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Abstract—A ferroelectric tunable capacitor device architecture Index Terms—Barium strontium titanate (BST), ferroelectric
is presented that allows for a reduction of intermodulation dis- tunable capacitor, input third-order intermodulation intercept
tortion (IMD), while maintaining high tunability at low bias volt- point (IIP3), Q factor, reduced intermodulation distortion (IMD).
ages. The tunable capacitor is fabricated from epitaxial thin-film
barium—strontium—titanate deposited on a sapphire substrate. The
RF portion of the capacitor is a conventional planar gap capac- I. INTRODUCTION
itor with a 12-14-um gap. However, rather than superimposing )
the dc bias on the RF pads, a separate bias structure is fabricated ARIUM-STRONTIUM-TITANATE, Ba_,Sr, TiO3
within the RF gap. The interdigital bias structure has narrowly (BST), is a very attractive RF tunable material due to
spaced high resistance (2-3 10" £2/sq) oxide conductor elec- its large field-dependent permittivity, high dielectric constant,
trodes, such as indium-tin—oxide electrodes or lanthanum-stron- gng relatively low loss tangent. In addition, varactors created

tium—cobalt—oxide electrodes spaced 1-2m apart. The high re- . . - : .
sistivity of the bias electrodes decouples the dc bias from the RF from this material have no junction noise and have no preferred

signal path. This bias structure allows high dc fields to be devel- Polarity compared to semiconductor varactor diodes [1], [2].

oped with less than 30 V applied to tune the material permittivity By using these advantageous properties of BST, a number
(1:1.4), butis_suffic_iently resistive to _avoi_d affecting theQ factorof  of advanced high-frequency tunable capacitors have been
the RF capacitor. Since the RF gap is wide, the IMD performance gjccessfully demonstrated and integrated into RF components,

remains good, even at modest tuning voltages. The following three such as phase shifters and RF filters [3]-[6]

classes of gap capacitor have been fabricated for concept verifica- . . .
tion: 1) a conventional gap structure (without additional bias struc- ~ One of the fundamental issues affecting tunable capacitors

ture); 2) the proposed RF gap capacitor with the dc-bias structure; is intermodulation distortior(IMD). Since the value of a tun-
and 3) a narrower conventional RF gap-capacitor structure used able capacitor depends on the magnitude of the voltage applied
as an IMD reference. The proposed RF gap capacitor with dc-bias across it, RF signal levels that are on the order of the tuning

rs{gructure has been fabricated in two versions: one in which the .o modulate the device capacitance and, therefore, can be
ighly resistive bias electrodes are electrically connected to the RF

electrodes (the attached-bias-electrode (ABE) scheme) and one indistorted. In a conventional capacitor, the IMD is directly pro-
which the highly resistive electrodes are provided with a separate portional to the tunability of the capacitor, as expressed in (1)
port for further control (the isolated-bias-electrode (IBE) scheme). [7] as follows:

In addition, parallel and perpendicular orientation of the bias elec-

trodes relative to the RF field is investigated. The frequency re- VRF 1

sponse of the proposed gap capacitor with the dc-bias structure is IMD oc Vpe

characterized and its analysis shows that the highly resistive bias
lines are serving as a dc-bias path for high tunability, but are not whereVyr is the amplitude of the RF signal voltage aiigk- is

attenuating the RF signal. While the IBE structure has more de-  the voltage required for tuning. Based on this relationship, one
grees of freedom for biasing as compared to the ABE structure, the approach to improve IMD performance in high RF power-han-

overall tunability at 30 V and IMD performance of both the ABE dlina devi . ke the d . | h hiaher th
and IBE structures are similar. Two-tone IMD tests show that the 91INg devices Is to make the dc tuning voltage much higher than

IMD performance for the gap capacitor with the bias structure is  that of any RF voltage level to obtain the desired tunability.
improved by 6 dB over the conventional reference structure at the While this approach is effective, tuning voltages required to
same tunability. achieve acceptably low levels of IMD often exceed 100 V. How-
ever, this approach to reduced IMD is severely limited by the
desire to keep tuning voltages relatively low. Although no sig-
nificant current is drawn to bias the capacitor, a system problem
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Fig.2. Conventional gap capacitors (top view). (a) Wide gap capacitor (type ).

High conductivity (b) Narrow gap capacitor (type II).

RF electrodes

tivity lines present a negligible impedance compared with that
of the gap capacitor and the full tuning voltage appears across
the lines, changing the permittivity of the structure and, there-
fore, the capacitance. However, at signal frequencies (i.e., RF
frequencies), the impedance of the bias lines exceeds that of the
gap capacitor itself so the RF current travels through the (per-
(b) mittivity-tuned) ferroelectric material. Since the RF field is ef-
fectively isolated by the high resistance of the bias structure,
by o no degradation in IMD performance occurs. Furthermore, if the
resistivity is kept high enough, no noticeable degradation in ca-
pacitor @ will occur since the RF field will preferentially in-

DA bias

C C, Cs + teract with the low-loss low-impedance BST capacitor.
Ferroelectric \" 1t | =54 t
C Il. DESIGN ARCHITECTURE

Rpc Coe Fig. 2 shows two conventional gap capacitors, one with awide

gap and the other with a narrow gap. While the narrow gap ca-
substrate pacitor requires less area and lower dc-bias voltage for required
Bom L capacitance and tunability compared with the wide gap geom-

etry, it will have degraded IMD performance, as seen from (1).
© For applications such as phase shifters and tunable filters, the

Fig. 1. Two architectures of a reduced IMD ferroelectric gap capacitddVD performance must be maintained. Hence, wide gap capac-
(a) ABE pattern. (b) IBE pattern. (c) Cross-sectional viéwd’ (an equivalent jtors are mainly used at the cost of both device real estate and
circuit is shown in the inset). high required tuning voltage.

In contrast to the conventional gap capacitor, consider a gap
approach are shown in Fig. 1(a) and (b), respectively: a gagpacitor with highly resistive bias electrodes in the RF gap.
capacitor with attached-bias-electrodes (ABEs), having dc-biaky. 3 shows three dc electrode design schemes for this type
electrodes connected to the RF pads; and a gap capacitor witltapacitor. Fig. 3(a) shows a gap capacitor with short bias
isolated-bias-electrodes (IBEs) for dc bias, which can be enetectrodes placed inside the RF gap parallel to the RF field and
gized independently of the RF electrodes. Fig. 1(c) shows thttached to the RF electrodes (the so-called “short ABE struc-
cross-sectional view ofi—A’ of the ABE pattern. The RF ca- ture”). Note that the dc electric field generated between the short
pacitor is a conventional microwave gap capacitor that uses thinlas electrodes is perpendicular to that of the RF field. Fig. 3(b)
and high conductivity electrodes to ensure high quality factshows a gap capacitor with long bias electrodes placed inside
(@ factor). In contrast, the dc-bias structure is fabricated withe RF gap perpendicular to the RF field and attached to the RF
high-resistivity interdigital structures. At low frequencies, suchlectrodes (the so-called “long ABE structure”). Note that the dc
as those used to change the tuning bias voltage, the high-resisetric field generated between the long bias electrodes is par-
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equivalent circuit, as shown in Fig. 1(c). In the circuit, the
upper branch consists of an equivalent series resistance of the
highly resistive conductor lindpc and a capacitanc€pc

from the combined effects of’;, C5, and C5. The lower
branch has a series resistanBgr and an RF capacitance
Crr with gap g defined primarily by the high-permittivity
ferroelectric layer between the highly conductive conductors. It
is assumed that the capacitance through the ferroelectric layer
is dominant due to the relatively high dielectric constant of the
ferroelectric material, and the capacitance through the substrate
and the air may be ignored. Therefof&r, and the associated

Q, as determined byRgrp, is determined by the geometry
of the metal. It is clear that for reduced IMD operation, the
cutoff frequency of the dc-bias structure should be well below
the RF frequency of operation of the tunable capacitor. This
implies that Rpc should be as high as possible. The only
restriction is that the time constant formed by this structure, i.e.,
e = RpcCpc, may limit the rate at which adjustment of the
capacitance, i.e., tuning, may occur. At signal frequencies, the
impedance of the RF path is much lower than that of the dc path
and, therefore, the RF current travels through the ferroelectric
material; however, the permittivity of this ferroelectric material
has been adjusted by low-frequency tuning voltage applied by
means of the dc path. In this way, the tuning and capacitance
functionalities of the device are decoupled, and reduced IMD
can be achieved at low tuning voltage.

Fig. 3. Gap capacitors with high-resistivity bias electrodes inside the gap (top

view). (a) Short ABE capacitor (type Ill). (b) Long ABE capacitor (type V).

(c) Long IBE capacitor (type V).

TABLE |
SUMMARY OF GAP CAPACITOR ARCHITECTURES

Abbreviation

Features

conventional Typel wide gap -wide gap
gap capacttor | (Fig 2a) | capacttor -large area
-high tuning voltage required
-low IMD
TypeIl | narrow gap -Narrow gap
{Fig 2b) | capacttor -small area
-low tuning voltage required
-large IMD
gap capacitor | Type II1 | short attached- | -wide RF gap (= low IMD)
with high (Fig 3a) | bias-electrode | -narrow DC bias gap
resistivity capacitor (short | -DC field perpendicular to RF field
electrodes ARBE caparitor) | -DC electrodes attached to the RF electrodes
inside RF gap -low tuning in RF range
Type IV | long attached- | -wide RF gap (= low IMD)
(Fig 3b) | bias-electrode | -narrow DC bias gap
capacttor (long | -DC field parallel to RF field
ARBE capacitor) | -DC electrodes attached to the RF electrodes
-large tuning in RF range
TypeV | long isolated- -wide RF gap (= low IMD)

{Fig 3c)

bias-electrode
capacitor (long
IBE capacitor)

-narrow DC bias gap

-DC field parallel to RF field
-DC electrodes isolated from the RF electrodes
-large tuning in RF range
-flexibility of biasing scheme

Ill. FABRICATION

For device concept verification and performance comparison,
the five types of gap capacitors mentioned above and in Table |
(types |1-V) are fabricated with RF electrodes of Jx#2-thick-
ness and 12-14m RF gap, and dc-bias electrodes of 1+#®-
spacing and 2—3m electrode width. Oxide electrodes, such as
indium—tin—oxide (ITO) or lanthanum-strontium—cobalt—oxide
(LSCO) of 3—-10-nm thickness, are used for the high-resistivity
dc-bias electrodes. The sheet resistance of these films is in the
range of 2-3x 10* Q/sq. Alternate highly resistive materials,
such as lightly doped silicon or polysilicon, could also be
utilized.

Fig. 4 shows two fabrication processes utilized in the real-
ization of the reduced IMD capacitors. Fig. 4(a) shows two se-
quential liftoff processes; the first for definition of the high-re-
sistivity bias electrodes, and the second for definition of the
high-conductivity RF electrodes. First, BST ferroelectric thin
films (450-nm thick) epitaxially grown on sapphire substrates
(430-um thick) using combustion chemical vapor deposition
(CCVD) [8] by MicroCoating Technologies Inc. (MCT), Cham-
blee, GA, are used as a starting substrate [see Fig. 4(a)1]. To

allel to that of the RF field. Finally, Fig. 3(c) shows a capacitazreate the highly resistive bias structure electrodes, an ITO layer
with long bias electrodes, but those electrodes are electrical nm in thickness is deposited and patterned using RF sput-
isolated from the RF pads (the so-called “long IBE structure™ering and liftoff [see Fig. 4(a)2]. The measured sheet resistance
Similarly to the long ABE structure, the dc electric field of theof the ITO is 2-3x 10* /sq. Lastly, the RF conductors are
long IBE structure is also parallel to that of the RF field. Théormed using a standard liftoff process withuin-thick copper
overall gap-capacitor architectures are summarized in Table &nd 0.3pam-thick gold [see Fig. 4(a)3]. Since this process is an

Now that each geometry has been described, the electriaaid-free process, it prevents the BST layer from being dam-
performance will be analyzed. Consider the cross-sectiormed or degraded by any corrosive acidic chemical during the
view of the long ABE capacitor (type IV) and its associategdrocess.
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Fig. 4. Fabrication processes for ITO and LSCO electrode reduced (b)

IMD capacitors. (a) 1: BST/sapphire substrate. 2: ITO sputter depositi
and patterning using liftoff. 3: RF pad patterning using liftoff. (b) 1
LSCO/BST/sapphire substrate. 2: LSCO pattering using etching. 3: RF
patterning using liftoff.

% 5. Photomicrograph of the fabricated gap capacitors with ITO bias
‘electrodes. (a) Long ABE capacitor (type IV, &4 RF gap, 1-mm RF
P&Rcirode length, 1.pm dc-bias gap, and ten repeated bias structures),
magnified unit bias electrodes in the inset (SEM photograph). (b) Conventional
narrow gap capacitor for IMD comparison (type Il;4n gap, and 0.5-mm RF
electrode length).

One drawback of the above process is the necessity for a sep-

arate sputter deposition step for the highly resistive material. It

is known that CCVD can be utilized to deposit highly resistive

oxides such as ITO and LSCO. Therefore, a manufacturing df0+:m group pitch, and 1. dc-bias gap. Fig. 5(b) shows

vantage can be obtained if, e.g., an LSCO layer can be depos#etbnventional narrow gap capacitor (type Il) with adhgap

directly on the BST by CCVD. However, since CCVD is carriednd 0.5-mm-long RF electrodes.

out at relatively high temperature, a liftoff process using conven-Since the thin ITO layer is optically transparent in vis-

tional photoresists is infeasible. Therefore, a modified procefte wavelengths, scanning electron microscope (SEM)

requiring etching of the highly resistive material is required. photographs are taken in the gap area for a clear structural
Fig. 4(b) shows a fabrication process, which uses one etdewgraph. Fig. 6(a) and (b) shows a short ABE structure

and one liftoff step. LSCO is grown on top of the BST layeftype Ill) and a long ABE structure (type 1V), respectively. The

on the sapphire substrate by MicroCoating Technologies IrRF gaps are 14:m wide, the gap of the dc-bias electrode is

using a sequential CCVD process [see Fig. 4(b)1]. Photoresisb-:m wide, and the width of the dc-bias electrode is 2rb-

is patterned for dc-bias electrode definition. LSCO is etchedde.

in dilute hydrochloric acid and the photoresist is removed [seeFig. 7 shows gap capacitors with LSCO as a high-resistivity

Fig. 4(b)2]. The RF conductor is formed as described above amaterial. Four different samples are shown, respectively, (a) a

shown in Fig. 4(b)3. conventional wide gap capacitor (type 1), (b) a conventional
To minimize the parasitic capacitance between signal andrrow gap capacitor (type Il), (c) a long ABE capacitor

ground lines, a shunt capacitor scheme was adopted usinflype 1V), and (d) a long IBE capacitor (type V). Note that

coplanar-waveguide configuration. A fabricated device usingsCO is visible using an optical microscope. The RF gap,

ITO resistive electrodes is shown in Fig. 5. Fig. 5(a) showslength of RF electrodes, spacing of the dc-bias electrode, and

long ABE structure (type IV) with 1-mm-long RF electrodeswidth of dc-bias electrode are 1dn, 1 mm, 2um, and 2um,

a 14um RF gap, ten repeated ITO bias electrode groups witespectively. The length of the isolated electrodes is 1.2 mm.



2572 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 51, NO. 12, DECEMBER 2003

Fig. 6. SEM photograph of the fabricated gap capacitors with ITO bias
electrodes. (a) Short ABE capacitor (type Ill). (b) Long ABE capacitor
(type IV).

IV. RF TEST AND SIMULATION

A. Characteristics of Wide Gap Capacitor, Long ABE
Capacitor, and Narrow Gap Capacitor

It is instructive to study the RF behavior of wide gap capaci-
tors, narrow gap capacitors, and one of the reduced IMD capaci-
tors (e.g., the long ABE structure) as a group. Assuming the ge-
ometries have been appropriately designed, the wide gap capac-
itor has the same capacitance and IMD behavior as the reduced
IMD capacitor, but at greatly reduced tunability; the narrow gap
capacitor has the same tunability as the reduced IMD capacitor,
but at a greatly increased IMD. Hence, by comparison of the _ _ _ _ )
behavior of these three capacitor types, the simultaneous hgdg.}tld Photomicrograph of the fabricated gap capacitors with LSCO bias

rodes. (a) Wide gap capacitor (type 1). (b) Narrow gap capacitor (type II).
tunability and low IMD of the reduced IMD architecture can bec) Long ABE capacitor (type IV). (d) Long IBE capacitor (type V).
clearly seen.

The capacitance of a long ABE capacitor (type V) fabri-
cated using ITO and that of a conventional wide gap capacitor
(type 1) are compared as a function of frequency in Fig. 8. In the
low-frequency region, the capacitance of the long ABE structure
is attributed to the sum of the capacitance from RF electrodes
(Crr) and that from the high-resistivity bias electrodés)()

[see Fig. 1(c)]. As the frequency increases, the impedance of the

RF branch due t€'rr(= 1/wCgrr) becomes smaller, while the

impedance of the highly resistive bias structure is not changing

much due to its smaller frequency dependerted). In the fre- S — __‘_.\_' ] a

guency range above 10 MHz, the overall impedance of the long

ABE capacitor (type 1V) is dominated by the RF path, resulting 1£403 1.E+04 1E+05 1E+06 1E+07 1.£+08 1E+09 1.E+10

in its convergence to that of the conventional wide gap struc- Frequency[Hz]

ture. This result demonstrates that the highly resistive bias line is

not functioning as a capacitive component in the high-frequenfig: 8. Frequency response of the capacitance for a long ABE capacitor
. . . . . (fype 1V) and a conventional wide gap capacitor (type I). In the inset, long_ABE

regime. Meanwhile, the capacitance of the conventional wu§g

- ' d con_wide represent a long ABE capacitor (type 1V) and conventional wide
gap capacitor is not dependent on the frequency, as expecteghp capacitor (type 1), respectively.

(d)

C_long ABE(sim)
» = « = C_con_wide(sim)

B Cong ABE(meas) ||
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TABLE I
LUMPED PARAMETERS FOR ALONG ABE CAPACITOR (TYPE IV) AND A 0.85
CONVENTIONAL WIDE GAP CAPACITOR (TYPE |) 0.8
T e——
Cpc Rpc Crr Rrr )
T 075 F
Long ABE capacitor 6.8pF 10502 0.80pF 50 'i'
(type IV) g 0.7 1
Wide gap capacitor 0 =] 0.75pF 50 o
{type I) S 065
§ 06 || —*—C-con.wice
~—t— C_long_ABE
A circuit simulation is carried out using SPICE ami- 0.55 | _s—c_con_namow
crowave Office(Appl. Wave Res. Inc.) with the simplified 0.5 ; : - : ; |
c?rcuit ir_1 Fig. 1(c) insetto extract IL_Jmped parameter Vf_:llues. Tl 0 5 10 15 20 25 20
simulation result of capacitance is also plotted in Fig. 8 wit Bias Voltage [V]
a solid and dashed line for the long ABE capacitor (type 1V) @

and the conventional wide gap capacitor (type 1), respectivelv
The extracted lumped parameters used for the simulation
summarized in Table II.

The measured capacitance and quality factor for three strt
tures (types I, 1l, and 1V) as a function of the dc-bias voltage i
2.5 GHz are shown in Fig. 9(a) and (b), respectively. Approx
mate tunability Crnax/Cmin) Of 1.27 at 30 V was obtained both 5
for the narrow gap capacitor (type Il) and the long ABE capac £ 15
itor (type IV), while a tunability of only 1.08 was obtained for &

the wide gap capacito€ factors for all three structures were 10 —e— Q_con_wide
over 16 at zero-bias voltage. Note that thdactor of the long —#—Q_long_ABE
ABE capacitor (type 1V) was not materially degraded due to t- S —5— Q_Con_namow
highly resistive bias lines, as expected. ;
) ) 0 S 10 1S 20 25 30
B. Short ABE Capacitor Versus Long ABE Capacitor Bias Voltage [V]
The capacitances of a conventional wide gap capacitor (b)

(type I)’ a short ABE capacitor (type IH)’ and a Iong ABEFi . 9. Comparison of a conventional wide gap capacitor (type ), long ABE
capacitor (type IV) have been measured at 100 kHz aﬁﬁi)acitor(typeIV),andconventionalnarrowgapcapacitor(typeII)asafunction

2.5 GHz with zero bias and 30 V to determine and Compa?éthe dc-bias voltage at 2.5 GHz. (a) Capacitance versus bias voltage. (b)
ctor versus bias voltage. In the inset, con_wide, long_ABE, and con_narrow

the frequency response and tuna_b”'ty _Of these StrUCtur_eS' ﬁkﬁesent a conventional wide gap capacitor (type ), long ABE capacitor (type
measurement data are summarized in Table Ill. While t, and conventional narrow gap capacitor (type I1), respectively. ITO is used

conventional wide gap capacitor (type 1) shows little frequend§F highly resistive dc-bias electrodes.
dependence of capacitance, types Il and IV show a large capac-
itance transition with frequency in the same fashion as shown

in Fig. 8. However, the tunability of the short ABE capacitofeistive material (Fig. 7). The measured capacitance, tunability
(type Ill) at 2.5 GHz is the lowest of the three structures, whic 30 V, and( factor are summarized in Table IV,
implies the dc field perpendicular to that of the RF signal iS o canacitance and tunability of each architecture is slightly
not cpntrlbutlng to permittivity change in the direction o_f thehigher, and the) factors slightly lower, than that of their ITO-
RF_ signal. Therefore, the ;hort ABE, (type 1) §tructure IS NQYased counterparts shown in Figs. 5 and 9. However, it is not
suitable for reduced-IMD high-tunability capacitors. clear whether this effect is intrinsic to the LSCO versus ITO or
whether it is due to stoichiometric BST variations between each
sample. In general, capacitance and tunability can be traded off
All of the previously discussed capacitor architectures haegainst the) factor by varying the stoichiometry of the BST
two bias points at signal pafl and ground padz. The long film. Three different bias cases are applied to the long IBE
IBE capacitor (type V) has two additional bias pad$andVv2, (type V) capacitor. From the point-of-view of the tuning voltage,
as shown in Fig. 3(c). The introduction of these independembth the signal and ground pads were at or near ground since the
bias pads offers additional flexibility in both tuning, as well agxcitation level of the RF source was low. The first case has 30 V
operation of the device in other applications. To assess thegplied tov1with V2held at ground. The second case has 30V
long IBE (type V) devices, their capacitance as a function applied tovland—30 V applied tov2. The third case has 30 V
various bias schemes has been measured and compared apftiied to botiv1 andV2. The second case shows the highest
the previously discussed types |, II, and IV devices. All of theunability (1:1.4) at 30 V, which is as high as that of the long
devices characterized in this section used LSCO as the higABE capacitor (type 1V) at 30 V.

C. Long ABE Capacitor Versus Long IBE Capacitor
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TUNABILITY COMPARISON OF A CONVENTIONAL WIDE GAP CAPACITOR (TYPE ), SHORT ABE CAPACITOR
(TypPElll), AND A LONG ABE CAPACITOR (TYPE IV) AT 100 kHzAND 2.5 GHz

Capacitance [pF]
Wide gap capacitor | Short ABE capacitor [ Long ABE capacitor
(type I) (type III) (type IV)
100kHz | 2.5GHz 100kHz 2.5GHz 100kHz | 2.5GHz
Bias oV 0.74 0.68 3.10 0.73 4.56 0.79
voltage | 30V | 0.69 0.64 1.86 0.69 2.40 0.60
Tunability 6.8% 5.9% 40.0% 5.5% 47.4% 24.1%
(Comase/ Crni)
TABLE IV
TUNABILITY COMPARISONACCORDING TOBIAS SCHEMES
S[V] | GIV] | VI[V] | V2[V] [ ColpF] | Can[pF] T Q
(Cona/Crmin)
Type I 30 0 1.0 0.9 1.11 11~13
Type 1T 30 0 1.28 0.78 1.64 9~-14
TypeIV | 30 0 1.12 0.78 1.44 3~11
Type V 0 0 30 0 1.28 0.96 1.33 7~8
0 0 30 -30 1.28 0.89 1.44 7~8
0 0 30 30 1.28 0.97 1.32 78
20 T
10 A=t il
"
0 == 56
L T
10 *
g 20 —e— P1_con_narrow Sk
% a0 [ —v— P1 _long ABE E 5. .
T 0 —— P3 _con_narrow T .
£ —— P3 long ABE o’ 50
a o0 -
— 3
= [= 8
a 60 | 1 e £ 48 4
5 ~]
O 70 T
— e —e— IIP3 long ABE
|~ T 46
80 ot o ‘/ —=a— [IP3_con_narrow
“1 ,_—-t”‘"l
-a0 = 44 -
A e _,_.-A”
-100 L LA [ Sl TR S N RN . AN LN L [N TR LA |
4D 0 2 4 6 8 10 12 14 18 -4 -2 0 2) 4 6 8 10 12 14 16

Input Power (dBm) Input Power (dBm)

Fig. 10. Fundamental{;) and IM3 power £5) as a function of input power. Fig.11. InpufiP; versusinput power. Inthe inset, long_ABE and con_narrow
In the inset, con_narrow and long_ABE represent a conventional narrow gapresent a long ABE capacitor (type V) and a conventional narrow gap
capacitor (type 1) and a long ABE capacitor (type 1V), respectively. capacitor (type Il), respectively.

D. IMD Test the IM3 of both capacitors are close to each other, and the
In order to unambiguously demonstrate that the capacitdifference of IM3 of the two capacitors increases with increased

architectures discussed above result in high tunability whileput power due to the noise floor of the signal. Beyond input

simultaneously achieving low IMD, two-tone IMD tests havg@ower of 10 dBm, the difference of IM3 is approximately

been performed for the long ABE capacitor (type 1V) and2 dB. The input third-order intermodulation intercept point

the narrow gap capacitor with 4m gap (type Il used for the (ITP;) is plotted against the input power, as shown in Fig. 11.

IMD reference) in Fig. 5. The equal-power input signals af@P; is calculated by measuring both fundamental output power

separated by 50 kHzfgr1 = 1.9 GHz, frre = 1.90005 GHz). and IM3, and applying the following formula:

A cancellation setup was used in order to keep the noise floor

of the RF signal at a low level, making it possible to measure IIP; = OIP3 — LosS= (Piout + IM3 + 2) — Loss

third-order intermodulation (IM3) distortion power over a wide

range. Fig. 10 shows the fundamental output power and IM3 of Approximately 6-dB improvement dfiP; was obtained be-

the narrow gap capacitor (type IlI: an IMD reference structurgpnd the input power of 10 dBm. The high-frequency measure-

and the long ABE capacitor (type IV: a reduced IMD capacitorpents at 2.5 GHz and two-tone test results at 1.9 GHz are sum-

as input power varies. At low input powers (below 2 dBm)narized in Table V. Compared with the reference structure (type

)
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TABLE V
SUMMARY OF HIGH-FREQUENCY MEASUREMENT AT 2.5 GHzZAND TwO-TONE TEST AT 1.9 GHzFORIIP3
Wide gap capacitor Long ABE Narrow gap capacitor

Capacitance [pF] ov 30V oV 30V ov 30V

0.76 0.71 0.78 0.62 0.78 0.62
Q-factor 19.8 25.0 17.1 250 18.0 28.3
Tunability 1.08 127 1.27
(Cinae/Cinitn)
IIP3 58dBm 58dBm 52dBm

), the same tunability and 6-dBP3 improvement using the [3] D. Kim, Y. Choi, M. G. Allen, J. S. Kenney, and D. Kiesling,

reduced IMD CapaC|tor (types IV or V) can be achieved. “A wide-band reflection-type phase shifter at-band using BST
coated substrate [EEE Trans. Microwave Theory Tectvol. 50, pp.
2903-2909, Dec. 2002.

V. CONCLUSION [4] C.H. Mueller, F. W. Van Keuls, R. R. Romanofsky, and F. A. Miranda,
“Ferroelectric and SiGe device development for high data rate commu-
Low IMD tunable capacitor architectures with high-resis- nications,” inProc. Asia—Pacific Microwave Conf2000, pp. 923-928.

tvity dc-bias Structures within the RF gap were designed, 1 £, Suananan, & Zanar, I Hovere, | W Ve Keus. £ o
fabricated, and tested. Five gap-capacitor architectures (tWo  aple bandpass filter fof< -band applications,” irProc. Asia—Pacific
conventional gap capacitors; types | and Il, and three bias-elec- Microwave Conf.2000, pp. 938-941.
trode capacitors with high resistivity dc-bias structure within [6] D- Galt, T. Rivkina, and M. Cromar, "Microwave tuning quality and

. . . L power handling of voltage-tunable capacitors: Semiconductor varactors
an RF gap; types IlI-V) were characterized in detail. Thin-film versus Ba . Sr.TiOs films,” in Proc. Materials Research Society
oxide conductors (3—10-nm thick), such as ITO, and LSCO are _ Symp. vol. 493, 1997, pp. 341-346. _ _
used for highly resistive bias electrodes with the sheet resis{’] g{inHﬁ|:\n/lu;#srbr%éibgr?(;n:;tcéﬁlt(g'sigge;'EAEEAgi?gri}z;}z%gfezlg,ctnc
tance of 2-3x 10* /sq. The long ABE capacitor (type 1V) pp. 36-39, Apr.—May 2001.
and long IBE capacitor (type V) are suitable architectures for[8] A.T.Hunt, W. B. Carter, and J. K. Cochran, Jr., “Combustion chemical
low IMD tunable capacitors. The long IBE capacitor (type V) Kiﬁorv‘élepé’;'t;\%”:ZAg‘;"zeégﬂgggmlgggos'“on techniquéppl. Phys.
has more degrees of freedom in biasing compared with the T ' '
long ABE capacitor (type 1V). The long ABE capacitor (type
IV) and long IBE capacitors (type V) showed similar overall
tunability (Cryax/Cmin) Of 1.4 at 30 V. The performance of the
reduced IMD capacitors showed 6 dB of improvement in IMD
performance when compared with the equivalent conventional
gap-capacitor design, where both structures showed tunabi
(Crax/Cmin) of 1.27 at 30 V. From frequency response an
impedance measurements, it was also concluded that
dc-bias structure did not significantly degrade teof the

capacitor.
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