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A large reduction in the leakage current behavior in (Ba, SR TESBT) thin films was observed by
graded-layer donor doping. The graded doping was achieved by introducing La-doped BST layers
in the grown BST films. The films showed a large decrgad®ut six orders of magnitugén the

leakage current in comparison to undoped films at an electric field of 100 kV/cm. The large decrease
in leakage current was attributed to the formation of highly resistive layers, originating from
compensating defect chemistry involved for La-doped films grown in oxidizing environment.
Temperature-dependent leakage-current behavior was studied to investigate the conduction
mechanism and explanations of the results were sought from Poole—Frenkel conduction mechanism.

Thin films of (Ba, Sr)TiQ (BST) compositions have the defect chemistry present, and a study of the conduction
been extensively studied in recent years, upsurged by thgrocesses in terms of their activation energies.
strong demand for high dielectric constant materials for dy- The graded-doped BST thin films have been grown us-
namic random access memories, high frequency devices, anay a pulsed laser deposition process described in detail
a variety of other application's® Several issues, however, elsewheré! The substrates were Pt-coated Si and the films
are still being studied to provide better performance in thewere deposited at 600 °C at an oxygen pressure of 10-50
final device form. The incorporation of aliovalent cations in mTorr. After deposition the sample was slowly cooled to
BaTiO;, SrTiO;, and BST both bulk and thin film form have room temperature within the chamber at 5 Torr oxygen pres-
been shown to bring about remarkable change in their elecure. The individual layers were grown from different targets
trical propertied.~" The presence of inherent Schottky defecthaving different doping concentrations without breaking the
concentrations in these compounds is highlighted in theivacuum to eliminate the formation of any surface layers,
electrical properties and is influenced by the processing corwhich might extrinsically affect the film properties. The final
ditions. To this extent, the introduction of different aliovalent film consisted 00—-3-5-3-0 at. % of Ldoping in the BST
substitution show improved leakage and breakdowrfilms. Each layer thickness was around 30 nm giving a final
properties’® In most cases it has been found that donor subthickness of around 150 nm. The grown films were succes-
stitution enhances the electrical properties of titanatesively characterized for phase using x-ray diffraction and
perovskiteé*, owing to their ability of carrying extra oxygen €lectrical properties such as leakage current and ac dielectric
with them, which suppresses the inherent oxygen vacanciesponse. Gold dots of 2010 cn? area deposited by ther-
concentration. However, several reports show that an exce#gal evaporation were used as top electrodes in a metal—
of doping leads to gradual changes in the properties of thésulator—metal configuration for the electrical measure-
original compound;*® hence, the motivation lies in retaining ments. For the dielectric measurement a Keithley LCR meter
the original properties and improving them through furtherwas used with an oscillating voltage of 50 mV. Leakage cur-
means. rent was measured using a computer interfaced Keithley pro-

In this letter we report the cationic substitution of La in gramable source measure unit. Variation in sample ambient
Ba, Sr site, which has been used to study the effect of dopagmperature for leakage current measurement was provided,
incorporation in BST for a graded doped film mentionedWhere the temperature was stabilized prior to each measure-
later. The doping concentration has been varied such that ffent.
introduces a gradient in the composition of the deposited The crystalline structure of the as-deposited films, deter-
film. A multilayer structure has been used to study the effecfnined by x-ray diffraction is shown in Fig. 1. A primary
of donor concentration gradient in the films, starting from theoPservation reveals that for graded doped films the crystal
undoped BST layer to a 5 at. % doping in the inner mosfStructure remains cubic in nature without any unwanted
layers. Both dc and ac measurements have been carried dgehase formation. The film shows a strong reflection along the
on the grown samples showing distinct change in their elect100 crystal plane. Similar crystal structures have been re-
trical properties. A possible explanation of the change inPorted earlier for films grown unden situ crystallization

electrical properties have been sought from the viewpoint ofonditions where the necessary energy for crystallization is
provided by the heated substrafeThe undoped case show

_ _ o _ highly oriented films with a strong reflection along ti€0)
dpresent address: Materials Science Division, Argonne National Laborato%rystal plane while in the doped case a reduction in the peak
Argonne, lllinois 60439. '
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. . _ FIG. 3. Leakage current as a function of applied field for undoped and
FIG. 1. X-ray diffraction pattern of undoped and graded La-doped BST th'”graded La-doped BST thin films. THe-) and(—) sign signifies the top Au

films. electrode is kept at positive and negative bias with respect to the bottom Pt
electrode. The leakage characteristics at room temperature of graded doped

. . . films show almost six orders of magnitude decrease in the leakage current at
to the underlying microstructure. However, cross-sectionalog kv/cm marked by the dashed line.

scanning electron microscopy studies revealed columnar

gra';‘_;tr?dure n acljllthe dppedfarr:d undopeddfgfnf. ) Since the donor doping concentration varies throughout the
e frequency dispersion of the measured dielectric cong, thickness, it is bound to alter the normal charge trans-

stant is almost negligible as observed from Fig. 2, _except aéort process, leading to various bulk phenomena. Bulk mode
very low frequency where we see a sudden fluctuation of thej¢ onqyction is verified from the fact that the leakage cur-

data. The dielectric constant as de_termined from the capaciant in the high field region is polarity independent as shown
tance measurement of the graded films was (@2700 kH3z, in the figure(Fig. 3)

which was much reduced in comparison to the undoped films Several modes of conduction for BST thin films have

(¢>500) and a dissipation factor of 0.02. been suggested in the literatdfeThe Poole—Frenkel con-

Figure 3 shows the variation in leakage current denSityduction mechanism, which is a bulk phenomenon, is charac-
with applied electric field for undoped and graded—dopeqerized by the following equatiott

BST films. The technique followed for measuring the true

leakage current, avoiding polarization current and field in- 4mmqk ¢— ap_E?

duced degradation components has been reported éarlier. TR E exp- kT '

The figure shows an appreciable decrease in the leakage cur- (1)
rent for the graded-doped BST thin films. It is necessary to - q

mention here that, homogenous or uniform donor doping TEQE,

also results in. decreased leakage curtBmt not to thgt where J is the current densityA/m?), m is the electronic
extent as obtained in the present case. The decrease in le ass,q is the electronic chargé is the Boltzmann's con-
age curren(aroun(_d si?< orders less in cqmparison to undope tant,h is the Planck’s constan€ is the applied electric
films at an electric field of 100 kV/cimin such a graded- field, ¢ is the depth of the potential welk, is the permit-

doped structure can be attributed to the compensating defeﬁ{[/ity of free space, an, is the high frequency dielectric

chemistry involved in a donor doped sample. Lanthanum aClz onstant. Figure 4 shows the variation in leakage current

ing as a donor in the system suppresses the inherent OXy9@h applied electric fieldplotted as)/E vs E®S in V/m) as
vacancy concentration when processed under an oxidizing

environment? leading to a reduction in the concentration of

charge carriers. The aspect of defect chemistry involved in 5; = 100°C
such perovskite titanates as BST is given in detail in Ref. 13. 107F « 120
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FIG. 4. Leakage current as a function of applied field measured at different
Frequency (Hz) temperaturefplotted asJ/E vs E®¥] in a Poole—Frenkel plot shows agree-
ment with theory at high applied fields and deviation in the low field regime.
FIG. 2. Pot of dielectric constant and dissipation factor as a function ofThe voltage ramping rate for the experimental data was kept at 0.1 V/s. The
frequency in graded La-doped BST thin films measured at room temperascattered data represents experimental values while the solid lines represent
ture. theoretical fits to the experimental data.



tion energy required for an electron to be released from such

«‘E‘ 10° a donor level is then 1 eV. Considering the conduction pro-
9 cess as observed from the earlier results one finds it feasible
2 10°} enough to assume an electronic conduction with a trap level
%’ 4 1 eV below the conduction band edge. This satisfies the

§10°¢ physical model for a Poole—Frenkel conduction process.

g s In summary, graded La doped BST thin films were
£ 107¢ grown using a pulsed laser ablation technique showing a
3 10° large decrease of leakage current in comparison to undoped

. . . . . BST films. An analysis was provided to study the actual
20 22 24 26 28 conduction process revealing a Poole—Frenkel type conduc-

1000/T (K)" tion.

FIG. 5. Arrhenius plot of the leakage current measured at 500 kV/cm show-

ing the linear behavior with 1000/ The calculated activation energy from

the slope of the linear fit is around 1.1 eV. 1J. M. Ponds, S. W. Kirchofer, W. Chang, J. S. Horowitz, and D. B. Chri-
sey, Integr. Ferroelect®2, 317(1998.

. . . 2F. A. Miranda, E. W. Van Keuls, R. R. Romanofsky, and G.
a function of the ambient temperature. One observes an in-gypramanyam, Integr. Ferroele@e, 269 (1998.

crease in the leakage current with increase in temperaturéJ. im, O. Auciello, P. K. Baumann, S. K. Streiffer, D. K. Kaufman, and
suggesting a thermally assisted conduction process. The theé- F;- Kfallllsg ASPP'- Phys. 'L-etCV@S ‘325(2000-J < W LM Ch
- - _ : - . Stowell, S. Sengupta, L. C. Sengupta, J. Synowcyznski, L. H. Chiu,
ore_tlcz_il f|ts_ for_the Poole—Frenkel mechanism is shqwn S 5" Joshi and S. B. Desu, J. Korean Phys. 8801587 (1998,
solid lines in Fig. 4. The graph shows good match with the sy, copel, J. D. Baniecki, P. R. Duncombe, D. Kotecki, R. Laibowitz,
theoretical fits at higher electric fields while we observe a D. A. Neumayer, and T. M. Shaw, Appl. Phys. Let8, 1832(1998.
deviation at lower fields. This implies that the Poole—Frenkel 7:- g f(‘?Sh' agchka C:'eleng]"- Pty;'5L§§242§gé1999&
. . . . . . . . S. Kim and C. Park, Appl. Phys. Leit5, .
mechanism is only dominant in the high-field regime. The s¢ 5" peng and s, . Krupanidhi, Thin Solid Filies, 144 (1997,
high frequency dielectric constant as obtained from the thew. Hofman, S. Hoffman, and R. Waser, Thin Solid Fil8&S, 66 (1997).
oretical fits is in the range of 3.3 to 0.9 decreasing as thé’s. saha, Ph.D thesi;, Materials Research Center, Indian Institute of Sci-
temperature is increased. The results agree very well with €nce. Bangalore, india, 2001. _
blished data for the high frequency dielectric constant of S. Saha and S. B. Krupanidhi, Mater. Sci. Eng5B 135 (1999.
pu o He g quency 2S. Saha and S. B. Krupanidhi, J. Appl. Ph§g, 3056 (2000.
BST taking into account the lowering due to La dopifig.  2R. waser and D. M. Smyth, ifferroelectric Thin Films: Synthesis and
The plot of the leakage current in an Arrhenius represen- Basic Propertiedited by G. W. TaylofGordon and Breach, New York,
Lo S 1994, p. 47.
tat'O? 1S ﬁhowln In F'r?‘ 5 for a temperatut:e_ralzjge 10(;] 14C. S. Hwang, B. T. Lee, C. S. Kang, J. W. Kim, K. H. Lee, H.-J. Cho, H.
200 C.. The value of_t e activation energy obtaine from the o5 w. D. Kim, S. I. Lee, Y. B. Roh, and M. Y. Lee, J. Appl. Phyas,
linear fit of the data is around 1.1 eV. This further supports 3703(1998.
the analysis based on the Poole—Frenkel conduction mech&J. J. O’'Dwyer, The Theory of Electrical Conduction and Breakdown in

: : : " _Solid Dielectrics(Clarendon, Oxford, 1973
nism. ACCOI’dlng to DUbIIShed reports the dOUbly ionized Oxy 18F. Jona and G. ShiranEerroelectric CrystalgPergamon, Oxford, 1962

gen Vg vacancy level lies in t.he band gap of B'a-gli@t 173, Daniels, K. H. Hardtl, D. Hennings, and R. Wernicke, Philips Res. Rep.
around 1 eV below the conduction band ed§&hus ioniza- 31, 487(1976.



