. The result (shown in Fig. 6) is in good agreement with r

[15]. The cell is now filled with the liquid and its admittance is S THE": i S
measured with the same procedure used for the empty cell. The

window characteristics being known, resolution of the inverse 0 #———+———+———+——+——+—+—+—+—+-10
problem gives us the reference liquid permittivity. Figs. 7 and 0 2 4 6 8 10 12 14 16 18

8 illustrate the results for methanol and ethanol. Our results are Frequency (GHz)

found to be in excellent agreement with [17] and the dielectric o _ _ _
properties predicted by [14] and reported in Table I. Fig. 8. Complex permittivity of ethanol measured in the tight bilayered

. o . structure formed by the alumina windowl,( = 0.5 mm) and ethanol
Next, we shall consider the results for the officinal Vaselin@, = 14 mm) in APC-7 mm standard.

given in Fig. 9. The configuration adopted here is: the officinal
Vaseline constitute layer 1 witd; = 0.5 mm and layer 2 is results show a very good agreement with valags= 2.16
the alumina studied above (Fig. 6) with = 0.5 mm. These ande&j <2 10~2 according to [18].
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4 0.4 16

Er E"t Sigma (S/m)
VASELINE 1ES ¢ afler deconvolution
31 10.3 1E4 ¢
B 1E34 i
3 Sn02
2T 10.2 1E2 ¢ ‘\‘\ 3
1E1+  measured ﬁ\ 1
l N "0.1 lbO 3 E3
E"r
1E-1 -—v—o—mm&—v—»—mm{—v—v—mml—Hﬁwﬂ—oM
0 XWW o 1E-5 1E-4 1E-3 1E-2 1E-2 1E0  1E1
0 2 4 6 8 10 12 14 16 18 Frequency (Gl17)
Frequency (GHz) Fig. 11. Conductivity ofSnO2 measured in the bilayered structure formed

by the film of SnO2 (d; = 0.25 pm) coating an substrate of glaséd, = 1
Fig. 9. Complex permittivity of the officinal Vaseline measured in thgnm ande, = 7.1 — j0.2) in APC-7 mm standard.
bilayered structure formed by Vaseling (= 0.5 mm) and aluminadz = 0.5
mm) in APC-7 mm standard.
-~ "X _‘.\-- NN
Age/ge > 5%
\

E7 ’
E'1 & E"; Sn02

E6

E5

E44

4E6

2E6

E31

El

0

Age/ge > 5%
NI

Example of measurement accuracy at 5%.

2E6  4E6
Cole-Colc plot for the SnO2 permittivity

E24
B TE4 TE3T1B2 1Bl 1B0 1Bl g gp

Frequency (GHz)

Fig. 10. Complex permittivity oBnO» measured in the bilayered structureCOmbination of resistor—capacitor networks. In this case, the
formed by the film ofSnO. (d1 = 0.25 pn) coating an substrate of glass apparent permittivity varies with frequency in a similar way
(d2 =1 mmands; = 7.1—0.2) in APC-7mm standard. as in the case of Debye dispersion [22] with a relaxation

A final validation has been made for high conductive filff€auency greater than 10 GHz, as shown in Fig. 10 for
(layer 1) coating a dielectric substrate (layer 2). Thickned€ higher frequency dispersion. Thus, the observed complex
of polycrystalline stannic oxide film, SnQis 0.25um. The permittivity is a sum of two overlapping dispersions. True
substrate is a glass which shows a permittivity= 7.1 — j0.2 electrical parameters of the grain material are then measured
(these average values are measured by the method describé)(ﬁ]hﬁ at very high freque_nmes. .The deconvolutlpn of the
[19]). The results for; ando; are depicted in Figs. 10 andCoIe—CoIe diagram as indicated in [14] and [21] gives us the

11 (ac conductivity is defined aseoe”). The measured dc result drawn in Fig. 11, where ac conductivity is constant up
conductivity performed on the crystalline sampleli® S/m to 18 GHz and coincides with the dc measurement, available

and presents a high discrepancy between both measurem&ﬁ? [20] and [23].
The strong dispersion at low frequencies (corresponding to
data between 10 kHz—1 MHz) is related to interfacial polar-
izations between the stannic oxide film and the electrodes [20]The method accuracy was computed by simulation. The
as shown in the Cole—Cole representation in Fig. 10. At higlalculator, programmed for HP8510B system instrumentation
frequenciess! increases with increasing frequency, while therrors, enables measurement erraesto be determined from
abnormally high value of] firstis constant and then decreaseseasured,. values. The accuracy of measurements depends
from 8 GHz. This is the typical variation with frequencyon the measured values gf. An example of the accuracy
of apparent permittivity for polycrystalline materials due t@rovided by the network analyzer is graphed in Fig. 12. Values
the presence of grain boundaries within the material (see fufrb. or g. less than 10* involve errors greater than 100%
example [21]). This Maxwell-Wagner effect is essentially & the corresponding values of admittance and permittivity.

IV. DiscussiON AND CONCLUSION
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Hence, the measurement of losses for samples with less the) N. Belhadj-Tahar, A. Fourrier-Lamer, and H. de Chaat, “Broad-band

1072 is difficult with this method. To get reasonable accuracy
the loss tangent” /' should be greater than 0.01. In this case,
the accuracy foe’ was found to be 3% in the 45 MHz-18 GHZz[17]
frequency range and”’ is measured with an accuracy better
than 5%. The uncertainty far caused by a small error in the
sample physical length is practically equal to the percentafjé€l
of the error. The thin films lengths can be measured by megns,
of interferometric methods.

In this paper, we present a broad-band technique for mea-
suring the complex permittivity for bilayered materials. Th?20
method uses an inner-coaxial conductor discontinuity. The
electromagnetic analysis is valid irrespective of both bilayerééf!
material thickness and working frequency. The capacitive ngy
ture of the higher-order modes excited by the discontinuity and
their evanescent character allow permittivity measurements {%]
thin films. This system may be employed as a tight cell for
dielectric measurements in confined media. Extensive data
on different materials have been presented to illustrate the
versatility of the present method.
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