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The thickness dependence of the tunability ofy B8y sTiO; thin films is investigated. The
capacitance—voltage curves, revealing the tunability of the films with thickness from 30 to 370 nm,
show a strong thickness dependence. This is attributed to a bias-independent interface capacity. The
interface suppresses the permittivity of the film with increasing influence for decreasing film
thickness, whereas the tunability of the bulk of the film remains constant. Calculations are
performed from a thermodynamic model based on the Landau—Ginzburg—Devonshire theory leading
to the assumption of the bias-independent interface capacity. The bias dependence of the bulk of the
films derived from measurement data are in very good agreement with the theoretically derived
values. ©2004 American Institute of PhysidDOI: 10.1063/1.1824173

Perovskite thin films such as Bh,Ti;,)O; and SEM images revealed dense films with columnar structures
(Ba,Sr;_) TiO3 (BST) are currently of high interest and un- for all films.
der intense investigation for applications as storage devices It has been reported before that the permittivity of BST
such as ferroelectric random access merﬁaﬂmgh permit_ thin films is Strongly dependent on the thickness of the BST
tivity dielectrics in high density dynamic random accessfilm for low bias voltage whereas the permittivity of the
memories’* as well as tunable microwave devices such adilms is almost thickness independent for high applied
phase shifters® and filters’ In the course of miniaturization fields” In this contribution we will investigate whether this
a suppression of the dielectric constant with decreasing filng@" P€ attributed to a bias dependence of the interface capac-
thickness has been obsenf8tintense investigations on this 'Y O whether this is the expected behavior for a thin film
topic have shown an interface capacity to be responsible fo‘f‘”th no or at Ieas_t bias-independent mterface.capacny_. !:'.g'
this effect. Despite experimental proof of the existence of th re 1 shows the bias dependence of the effective permittivity

) L : S or different film thicknesses. Now it is interesting to sepa-
interface capacity, its physical origin is unknown and unde rate the interface and bulk capacity to look at the thickness

discussion. Possible physical origins are the existence of lomgependence of the bulk of the films. According to the series

Sﬁeledrl'c mterfa_c € regloﬁ?s_ catuse? bybsttraltn du? t? d(ljfferen pacitor model the reciprocal capacitance density depends
ermal expansion Coelticients of substrate, electrode, an early on the film thickness. From the slope and the non-

perovskite thin film’” accumulation of oxygen vacancies at ;. axis intercept of the linear fit the permittivity and the
the electroded! local diffusion of electrode material into the interface capacity can be extracted. In Fig. 2 the inverse ca-
f'lm*l_z'ls and formation of surface stat?iAS;AIso a field pen-  pacitance density versus film thickness is shown for selected
etration into the electrode is discuss&d” and depolariza- applied bias voltages. If the above-mentioned linear fit would
tion fields due to incomplete screening by the electrd#€$.  pe applied to the measurement points it can be clearly seen
For columnar films a dead layer at the grain boundariesihat for the smallest film thicknesses the measurement points
though resulting in a set of parallel capacitors, has also beegleviate to smaller values than given by a linear fit. This
shown to be able to explain the observed phenomi@fiais  deviation becomes larger for further decreasing film thick-
work will focus on the influence of the interface effect on theness. Therefore it is questionable if a linear fit is still justi-
tunability of thin films. One important aspect in the course of

this investigation is the bias dependence of the interface ca- 600
pacitance in order to separate interface capacity and bulk

d=30nm

effects from the total measured effective capacity. 2 gzoonm

A set of Bg ;Sr 5TiO5 thin films was deposited on stan- 4001 v d=90nm
dard Si/SiQ/Ti/Pt wafers with film thickness from 30 to . o S
370 nm using the chemical solution deposition metflod. W 4 d=370nm
Details about sample preparation have been reported €arlier. 2001

Dielectric measurements were performed with a HP 4284
precision LCR meter at room temperature to determine the
tunability of the films. Additional zero bias dielectric mea- "o 0 1000 2000
surements were performed at temperatures from 20 to 550 K Uld (kviem)

controlled by an MMR Technologies measurement sgtup_FlG. 1. Effective relative dielectric constant vs applied dc electric field,
derived from capacitance—voltage measurements for the
Pt/BST(70/30/Pt/Ti/Si0,/Si samples with BST film thicknesses of
¥E|ectronic mail: ellerkmann@iwe.rwth-aachen.de 30-370 nm.
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FIG. 2. Inverse capacitance density vs film thickness for different applied dc : )
bias voltages. The dotted line indicates a possible run of the curve for small Film Thickness (nm)
film thicknesses. FIG. 3. Curie temperature of the measured effective dielectric consgnt

and the bulk dielectric constafil) (with the interface subtracted from the

. . L measured valugsas a function of film thickness derived from(T
fied. The true behavior could also be as indicated by thgneasuremen&_e M

dotted line for small thicknesses in Fig. 2. For the further
procedure it has to be analyzed what behavior would be ex- 5
pected from the theory and an expression of the permittivity o= 2Qs, * 12 (6)
as a function of the applied field is to be found. 3 S11+ S12 S11+S1o

From the derivative of the thermodynamic potental
the dependence of the polarization of the applied field i
given in the foIIowingJ.’O'zs’24

where a4 is the dielectric stiffnessg,, is the higher order
Stiffness coefficient at constant stre®y, is the electrostric-
tive coefficient,u,, is the misfit strain, ang;; and s;, the

e e e - elastic compliances. The dielectric stiffness is given by the
T =2(ay + ayP5+ a P3P + 4y PT-E; =0, (1) Cur!e—We|ss lawgr, =(T—-T)/2e,C, Where'!'o andC are the.

1 Curie temperature and constant, respectively, of a bulk film.
In Eg. (4) the dielectric constant is given as a function of the
polarization and in Eq(5) the applied field is given as a
function of the polarization. With a numerical solution this
gives us the desired dielectric constant as a function of the
e applied field. Alternatively Eq5) can be inverted giving the
— =2(ay+ ay4(P?+ P))Py + 4aysPi-E;=0, (3)  polarization as a function of the applied field. By further
JP3 differentiating a closed form fas=f(E) has been derived by
whereP,, E; andP,, E, are the in-plane components of the Streiffer et aI.25 A simpler form has been found earlier by
polarization and applied field, respective8y andE; are the Johnson as a description of this behatfoThis form has
out-of-plane components of the polarization and field, rebeen found to fit the behavior fairly well for a limited field
spectively, andy;, a” are the renormalized expansion coef- range. For a larger field range a parameter has to be inserted
ficients. For the films under investigation it has been showr@nd adjusted for different regions or used as a free
that at room temperature the films are in the paraelectrifarameter.”
phas@ and therefore have a cubic cell structure. This means Now, for plotting the permittivity as a function of the
that we do not have a spontaneous polarization in any rooraPplied field, the parameters from E@) have to be calcu-
direction and at zero bia®;=P,=P;=0.1%%?* Additionally ~ lated using the ma*lterial parameters for bulk films. However,
the field is only applied in the out-of-plane direction result-to determine thex; coefficient, the misfit strain has to be
ing in an induced polarization in this directid;) so that ~known. Also the misfit strain strongly effects the Curie pa-
for the further consideration only E(B) has to be evaluated. rameters of the filnf#* which are needed to determine the
The dependence of the relative dielectric constant on the aglielectric stiffnessy;. To get a value describing the behavior
plied electric field can be determined by differentiating Eq.0f the films under investigation more precisely thgcoef-
(3). Consideration of the components of the polarizationficient may be determined by using experimental data to ex-

IG — . .
2

leaves us with two equations: tract the values of the Curie constaﬂf3 is then given by
1 a;=(T-To)/2¢,C with Ty andC being the Curie parameters
e33(E3) &Z_G of the film from experimental data. It should be noted that
€0 - 80(7 pg the calculation of the tunability is not affected by this method
since the Curie parameters are extracted from zero bias mea-
- 1 surements and do not affect the tunability.
280y + a5 P+ P3) + BagsP3) The Curie parameters were extracted from temperature-
1 dependent measurement of the zero bias dielectric constant
= (4)  inatemperature range from 20 to 550’Khe result for the
2e0( a3+ 6ar33P3) Curie temperature of the effective layer as a function of the
film thickness is shown in Fig. $triangular symbolgs It
9G . . shows that the Curie temperature is strongly dependent on
—— =2a3P3+ 4azP3 - E;=0. (5)  the film thickness. To extract the bulk value, the interface can

JP ) X -
3 be subtracted from the measured effective dielectric constant

The renormalized coefficienhfj, a;3 of the free energy ex- leaving the bulk dielectric constant. Therefore the tempera-

pansion are given by ture dependence of the interface capacitance was determined
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FIG. 5. Tunability of the bulk of the films with the interface capacity sub-

FIG. 4. Inverse capacitance density as a function of film thickness for dif-5cteq from the measured effective dielectric constant for different film
ferent applied biases calculated from the phenomenological model. Clearly,icynesses. The continuous line is the result of the calculated tunability

a linear fit is not justifiedsee also Fig. 2 using the phenomenological model. Experiment and theory are in good
agreement.

and found to be independent of the temperature fog the films
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