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Ferroelectric layered-oxides SEa,04 thin films were prepared on Pt coated Si wafers and
single-crystal sapphire by metalorganic chemical vapor depositb@CVD). The films were
specular and crack-free and showed complete crystallization at temperatures between 650 and
700 °C. Good ferroelectric properties were obtained for a 200 nm thick film with Pt electrodes:
2P, andE. were about 8.3.C/cn? and 60 kV/cm, respectively. The leakage currents were as low

as 8x10°° A/cm?at 150 kV/cm. The films also showed fatigue-free characteristics: no fatigue was
observed up to 1410 switching cycles. These high quality MOCVD films make high-intensity

(>1 Mbit) nonvolatile memory devices possible. ®96 American Institute of Physics.
[S0003-695(196)00505-1

In recent years, ferroelectric thin films have been inte-domain is more likely to be pinned than the 180° domain.
grated into silicon integrated circuits to provide high speedfor this reason, reducing the 90° domain may improve fa-
high read/write endurance, high radiation hard, and lowtigue properties. Research has been conducted to improve the
power consumption nonvolatile memdrydowever, the den- fatigue properties of PZT capacitors by using conductive ox-
sities of current commercially available ferroelectric randomide electrodes such as 1, ,CoO; and RuQ or by doping
access memoryFRAM) devices are still low. Although ~ La or Nb into the films~8 However, its disadvantage is that
ferroelectric thin films have great potential for high-densitythe resulting device is electrically “leaky,” with dc leakage
(>Mbit) FRAMs, commercial usage has been hinderedeurrents that may be too high for some nonvolatile memory
largely by serious degradation problems such as fatigue, inflévicé and for dynamic random access memories
print, retention, and aging that reduce the devices’s Iifeﬁme.(DRA!\/lss)-g'm_An alternative approach is to find new ferro-
Since polarization must be reversed to read or write data in §/€Ctric materials with low intrinsic defect density such as
memory cell, fatigue is a critical obstacle for practical use. S'Bi21&0s (SBT) which are known as layered oxides.

The most popular ferroelectric materials under investiga- Recently, SBT f|IEn1;¢, were successfully prepared bY Sev-
tions for nonvolatle memory applications are eral research groups'’ using metalorganic decomposition

PbZTi, O, (PZT) because they have a high Curie tem_(MOD)11‘150r pulsed laser depositidiPLD)*®1" techniques.

L All the reported data on these materials showed very attrac-
perature, large remanent polarization, and well-known prop-

erties. However. these ferroelectric capacitors have serio tive ferroelectric properties and fatigue-free characteristics.
. " p 8 ; YSowever, neither MOD nor PLD are suitable for high den-
fatigue degradation problems after about® Ii@ad/write

| h h for i . dhwri i sity device applications due to their poor step coverage. In
cycles that are not enough for mtepswe rea write app ICahis letter, we present the structural, optical, and ferroelectric
tions. Several models can be found in the literature to eXpla"broperties of MOCVD SBT films

the individual degradation mechanisms. Recently, Desu and '1he SBN films were prepared on PYTi/SiSi sub-

3 e . .
Yoo® have proposed a unified model in which oxygen vacanyyrates and sapphire disks by metalorganic chemical vapor
cies are cited as the common source for most degradatiofeposition. The typical process conditions are shown in
phenomena. The model suggests two possible solutions thpjle |. The bif2,2,6,6-tetramethyl-3,5-heptanedionato

overcome fatigue: reducing entrapments by changing the nagrontium  hydrate [SKTMHD),], triphenylbismuth
ture of the electrode/ferroelectric interface and controlling

defect denSIty, of the ferroelectrics. Paz de AFa.UjO, atli . TABLE I. Typical growth conditions of MOCVD SrBira,Oq films.
cated that fatigue also came from another different micro-

scopic cause: stress relaxation of 90° domains in pseudocu-Deposition pressure 4-10 Torr
bic crystals(such as lead zirconate titanate familyhe 90° Substrate temperature 500-650 °C
N, flow rate 500 sccm
O, flow rate 800 sccm
dCurrent address: Sharp Microelectronics Technology, Inc., 5700 Liquid source flow rate 0.1-0.5 ml/min
NW Pacific Rim Blvd.,, Camas, WA 98607. Electronic mail: Deposition time 60-90 min

cpeng@smtmhs.sharpwa.com
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FIG. 1. XRD patterns of as-deposited MOCVD SfBi,Oq films on sap-

- . L FIG. 2. XRD patterns of MOCVD SrBia,Oq films on sapphire. The films
phire at various deposition temperatures.

were deposited at 600 °C and annealed at various temperatures.

[Bi(CeHs)s], tantalum ethoxid¢ Ta(OC,Hs)s] were used as  tributed fine grains and crack-free under SEM examinations.
starting materials with a mixture of tetrahydrofuran, isopro-The SEM micrograph of the surface of annealed film is
panol, and tetraglyme in the molar ratio of 8:2:1 as the solshown in Fig. 3. The average grain size is around 100 nm.
vent. The organic precursors were mixed, and dissolved iThe refractive index of the films was around 2.3 measured by
solvent to form source solution with concentration of 0.1-variable angle spectroscopic ellipsometry. This value is very
0.5 M/L of SBT. The source solution was injected into theclose to that of 98% dense polycrystalline bulk SBT
heated vaporization chamber to form precursor gases by gamples® which indicates a highly dense film.
liquid pump. Smooth and specular SBT films were obtained.  The hysteresis loops of the MOCVD SBT films annealed
The thickness of SBN films were about 200 nm. The phasegt 750 °C are shown in Fig. 4. The thickness of the film was
of the film were identified using x-ray diffractiofXRD).  around 200 nm. As can be seen in the figure, the loops were
The surface morphologies of the films were characterized byaturated at 3 V. The remanent polarizatiorP(R and the
scanning electron microscop$EM). The optical properties  coercive field E;) of SBT films were 8.3uC/cn? and 60
of SBT films on PYTi/SiQ/Si substrates were measured by kv/cm at an applied voltage of 5 V, respectively. Figure 5
both UV-Vis-NIR spectrophotometry and variable angleshows fatigue characteristics of the film. The film was pulsed
spectroscopic ellipsometry. The ferroelectric properties wergt 5\ of 1 MHz bipolar square wave. The film did not show
measured using a standardized RT66A tester. The top elegny fatigue after the sample was switched up tox118
trodes used were sputtered platinum using a shadow maskycles. Furthermore, no noticeable change on the hysteresis
The area of the top electrode was 210™* cnv. loops before and after the fatigue test was observed. It is
The films were deposited at temperatures ranging fronpelieved that the superior fatigue properties of the SBT films
500 to 650 °C. As-deposited films were specular, crack-freeare due to the Bi-layered structure. Unlike PZT, the thermal
uniform, and adhered well on the substrates used and weiability of the SBT compound is up to 1150 *Because

highly transparent on sapphire substrates. These films alsfie process temperature of SBT is below 800 °C, there are no
showed very smooth surfaces as viewed by means of both

optical microscopy and scanning electron microscopy. The
film growth rates were typically in the range of 3—5 nm/min.
Figure 1 shows the x-ray diffractiofXRD) patterns of
the as-deposited SBT films on sapphire substrates as a func-
tion of deposition temperature. Only small x-ray peaks were
observed when the films were deposited at 550 °C or lower.
The major XRD peaks corresponding (@15 and (200
planes were observed when the films were deposited at
600 °C. At a deposition temperature of 650 °C, the films
showed well-crystalline feature as can be seen in the figure.
Figure 2 shows the XRD patterns of the 600 °C deposited
MOCVD SBT films on sapphire as a function of postdepo- 8 0=
sition annealing temperature. As expected, at an annealing !;l,:‘;;{«:g:,h - ;/@‘1_?&?:(
temperature of 700 °C, sharp and numerous XRD peaks were P — R
observed, which indicated very well-crystallized films. Forgig. 3. sem surface morphology of MOCVD SeB&,0, films on Pt-
the surface morphology, the films appeared uniformly dis-coated Si substrates.

&y ?r e ST
RO G AR e i e
NS ‘.(:r* e

Appl. Phys. Lett., Vol. 68, No. 5, 29 January 1996 Li et al. 617



B MOCVD SrBi,Ta,0, -V Curve
81 15 4 ov 10+
c
2
T 10
g 10 -
8
£ s
! o
10 5
Applied Voltage (V) 3; 107
4
10 -
8.4x10° Alem?
109 -
-20 -
FIG. 4. Hysteresis loops of MOCVD SrHia,0, films on Pt-coated Si 107 l | | . | |
substrates. The film thickness is around 200 nm. 0 50 100 150 200 250 300 350

Applied Field (kVicm)

volatile species that result in defects at process temperature.
On the other hand. Bi-laver oxides have large polarizatio FIG. 6. Leakage current of MOCVD Srfia, Oy films on Pt-coated Si sub-
L .y o gep rLtrates

along thea or b axis, but little or no polarization along the
axis, thus most of the domain configuration in Bi-layer ox- . _ _
ides is the 180° domaifiFor this reason, the BST has excel- strates by the MOCVD technique. The films showed superior
lent fatigue properties. optical, ferroelectric, and fatigue properties which meet the

Low leakage current density is another important considrequirements for high-density nonvolatile memory device
eration for memory device applications. Figure 6 shows thépplications. The optimization of the deposition parameters
|-V curve of a 200 nm thick MOCVD SBT films annealed at iS currently under investigation.
750 °C. Excellentl-V characteristics were observed. The ~ The authors wish to thank CERAM, Inc. of Colorado
leakage current density at 150 kV/cm was around 8.45prings, CO and IC Group of SHARP Corp. of Japan, for
X 107° Alcm?. There is a significant difference in the mea- their support of this research.
sured room-temperature leakage current density values of the
MOCVD films and the reported values for the laser ablated
films.*® Under the same conditions of the applied electric
field, the MOCVD derived films display leakage current den-
sities at least an order of magnitude lower than the corre- 1Ramtron Corp(Colorado Springs, Cstarted introducing its 4, 8, and 16

K bit FRAMs in 1988.

sponding laser ablated films. Although further investigation 25 A C. M. Z‘;Tenngs M. J. E. Ulenaers, G. L. M. Kampschoer, H. A. M.
is needed to identify the cause of this difference, one pos- van Hal, and P. K. Larsen, J. Appl. Phyg, 2290(1991).

sible factor could be the smaller grain size and higher densny' K.Yoo and S. B. Desu, Mater. Res. Soc. Symp. PRid) 165(1993.
C. A. Paz de Araujo, J. D. Cuchiaro, L. D. McMillan, M. C. Scott, and J.
of MOCVD films.
. L F. Scott, Nature374, 627 (1995.
In summary, ferroelectric SrBIa;Oq thin films were re- 53 F chang and S. B. Desu, J. Mater. R&955 (1994,

producibly fabricated on Pt/Ti/SiSi and sapphire sub- °D.S. Yoon, C. J. Kim, J. S. Lee, W. J. Lee, and K. No, J. Mater. Bes.
420(1994.
7J. Siand S. B. Desu, J. Mater. R@s.2644(1993.
8L. A. Bursill, I. M. Reaney, D. P. Vijay, and S. B. Desu, J. Appl. PHys,

. 1521(19949.
— +ﬂ—,—~—‘__fr__(?_8f%) 9Pp. C. Fazan, Integr. Ferroeled. 247 (1994.
} Te— 0w, Kinney, Integr. Ferroelect, 131 (1994.
8 e P’ (94.4%) 1. A. Paz de Araujo, J. D. Cuchiaro, M. C. Scott, and L. D. McMillan,
. International Patent No. WO 93/125424 June 1998
0s | Bt % gﬁgik‘.".l%%"" B 12K, Amanuma, T. Hase, and Y. Miyasaka, Appl. Phys. L&8.221(1995.
5 Fereokem oy ® * 13T, K. Li, T.-C. Chen, C. H. Peng, and S. B. Desu, paper presented at 7th
iy 5 International Symposium on Integrated Ferroelectrics held in Colorado

077 Y S VAT, T Springs, CO, March 20-22, 1995.
}%}' Aopied Votage () / Avplied Votage (V) M. Klee, paper presented at 7th International Symposium on Integrated

06 Ferroelectrics held in Colorado Springs, CO, March 20—-22, 1995.
Bofors Fatigue A Fatigue 155, B. Desu and T. K. Li, Mater. Sci. Eng. @ be publishell
05 . - . ’ . . . : 1635, B. Desu and D. P. Vijay, Mater. Sci. Eng.(® be publishef
Initial 105107 108 10° 10 R. Dat, J. K. Lee, C. Basceri, O. Auciello, and A. Kingon, paper presented
Cycles at 7th International Symposium on Integrated Ferroelectrics held in Colo-
rado Springs, CO, March 22-22, 1995.
FIG. 5. Fatigue curves of MOCVD SrBia,Q, films on Pt-coated Si sub- ¥T.-C. Chen and S. B. Deswnpublisheg
strates. The hysteresis loops before and after fatigue test are also shown°T. K. Li, T. C. Chen, and S. B. Desfunpublishegl

618 Appl. Phys. Lett., Vol. 68, No. 5, 29 January 1996 Li et al.



