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Abstract

The solid solubility limit of atomic substitutions is expected to be dependent on the size scale (bulk ceramics and films) of materials and on
processing. In this work, the incorporation of Mg on A and B sites of S§T&T) thin films prepared by sol-gel on Pt/BiSiO./Si substrates

is investigated. The solid solubility of Mg evaluated by XRD analysis, is limited<®0% for A-site occupancy (SMT) and o< 40% for

B-site occupancy (STM). Itis observed that the lattice constant decreases for SMT and increases for STM films with increasing concentration
of Mg. The dielectric constant and loss tangent at room temperature are reduced for SMT and STM films. The losses of Mg-doped ST films
are lower than 0.05. The tunability of doped ST films is about 6% at 100 k¥cwi room temperature and its dependence on the Mg contents
varies with dopant lattice site occupancy. The obtained behavior is compared with identical bulk ceramic compositions and discussed. The
higher degree of chemical homogeneity attained in solution and the strains induced in the films are controlling parameters of the solid solubility
of Mg on ST films.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction temperature ferroelectric-type anomaly, but no polar state
was reported for Md:® Recent studi€s’ showed that the
Strontium titanate (ST) based thin films have been solid solubility of Mg in ST ceramics is limited, in opposition
recently investigated as suitable dielectric material for very to the complete solid solution formation with the above-
large scale integrated devices, such as dynamic randommentioned isovalent cations, Baand PB*. Due to the ionic
access memories (DRAMs) and for tunable microwave radius difference between Mfjand Sf* and proximity be-
applications (filters, phase shifters, resonant antennas)tween Md*and Ti**, the solubility of Mg ions is very limited
due to its high charge storage capacity, good insulating (if any) at A sites, butirca 15% for B site! Although pre-
properties, high dielectric permittivity and low dielectric  dicted by Kvyatkovsk#® no polar behavior in SrTi@doped
loss, field dependence of the dielectric permittivity, high Mg ceramics was observed. Moreover, Mg B-site doping
break down strength and chemical stability. As an incipient drives the system away from the ferroelectric instability.
ferroelectric ST retains its paraelectric behavior until almost ~ Considering that: (i) the absence of polar anomaly in Mg-
0 K. The dielectric constant increases to about 30,000 upondoped ST ceramics, predicted by Kvyatkovskii, can be related
cooling and remains temperature independent belowt3K. to the absence of incorporation of Mg in the A site; (i) chemi-
Owed to the quantum fluctuations of the atomic positions no cal solution preparation processes allowing a higher degree of
paraelectric—ferroelectric anomaly is observed. However, it precursors homogeneity might favour a higher solid solubil-
is well known that quantum fluctuations can be restrained by ity in the lattice; (iii) for thin films the substrate effect can not
the application of high electric fieldsuniaxial stressésor be neglected and might affect the solid solubility limit of the
by atomic substitutions. Isovalent A-site substitutions in ST dopant; (iv) the doping effect on ST materials has been mainly
lattice with Ca? Ba® and P5 were reported to induce alow  studied on single crystals and ceramics, not systematically on
thin films and no data on dielectric properties Mg-doped ST
* Corresponding author. Tel.: +351 234 370354; fax: +351 234 425300. films were _report_ed unti no.W' the Mg mﬂue.nce on the struc-
E-mail addresspaulas@cv.ua.pt (P.M. Vilarinho). ture and dielectric properties of ST thin films prepared by
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sol—gelis under study. In this work, preliminary results onthe film’s microstructure was examined by AFM (Multimode,

structure, microstructure and low-frequency dielectric prop- Nanoscope IlIA, Digital Instruments) and SEM (Hitachi S-

erties at room temperature are reported for gvigyTiO3 4100). Dielectric measurements were conducted on Metal

and SrTi_yMgyOs_; thin films. Insulator Metal capacitors using Au as top and Pt as bottom
electrodes. Dielectric permittivity and loss in the frequency
range of 100 Hz—1 MHz, as well as the capacitance—voltage

2. Experimental procedures (C-V) curves were measured using a Precision LCR Meter
HP 4284A at room temperature.

SrTiOs, Sn—_xMgyTiO3 (x=0.01, 0.05, 0.10, 0.20, 0.30,

0.40) (SMT) and SrhiyMgyOs_5 (y=0.01, 0.05, 0.10,

0.20, 0.30, 0.40, 0.50) (STM) solutions with a concentra- 3. Results

tion of about 0.2 M were prepared using strontium acetate

(98%, ABCR Germany), tetra-butyl orthotitanate (98%, Under the sol-gel procedure used in this work, clear

MERCK, Germany) and magnesium acetate tetrahydrateand homogeneous precursor solutions were prepared for

(99.5%, MERCK, Germany) as starting precursors. Acetic Srp_yMgxTiO3 (x=0.01, 0.05, 0.10, 0.20, 0.30) and

acid (99.8%, MERCK, Germany), 1,2-propanediol (99.5%, SrTi;_yMgyOs ;s (y=0.01,0.05,0.10, 0.20, 0.30, 0.40) com-

Riedel-de Ha&n, Germany) and absolute ethanol (99.8%, positions. Solutions prepared with higher Mg concentrations

MERCK, Germany) were used as solvents. Strontium acetatebecame opaque and with visible precipitates.

was initially dissolved into heated acetic aciti~ 60°C) Fig. 1shows the XRD patterns of ST, SMT and STM films

followed by the addition of magnesium acetate under con- annealed at 750C for 60 min. It can be seen that all films

stant stirring to form a transparent solution. After cooling exhibit a cubic crystalline structure and are single perovskite

to room temperature the former solution was diluted in 1,2- phase with the exception gf=0.50 STM. Fory=0.50 MgO

propanediol and titanium isopropoxide was added. The re- phase is clearly observed. Thus, the solid solubility of MgO

sultant clear solution was continuously stirred during 12h on ST films prepared by sol-gel and annealed at°" &

in closed flask and ethanol was added as a final step. Us-around 30% and 40% for A and B sites of the ST lattice,

ing these solutions layers of SMT and STM were deposited respectively. An earlier work of Suzuki et Hl reported also

on PYTiQ/SIO/Si substrate (Pt 150 nm, TiGQ ~ 20 nm, 30% solid solubility limit of Mg for S§_xMgxTiO3 films pre-

SiO, ~ 300 nm, Sk~ 1 mm) by dip-coating (substrate with- pared by PLD on SrTi@substrates. Much lower solid sol-

draw speed of 1.2 mm/s). Subsequently, the films were heatedubility was obtained for Mg-doped ceramics (<1% for SMT

on ahot plate at 350C for 1 min. This step was repeated after and <15% for STMY.

each dipping to ensure complete removal of volatile species  The values of the lattice constamtcalculated from XRD

between each layer. After 10 layers, the films were annealeddata for undoped and doped ST films are showFim 2.

at 750°C for 60 min. The film’'s crystalline structure was The lattice constant of undoped ST was found to be 3.9061

evaluated by XRD analysis (Rigaku D/Max-B, Ca&K The which is in close agreement with the literature data for ST
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Fig. 1. X-ray diffraction patterns of the SMT (a) and STM (b) films annealed at €50r 60 min.
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and increases for STM films, markedly until 10%. This is § 585 Ly %
reasonable taking into consideration the smaller (Xlicoord.) & %_\,___::_:‘. §
and bigger (VIcoord.) ionic radius of Mg when substituting = :
Sr?* and T#* ions, respectively. This evidently points to the ‘::::R?
introduction of Mg into either A or B sites of ST lattice of 0 EE%‘ +—10
. . . . . . 2 3 4 5 (]
sol—gel thin films although clearly at B site. Similar increase 10 10 10 10 10
of ag was observed for STM ceramics, howeayryariation (b) Frequency, Hz

for SMT ceramics was reported to be very sall. Fia. 4. Dielecti vty and loss t t and of the SMT and STM
- . . ig. 4. Dielectric permittivity and loss tangent and of the an
Dense and crack free films were obtained with an averagefilms as function of concentration Mg dopant (at 100 kHz) (a) and dielectric

thickness of 350 nmH{g. 3a). The increasing of Mg content  permitivity and loss tangent of the SMT films as function of frequency (b).
in the films was confirmed by EDS (inset Bfg. 3a). No
Mg rich regions were detected for the studied films. The sur-  The variation ofs, versus electric field&E was calculated
face morphology of Mg-doped ST films analyzed by AFM from the measured results of capacitance versus dc®ias (
(Fig. 3) shows that all films have a smooth surface with a curves) and for SMT films is shown iRig. 5. The capaci-
roughness <2.3nm. tance of pure ST films is about 1.6 nFE&E 0V, which is
The permittivity ¢;) and loss tangent (ta¥) of ST, SMT in close agreement with the literature data for'$@nd is
and STM films measured at room temperature as a function ofhigher than the capacitance of doped ST films. As expected
frequency are depicted Fig. 4. Theeg, of undoped ST films ~ for a paraelectric behaviar; exhibits a small dependence
presents a value of 250. Similar results were reported in theon the applied voltage; (and capacitance, respectively) of
literaturel® ¢, and tars decrease as Mg content increases SMT and STM films decreases with increasing Mg concen-
for both SMT and STM filmsKig. 4a). ¢, decreases as the tration and a similar variation with the applied voltage as ST
frequency increases, being this variation more intense foris observed.
undoped ST filmsKig. 4b). Similar results were reported for Tunability was calculated by the formula: tun (%)=
Mg-doped ST ceramics. 1 — ¢(E)/e(0) x 100%, where:(0) is ¢, at zero bias and(E)
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Fig. 3. Cross-section SEM images and EDS spectra (inseth@b®go.10TiO3 films (a) and atomic force micrographs of S §8Mgo 09035 films (b).
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Fig. 5. The variation of, from electric fieldE of the SMT films.

| —k— S{’TiO3
W5, 09M 4 TIO;
O 51y M0, s TIO,
—A— 81 o Mgy 4, TIO,
O ST 6gM84 0055
—O—5rTig9sM35.0505.5

—A— ST 0.90M95 1695

Tunability, %

E, kV/cm

Fig. 6. Tunability of SMT and STM films.

is g at the applied dc electric fieldzig. 6 exhibits the

tenability—electric field variation for undoped and Mg-doped
ST films at room temperature. The tunability of all the films
does not exceed 6% at 100 kV/cm. As expected, the tunabi
ity of ST films at room temperature is not high, however, it

(30% for SMT films and <1% for SMT ceramifsor B site
(40% for STM films and around 10% for STM ceranfipef

ST lattice. The higher degree of homogeneity at the molec-
ular level attained in the sol—gel solutions used to prepare
films, when compared with the mixed conventional oxide
procedure, seems to be retained during the synthesis of the
crystalline ST phase and a higher incorporation of Mg ions is
allowed in the film’s crystalline lattice. The chemical prepa-
ration of the precursors by itself can contribute to improve the
solubility of Mg dopant, but similar results were reported for
SMT films prepared by PLB! Hence, other factors should
be taken into account. It is well known also that due to dif-
ferent lattice constant (lattice mismatch) and different lat-
tice thermal expansion coefficients betweerthe film, and

the underlying layers strains will be developed. As theoreti-
cally predicted Pertsev et &t tensile strains induced in BST
films by Pt/SiQ underlayers reduce thg!® and compres-
sive strains induced in PZT films by the underlying electrode
(SrRuQ) and substrate improve the magnitude of the out
of plane polarization of the ferroelectric filf. It is then
plausible to expect that the mechanical strains induced in the
film by the underlayers will also affect the solubility of the
dopant.

The lattice mismatch between substrate and un-
doped and Mg-doped ST films can be calculated by:
(asubstratéafiims — 1) x 100%. The lattice constant for Pt (bot-
tom electrode) is 3.91& and for Si is 5.403. Lattice mis-
match between film and Pt does not exceed 0.2%. Hence, Pt
does not induce appreciable stresses on ST films. However,
the lattice mismatch between film and Si substrate is higher,
around 38%. Moreover, the thickness of Si layer is about
1 mm (three orders of magnitude higher than the film) and its
thermal expansion coefficient plays a determinant role dur-
ing the cooling process. Becausef ST is 9.4x 10-%/Cand

|.of Si'is 2.6x 10-8/C during cooling tensile stresses will be
developed. The existence of tensile strains will facilitate the

increases for A-site Mg-doped films. The opposite effect is incorporation of larger ions, such as kfgn B site, and this

visible for B-site Mg-doped films. A different behavior was

might justify the results obtained in this work for STM films.

observed for Mg-doped ST ceramics, in which the tunability 1€ substrate can then be the reason for a higher incorpora-
is less than 1% at room temperature, and decreases with thdion of Mg in ST films lattice when compared with ceramics.

Mg content for both SMT and STM compositiofs.

4. Discussion

Considering the ionic radius 0f§“ﬁ) as 1.447, of Mg(z;{u)
as 1.21A (from the extrapolation using Mg, and M},
ionic radius values), of i as 0.60% and Mcf;) as0.724,

the difference between the ionic radius of'Sand M¢* or
Mg?* and T** is more than 15% indicating a possible in-
corporation of Mg@"* in the ST lattice, according to Gold-
schmidt’s rules.

The XRD andag results presented above, confirm this
indication and show that the solid solubility limit of Mg in
ST lattice is higher for films than for ceramics, either for A

On the other hand, the incorporation of smaller ions, such as
Mg?* in A site, might be facilitated by compressive strains.
However, in this work also the incorporation of Mg into the

A site of the ST lattice was observed. That indicates the pos-
sible existence of other mechanisms (such as point defects
formation) that may account for the enhancement of the in-
corporation of Mg in A site for ST films. Further studies
are required in order to clarify the solid solubility limits of
dopants in ST films.

Since the solubility of Mg at A site of film’s lattice is higher
than in ceramics, it is then expected that the electric response
of films will be somehow different. This was indeed observed
in the present work for SMT compositions. The decrease of
the dielectric permittivity in films is stepper than in ceramics
and the tunability at room temperature increases for SMT
films in opposition to the decrease observed in cerathics.
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The incorporation of Mg into A sites of ST lattice changesthe 2.
intrinsic polarization of ST, changing the dielectric response
and the field dependence, tunability. However, the observed
effect deserves adetail investigation. Further studies on lattice
vibration and dielectric response as a function of temperature

and frequency, are now on going.
For STM filmse, tand and tunability decrease as Mg con-

tent increases. The observed variation is in accordance with
the results observed for STM ceramics in which the fitting

of the &(T) to Barrett's law indicates that Mg B-site dop-
ing drives the system away from the ferroelectric instabflity.
Similar decrease of the and tars with Mg was reported
for BST films1’ As in ceramics the decrease of thecan

be attributed to the lower polarizability of Mg ions together
with the suppression of ferroelectric instability. For the case
of films it should be also considered that, as predicted by

Taylor et al.1% the existence of tensile strains will reduge
According to literature the loss tangent of ST single crystals
and ceramicsis lower than in films, and around 18. In the

present work, the losses of Mg-doped ST films are lower than
0.05 at 100 kHz and room temperature and exhibit a decreaseto.

with increasing of Mg concentration.

5. Conclusions

The solid solubility of Mg in ST thin films is limited and

depends on the lattice site occupancy as observed for identi-
cal ceramic compositions. However, the solid solubility limit 13-

of Mg in ST films (A and B site) prepared by sol gel is higher,

than in ST ceramics. Due to a high degree of homogeneity at,,
the molecular level attained in the sol-gel precursor and to
the thermal strains induced in the film by the underlayer Si
substrate, a higher atomic substitution is tolerated in film's
lattice structure. The lower polarizability of Mg ions and the
tensile thermal stresses induced in the film can account for the

observed decreasegfand tars with increasing Mg content.

On the other hand, the increase of tunability of SMT films at 16.
room temperature not observed in equivalent ceramic com-
positions points to the modification of ST lattice polarization.
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