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Abstract In this study, the microwave dielectric and the
acoustic properties of Pb(Zr,,Ti;.,)O3 (PZT) thin films depos-
ited using chemical solution deposition (CSD) were investi-
gated using the same measurement setup. High dielectric
constants in the range of ~280-540 and loss tangents less than
0.1 at 4 GHz were measured, where the value depends on the
thickness of the PZT film. The voltage tunability of the
340 nm and 440 nm thick PZT thin films was ~34% and 5%
for the 140 nm thick PZT film at 120 kV/cm and 4 GHz. The
acoustic parameters of the PZT thin films under DC bias
voltages were determined using a one-dimensional acoustic
wave resonator model. For the PZT films of thicknesses
340 nm and 440 nm, the acoustic resonance frequency shift
was about 15 MHz and the electromechanical coupling coef-
ficient was ~10% at an electric field of 160 kV/cm. The large
dielectric constant and high tunability suggest that the charac-
terized PZT thin films may be suitable for radio frequency
(RF) applications such as high-density RF MIM capacitors
and other tunable devices.

Keywords PZT - Dielectric properties - Acoustic properties -
MIM capacitor - RF technology

1 Introduction

Recently, the excellent piezoelectric properties of Pb(Zr,,

Ti;_,)O5 (PZT) thin films were applied to a piezoelectrically
actuated radio frequency (RF) microelectromechanical
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system (MEMS) switch and a thin film bulk acoustic resonator
(TFBAR) [1, 2]. As a result of their large dielectric constant
properties, PZT thin films can also be used for metal-insulator—
metal (MIM) capacitors employed in monolithic microwave
integrated circuits (MMICs) [3]. However, PZT typically suf-
fers from a large dielectric relaxation and loss in the microwave
frequency range as a result of the acoustic shear wave emission
induced by the movement of the domain walls [4]. The dielec-
tric properties of PZT thin films differ significantly from those
of their bulk PZT counterparts, suggesting a dependence on the
thickness of the films [4, 5]. Although several researchers have
reported the piezoelectric and dielectric properties of PZT thin
films [6, 7] and their dependence on the film thickness [8, 9],
there remains a lack of data relating the effect of film thickness
on the dielectric properties in the gigahertz frequency range. In
this work, we have determined the microwave dielectric prop-
erties of PZT thin films, as well as their voltage tunability over
different thicknesses. The test structure for characterization was
modeled on a MIM capacitor, in which the electric field was
ideally located perpendicular to the dielectric layer. However,
because of the large parasitic effects occurring during the
microwave measurement, it was difficult to directly obtain the
microwave dielectric properties from a simple parallel plate
capacitor. Several techniques were suggested for the character-
ization of dielectric thin films using the MIM capacitor [10, 11].
Among the suggested techniques, the microwave measurement
technique proposed by Ma et al. [12] has been successfully
employed for thin films with high and low dielectric constants,
and continues to be improved [13, 14]. The unwanted parasitic
effect, induced by the outer ground electrode (G) shown in
Fig. 3(a), was effectively removed using two test structures
with different sized annular ring slots, while maintaining the
same outer radius for the top metal layer. The acoustic proper-
ties of the PZT thin films were derived from the same measure-
ment setup as the dielectric property measurement. PZT films
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are known to be a potential candidate for broadband filter
applications because of their high electromechanical coupling
coefficient [2]. We have simulated the effects of the acoustic
resonance responses induced by the DC electric field dependent
piezoelectric and electrostrictive properties using a one-
dimensional (1-D) electro-acoustic model of the multilayer
capacitor structure.

2 Experimental procedure

Test wafers were prepared by the following method. A SiO,
thermal layer with a thickness of 540 nm was deposited on a
high resistivity Si wafer (~10 kQ cm) with a thickness of
720 um. Using sputtering, Ti and Pt layers were sequentially
added on the SiO, layer, with thicknesses measuring 15 nm
and 220 nm, respectively. Chemical solution deposition
(CSD) was used to deposit PZT layers of various thick-
nesses (140 nm, 340 nm, and 440 nm) on the Pt layer.
Details of the PZT deposition process were previously
reported in [15]. A 720 nm thick Au top metallic layer
was deposited on a 15 nm thick Cr adhesive layer using
DC magnetron sputtering. Standard lithography and wet
etching processes were carried out to pattern circular elec-
trodes on top of the Au/Cr layer. The thicknesses of the
films were measured using a focused ion beam (FIB,
SMI3050TB) technique. The cross sectional view of a test
wafer fabricated using FIB milling is shown in Fig. 1.
Figure 2 shows the X-ray diffraction 6/260 spectra of the
MIM capacitor with the thickest PZT film (440 nm). The
PZT film is clearly crystallized with the (001) and (110)
orientations dominating.

The top electrode in the capacitor was designed so the
inner circular electrodes would have an inner radius of
20 um or 45 um and an outer radius of 75 um. Figure 3

Fig. 1 FIB image (cross sectional view) of a test wafer which specif-
ically shows the 720 nm Au layer and the 340 nm PZT thin film, which
is deposited on to the Pt/Ti/SiO,/Si substrates. The Cr and Ti layers
were so thin that the layers were not labeled
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Fig. 2 X-ray diffraction 6/260 (°) scan of the 440 nm thick PZT films
on Pt/Ti/SiO,/Si substrates

shows a top and cross sectional schematic view of the MIM
capacitor. An Agilent E8364B vector network analyzer
(VNA) and a ground-signal-ground (GSG) Cascade Micro-
tech infinity probe with a pitch of 200 um were used for the
microwave characterization of all the samples. An on-wafer
calibration routine using a calibration substrate provided by
the probe manufacturer was carried out before performing
measurements. In order to characterize the electric field
induced dielectric properties, an E5270 DC analyzer (Agi-
lent Technologies) was connected to the network analyzer
so that a DC bias could be applied to the MIM capacitor
through the RF probe. All the samples in our experiments
for the microwave characterization were measured at room
temperature, and the poling process was not carried out so

Au/Cr (0.72 um/15 nm) PU/Ti (220 nm/15 nm)
PZT (140, 340, 440 nm)

SiO, (540 nm)

High resistivity Si (750 pym) |

Fig. 3 Schematic of top (a) and cross-sectional view (b) of the MIM
capacitor structure
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that the dielectric properties of the as-deposited films
could be obtained.

3 Results and discussion

The S-parameters were recorded by performing one-port
VNA measurements at room temperature; these parame-
ters were then converted into load impedance (Z.) as
follows:

1 .
Z.=7, =R+jX (1)

where Z, is the characteristic impedance (50Q), S;; is
the measured S-parameter, and R and X are the real and
imaginary parts of the impedance, respectively.

The capacitance of the simple parallel plate MIM capacitor
was calculated using the following equation:

co_ L _Acer 2)

Xo t
where C is the measured capacitance, and # and A4 are the
dielectric film thickness and inner circle electrode area, re-
spectively, w is the angular frequency, and .. is the dielectric
constant of the PZT thin film.

It should be noted that the MIM capacitor with an
annular ring slot on the top of the metal layers cannot
be modeled as a simple parallel plate capacitor without
resulting in errors in the extracted parameters. Instead, it
must be modeled using an equivalent circuit, as shown

in Fig. 4 [14].
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Fig. 4 Schematic showing the MIM capacitor equivalent circuit model
with an annular ring slot

Results of the capacitance measurements performed
using only one capacitor to determine the complex
dielectric constant of a dielectric thin film may not be
reliable because of the parasitic effects induced by the
outer ground electrodes (G) [12]. Therefore, instead of
using only one capacitor, two capacitors with different
inner radii but the same outer radius were modeled, and
the impedance values of the two capacitors were sub-
tracted from each other to appropriately account for the
outer ground electrode.

The complex dielectric constant consists of real part of ¢,
and imaginary part of €,.

The real part of the impedances after subtraction was
expressed as follows:

Ry — R, = (Ry/2r) In(az/a1) + Rest — Resa + Reet
—Rt02+ 5 (aLz - L2) (3)

ons, (5%-0—5%) TG
The imaginary part of the impedances after subtraction
was expressed as follows:

1
X —X, = + w(Ltcl - Lth)

tey 1
oney (el +e3) \a}  af
4)

where a; and a, are the different radii of the inner circle
electrodes, R, is the sheet resistance of the bottom electrode,
R, and L,. are the resistance and the inductance of the top
circular electrode, respectively, and R, is the resistance of
the bottom electrode of the inner circular capacitor (C). The
resistances R,. and R_,, and inductance L,. were calculated
on the basis of the Bessel function of the first kind and zero
order [12, 16].

Thus, using (3) and (4), the formula for determining
the complex dielectric constant of a dielectric thin film
was

_ & _ (R/2m)In(az/a1)—Ri+Ry+Res1 —Reo +Ric1 —Rica
tand = e X1 =X —0(Liet —Lica) (5)

S t(l/a%—l/af)((/\;l);gfz)—w(Lm—L/cz))/

((Xl - X2> - w(Ltcl - chz))2 + 5 (6)
(Ry/27) In(az/ar) — Ry + Ry + Rest — )
Rcs2 + thl - thZ

During the dielectric properties measurements (dielectric
loss tangent in Fig. 5(a—c) and dielectric constant in
Fig. 7(a—c)), oscillations related to the acoustic resonance
response were observed for all PZT thicknesses. In Fig. 5(a—
¢), the sharp resonance peaks depending on the thickness
were associated with the DC electric field dependent piezo-
electric and electrostrictive properties of the PZT thin films
[17, 18] rather than dielectric relaxation [9] and RF
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Fig. 5 Measured dielectric loss tangents (d, e, and f) of PZT films

obtained using (5) following 40 kV/cm electric field increment changes
as a function of frequency
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measurement setup [19]. The electric polarization of the
ferroelectric thin films increased with the DC electric field;
this results in an increased piezoelectric response, followed
by a resonance response [20]. In Fig. 6, different resonance
frequencies (anti-resonances) are displayed and were attrib-
uted to the mechanical resonance condition of the resonating
device, whose piezoelectric film thickness was inversely
proportional to the resonance frequency. The resonance
magnitude increases as the thickness increases, which
means the piezoelectricity of the PZT thin films is thickness
dependent [21]. The piezoelectric effect detected at zero
electric field may be a result of the self-polarization effect
found in ferroelectric thin films [18, 22]. The dielectric loss
of PZT thin films increases with increasing thickness and
frequency. The Butterworth Van-Dyke (BVD) equivalent
circuit model for the piezoelectric resonator could be added
to the MIM capacitor model in Fig. 4 in order to remove the
acoustic resonance effects in the measurement results of
dielectric loss tangent (Fig. 5) and dielectric constant
(Fig. 7).

In order to investigate the DC electric field tunability of
PZT films, different DC bias voltages were applied to the
MIM capacitor structures through a RF probe. The extracted
dielectric constants using (5) were plotted up to 10 GHz and
are shown in Fig. 7(a—c). The tunability was strongly related
to the PZT film thickness. Figure 8 shows the voltage
tunability, defined as T(V) = 1 — &,(V)/e,(0). The voltage
tunability was ~5% for the 140 nm thick PZT film and
~34% for the 340 and 440 nm thick PZT films at
120 kV/cm and 4 GHz. The dielectric constant of the
PZT films was also thickness dependent. As the PZT
film thicknesses increased, the dielectric constant also
increased. The presence of a thin dielectric layer with a
low dielectric constant at the electrode interface may
explain the relatively large difference in the dielectric
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Fig. 6 Measured loss tangent values of PZT thin films at 160 kV/cm
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Fig. 7 Measured dielectric constants of PZT thin films of various
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constant for different thicknesses of the PZT film [23].
This theory was tested using a two layer model. The

function of frequency up to 10 GHz obtained using (5)
and (6). As shown in this figure, the results obtained using
(2), where only one capacitor with a 20 um inner circle
radius was used, illustrates the high frequency dependence
where the effects of the impedance of the outer ground
electrode area (G) become pronounced with an increase in
the frequency.

PZT thin films have high electromechanical coupling
coefficients, making them potential candidate for broadband
filter applications [2]. The coupling coefficient increases as
the applied DC bias voltage increases [25]. These features
prompted an investigation of the films’ acoustic properties
for RF applications such as a TFBAR. The electrical imped-
ance of the multilayer MIM capacitor structure (Fig. 3) was
measured under different DC bias voltages in order to de-
termine the acoustic properties of the PZT thin films. The
multilayer structure was modeled taking into account all the
layers of the electrodes and dielectrics, except the adhesive
layers of Cr and Ti. The effects of these layers on the results
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Fig. 9 Measured dielectric constant (a) and loss tangent (b) of 440 nm
PZT thin film as a function of frequency

were small enough to be negligible due to the thin
layers. The electrical impedance at the interfaces of
the top (Au/PZT) and bottom (PZT/Pt) terminals were
calculated as follows [26]:

_ 1 |1 _ g2tangp (z+2)c0s* p+jsin 2¢
Z_ja)C [1 Kt ¢ (zi+zp) cos 2p+j(zizp+1) sin 2 (7)

where w=2nf is the angular frequency and C is the
static capacitance, taking into account the dielectric loss
of a piezoelectric layer described as

C— Ag,ed

(I —jtané) (8)
where 4 is the top circular electrode area and £5 and tan
d are the dielectric constant under constant strain and
loss tangent of the piezoelectric layer, respectively. The
value ¢ is the film thickness.

@ Springer

The complex acoustic phase, ¢, was defined as

where 3 is the phase constant given by the longitudinal
acoustic velocity (vp) as follows:

s
-2

B (10)

The value Q is the acoustic quality factor of the piezo-
electric layer.

The values of z, and z, are the acoustic impedances
loading a piezoelectric layer at the top and bottom sides,
respectively, obtained using the following impedance trans-
formation [18]:

Zin +7Z; tanh(y,t;)
" Zi + Ziy1 tanh(y;t;)

in — (1 1)
where y; = a; + jf3; is the complex propagation constant for
the ith layer.

The acoustic wave propagation loss, « is given by the
phase constant and quality factor as follows:

_ B
20

The Z;;, and Z; values are the acoustic impedances of the
(i+ 1)th and the ith layers, respectively. The electromechan-
ical coupling constant for the thickness longitudinal vibra-
tion (Ktz) is defined as

a;

(12)

2
K2 — 33
" Bl (1 —jtan )

(13)

in which ¢Z} is the elastic stiffness coefficient of the piezo-
electric layer (Pa) under constant electric displacement and
ey is the piezoelectric stress constant (C/m?). The subscript
33 indicates the z direction.

Figure 10 shows the electrical impedances [real (a, ¢, and
e) and imaginary (b, d, and f)] of the multilayer MIM
capacitor structures with PZT thin films simulated using
(7) and the measured impedances between 2.2 GHz and
3.5 GHz. The measured impedances were obtained for a
20 pum inner radius of the top electrode. The resonance
responses were measured as the DC bias voltage was ap-
plied and increased stepwise until it reached 280 kV/cm.
However, the resonance magnitude did not remain constant;
instead the value decreased when the bias was repeatedly
switched on and off. This decrease could be associated
with PZT thin film fatigue under a high DC electric
field [27]. In order to fit the simulated impedance to the
measured one, the parameters vy and e3; were adjusted
for applied DC bias voltage. For the zero bias voltage,
the Au layer thickness was changed down 0.2~6.9% so
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Fig. 10 Measured and simulated electrical impedances of the multilayer capacitor structure with PZT thin films as a function of the real (a, ¢, and

e) and imaginary (b, d, and f) portions of frequency

that the acoustic velocity of the PZT thin films was set
to 4,500 m/s [28]. The top Au thickness remained
thicker than the piezoelectric film. Even a small change
in Au thickness showed large influences on the reso-
nance frequency. It is important to note that during the
RF measurement, a RF probe was contacting the top Au

surface with a pushing force, decreasing the Au thickness
slightly. The acoustic parameters of the other materials used
are displayed in Table 1. For non-zero bias voltages applied to
the capacitor, vp in (10) was modified to fit with the
resonance frequency of the measured impedance, also
referred to as the real part. Secondly, the measured
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Table 1 Acoustic parameters of layers in PZT FBAR

Layer Acoustic wave Acoustic impedance Acoustic
velocity (m/s) kg/(sm2) Q-factor

Air 360 400 -

Au 3428 66.1-10° 50 @ 2.5 GHz

PZT 4500 [29] 34.9-10° 15 @ 2.5 GHz

Pt 3300 69.8-10° 150 [19]

SiO, 5700 12.5-10° 500 [19]

Si 8433 19.7-10° 20 @ 2.5 GHz

dielectric constant (¢5) at the resonance frequencies was
inserted in (8) and (13) with e33 set to zero so that the
simulated impedance (imaginary) fits at the maximum
slope point where the first derivative is the maximum.
Then, e33 in (13) was increased to fit with both the real
and imaginary parts of the impedance. The £ and es;
values were minimally adjusted to obtain a better fit.
The simulated impedance agreed closely with the mea-
sured impedance within the measured frequency range.
The Q-factor of the PZT films derived was ~15 for all
the measured impedances under different DC bias vol-
tages. The measured Q-factor of the PZT thin films is
lower than other PZT thin films [2], and it may be
attributed to the high frequency. The Q-factor is de-
creased with frequency. The loss tangent was ~0.1,
0.15, and 0.15 for PZT films of thickness 140 nm,
340 nm, and 440 nm, respectively. The measured impe-
dances (real part) of the FBAR structure with PZT
thicknesses of 340 nm and 440 nm showed a positive
shift in the resonance frequency as the DC bias voltage
increased. The resonant frequency shifts were around
10 MHz and 15 MHz for 340 nm and 440 nm, respec-
tively. However, for the smallest thickness of 140 nm, a
resonance frequency shift was not observed.

166 ; ‘

B 140 nm To find nonlinear
164 1 0O 340 nm

O 440 nm

coefficient M ]
162 /OX(@A
160
158

156

154 i i
0 100 200 300

Electric field (kV/cm)

Stiffness coefficient (%) (GPa)

Fig. 11 Stiffness coefficient (a) and coupling coefficient (b) of PZT
thin films as a function of electric field
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The nonlinear electrostriction coefficient (M) of PZT
films, directly related to the shift of the resonant frequency
[29], was estimated by extracting the stiffness coefficient

(c53) in (14)
C3Da = Vsz (14)

where p is the density of PZT. In the calculation, a standard
density of 7,750 kg/m® was used.

In Fig. 11, ¢f; of the 440 nm thick PZT film almost
linearly increases with the DC electric field. However, ¢£}
for the 140 nm thick PZT film was constant because there
was no resonant frequency shift. In particular, it was ob-
served that the resonance frequency of the 340 nm PZT
structure was shifted negatively until 80 kV/cm, and 2,
decreased. This phenomenon was not clearly understood.
It may be the result of uncertainty in the calibration of the
measurement system. The estimated nonlinear coefficient
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Fig. 13 Dielectric constants for various PZT thin film thicknesses as a
function of DC electric field
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(M) of the electrostriction using (15) was ~1.9x 10" Nm*/C>
for a 440 nm thick PZT film.

c% = cf + M(EfEUEDc)ZBO] (15)

Figure 12 shows that the electromechanical coupling
coefficient (K? ) of PZT films calculated using Eq. (13) is
thickness dependent and DC electric field dependent. The
K? value is larger than 10% at 160 kV/cm for the 340 nm
and 440 nm PZT films. Figure 13 shows the dielectric
constants of PZT thin films as a function of DC electric
field obtained in the simulation of the acoustic properties. It
is seen that after 100 kV/cm, the dielectric constants become
close to each other as seen in Fig. 7.

4 Conclusions

In this report, the microwave dielectric properties of
PZT thin films deposited onto Pt using the CSD method
were studied for RF applications. The measurements
showed that the extracted dielectric constants of PZT
thin films exceeded 540 and 280 for thicknesses of
440 nm and 140 nm, respectively, at 4 GHz. The large
dielectric constant and moderate loss tangent (<1% at
4 GHz) suggest that PZT thin films may be suitable for
use in RF applications such as high density MIM
capacitors. The thin films may also be applicable in
RF tunable devices requiring high tunability. The acous-
tic resonance analyses with DC bias voltages for the
multilayer capacitor structure with PZT thin films dem-
onstrate that the simulation results were in strong agree-
ment with the experimental measurements and also
show the possibility of a DC electric field dependent
tuning of the PZT thin films. The resonant frequency
shift was ~15 MHz. It was shown that the microwave
measurements performed using the MIM capacitor struc-
tures fitted with an annular ring slot on the top of the
metal layer enabled various measurements in one test
wafer.
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