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Abstract—Ferroelectric oxide films are attractive to design and 

fabricate reconfigurable and miniaturized planar devices 
operating at microwaves due to the large electric field 
dependence of their dielectric permittivity. In particular, 
KTa1-xNbxO3 (KTN) ferroelectric material presents a high 
tunability under moderate DC bias electric field. However, its 
intrinsic dielectric loss strongly contributes to the global loss of 
the related devices and limits their application areas at 
microwaves. In this work, a twofold approach is investigated to 
reduce the device loss. The intrinsic loss of KTN is firstly reduced 
by doping the ferroelectric material with a low loss dielectric 
material, namely MgO. Second, the doped ferroelectric films are 
confined using an original laser micro-etching process. Both 
routes have been implemented here to provide a synergic effect 
on the total insertion loss of the microwave test device, namely a 
coplanar waveguide stub resonator. The experimental data 
demonstrate a decrease of the intrinsic loss by a factor ∼2 and a 
decrease of the global loss by a factor ∼4 with a frequency 
tunability close to 10% at ∼10 GHz under a moderate biasing 
(80 kV/cm).  
 

Index Terms—Ferroelectric oxide, global loss, laser etching, 
MgO doping, tunability.  
 

I. INTRODUCTION 
HE development of tunable devices has increased 
significantly over the last decade, thereby facilitating 

implementation and access to emerging communication 
standards. Current reconfigurable devices mainly rely on PIN 
diodes [1], [2], microelectromechanical system (RF-MEMS) 
switches [3], [4], or field effect transistor (FET) switches [5]. 
But current progress in ferroelectric thin films has 
demonstrated their relevance for tunable devices at 
microwaves [6], [7]. Indeed, ferroelectric materials exhibit 
large dielectric permittivity er values which can be 
significantly tuned under driving static electric fields. 
Moreover, ferroelectric thin films allow a significant 
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miniaturization of the microwave devices [7].  
Besides the most popular ferroelectric materials, namely the 

well-known barium strontium titanate family BaxSr1-xTiO3 
(BST) [8] and the lead zirconate titanate family PbZrxTi1-xO3 
(PZT) [9], the alternative potassium tantalate niobate family 
KTa1-xNbxO3 (KTN) presents relevant features at microwaves, 
e.g. [10], [11]. Its Curie temperature Tc can be adjusted by 
controlling the Nb/Ta atomic ratio. The present work focuses 
specifically on the KTa0.5Nb0.5O3 composition (x = 0.5) which 
exhibits the highest agility of the dielectric permittivity [12], 
and thereby the largest frequency agility [13]. Its Curie 
temperature Tc equals 97°C (bulk value) [10]. Therefore 
KTa0.5Nb0.5O3 films are expected to be in the ferroelectric state 
at room temperature. At microwave frequencies, it is worth 
noting that the loss due to the ferroelectric domain walls 
dynamics as well as hysteretic properties tends to disappear, 
offering no undue advantage to ferroelectric materials in their 
paraelectric state [14]. Although KTa0.5Nb0.5O3 films exhibit 
high values of dielectric permittivity (er ≈ 700–850 [13]), their 
applications at microwaves are still limited due to their 
significant intrinsic dielectric loss (tanδr ≈ 0.3 at 10 GHz) [13]. 
Various solutions have already been investigated to lower the 
intrinsic loss of the material itself or the insertion loss of the 
related device: (i) use of a seed layer to improve the KTN 
crystalline quality [15], (ii) doping of KTN with iron [16], 
titanium [17] or MgO [18], (iii) deposition of 
ferroelectric/dielectric multilayers [19], (iv) ferroelectric 
material localization to reduce the insertion loss of the tunable 
devices printed on such films [20], [21], [22]. In this paper, a 
twofold and complementary approach is investigated to further 
reduce the total loss (intrinsic loss and insertion loss). The first 
route focuses on the MgO doping of KTN film, whereas the 
second one consists in confining the doped-ferroelectric layer 
only in regions of interest on the device layout and to remove 
it in non-critical areas by an original laser micro-etching 
process. Consequently, intrinsic loss and insertion loss can be 
reduced at the same time. For this purpose, simple test 
devices, namely three coplanar waveguide (CPW) 
transmission lines and a CPW stub resonator, have been 
designed and characterized in X-band to demonstrate the 
relevance of the twofold approach. 

The paper is organized as follows. The device fabrication 
process is described in Section II, and the impact of MgO 
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doping and confinement of KTN films are investigated 
experimentally in Section III. Finally, conclusions are drawn 
in Section IV.  

II. FABRICATION PROCESS OF THE DEVICES  

A. Elaboration of the undoped and doped KTN films 
The KTN thin films were grown by pulsed laser deposition 

(KrF excimer laser; λ = 248 nm) at 700°C under an oxygen 
pressure of 30 Pa on R-plane sapphire substrates (10 mm × 
10 mm × 0.5 mm). The KrF excimer laser was operated at 
2 Hz with a fluence of 2 J/cm2. Three home-made 
KTa0.5Nb0.5O3 targets (undoped, doped with 3% MgO in mol. 
and doped with 6% MgO in mol.) were used for the deposition 
of the KTN films. An excess of potassium (60% KNO3 in 
mol.) in the targets was used to overcome the volatility of the 
alkali element during the deposition stage. The undoped KTN, 
3% MgO doped KTN, and 6% MgO doped KTN films have a 
thickness equal to 600 nm, 530 nm, and 700 nm respectively. 
A polycrystalline growth preferentially oriented (100) was 
observed by X-ray diffraction (XRD) analysis (Fig. 1). The 
3% MgO doped KTN film exhibits a very small amount of 
KTN pyrochlore phase. This secondary phase is favored by a 
slight potassium deficiency, which is generally avoided by the 
use of KNO3 enriched targets. The surface morphologies 
(Fig. 2) observed by scanning electron microscopy (SEM) of 
the undoped and doped films are consistent with the 
polycrystalline growth shown by XRD. The presence of areas 
with uniformly oriented grains demonstrates the preferentially 
oriented growth of such layers. The grains with parallelepiped 
shape are characteristic of the (100) orientation (Fig. 2a). 
Grains with rounded edges are observed on the doped films 
(Figs. 2b and 2c). This phenomenon is still unclear. 

 

 
Fig. 1.  θ-2θ XRD patterns of the undoped KTN film, 3%-MgO doped KTN 
film, and 6%-MgO doped KTN film. The red asterisk (*) is related to the 
pyrochlore phase. 
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Fig. 2.  Scanning Electron Microscopy plane views of (a) undoped KTN film, 
(b) 3%-MgO doped KTN film, and (c) 6%-MgO doped KTN film. 
 

B. Design and fabrication of the test devices 
Two types of devices have been specifically designed for 

this study by using a 3-D commercial electromagnetic 
software (Ansys HFSSTM). They are fabricated on 0.5 mm 
thick sapphire substrates (er = 10; tanδ = 10-4). Three 50-Ω 
CPW transmission lines of different lengths (3 mm, 5 mm and 
8 mm) have been selected to assess precisely the dielectric 
characteristics of the undoped and doped KTN films. Each 
line is 40 µm wide (wl) and is surrounded by a gap gl of 50 µm 
(Fig. 3). The second type of devices is a CPW quarter-
wavelength open-ended stub resonator (Fig. 3). Its resonance 
frequency Fr depends on the effective permittivity of the 
heterostructure, as follows: 

effr
r L

cF
e4

=  (1) 

where Lr, c, and eeff are the stub length, the speed of light in 
vacuum, and the effective permittivity of the heterostructure, 
respectively. This resonator has been designed to operate in X-
band (∼10 GHz). 

The RF magnetron sputtering technique was used to 
fabricate the samples. A bilayer of 5 nm-thick titanium and 
2 µm-thick silver was deposited on each KTN layer at room 
temperature. The titanium underlayer was used here only to 
ensure the strong adhesion of the silver overlayer onto the 
ferroelectric oxide. The silver thickness was set at three times 
the skin depth value at 10 GHz (δ = 0.64 µm). Subsequently a 
standard photolithographic wet etching process with the 
appropriate photomask was used to pattern the devices. The 
nominal dimensions of the three transmission lines and of the 
stub resonator are provided in Fig. 3. Finally, gold wire 
bondings (length: ∼250 µm, diameter: 25 µm, black rectangles 
in Fig. 3) were used to enforce the equipotential condition on 
both CPW grounds and to prevent from the excitation of 
parasitic slotline modes. 
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Fig. 3.  Layout and dimensions of the CPW devices. The grey areas 
correspond to the metallic pattern. The green dashed lines define the area with 
KTN after laser micro-etching. 
 

C. Confinement by laser micro-etching 
The devices fabricated in Section II.B were printed on KTN 

films covering the entire substrate area (Fig. 4a). Once 
experimentally characterized in reflection and transmission, 
the same samples have been used in a second step to study the 
impact of KTN confinement on the device performance. To 
this end, the titanium and silver bilayers were first fully 
removed by chemical wet etching. Then, the laser micro-
etching technique [20], [23], [24] was implemented to confine 
the ferroelectric layer only underneath and close to the CPW 
resonator; KTN was removed in non-critical areas (i.e. 
underneath the ground plane and the feeding line of the stub, 
see Fig. 3). The same wavelength was used for KTN 
deposition and KTN micro-etching (KrF, λ = 248 nm). Indeed, 
KTN material interacts efficiently with KrF laser beam due to 
its optical band gap (Eg = 4.1 eV) lower than the photon 
energy and its high absorption coefficient (α > 200 000 cm−1 at 
248 nm), even after doping. Moreover, sapphire substrate is 
almost transparent at this working wavelength. The optimal 
parameters of the laser etching were determined to obtain a 
clean surface without damaging the substrate. A laser fluence 
of ~1.2 J/cm2, a frequency of 60 Hz, a 500 µm × 500 µm laser 
spot size with ~400 laser shots/area coupled to controlled 
micrometric displacements of the sample under the laser beam 
(workstation with X-Y tables) were used to properly confine 
the ferroelectric films. An exact sizing of the non-etched KTN 
area (100 μm × 1620 μm) was then obtained. The width of the 
KTN tape (100 µm) is large enough to confine most of the 
field lines in the stub region. To finalize the fabrication of the 
devices, the metallization process, photolithography and wet 
etching steps were implemented once more. Note that a 
special attention must be taken to precisely align the stub on 
the non-etched KTN area (Fig. 4b). To assess the impact of the 
different fabrication steps on the intrinsic properties of the 
ferroelectric materials, transmission lines were reprinted on 
the non-etched area of the samples (green dashed lines in 

Fig. 3). The device dimensions are the same as prior to the 
laser micro-etching step. The measured central conductor 
widths and gaps of the transmission lines and stub are 
(wl = 35 μm, gl = 55 μm) and (wr = 14 μm, gr = 18 μm), 
respectively. Note that the measured dimensions of the devices 
are slightly different from those of the photomask (Fig. 3) due 
to the overetching effect attached to the wet etching process 
used. 

 

 
(a)            (b) 

Fig. 4.  Stub resonator printed on (a) ferroelectric film and (b) confined 
ferroelectric film after laser micro-etching (optical microscopy pictures). 

III. EXPERIMENTAL RESULTS 
Microwave measurements were performed from 1 GHz to 

20 GHz using a vector network analyzer, two bias tees, and a 
probe station. A maximum DC bias voltage equal to 150 V 
was applied to the devices, which corresponds to a maximum 
static electric field of 80 kV/cm for the stub resonator and 
27 kV/cm for the transmission lines. The dielectric 
characteristics (er, tanδr) of the undoped and doped KTN films 
were retrieved through post-processed S11 and S21 
measurements of the CPW 50-Ω transmission lines using a 
home-made analytical model based on the conformal mapping 
method [13], [25]. 

A. Influence of MgO doping 
The dielectric characteristics of the undoped and doped 

KTN films are represented in Fig. 5a and Fig. 6a. At 10 GHz 
and Ebias = 0 kV/cm, the KTN sample doped with 3% MgO in 
mol. shows a decrease of er from 860 to 355 and of tanδr from 
0.31 to 0.20. Under Ebias = 27 kV/cm, er decreases from 580 to 
310 and tanδr from 0.23 to 0.19. With a 6% MgO doping, the 
dielectric permittivity shows a similar decrease from 860 to 
390, while an important loss reduction is measured: tanδr is 
divided by a factor 2.2 (tanδr = 0.14 at 10 GHz and 
Ebias = 0 kV/cm). The impact of the MgO doping rate is 
therefore not significant for er, in contrast to tanδr. The given 
values are summarized in Table I. Similar results (per unit 
length) have been obtained with the three 50-Ω CPW lines 
(not given here); this underlines the good homogeneity in 
thickness and composition of the undoped and doped KTN 
films. The 6% MgO doping is therefore the better trade-off to 
reduce significantly the intrinsic loss of KTN thin films while 
keeping up a high permittivity value. The slow decrease of er 
versus frequency is in accordance with the restriction of the 
dynamic polarization mechanisms of KTN due to the doping 
effect. The fast decrease of tanδr from 1 GHz to 5 GHz has 

Ag/KTN Ag/KTN 
KTN 

Ag Ag 

Ag/KTN 
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been attributed to the freezing of polar domain motion and to 
the restriction to the metal skin depth loss [13]. Note also that 
MgO doping reduces frequency dispersion (Figs. 6a and 6b). 
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Fig. 5.  Measured frequency dependence of the dielectric permittivity er (a) 
before and (b) after KTN confinement. Red line: undoped KTN; green line: 
3%-MgO doped KTN; blue line: 6%-MgO doped KTN at Ebias = 0 kV/cm. 
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Fig. 6.  Measured frequency dependence of the loss tangent tanδr (a) before 
and (b) after KTN confinement. Red line: undoped KTN; green line: 3%-MgO 
doped KTN; blue line: 6%-MgO doped KTN at Ebias = 0 kV/cm.  

The resulting variation of er and tanδr by doping could be 
explained by: (i) an improvement of the film microstructure 
(not observed here by XRD measurement); (ii) the addition in 
KTN material of a low permittivity and low loss dielectric 
phase material, namely MgO; (iii) a shift of the Tc value down 
to lower temperature inducing the paraelectric state of the 
doped KTN films at room temperature. A previous study 
based on the doped BaZr0.25Ti0.75O3 material had demonstrated 
a decrease of the Curie temperature due to the addition of 
MgO [26]. Another study had shown a decrease of the Tc 
value by MgO doping of the KTN thin films. A shift of about 
30 K was observed with a 3% MgO doped KTN film in a 
Metal-Insolator-Metal (MIM) heterostructure characterized at 
lower frequencies (100 kHz - 1 MHz) [27]. Indeed, in the 
present work, the variation of the measured stub resonance 
frequency Fr versus biasing shows a hysteretic behavior for 
the undoped KTN sample (Fig. 7a), highlighted by a higher Fr 
value reached at the end of the cycle hysteresis (0 kV/cm → 
80 kV/cm → 0 kV/cm → -80 kV/cm → 0 kV/cm), whereas no 
hysteretic behavior with an identical final Fr value is observed 
for the 6% MgO doped KTN film (Fig. 7b). In our opinion, 
that is typical of a ferroelectric/paraelectric state transition 
caused by MgO doping.  
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Fig. 7.  Variation of the stub resonance frequency Fr versus biasing of the (a) 
undoped KTN film and (b) 6%-MgO doped KTN film.  

 
The decrease of the permittivity values due to MgO doping 

reduces the frequency tunability T of the printed stub resonator 
(Table I). Here T is defined as the relative variation of the 
resonance frequency under the applied DC bias electric field 
Ebias, as follows [28]: 

 

100
)0(

)()0(
(%) ×

=

−=
=

biasr

biasrbiasr

EF
EFEF

T     (2) 

 
where Fr (Ebias) and Fr (Ebias=0) are the resonance frequencies 
with and without Ebias, respectively (Fig. 8). Under biasing, the 
resonance frequency of the undoped film shifts from 9.4 to 
13.5 GHz. By doping the KTN with 3% and 6% MgO in mol., 
we observe respectively a shift from 12.2 to 13.8 GHz and a 
shift from 12.3 to 13.6 GHz. The decrease of the dielectric 
permittivity by doping leads to an increase of the resonance 
frequency. The tunability decreases from 44% to 11% (Table I 
and Fig. 9a), with a significant global loss reduction (GL) 
from 0.72 to 0.56 (3%-MgO) and 0.52 (6%-MgO) (Table I and 
Fig. 10a). The global loss is defined as follows: 

 
GL = 1 - |S11|2 - |S21|2       (3) 

 
These results strongly confirm the previous ones coming 

from the variation of the intrinsic dielectric characteristics of 
the KTN films accordingly to MgO doping. 

MgO doping causes a concomitant reduction of the 
permittivity and tunability in most cases. In a MIM capacitor 
configuration at 100 kHz, the reduction of permittivity (from 
720 to 334) and tunability (from 28% to 17.2% under 
Ebias= 237 kV/cm) by doping Ba0.6Sr0.4TiO3 thin films with 5% 

TABLE I 
DIELECTRIC PERMITTIVITY er, LOSS TANGENT tanδr, GLOBAL LOSS GL, AND 

TUNABILITY T OF THE UNDOPED AND DOPED KTN FILMS 

 

Ebias= 0 kV/cm  Ebias= 27 kV/cm  Ebias= 80 kV/cm 

@ 
10 GHz 

Fr 

@ 
Fr 

@ 
10 GHz 

 

Fr 

@ 
Fr 

T (%) er tanδr GL er tanδr GL 
KTN 860 0.31 9.4 0.73 580 0.23 13.5 0.72 44 

3% MgO 
doped KTN 355 0.20 12.2 0.61  310 0.19 13.8 0.56 11 

6% MgO 
doped KTN 390 0.14 12.3 0.54  370 0.14 13.6 0.52 11 
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Mg in mol. was described in [29]. Tanδr value decreased too, 
from 0.1 to 0.007. Another study reported the variation of (er, 
tanδr, tunability under Ebias= 444 kV/cm) values from (360, 
0.013, 65.5%) to (320, 0.009, 29%) by doping multilayered 
BaxSr1-xTiO3 thin films with 5% MgO in mol. [30].  

 

0 5 10 15 20-40

-30

-20

-10

0

Frequency (GHz)

S 11
 (d

B
)

 
(a) 

0 5 10 15 20-25

-20

-15

-10

-5

0

Frequency (GHz)

S 21
 (d

B
)

 
(b) 

Fig. 8.  Measured (a) reflection coefficient S11 and (b) transmission coefficient 
S21 of the stub resonator printed on the 6%-MgO doped KTN film before 
confinement. Black line: Ebias = 0 kV/cm; grey lines: Ebias = 80 kV/cm. 
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Fig. 9.  Variation of the frequency tunability under biasing (a) before and (b) 
after KTN confinement. Red line: undoped KTN; green line: 3%-MgO doped 
KTN; blue line: 6%-MgO doped KTN. 
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Fig. 10.  Global loss versus frequency (a) before and (b) after KTN 
confinement. Red line: undoped KTN; green line: 3%-MgO doped KTN; blue 
line: 6%-MgO doped KTN at Ebias = 0 kV/cm. 
 

B. Influence of KTN confinement 
To further reduce the global loss of the stub resonator 

devices, KTN was confined underneath the stub using laser 
micro-etching. The dielectric characteristics of the undoped 
and doped KTN films were retrieved from the transmission 
lines reprinted on the non-etched film area (see Fig. 3). Figs. 5 
and 6 depict the variation versus frequency of the dielectric 
characteristics er and tanδr respectively. For example, at 
10 GHz and Ebias = 0 kV/cm, the weak variation of er (from 
390 to 350) and the constant value of tanδr before and after the 
confinement of the 6% MgO doped KTN film demonstrates 
thereby the preservation of the dielectric properties of the 
oxide film after the different stages of the fabrication process, 

namely the silver and titanium fully wet etching stage, the 
titanium and silver redeposition by RF sputtering, and the 
standard photolithographic wet etching process. The detailed 
results are summarized in Table II. 

Regarding the stub resonator measurements, on one hand a 
slight decrease of the tunability is observed after the KTN 
confinement and whatever the nature of the films (undoped 
and doped KTN). T changes from 11% to 8% for the doped 
films (Fig. 9b). On the other hand, a strong reduction in the 
global loss is obtained (Fig. 10b). At the resonance frequency 
Fr and Ebias= 0 kV/cm, GL of the undoped KTN decreases 
from 0.73 to 0.29; 0.61 to 0.26 for the 3% MgO doped KTN 
film and 0.54 to 0.20 for the 6% MgO doped KTN film. A 
global loss reduction by a factor ~4 is therefore achieved from 
the undoped KTN sample to the confined 6% MgO doped 
KTN film. The results are also summarized in Table II. 

 

 

IV. CONCLUSION 
This study demonstrates the relevance of the proposed 

twofold and complementary approach to achieve low loss 
tunable devices at microwaves. The reduction of the intrinsic 
dielectric loss by MgO doping associated with the 
confinement of the ferroelectric material in the active area of 
the stub enable a significant reduction of the global loss of the 
microwave device. However, MgO doping induces a reduction 
of the dielectric permittivity value, restricting the tunability of 
such devices. Accordingly to the intended application, a high 
tunability or a strong reduction of the global loss will be 
achieved. This twofold approach paves the way for the design 
of ferroelectric reconfigurable devices with attractive 
performance beyond X-band. 
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TABLE II 
DIELECTRIC PERMITTIVITY er, LOSS TANGENT tanδr, GLOBAL LOSS GL, AND 

TUNABILITY T AFTER LASER MICRO-ETCHING 

 

Ebias= 0 kV/cm  Ebias= 27 kV/cm  Ebias= 80 kV/cm 

@ 
10 GHz 

Fr 

@ 
Fr 

@ 
10 GHz 

 

Fr 

@ 
Fr 

T (%) er tanδr GL er tanδr GL 
 Confined KTN 805 0.32 9.4 0.29 530 0.24 13.1 0.31 40 

Confined 3% 
MgO doped 

KTN 
350 0.19 13.3 0.26 

 
320 0.20 14.3 0.27 8 

Confined 6% 
MgO doped 

KTN 
350 0.14 12.2 0.20 

 
330 0.14 13.2 0.25 8 
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