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Pby.4S10cTiO3 (PST) thin films were deposited on high resistivity silicon substrate by radio
frequency magnetron sputtering. A pure perovskite phase was obtained at a low post annealing
temperature of 650 °C. The relative dielectric constant, loss factor, tenability, and figure of merit
were determined over a large frequency range of 1 GHz to 60 GHz. A large tunability about 60%
and a relatively low loss of 16% at 60 GHz were obtained. PST is an alternative material for
microwave agile devices integrated with silicon and this is discussed from the standpoint of
monolithic integration with a low thermal budget. © 2011 American Institute of Physics.

[doi:10.1063/1.3656065]

Ferroelectric thin films such as Pb(Zr,Ti)Os; (PZT),
SrBi;Ta,O9 (SBT), and (Ba,Sr)TiO; (BST) are currently
used for tunable capacitor structures due to a strong variation
of their relative dielectric constant under applied dc electric
voltage, i.e., large electric-field-dependent tunability.! Many
devices have been intensively studied and fabricated for dif-
ferent applications: tunable microwave devices/radio fre-
quency components and power-supply decoupling.*?
Among the various ferroelectric films, BST thin film is the
most promising material for micro wave tunable capacitors
due to its high dielectric constant, high tunability and its par-
aelectricity at normal operating temperatures. Although pure
BST material presents a large loss factor, typically 10% at
60 GHz, which impacted on the device’s figure of merit
(FOM). For monolithic Si—integration with BST, post
annealing at a temperature of around 750 °C, can damage
electrodes, barrier metals, and contacts. Some authors have
shown that the tunability of Pbg4Sry¢TiO; (PST) can be,
depending on the Pb/Sr ratio, higher than BST and the loss
factor stays relatively low.*

In this paper, we present the results of characterization
of dielectric properties, relative dielectric constant, loss fac-
tor and tunability of PST films over large frequency range.
For the Pb/Sr ratio of about 40/60, the tunability of the PST
attained a maximum value; the target (PST ceramic) contains
25 wt. %. of lead and 6 wt. %. of strontium excess.” The films
were deposited by radio frequency magnetron sputtering
onto high resistivity silicon (HRSi) substrates. The deposi-
tions were made ex-situ (without annealing the substrate dur-
ing the growth) and so the as-grown films were amorphous.
A post annealing temperature of 650 °C is sufficient to obtain
a pure perovskite structure without parasitic phases. The
details of the sputtering, post annealing conditions, and films
composition are given in Ref. 6. A typical x-ray diffracto-
gram is presented in Figure 1. The film thickness is 150 nm
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(this will be discussed later) with a very thin TiOy buffer
layer. We have shown previously that the presence of a TiOx
buffer layer (3nm thick) improves the BST crystallisation.’
For PST films, as presented in Figure 1, no effect was
observed, a more complete study is necessary. The films are
polycrystalline with a preferred (110) orientation. The micro-
structure of the PST films deposited on HRSi, obtained using
scanning electron microscopy (SEM), is shown in Figure 1
(insert). The film is smooth and very dense; no cracks appear
to be present. The grains sizes are very large, completely dif-
ferent to those measured for PST deposited on platinum.

To determine the electric properties (relative permittiv-
ity, loss factor, and tunability) of PST in the hyper-frequency
domain, we used a developed process involving a coplanar
waveguide with a 1 um slot width and Figure 2(a) shows a
3D-scheme of this waveguide on PST film.*° This method
was initially optimized for the BST thin film (&gt = 300),
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FIG. 1. X-ray diffraction patterns of PST films deposited on HRSi with a
post annealing temperature of 650 °C. The inset shows a SEM view of the
sample with buffer layer (corresponding to the light black line).

© 2011 American Institute of Physics
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FIG. 2. (a) 3D schematic of the 1 um slot width coplanar waveguide (b):
Meshed SEM view on one of the slots of the coplanar structure tested.

so it is necessary to take some precautions before quantifying
this with PST. Indeed, for PST thin films, our measurements
at low frequencies show a permittivity of between 450 and
550.” Equation (1) describes the qualitative behavior of the
attenuation constant o (y = o + jf3).

212 22 ¢
2 e o _e _
o = . 1+ 2n2538’e+8; L. M

The subscript “e” refers to effective parameters, i.e., they
depend on both the physical characteristics and topological
characteristics of each region (substrate, electrode, PST, and
air). ¢,/ is the relative effective permittivity, d, is the effec-
tive skin depth (J, is an function of the effective conductivity
a.), U is the effective permeability, 4, is the wavelength in
vacuum, and fis the frequency. When ¢,” > 0 and/or ¢, >0,
the effective permittivity ¢, acts as an amplifier of the wave-
guide losses. This is the main effect that we must take into
account when the material characteristics are to be deter-
mined. Indeed, to perform the measurement up to 60 GHz,
we must ensure that the parameters Sij of an entire structure
is not less than —35dB at 60 GHz; this value corresponds to
our template that takes into account the limitations of our
vector network analyzer (VNA). Under these conditions, two
solutions are possible. First, to increase the finger gap
between the electrodes. However, as consequence, the
applied DC electric field magnitude and tunability measure-
ment are lowered. Second, to decrease the thickness of the
film but this result in increasing mesh density and decreasing
mesh quality. Concerning mesh density, it has a strong de-
pendence on the thickness of the ferroelectric film. Really,
VNA is not the only limiting factor, our bespoke software,
based on a two-dimensional vector finite element method
(2D VFEM) presents also some limitations. It is imperative
to define the maximum film thickness that ensures a correct
measurement and simultaneously minimizes the mesh
density for the computational phase. We verified that the
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simulation is possible as long as the layer thickness is not
less than 130 nm. Taking into consideration all these limita-
tions, we decided to maintain a DC electric field at 300kV/
cm (as for BST films) and to fix the PST film thickness at
150 nm. Figure 2(b) shows the final structure observed by
SEM.

All the measurements are performed at ambient tempera-
ture using an Agilent E§361A PNA Microwave Network Ana-
lyzer coupled to a Cascade Microtech ground-signal-ground
probe station. The scattering parameters are measured in the 1
to 60 GHz frequency band. Note that with this PNA, there is a
measurement uncertainty of about 0.15-0.2dB on the
dynamic range (0 to —35dB). This implies a relative uncer-
tainty on tan J of approximately 2% while ¢ determination is
always better than 1%. For DC electric field control, we used
an Agilent E5263A 2-Channel High Speed Source Monitor
Unit, driven by IC-CAP device modelling software v2009.
The bias voltage is swept between +30V and —30V. After
extraction, we obtain the complex permittivity, i.e., the dielec-
tric constant and the loss tangent under the DC applied volt-
age. The tunability is defined as {(&'(0)-&'(E,..))/€ (0)}*100%,
where ¢'(0) and &(E,,,,) are the permittivity of PST film at
zero and maximum applied voltage, respectively. With or
without an external DC electric field, the relative dielectric
permittivity is continuously diminishing as shown in Figure
3(a). At zero DC bias, it has a value of 390 at 1 GHz and
reaches 350 at 60 GHz. The loss tangent (tan ) increases with
frequency and evolves from 0.017 to 0.16 at 1GHz and
60 GHz, respectively (Figure 3(a)). The losses for PST films
are of the same order as that for BST (0.11 at 60 GHz). A
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FIG. 3. (Color online) (a) Frequency behaviour of the complex permittivity
(e* =¢'-j¢") and loss tangent (tan 6 =¢"/¢") of a 0.16 um thickness PST layer
deposited on a 600 um HRSi substrate. (b): Loss tangent between 1 GHz and
7 GHz. In this frequency range, a resonant absorption peak was observed as
a function of the DC bias voltage.
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TABLE I. Synthesis of BST and PST results: comparison of dielectric char-
acteristics at 1 GHz and 60 GHz.

BST PST
Frequency (GHz) 1 60 1 60
¢ (0kV/cm) 296.6 284.3 387.0 346.4
¢(300kV/cm) 198.8 196.7 145.5 140.1
tan 6 (%) 14 10.5 1.7 16.4
Tunability (%) 33.0 29.4 62.8 59.3
FOM 2.8 3.6

strong variation of the relative permittivity and loss factor
with DC voltage at different frequencies are shown clearly in
Figure 3(a). The tunability reaches very high value (63% at
1GHz) and stays near constant even at very at frequency
(59% at 60 GHz). Such a result is also observed on BST films
but a factor of 2 is measured for the tunability of PST. The
resonant absorption peaks in the frequency dependent loss tan-
gent are observed as a function of the DC bias voltage, as
shown in Figure 3(a), at 3.5 GHz, 10 GHz, and 17 GHz. The
details of this behaviour are presented in Figure 3(b) for reso-
nance absorption at 3.5 GHz. The loss increases when the DC
applied electric field increases, typically under 30V, we
obtain a loss of 6% in comparison with a loss of 2% at 0'V.
This resonance effect has been observed by some authors and
explained by electrostriction and piezoelectric effects.'® The
extensive transformation of microwave signals takes place at
acoustic resonances, where the length between the electrodes
is a multiple of the acoustic half-wavelengths, which leads to
sharp peaks in the frequency dependent loss tangent. The
acoustic resonance frequencies are determined by the acoustic
velocities in the thin films which form the structure. A model
that explains this particular effect has been developed by
Lakin er al."' Table I compares our results on relative permit-
tivity, losses, tunability, and FOM for polycrystalline BST
and polycrystalline PST. The FOM is defined as
{Tunability(60 GHz, E =30V)/tan 6(60 GHz, E=0V)}. Even
if the losses are little higher for PST, it is evident that this ma-
terial presents great potential for agile microwave devices.
Figure 4(a) summarizes the performance of PST films in terms
of tunability, and we represent within this figure the results
obtained with our BST films. From our measurements and
dedicated software, we have deduced the characteristic imped-
ance (Zc), which is related to the tunability of the dielectric
permittivity (Figure 4(b)). At 60 GHz, the variation of Zc is
about 36% (under 300 KV/cm DC electric field) for PST and
only 19% for BST films. This result is very important to real-
ise adaptive impedances at very high frequencies and can be
used to optimize for tunable impedance matching. The electri-
cal properties of PST films at microwaves frequencies are
very attractive for tunable devices applications because its rel-
atively low perovskite phase formation temperature is compat-
ible with silicon integrated circuits.

In conclusion, we have demonstrated the potential of PST
films, directly deposited on high resistivity silicon, for tunable
capacitance at microwave frequencies up to 60 GHz. The ther-
mal budget is relatively low and the processing is largely
compatible with silicon integrated circuits. The tunability

Appl. Phys. Lett. 99, 172905 (2011)

400 T T . r r : T
(a) i
. ®0OF | SN .
] 63% @ 5GHz
=)
£ .~ 300 | b
g 2 59% @ 60GHz
w2
oL 250 .
g E
]
= & 200 [ .
& - €' 5GHz
150 | 2 =~ ¢' 60GHz -
—-Our BST results
100 . . . . , i .
-400 -300 -200 -100 0 100 200 300 400
25 . . r r T
3 2 1
[ =
(1]
-]
-3 15 ——Re(Zc) 5GHz 1
£ E:(K/jicm) »-Im(Zc) 5GH
> S 10 150 | 300 nie £
=0 [ 5| a2 | 63 . —<Re(Zc) 60GHz
a2 N N 50 | B/ (%)
= & | 60 [Mas -<-Im(Zc) 60GHz
it 5 sl a], /¢ (%) 1
3 “le0 | 19 | 36 |-</*€
] L N ~ ks - N
5 ° I I R R SR ST
e e st A S e dud

4400  -300 -200 -100 O 100 200 300 400
Electrical field, E (kV/cm)

FIG. 4. (Color online) (a) Electrical field dependence at 5 GHz (black line)
and at 60 GHz (grey line) of ¢ for PST thin films deposited on a 600 um
HRS:i substrate and (b): The impact of the dielectric PST layer tunability on
the structure’s characteristic impedance.

reaches a maximum value 59% at 60 GHz in comparison to
29% for BST films at the same frequency. Despite slightly
larger dielectric losses, PST thin films achieve a better FOM
than BST. These results confirm the potentialities of PST
films for the realization of tunable devices at micro waves fre-
quencies. The resonant absorption peaks of the frequency de-
pendent loss tangent, probably in relation with the PST thin
film thickness, can be exploited for the fabrication of tunable
thin film bulk acoustic wave resonators. In future work, we
try to optimize the PST film crystallisation by the introducing
a buffer layer (TiOy or other) and determine the precise rela-
tion between the resonant absorption peaks and the film thick-
ness. We will verify that the observed resonant effect is not
limited to PST material but must appear also with BST.
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