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RF/Microwave Characterization of Multilayer
Ceramic-Based MCM Technology
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Abstract—We present RF/microwave characterization of a 20- 7 um wire bondable gold. Fig. 1 shows the actual top view

layer ceramic-based multichip module (MCM-C) on low temper-  and cross sectional schematic diagram of the 20 layer LTCC
ature co-fired ceramic (LTCC). We investigated material proper- test coupon including the layer designation.

ties and performance of embedded passives by design, fabrication The initial h tep i | terial tion b
and characterization of planar and multilayer integral inductors. € Iniial processing step involves material preparation by

Uniform dielectric constant, low loss property and high Q pas- Mixing the ceramic powder with organic binders that allow
sives fabricated using this technology demonstrate the feasibility fabrication into a flat tape. This flat tape mixture is then sliced

for implementing hybrid RF/microwave systems. and dried to become a 3.6 mils thick thin film. This thin piece
Index Terms—Embedded passives, multi-layer, RF/microwave, Of tape, called unfired tape, can be rolled up when not in
3-D inductors. use and unreeled when it is going to be processed. The first

processing step is drilling holes on the unfired tape at the
locations that contain vias followed by printing metallization.
For multilayer construction, the layers of tape are placed on top
M ULTILAYER multichip modules (MCM's) offer the of each other, and the hole drilling and metallization printing
potential for compact, high performance and high fungrocesses are repeated for each layer. Once all vias have
tionality implementation in RF/Microwave packaging applicabeen formed and every layer has been screen patterned with
tions. Low temperature co-fired ceramic (LTCC)-based MCMnetallization, the stacked tape is pressed together and heated
C is capable of embedding passives as well as implementifiged) at approximately 875C so that the layers become a
dense interconnects [1]-{3]. Passive components occupym@nolithic slab. Unlike High Temperature Co-fired Ceramic
significant fraction of the total area in monolithic microwavgHTCC), LTCC process allows the use of high conductivity
integrated circuits (MMIC's). It is desirable to reduce the areaetals such as silver and gold since the melting point of these
occupied by the MMIC and achieve better performance Bifetal is wellabovethe temperature at which the LTCC stack
implementing passive elements on MCM [4], [5]. In this papefs fired. In HTCC process, the stacked tape is fired at a much
we extract frequency dependent dielectric and loss propertiggher temperature requiring the use of metallization having an
of LTCC to 10 GHz. In addition, we design, characterize anglien higher melting point. Tungsten, typically used for HTCC

develop circuit models for multilayer (3-D) spiral inductorsrocess, has less than half the conductivity than silver and
for the first time as well as planar spiral inductors. The 2-gold used in LTCC process.
planar inductors exhibit an improve@-factor and effective
inductance compared to the previously reported work [5].
The LTCC process offers screen printing and low-loss
stacked via processes as well as high conductivity metalliza-
tion useful for high frequency applications [1]. The substrate- Material Characterization
material for the 20-layer LTCC is 951-AT ceramic (a trade The relative permittivitys, as a function of frequency is
mark of Dupont) and each layer is 3.6 mils thick. Then important design parameter and typically only given at low
metallization of the buried layer is Zm silver alloy and the frequencies by the manufacturer. We apply a thru-reflect-line
surface metallization can be/fn silver or palladium alloy or (TRL) calibration [6] using HP8510C network analyzer and air
. . . ___coplanar microprobes on a set of coplanar waveguide (CPW)
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Fig. 1. (a) Top view photographs of a 20 layer LTCC test coupon showing various test structures for material, isolation, interconnects and esgdeglded pa
characterization. (b) Cross-sectional view of a 20 layer LTCC substrate indicating layer designation. Each tape layer is 3.6 mils thick.
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Fig. 2. Coplanar waveguide TRL calibration standards fabricated to extract dielectric constant and loss properties of LTCC material.

transmission lines which includes conductor and dielectric loss |, , 05
are shown in Fig. 3. Both the extracted dielectric constant with
nominal value of 7.8 and loss per unit length of 0.18 dB/cm at
10 GHz are consistent with the previously published data [10] g | . 0.4
which shows a nominal dielectric constant of 7.8 and loss per | /tj\ ]
unit length of 0.14 dB/cm at 10 GHz.

L

B. Embedded Inductors w”

The inductor is one of the key components that determines ]
the performance of every RF/microwave circuit, particularly , .
in voltage control oscillator (VCO) [11], power amplifier [12], i A ]
low noise amplifier and filter. Therefore, the design and use , | /\\ ¢ » 104
of compact and higli? inductors with the desired inductance 3 A :' ]
is critical to ensure successful circuit operation. The three /
figure of merits used to evaluate the inductor performance ¢ L . . . o - R P Y
are the quality @) factor, the effective inductancéL.g) 0 2 4 6 8 10
and the self resonant frequency (SRF). TQefactor of an
inductor is a measure of the amount of energy stored compared
to the energy loss [9] measured by taking the ratio of threg. 3. Measured frequency dependent relative permittivitand total loss
imaginary part to the real part of the input impedance of tifé LTCC extracted using TRL calibration.
inductor obtained from a one-paoft-parameter measurement.

The effective inductancd..; is the total inductance seen atatio of the imaginary part of the input impedance to the
the input port of the inductor and is obtained by taking thangular frequency. The angular frequency is given by2r f

wo/gp ‘o

Frequency, GHz
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Fig. 6. Measured effective inductance of a 2 turn, planar spiral inductors as

E - - a function of distance above the ground pldhg.
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Fig. 4. Top and cross sectional schematic diagram of a multilayer inductor [
with 8 mil turn width and 1 mil gap between turns. //
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[ /Z// \\ k - Fig. 7. Measured) factor of a 3 turn, planar spiral inductors as a function
20 » y \\ \\ of distance above the ground platk).

10 _ — s+ h=21.6 mils y width, turn shape, parasitic capacitance, metallization thick-

—=—h=14.4mils ness and conductivity as well as substrate conductivity and
S N e B dielectric constant. The parasitic capacitance degrade§)the
0 05 1 1.5 2 25 3 factor because it partially cancels the actual inductance, and
Frequency, GHz therefore reduces the energy storage capability of the inductor
Fig. 5. Measured) factor of a 2 turn, planar spiral inductors as afunctioryvhIIe on the other h_and_' t_he energy I(_)SS per CyC_Ie remains
of distance above the ground plafe). constant. The SRF is limited by the inherent existence of
distributed parasitic capacitive coupling that occur among the
where f is the frequency. The Self Resonant Frequency (SRityns of the inductors as well as substrate capacitance which
is the transition frequency point where the input impedané® the capacitance between the inductor turns and the ground
of the inductor changes from inductive to capacitive due f@jane. Both coupling and substrate capacitance depend on
the presence of parasitic elements. It determines the usable dielectric constant of the substrate and the number of
frequency range of the inductor. The induof@factor depends turns. The coupling capacitance particularly depends on the
on several aspects that contribute directly to the distributgep between turns while the substrate capacitance particularly
loss mechanism including the length (number of turns), lirdepends on the inductor turn width and the number of turns.
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Fig. 8. Measured effective inductance of a 3 turn, planar spiral inductors &i§- 10. Measured effective inductance of a 2 turn, 3-D spiral inductors as
a function of distance above the ground plaig. a function of distance above the ground plane
60 ] TABLE |
L T SUMMARY OF MEASURED LTCC INDUCTOR PERFORMANCE
i Type | # of turns H (mils) (Q max SRF (GHz) L(nH)
50 : 2D 2 7.2 37 at 1.3 GHz 29 4.8 at 1.3 GHz
r 2D 2 14.4 47 at 1.3 Gliz 3.2 6.1 at 1.3 Gilz
I /*‘\'\ 2D 2 216 52 at 1.3 GHz 3.25 6.7 at 1.3 GHz
a0 | 2D 3 7.2 28 at 0.8 GHz 15 11.4 at 0.8 GHz
L \ 2D 3 14.4 34 at 0.8 GHz 1.6 14.7 at 0.8 GHz
r / 2D 3 21.6 41 at 0.8 GHz 1.65 16.6 at 0.8 Gliz
e} L \ 3D 2 7.2 36 at 1 GHz 2.1 7.6 at 1 GHz
30 - X 3D 2 144 46 at 1 GHz 2.2 8.9 at 1 GHz
- / \\\\\ 3D 2 21.6 48 at 1 GHz 2.25 9.8 at 1 GHz
20 |

1o h=21.6 mils
—=—h=14.4 mils
—+— h=7.2 mils \

a relatively high@ of 52 at 1.3 GHz with anL.g of 6.7
nH as shown in the experimental results in Figs. 5 and 6,
respectively. BothL.y and @ can be potentially increased
further if the substrate capacitance is reduced by increasing
the height from the ground plane. This is a better alternative
to realize a higher inductance than by increasing the number
Fig. 9. Measured) factor of a 2 turn, 3-D spiral inductors as a function ofof turns which typically causes significant degradation in both
distance above the ground plahe @ and SRF as well as significant increase in the area occupied
by the inductor. WhileL.g is more than doubled for a 3 turn
Buried inductors are of particular interest since they saas compared to 2 turn planar spiral type as shown in Fig. 8,
a lot of area in the circuit real estate [2], particularly irconsiderable reduction o and SRF caused by increasing
the 3-D configuration where the inductor turns are expandadmber of turn is evident from Fig. 7 in addition to more than
vertically not horizontally as in the planar spiral case. Wevice as much area occupied. The 3-D inductor configuration
design one-layer buried planar spiral and 3-D inductors inadfers another alternative to obtain more inductance by the
one-port microstrip configuration [13]. The planar inductorgresence of more mutual inductive coupling between the turns
were designed with 2 and 3 turns on layer 19 while theompared to that of the planar type while maintaining small
3-D type is designed with two turns on layer 17 and l1l&ccupied area. The 2 turn 3-D type inductors yield 2.8 nH
Each configuration is designed with 8 mil turn widfh/), more inductance than the 2 turn planar type for 2 and 4 layer
8 and 1 mil horizontal gafs) for planar and 3-D types, gap above the ground plane as shown in Fig. 10. The loss
respectively, and three different distances to the ground plashée to via discontinuity [14] causes reduction dh of 8%
(h); two layers (7.2 mils), four layers (14.4 mils) and sior better while increased coupling capacitance between turns
layers (21.6 mils) as shown in the top and cross-sectior@uses lower SRF by 31% or better for all 3 different heights
view in Fig. 4. A two-turn planar spiral inductor separatedbove the ground plane in the 3-D configuration as shown in

»

\\\'\ six layers (21.6 mils) above the ground plane can realize

0 0.5 1 1.5 2 2.5 3
Frequency, GHz
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Fig. 11. Complete lumped element circuit model for LTCC inductor (a) and simplified model (b) where the two shunt cagacitmsg C. are
combined into C.
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Fig. 12. Measured and modeléd factor of a 2 turn planar spiral inductor _Fig. 13. Measured and mo_deleq effective inductance of a 2 turn planar spiral
with 2 layer (7.2 mils) distance above the ground plane. inductor with 2 layer (7.2 mils) distance above the ground plane.
TABLE I

Figs. 9 and 10, respectively. Table | summarizes the measuBe@vary oF LuMPED ELEMENT VALUES USED IN THE LTCC INDUCTOR MODEL
performance of LTCC inductors in terms of their maximam

X Type # of turns H (mils) L (nH) | Rs(Q)) | Rpk) | C(pF)

SRF andL.g at frequency of maximund). _ D (planan | 2 72 a1 | 055 | 6 07
Fig. 11(a) shows the lumped element electrical model of a __ 2p 2 14.4 51 | 055 | 62 047
one port inductor. The model consists of an ideal indudtor 2D 2 21.6 57 1 055 1 10 04
. . ith istoR. t tf the id | induct 2D 3 7.2 8.5 0.75 5 1.3
in series with a resistoR; to account for the ideal inductor D 3 a4 2 1o 65 09
without any of the parasitic elements and the conductor as well — 2p 3 216 13 0.75 9 0.75
as via loss, respectively. The finite conductivity of the LTCC 3D 2 7.2 6 07 6 09
bstrate, the substrat itance and lin itance—> : T mr C o I S
substrate, the substrate capacitance and coupling capacitance—; > L6 5 07 > 057

between turns are represented®y, C s andC., respectively.
Since C; and C.. are in parallel, the two can be combined
together intoC. The simplified inductor model is shown in  An evolution of the conventional 3-D type proposed to
Fig. 11(b). The proposed inductor model shows an excellaniprove the SRF is shown in Fig. 14 [3]. This helical type
correlation to the measured results as evident from Figs. @2 inductor has half a turn on each layer, and thereby in-
and 13 showing the measured and modelgdaind L.z of creases the distance between a half turn and the underlying
a 2 turn planar spiral inductor with 7.2 mils distance abouwerns. Such configuration is useful to alleviate the capacitive
the ground plane. The values é&f R,, R p andC for each coupling problem arising in the conventional type in Fig. 4,
inductor shown in Table | are optimized to match the measuradd thus, potentially prevents significant degradation in SRF.
@ and theL.q and their values are summarized in Table Il. Such configuration has been fabricated and characterized with
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