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High-Frequency Input Impedance Characterization of
Dielectric Films for Power-Ground Planes

Jan ObrzutMember, IEEEand Aleksei Anopchenko

Abstract—Broadband impedance characterization of high b=Tmm
dielectric constant (high-k) films was performed using a coaxial
test fixture configuration. The presented coaxial test fixture
and broadband measurement methodology of impedance for d
high-k films minimizes systematic uncertainties by reducing H
the interconnection inductance and improving the calibration
procedure. In the APC-7 configuration, the technique enables | _,___-__:z
accurate evaluation of impedance at frequencies of 100 MHzto 7 --—--~ ; Port
10 GHz with resolution of 0.01£2. The electrical characteristic
of high-k films was found to be consistent with a capacitive load
without significant contribution from the circuit inductance Fig. 1. Scheme of coaxial test fixture configuration.
that typically dominates the high-frequency response. The ex-

perimental data and numerical simulations showed that high-k : . . . .
organic-ceramic composite materials could considerably suppress .range in which the plane shows a capacitive (dielectric)

resonant behavior of the power-ground planes. It was found that Impedance characteristic is limited by the frequency of the first
high-k organic resins filled with ferroelectric ceramic powders series resonance, which itself is influenced by the size of the
exhibit a high-frequency dielectric loss that increases with in- specimen and inductance of the experimental set-up.

creasing volume fraction of the ceramic component. The dielectric ;g paper describes broadband impedance measurements
dispersion and the corresponding dielectric loss of organic-ce- of high-k film substrates at frequencies of 100 MHz to about

ramic hybrid materials can serve as an effective mechanism for .
suppressing the resonant standing waves in power-ground planes. 10 GHz. To extend the measurements to the microwave range,

Index T 5 i i dielectric relaxation. di a coaxial test fixture was employed where a film specimen rep-
e Tems_ Desouping sepectance e Lo, 5 focirc' capacive erminaton. Suchconfguraon siminais
numerical modeling. the feeding probes and therefore, minimizes the intercon-

nection inductance. The high-frequency dielectric relaxation
mechanism in high-k composite materials was analyzed using
|. INTRODUCTION film substrates made of low loss organic resin filled with low
IGH dielectric constant (high-k) organic-ceramic hybridoss ferroelectric ceramics.
materials have recently shown promise for embedded
power-ground decoupling planes with desirable low impedance  Il. ANALYSIS AND MEASUREMENT PROCEDURE
[1]. The power-ground planes made of typical dielectric The test fixture utilized an APC—7 mm precision air-filled
materials exhibit undesired multiple resonance that can Pgaxial transmission line (Fig. 1). Film specimen of thicknéss
mitigated .by adding. discrgte decoupling capgcitors. Théﬁd the relative complex permittiviey = ¢/ — j<”/ was placed
approach introduces inductive components, which contribieihe end of the center conductor of the transmission line and
to the equivalent inductance of the power plane and eventuallyort terminated. The diameter of the specimematched that
limit the usable bandwidth [2], [3]. Application of thin high-k of the line center conductor. i < a, then the primary propa-
dielectric layers can suppress fluctuations in impedance Bytion mode satisfying the boundary conditions in the specimen
damping the resonance, which extends the usable bandwigiiion is associated with the diameter of the film rather than its

to higher frequencies. It has been suggested that in thin layg{gkness [6]. The scattering parame$gr of such network can
of low loss dielectrics the resonant dumping can be due j expressed by (1)

conductive losses of the metal cladding [4] and a decreased

dielectric thickness [5]. In the case of organic-ceramic hybrid Sy = pte Q)
materials, the mechanism suppressing the resonant fluctuations 1+ pe=7e

of impedance is poorly understood. Evaluation of the dielectrighich |eads to the following expression for input admittance
properties of such materials requires broadband measuremeﬁ'gls,, of the specimen section [7]

extended to the high-frequency range. However, the frequency

Film specimen

Calibration plane

Center conductor of APC7 adapter

a
Yin = GsVe* tanh % (2)
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speed of lightin air. Using a relatidganh(jz) = j/ cot(z) and
introducingz = wa/2c¢Ve* leads to expression (3), where the
sample section represents a transmission line with the electrical 10.01
length ofa/2

g

N 1.0
Jjwa 1 3
—¢& .

2¢  zcot(x)

Yi, = G4 3

In the complex capacitance notation, the specimen capacitance,
C?, can be expressed as a product of the characteristic con-
ductance per unit length and permittivity; = Gs(a/2c)e*.

Taking into account a series residual inductance of the spec-

imen, L, (3) can be rewritten as: Fig. 2. Impedance of the embedded power planes. (a)Bethick FR-4; (b)
100 m-thick epoxy resin loaded with PZT ceramics.
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Y, = (4) I1l. RESULTS AND DISCUSSION

T wceot(z) wl, :

wCr A. Impedance of Power-Ground Planes Probed in a Printed

) . ] ] ] Circuit Board Test Vehicle
The inductancé. , was estimated numerically using a High Fre-

quency Structure Simulator from Ansoft Corporation (Ansoft F19: 2 Shows results of impedance measurements for two di-
HFSS™) [8]. It was found thal., is approximately propor- elgctrlc power planes_embedded ina5gnmd cm muItlla_yer
tional to the specimen thicknegsand can be compensated byPfinted circuittestvehicle. Layer (a) was gﬁade of gbl-thick
an equivalent length of a loss-less transmission line. The factofc4 1aminate having the dielectric constaritof 3.8 at 1 GHz.

z cot(z), accounts for the wave propagation in the speciméryer () was a 10@m thick high-k composite witl’ of 39 at
section. If the electrical length, is small in comparison to the + GHz [8]- Both dielectric films were cladded by @n thick

wavelengthy < A, z < 1, the L, can be neglected, the valueCOPper. The measurements were taken at the geometrical center

of the  cot - approaches unity and then (4) simplifies to th@f the board using a G-S-G semi-rigid _testing probe. The r_esult
input admittance of a coaxial line terminated with a shunt capd@! 'ayer (&) shows awell known undesired resonant behavior. A
itance. The wave propagation termgot(z), has a singularity series resonance at about 480 MHz is followed by a first cavity

whenz = /2, which corresponds to the following resonanckesonance atabout 930 MHz. At higher frequencies, the layer (a)
exhibits several resonant oscillations, due to excitation of higher

condition: . . L
order modes. Such complicated impedance characteristics may
Aetf be analyzed by a cavity model with LC series branches [10], or
= ()  as a network of lossy transmission lines [5]. In contrast to the

layer (a), the high-k plane (layer b) exhibits the smoother char-

where.¢; = A\/Ve* is effective wavelength. According to acteristic. The series resonance is shifted to about 65 MHz due
(5), the resonant frequency is determined by the diameter of teehigher capacitance, while the first cavity resonance is shifted
specimen and its complex permittivity. We employed HFSS to about 300 MHz due to decreased velocity of the propagating
find numerically the three-dimensional (3-D) eigenmode solwave. The oscillation of the input impedance resulting from the
tion for the specimen section and to analyze the electromagnditist cavity resonance is considerably suppressed. Likewise, the
field distribution in relation to the dielectric loss and the consubsequent oscillations corresponding to higher order resonant
ducting losses. modes in layer (b) are also suppressed. Since both layers (a)

The 50um to 100um-thick films were covered by a 50m  and (b) have the same copper clad finish, it is evident that the
thick copper conductor on both sides. The test specimens welmserved suppression of the resonance cannot be attributed to
prepared by defining 3.0 mm diameter using photolithographhe conductive losses in the copper cladding. Besides, the sup-
One-port measurements of the scattering paramgferwere pression cannot be ascribed to a small dielectric thickness since
carried out using a network analyzer (Agilent 8720D). Opethe layer (b) is twice as thick as the layer (a). Therefore, the
short and broadband load calibration was performed using a HPmping mechanism must arise from the dielectric properties
85050B APC-7 calibration kit. The relative combined standauaf the high-k hybrid material, which is intriguing as such mate-
uncertainty in geometrical capacitance measurements was 1f#ls are typically formulated from low loss components.
The largest contributing factor to the uncertainty was the uncer-In order to analyze this dumping effect in more detail broad-
tainty in the film thickness measurements qiih. The relative band measurements in extended frequency range are required.
standard uncertainty ¢f]; was assumed to be within the manufig. 2 demonstrates that direct measurements on large power
facturer’s specification for the network analyzer. The combingilanes are not convenient for such analysis since the measured
relative experimental uncertainty in complex permittivity wasput impedance increases considerably at higher frequencies.
within 8%, while the experimental resolution of the dielectritn the case of layer (b) the impedance increases from a min-
loss tangent measurements was about 0.01. imum at 65 MHz to about 5 at 5 GHz resulting from uncom-
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Fig. 3. Input impedance of a high-k specimen measured in coaxial
configuration. Circles—experiment; lines are calculated from the inverse of Distance [mm]
(4): (@)=* = 34.6 — j1.6, (b)<* = 34.6 — j0.16, and (C)e* = 34.6 — j16.

Fig. 4. Spatial distribution of the magnitude of the electric fiElgacross a
pensated inductance of the testing probe. Short-Open-Load cglfcimen section at the resonance frequency.
bration standards built into the test vehicle could have improved
the impedance measurements at higher frequencies, but suctvéiia maximum at the center. The field appears to decay rapidly
proach is often unreliable. By contrast, in the coaxial test fixtugs the interface between the high-k dielectric and air. We cal-
configuration the inductance of testing leads is largely elimgulated an unloaded quality factor Q for a model resonator that
nated. This permits more accurate evaluation of impedance, &assembles of the high-k specimen, which in the APC-7 config-

pecially at microwave frequencies. uration is surrounded by a toroidal air dielectric. Finite conduc-
_ _ _ _ tivity boundaries were assigned to all enclosed surfaces, except
B. Impedance Measured in Coaxial Configuration that part of the bottom surface is exposed to air. A perfect mag-

F|g 3 ShOWS example impedance measurements Of a mo%mc field (H) was aSSigned to this surface with the tangential
high-k composite film 8Qsm-thick having permittivity of componentofthe H-field equalto zero. Table | lists the unloaded
34.6 — j1.6. This material was made to imitate the electricajuality factor Q for several combinations of the dielectric loss
properties of the power plane layer (b). The specimen consit?§gent and the conductivity. Itis seen that the quality factor de-
Of a |OW IOSS p0|ymer resin (po|y trimethy'o'propane triacrycreases fl’0m 217 to about 2.34 When the dielectric IOSS tangent
late) filled in 40 vol. % by a low loss barium titanate powdeicreases from 0.0046 to about 0.46. In comparison, analogous
(TMPTA-BT) [11]. The results shown in Fig. 3 reflect thetwo order of magnitude decrease in conductivity decreases the
electrical characteristics of the high-k TMPTA-BT specimerfjuality factor only to about 11.7. The quality factor was found
which is consistent with a capacitive load, without significari be independent of the dielectric thickness. These results indi-
contribution from inductive components that dominate theate that the materials dielectric loss can play a leading role in
high-frequency response (cf. Fig. 2). At about 8.2 GHz there$§PPressing resonant behavior of the power-ground planes.

a dip of about 0.052 in the impedance, which can be attributed ) ) o )

to resonance absorption. The impedance results calculated figmBroadband Dielectric Permittivity of High-k

the inverse of (4) agree well with the experiment for the high-Rrganic-Ceramic Hybrid Materials

composite. As predicted, the resonant frequency depends on thExample measurements of permittivity determined for sev-
diameter of the specimen and its permittivity. The magnitudmal high-k TMPTA-BT films in relation to the volume fraction
of the resonance depends on the dielectric loss. The calculatedf barium titanate 8aTiOs3) filler is shown in Fig. 5. The
results shown in Fig. 3 illustrate that decreasing the dielectlicoadband experimental permittivity data indicate that the com-
loss,e”, from 1.6(tan(d) = 0.046) to 0.16(tan(8) = 0.0046) posites of low loss resins with low loss ferroelectric ceramics
results in larger oscillation. By contrast, increasing the dieleexhibit considerable dielectric dispersion. This dispersion gives
tric loss to abouti6(tan(6) = 0.46) may lead to substantial rise to the frequency dependent dielectric loss. The polymer
flattening of the impedance characteristic at the resonaesin(p = 0) exhibits the dielectric loss maximum of only
frequency. 0.11 at about 10 MHz. In comparison, the dielectric loss mea-

The effect of the dielectric loss and the conductivity of theured for the composites is considerably larger. According to the
metalized surfaces on the resonant behavior of the high-k speniployed dielectric relaxation model, the frequency dependent
imen was analyzed numerically. Fig. 4 demonstrates the norrsamplex permittivity can be described by four relaxation pro-
component of the magnitude of electric field distributid®), cesses, three of which correspond to relaxation of the polymer
calculated for the TMPTA-BT specimen in the coaxial test fixmatrix and one process, which corresponds to the relaxation in
ture at the resonant frequency. It is note worthy that the charadBaTiO3 [11]. The values of fitting parameters, where the un-
of the field distribution at the resonance frequency does not dertainties were estimated as 95% confidence limit3ndis-
pend on the dielectric constant. The magnitudéigiexhibits tribution, clearly indicate that the composites exhibit multiple
a nonuniform structure extended along the specimen diametelaxations due to molecular dynamics of the polymer matrix.
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TABLE |

1123

QUALITY FACTOR Q OF THEFILM SPECIMEN TREATED AS A COAXIAL CAVITY RESONATOR THE Q VALUES WERE CALCULATED IN RELATION TO THE DIELECTRIC
LOSSTANGENT tan(8) AND THE CONDUCTIVITY o OF THE CONDUCTOR AT THE RESONANT FREQUENCY f,.

tan(o) o (S/m) o 1 (GHz)
0.0046 5810 217 10.1
10.046 5.8107 21.7 10.1
0.46 58107 23 9.4
0.0046 58 10° 322 10.0
0.0046 5.810° 11.7 9.7
0.0046 5.810° 42 8.8
30 tion of the ceramics increases. Consequently, the magnitude of
05 ] =03 the dielectric loss increases with increasing content of barium
' titanate. In comparison, the relaxation frequency depends pri-
20 marily on the dielectric properties of the organic resin. The ex-
perimental results show that the character of the dielectric loss
“w 151 ©=02 spectra does not change with increasing fractioBaiiO3.
\ The position of the loss peak is determined primarily by relax-
107 $=0.1 ation of the polymer matrix. Therefore, a good dielectric ma-
" — terial for power-ground planes applications can be formulated
R using an organic resin that exhibits active relaxation mode at or
0 ‘ . ‘ ‘ ‘ ‘ ‘ above the clock frequency.
102 10° 10* 105 10° 107 10° 10° 10'0 Considering the results of the numerical simulations and
f(Hz) the experimental permittivity data it appears that the high-fre-

@)

quency loss identified in high-k organic/ceramic films can be

of a significant factor in suppressing the resonant behavior
of the power-ground planes as it is shown in Fig. 2(b). Such
characteristic can minimize electromagnetic noise in the power
bus, and thus, making the high-k composites attractive for low
impedance power planes in high-speed electronic circuits.

IV. CONCLUSION

The presented coaxial test fixture and broadband measure-
ment methodology of impedance for high-k films minimizes

=0 systematic uncertainties by reducing the interconnection
PP i inductance and improving the calibration procedure. In the
102 10° 10t 105 10° 107 108 10° 10%© APC-7 configuration, the technique enables accurate evalu-

f (Hz)
(b)

Fig. 5. (a) Dielectric constant’ of TMPTA polymer composite films for
various volume fractionr of barium titanate. Solid lines represent the fitting

ation of impedance at frequencies of 100 MHz to 10 GHz
with resolution of 0.01Q. The electrical characteristic of

high-k films was found to be consistent with a capacitive load,
without a significant contribution from the circuit inductance

results. (b) Dielectric loss”” of TMPTA polymer composite films for various that typically causes a series LC resonance and dominates the
volume fractions of barium titanate. Solid lines represent the fitting results. high-frequency response. The experimental data and numerical
simulations indicate that the materials dielectric loss can play
The dielectric increment\e, increases with increasing volumea significant role in suppressing the resonant behavior of
fraction,¢, of the ceramic component. Since the integrated lofise power-ground planes. The suppressing effect due to the
is proportional to the dielectric incrememte, the dielectric dis- dielectric loss can be larger than that caused by the conducting
persion of the polymer resin is amplified when the volume fradasses in typical cladding. In contrast, there was no noticeable
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decrease in the quality factor of model film resonators when[9] Test vehicles with embedded dielectric layers a and b, obtained from
the dielectric thickness was decreased. Organic-ceramic hybrid_ NCMS, Ann Arbor, M.

ial hibi intrinsic high-f | . s[10] M. Xu, Y. Ji, T. H. Hubing, TP. Van Doren, and J. L. Drewniak, “Devel-
materials exhibitan intrinsic high-frequency relaxation process. opment of a closed-form expression for the input impedance of power-

The resulting high-frequency dielectric loss increases with the  ground plane structures,” Electromagn. Compatibility Int. Sympol.
volume of the ceramic component exciding the dielectric loss of __ 1.2000, pp. 77-82.

R . . . 1] N. Noda and J. Obrzut, “High frequency dielectric relaxation in poly-
the individual components. These dielectric characteristics o[I"L mers filled with ferroelectric ceramics,” Mater. Res. Symp. Proaol.

organic—ceramic composites can serve as an effective mech- 698, 2002, pp. EE3.8.1-EE3.8.6.
anism for suppressing the resonant behavior in power-ground
planes.
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