Buried Tantalate-Niobate Microwave Varactors
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ABSTRACT: We present characteristics of microwave variable capacitors (varactors) buried in 2.5 um thick
AgTag sNby sO; (ATN) film pulsed laser deposited on sapphire single crystal. 2 um gap interdigital capacitors
(IDC) were fabricated by photolithographic, dry etching and lift-off processes. For comparison, similar IDCs
were also defined on top of ATN film. Capacitance and loss tangent have been determined using a modified de-
embedding technique in the microwave range 25 MHz - 40 GHz Buried structures show higher values of
capacitance and tunability, keeping the same level of losses compared to standard topped devices and resulting
in an increased K-factor = tunability/tan & Experimental results are explained within equivalent circuit model.
Besides the increased performance, the new design avoids the need of a successive planarization step, which
could be required in an integration process.
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1. INTRODUCTION In this paper we compare properties of interdigital
capacitors buried inside a 2.5 pum thick AgTagsNbysOs
Ferroelectric thin films have shown in these last film with IDCs fabricated on top of ATN film.
years great potential for novel microwave devices: phase
shifters [1,2], tunable filters [3,4], tunable ring resonators 2. SAMPLES PREPARATION

and local oscillators [5], and, recently, also frequency up-

converter [6]. Voltage controlled variable capacitors

(varactors) [7] present the most straightforward 10°
application of ferroelectric materials, because of their

intrinsic high speed (picoseconds), high capacitance AdTa, Nb,,0 /AL,

5
density, and low voltage switching operation. 10 EI ﬁ\ a
Comparative requirements between different types of F 10 P = Sm
ferroelectric varactors can be summarized as follows: flat = %E g(” o o X - 5
frequency response, low losses, high tunability and ease of E 10? 3 § g @ e g8 &
integration onto commercial substrates. Regarding this 2
last matter, the possibility of growing the film on single *2 2
crystal sapphire rather than on magnesium oxide (MgQ) -
or lanthanum aluminate (LaAlQ;) is preferable, since 10

sapphire represents the closest choice towards the full
integration on polycrystalline Al,O; (Polycor).
Ba;,Sr,TiO; (BSTO) is the nowadays premier ——r—r——r——t— g P
ferroelectric material for microwave tunable applications. 20 30 40 50 60 70 80 90 100 110 120
The main reason is its high tunability, which leads to a 20 (deg)
high K-factor (defined as the ratio between tunability and
losses [8]), the trade-off parameter to estimate the
performance of the material/device. Bulk ceramics of

10"

Fig.1 X-ray diffraction 6-28 scan in Cu-K, radiation of

AgTaNb, 05 {ATN) have been thoroughly investigated AgTay sNby 505 film pulsed laser deposited on sapphire
by Kania [9,10,11]. Bulk ATN demonstrated unique flat (Al,O3 - 0112, r-cut) single crystal.
response and low losses in the microwave range up to 100
GHz [12]. First ATN films were fabricated by PLD 2.1 Films Deposition
techmque [13] and showed low losses inrf-band [14]. Ina
recent paper [15], we presented and compared the ATN films were grown by pulsed laser deposition
performances of coplanar interdigital capacitors (in terms technique (KrF excimer Lambda Physik LPX 350iCC
of flatness of the frequency response, capacitance, laser) on sapphire single crystal substrate (Al,O5-0112, #-
tunability and losses) realized on three different cut) from stoichiometric AgTagsNbysO; ceramic target.
ferroelectric 0.4 pm thick agsKqsNbOs, BSTO and ATN Processing parameters were: background pressure p =
films. All films were grown on r-cut sapphire (Al,Os 5107 Torr, substrate temperature 7 = 650 °C, oxygen
0112). Up to 40 GHz AgTa,sNby 50, varactors showed pressure po, = 450 mTorr. Laser pulses with typical
superior loss properties and negligible (~ 4%) frequency energy of 400 ml/em” at 20 Hz repetition rate were hitting
dispersion compared to BagsS1p5Ti0;, though tunability the target. X-ray diffraction (Fig.1) reveals ATN film to
still remained to be improved. be single phase and strongly ¢(001)-axis oriented.
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2.2 Devices Fabrication
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Fig.2. Schematic of the fabrication of buried
interdigital capacitors: (a) the pattern is transferred
from the mask to the photoresist by UV exposition
and developing, (b) the patterned photoresist acts as a
thick mask (2 wm) for the Ar-ion milling of the ATN
film, (c¢) electron gun evaporated gold is deposited on
the sample, and after lift-off process, (d) buried IDC
are left.

Interdigital capacitors (IDC), consisting of five pairs
of 12 um long and 10 um wide fingers with 2 um wide
finger gap, were defined on the ATN film. The fabrication
procedure of the buried coplanar waveguides is illustrated
in Fig. 2. A 2 pm thick photoresist layer was spin coated
on the surface of ATN film, in order to execute an i-line
photelithographic process. The patterned photoresist acted
then as mask to the Ar-IBE (ion beam etching) step,
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Fig.3. Microwave propertics of 2 wm gap coplanar
interdigital capacitors fabricated on top of 2.2 um
thick ATN film.

which defined 400 nm deep grooves. Subsequently, 10 nm
thick Cr and 390 nm thick Au metallic layers were
evaporated by electron gun on the sample. The photoresist
was removed by lifi-off standard procedure, using resist
remover in ultrasonic bath. Finally, in order to planarize
surfaces eventually not perfectly flat, Ar-IBE can be
employed again. High Au-to-ATN sclectivity of the Ar-
IBE process permits a low loss of the film. Apart from
grooves fabrication by etching process, all the others steps
were followed also for the fabrication of IDCs on top of
ATN. 2.5 um and 2.2 um thick ATN films were chosen
for buried and topped devices, respectively.

3. CHARACTERIZATION
3.1 Measurement Technique

In order to determine properties of the interdigital
capacitors, scattering S-parameters were measured in the
range 25 MHz — 40 GHz by a network analyzer (Agilent
Technologies E8361A) connected to a 150 pm pitch
microwave probe (GGB Industrics). To calibrate the
system, the LRM (Line-Reflection-Thru) technique is
used. In tunability measurements, the DC bias is applied
to the IDC through the internal bias tees of the network
analyzer.

3.2 De-embedding analysis

Y-admittances were calculated from S-parameters
using standard conversion equations [16], and modified
de-embedding technique [15] is employed in order to
extract capacitance C, loss tan 4 and parasitic impedances
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Fig.4. Microwave propertics of 2 wm gap coplanar
interdigital capacitors buried inside 2.5 wm thick ATN
film.
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of the coplanar waveguide. One can then calculate:

C4a0r
Tunability = |1 - CUW) | 100% (1)
Cor)
Tunability
K - factor =——— (2)
tan o

The reliability of this method has been showed elsewhere
[15]. The results of measurements and following
calculations are plotted in Fig.3—4 and summarized in
Table 1.

Table I Comparison of topped (T) and buried (B)
varactors properties on 2.2/2.5 um thick AgTaysNbgy 03
ferroelectric film.

T B

Frequency dispersion of capacitance (%6) 33 7.3
Capacitance C at 20 GHz (pF) 013 017
Tunability = AC/C at 40V, 20 GHz (%0) 2 3
Losstan Sat 0V, 20 GHz 0.07 0.07
Kfactor = tunability/tan Sat 40 V, 20 GHz (%) 31 45
Parasitic capacitance C, at 20 GHz (fF) 39 40
Parasitic loss tan &, at 20 GHz 007 0.07

4. DISCUSSION
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Fig.5. (a) 3-dimensional view of the interdigital
capacitors structure. Dimensions are: L. =12 um, # =
10 um, G = 2 pm and £, = 0.4 pm. {b) Equivalent
circuit model for planar capacitors fabricated on the
ATN film.

Devices buried in ATN film show better performance
(higher capacitance and tunability, with approximately the

same losses) compared to topped devices. The higher
capacitance can be explained considering the simplified
equivalent circuit depicted in Fig. Sb. IDC capacitance can
be approximately estimated as a sum of the three parallel
plate capacitors €, Cyand Cx

L.z,
C =58,y GA >
L-t
(G0 % W
2 = &p AmGthAm
;
G+W 2.t
C, =g LW oo SATME |
& a0, & arw

C, is the capacitance of an equivalent capacitor whose
plates are separated by a distance G (gap of the
interdigitated structures) of ATN. Diclectric permittivity
of ATN ceramics is &4y ~ 400 at 20 GHz [12]. In the
absence of literature data for ATN films, we use here the
bulk value. C; is negligible for clevated structures since
&y »> 1. C, 18 the equivalent capacitance of a parallel
plate capacitor whose plates are separated by a distance
(G + tymy and have an area (L - f4my), Where f.py 1s the
thickness of the film. Cj; is the series of thres capacitors,
but since the two which are in the ATN film have much
higher capacitance than the one in the substrate (SAjz o, ™

10 at 20 GHz [17]), they can be neglected. All relevant
dimensions are given in the caption.

The result is a total capacitance Cr = C, + C, for
structures on top of the film, and Cyz = C, + C; + C; for
buried devices. One can estimate the ratio between the
two total capacitances and predict a value Cp/Cr = 1.4,
which is in fairly good accordance with the experimental
value (Cs'Crlep  1.3. Also, the estimation of the absalute
value of the capacitance of the structure turns out to be
roughly correct. In buried case, a value Cy = 0.03 pF is
found. Assuming the total capacitance to be proportional
to the number of fingers » (this is approximately true
when n < 20, as showed in papers where more
sophisticated CAD modeling were presented [18,19]), the
estimated capacitance is consistent with the experimental
value within the same order of magnitude.

5. CONCLURSIONS

Buried and elevated interdigital capacitors have been
fabricated on ¢(001)-axis oriented AgTa, sNby sO; films to
compare their properties in microwave frequency range 25
MHz to 40 GHz. Buried structures showed higher values
of capacitance and tunability, similar losses thus 50 %
increased K-factor. Highly polarized ferroelectric which
fills the gap between the fingers of interdigital capacitors
causes the enhanced performance. The new design offers
a further advantage: being the clectrodes inside the film,
there is no need of any other step in order to planarize the
surface. Since planarization could be necessary in
integration context, buried structures seems to be
preferable also regarding this matter.
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