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Improvement of dielectric tunability and loss tangent of
(Ba,Sr)TiO; thin films with K doping*
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Bag.6Sr0.4TiO3 thin films doped with K were deposited on Pt/Ti/SiO2/Si substrates by chemical solution de-
position method. The structure, surface morphology, and dielectric and tunable properties of Bag.gSrg.4TiO3 thin

films have been studied in detail. The K content in Bag gSrg.4TiO3 thin films has a strong influence on the material’s

properties including surface morphology, dielectric and tunable properties. It is found that the Curie temperature of
K-doped Bag.gSrg.4TiO3 films shifts to higher values compared with that of undoped Bag.¢Srg.4TiO3 thin films, which

leads to a dielectric enhancement of K-doped Bag.gSrg.4TiO3 films at room temperature. At the optimized content of

0.02 mol, the dielectric loss tangent is reduced significantly from 0.057 to 0.020. Meanwhile, the tunability is enhanced

obviously from 26% to 48% at the measured frequency of 1 MHz and the maximum value of the figure of merit is 23.8.

This suggests that such films have potential applications for tunable devices.
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1. Introduction

Dielectric thin films have recently been received
considerable attention as promising candidates for ap-
plications in tunable microwave devices and in dy-
namic random access memories (DRAMs).[! Spe-
cially, Barium strontium titanate (Baj_,Sr,TiOs,
BST), has been investigated with considerable in-
terest as a dielectric material for its large field-
dependent permittivity, high dielectric constant, and
At present, BST thin

films have been prepared by a variety of techniques
2,3]

relatively low loss tangent.

such as radio frequency magnetron sputtering,!

pulsed laser deposition,

metal organic chemical va-
por deposition,!®8 and chemical solution deposition
(CSD).["8] Among these methods, the CSD method
has been used widely in processing the thin films be-
cause of its various advantages such as chemical homo-
geneity, low cost, accuracy of stoichiometry control,
and especially convenience of large area deposition.
However, the dielectric properties of BST thin films
fabricated by CSD method are not satisfactory since
its tunability is not high enough or the loss tangent is
not low enough. In order to improve the microwave
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dielectric properties of BST thin films, much atten-
tion has been paid in the past few years. Doping
is well known as a convenient and effective method
to improve dielectric properties of BST thin films."!
The induced electrons derived from the oxygen va-
cancies can hop between different titanium ions and
provide a mechanism of dielectric loss. To compen-
sate the oxygen vacancies, appropriate amount of ac-
ceptor dopants that occupy the B site (Ti*t site)
in the ABOj3 perovskite structure are doped to re-
duce the dielectric loss.'%! In previous investiga-
tions, Fe3t, Co®t, Cr3*, Mn?*, Mg?t, and AI** ions
have been employed to improve the dielectric and in-
sulating properties of BST thin films. However, the
tunability of BST thin films doped with Co3*, Mn?*,
Mg?*, and AI*t by B site, respectively, is reduced

(12-15 (16] pointed out that

simultaneously. I Sun et al.
these acceptor ions occupying the Ti** ion sites re-
sult in oxygen vacancies and lead to a “break” of the
cooperative vibration of the Ti-O chains. Therefore,
the tunability of the doped BST system decreases ow-
ing to the decrease of Curie temperature (T¢). Thus,

we expect that some ions can act as acceptors occu-
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pying the A site of BST to reduce the dielectric loss
tangent without decreasing the tunability. In fact,
the ion radius of K™ has almost the same value as
Ba?t, so it can replace Ba?T or Sr?t as an accep-
tor ion. The K-doped BST films fabricated by sol-gel
method have shown good dielectric properties. How-
ever, Wang et al.l'”) found that the dielectric loss of
K-doped BST thin films prepared by radio frequency
(RF) magnetron sputtering method increases simulta-
neously with tunability. Further studies on the effect
and mechanism of K dopant on the dielectric proper-
ties of the BST thin films need to be carried out.

In this paper, Bag ¢Sro.4—. K, TiO3 (0< 2 <0.08)
thin films were prepared on Pt/Ti/SiO2/Si substrates
using the CSD method. The crystal structures and
surface morphologies of these films were studied and
discussed. The influence of K dopant on the dielectric
properties of BST thin films and its dielectric mecha-
nism were also investigated.

2. Experiment

Thin films of BaggSrg.4—.K,TiO3 (2=0, 0.02,
0.05, 0.08) were prepared by the CSD method.
The precursor solutions were synthesized using
Barium acetate [Ba(CH3COs3)s], strontium ac-
etate [Sr(CH5C0O0)3-1/2H50], potassium carbonate
[K2COgs], and tetrabutyl titanate [Ti(C4HoO)4] as
The Ti(C4HgO)s was mixed
with acetylacetone in a molar ratio of 1:2 to form
chelating complex for stabilization. Ba(CHzCOs)s,
Sr(CH3CO00)3-1/2H20, and KoCOs were dissolved
in acetic acid at 70 °C. The dissolved (Ba, Sr, and
K) precursor solution was then dripped into tita-
Finally, 2-
methoxygethanol was added to adjust the solution

initial materials.

nium precursor solution and stirred.

concentration to 0.3 mol/L.

All the films were fabricated on Pt/Ti/SiO2/Si
substrates by a spin-coating technique at 4000 rpm
for 30 s and crystallized at 700 ° for 60 min in oxygen
atmosphere. The final thickness of the film was about
400 nm.

The crystal structures of BaggSrg4—,K,TiOg3
films were examined by X-ray diffraction (XRD) (X’
Pert Pro MPD) with CuK,, radiation. The surface
morphologies were observed using a field emission
scanning electron microscopy (FE-SEM) (Sirion 200
type). In order to study the dielectric properties, Au
electrodes with the diameter of about 0.3 mm were

deposited to form a metal-ferroelectric-metal config-
uration. The dielectric constants were measured via
a computer-controlled system, including a LCR me-
ter (TH2828S) and an environmental temperature box
(MPMS-5).

3. Results and discussion

The XRD patters of BaggSrgs_K;TiO3
(BSTK,) thin films at room temperature are shown in
Fig. 1(a). It reveals that all the films show perovskite
structure and no other phase is observed, which im-
plies that the dopants enter the unit cell maintaining
the perovskite structure of solid solution. The (110)
diffraction peak of these films are shown in Fig. 1(b).
From this figure, we can see that, compared with the
undoped BST thin film, the (110) diffraction peaks of
BST thin films doped with K shift slightly to lower
angle when the K content increases from 0.02 mol
to 0.08 mol.
ters of BST films are enlarged when the content of K

This means that the lattice parame-

increases from 0.02 mol to 0.08 mol gradually.

(a)

Intensity/arb. units

Intensity/arb. units

27 28 29 30 31 32 33 34 35 36

20/(°)
Fig. 1. (a) The XRD patterns and (b) (110) peaks of
Bag.6Sr0.4— 2Kz TiO3 thin films.

Considering the radius of Sr*>* and Kt (1.13 A
and 1.33 A) and the ratios of the react precursors, we
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conclude that the K ions substitute for the Sr ions.
Based on the Rietveld analysis, we also calculated the
lattice parameters using fitting method. The lattice
parameter of undoped BST thin films is 3.965 A, while
that for K-doped BST thin films are 3.967, 3.971, and
3.972 A for 0.02, 0.05, and 0.08 mol, respectively.
These results are in good agreement with the XRD
measurements.

Figure 2 shows the surface morphology of the
BSTK, thin films. The FE-SEM images show that all
the samples are smooth and crack-free. Additionally,
the average grain size of 0.02-mol K-doped BST film
is the largest in this series of BST thin films. With in-
creasing content of K, the average grain sizes decrease
gradually, which indicates that appropriate amount of
K doping can enhance the crystallization.

200 nm 200 nm

200 nm

Fig. 2. FE-SEM images of Bag.¢Srg.4—»KzTiO3 thin
films. (a) z = 0, (b) x = 0.02, (¢) x = 0.05, and (d)
x = 0.08.

The dielectric constant of the BSTK . thin films at
room temperature as a function of frequency is given
in Fig. 3. The results were obtained at an oscillation
voltage of 100 mV from 20 Hz to 1 MHz at room tem-
perature. As shown in this figure, the dielectric con-
stant is weakly frequency-dependent within the mea-
It can be also observed that the di-
electric constant gradually increase with increasing K

sured range.

content from 0.02 mol to 0.08 mol, which is different
from that the K-doped BST films fabricated by Sun
et al.'%) In their studies, dielectric constant increases
with increasing K content from 0.01 to 0.075 mol and
then decreases with increasing K content from 0.075 to
0.2 mol in the BST thin films. The different change
tendencies of dielectric constant are ascribed to the
different grain sizes of BST films with different K con-
tents. Moreover, larger grain size usually results in

larger polarization,!'® and then leads to a higher value
of dielectric constant. However, in our experiments,
the grain size does not increase with increasing K con-
tent ranging from 0.02 to 0.08 mol. It could be con-
cluded that the presence of oxygen vacancies causes
the increase of the lattice parameter of oxide films?
when the content of K increases from 0.02 to 0.08 mol,
and enlarges the unit volume of polarization of BST

structure, which finally results in a higher value of

dielectric constant.2°]
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Fig. 3. Dielectric constant of the Bag.gSrg.4a—;KzTiO3
thin films as a function of frequency.

Additionally, it is well known that the T¢ of BST
system depends on the content of Sr.Y Thus, with
increasing Sr?* is substituted by KT, the Tg of BST
films shift toward higher temperature, and therefore,
its dielectric constant at room temperature increases.
Figure 4 shows the dielectric constant of the BSTK,
thin films as a function of temperature which was mea-
sured at 1 MHz. It indicates that the T of BST thin
films shift toward higher temperature when the con-
tent of K increases.
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Fig. 4. Temperature dependence of the dielectric con-
stant of the Bag.gSrg.4—K;TiO3 thin films.
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Figure 5 reveals the dielectric loss tangent of the
BSTK, thin films as a function of frequency. It is ob-
vious that the dielectric loss of the doped BST thin
film is lower than that of the undoped film, which is
0.020 0.025, 0.044, and 0.057 at 1 MHz, respectively.
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Fig. 5. Dielectric loss tangent of the Bag.gSrg.4—2KzTiO3
thin films as a function of frequency.

The significant decrease of dielectric loss can be
ascribed to the fact that acceptor dopants induce oxy-
gen vacancies, which neutralize the free electrons and
restrain the transformation from Ti*t to Ti** when
the K content is 0.02 mol. The redundant oxygen va-
cancies with increasing content of K contribute to the
increase of the dielectric loss which is still lower than
that of the undoped BST thin films.

In the research field of BST materials, one of the
most interesting physical properties is the dielectric
tunability which can be calculated using the following

formula:

n= [(5max - 5min)/5max] X 100%7

where 7 is the tenability, and ecpax and ey, are
the maximal and minimal dielectric constants, respec-
tively. Figure 6 shows the e~V curves of the samples
measured at a frequency of 1 MHz. The undoped BST
film has a tunability of 26% when the electric field is
250 kV /cm, while the tunabilities of the K-doped BST
films are all higher than 46%, and the highest tunabil-
ity is 50% when the doped K content is 0.08 mol. The
higher tunability of the K-doped BST film may be re-
lated to its larger dielectric constant and higher T¢.
The increase in T¢ will lead to more polar clusters
in the paraelectric phase, resulting in the increase of

tunability. (22
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Fig. 6. The e~V curves of the Bag Srg.4—KzTiO3 thin
films.

A tunable microwave circuit should take advan-
tage of a high tunability together with a low dielec-
tric loss factor (tand). Figure of merit (FOM) is a
frequently used parameter to characterize the corre-
lations between tunability and dielectric loss tand,
which is defined as the ratio of tenability against tan d,
which is desirable to be as high as possible. The FOM
value implies the fact that a tunable microwave device
cannot take full advantage of high tunability if the di-
electric loss is too high. As shown in Table 1, the FOM
value of undoped BST thin films is 4.6, and those of
0.02-mol, 0.05-mol, and 0.08-mol K-doped BST thin
films are 23.8, 18.5, and 11.4, respectively. In the case
of 0.02-mol K-doped BST film, the tunability and di-
electric loss are 48% and 0.020, respectively. Although
the tunability is lower than that of the 0.08-mol K-
doped BST film, the loss is even lower. As a result,
the FOM has been improved. Considering the trade-
offs between dielectric loss and tunability, the optimal
doping content of K is 0.02 mol.

Table 1. Dielectric constant, dielectric loss tangent, tun-
ability, and FOM of Bag.eSrg.4—-K;TiO3 thin films.

K content/mol € tan§ n FOM
0 200 0.057 26% 4.6

0.02 321 0.020 48% 23.8

0.05 368 0.025 46% 18.5

0.08 464 0.044 50% 11.4

4. Conclusion

Our investigation demonstrates that K doping has
a strong influence on the material properties of BST
thin films. We have improved dielectric and tunable
properties for K-doped BST thin films relative to that
of pure BST films. Considering the trade-offs between
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dielectric loss and tunability, the optimal doping con-
tent of K is 0.02 mol. The measured values of dielectric
constant, dielectric loss tangent, tunability, and FOM
of 0.02-mol K-doped BST thin films were 321, 0.02,
48%, and 23.8, respectively. The highest FOM value
of 23.8 suggests that 0.02-mol K-doped BST thin film
is the best choice for tunable device applications.
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