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Effect of bismuth content on the properties of Sr 0.8BixTas 2Nb 9Og.
ferroelectric thin films

Huei-Mei Tsai,¥ Pang Lin,? and Tseung-Yuen Tseng®
National Chiao-Tung University, Hsinchu, Taiwan, Republic of China

(Received 28 July 1998; accepted for publication 14 October)1998

This study investigates the effect of bismuth content on the ferroelectric properties of
Sro gBixTay ;Nby Og .,y (SBTN,x=1.7, 2.0, 2.5, 2.7, 2.9, and 3.thin film capacitors. SBTN films
arein situ grown on Pt/SiQ/Si substrates by using two-target off-axis radio-frequency magnetron
sputtering at a substrate temperature of 600°C. The films are crystallized with a(1igh
diffraction intensity and exhibit a columnar microstructure. Experimental results indicate that the
root mean square surface roughness of the film increases with an increase of the bismuth content.
In addition, the ferroelectric properties of the films heavily rely on the bismuth content. Moreover,
the 440-nm-thick $ygBis sTey Nby fOg 4 y films exhibit maximum remanent polarizati¢2Pr of 52
uClen? and minimum coercive field2Ec¢) of 28 kV/cm at an applied voltage of 1.5 V. X-ray
photoelectron spectral studies reveal that except f6F,Bio lower valence state bismuth exists in
the Sp gBi, sTay Nby Og ., film and bismuth substituted in the strontium site still remains ir-8s
valence state. €1999 American Institute of Physids$S0021-897¢09)06302-1]

I. INTRODUCTION =1.6-3.0 for SrBjTa,0). %1t was considered that Sr de-
ficiency was compensated by exces$?Riwing to the fact
Ferroelectric nonvolatile memory devices have receivedhat the Bi and Sr ionic radii are nearly identi¢8r'?=1.4
increasing attention from the perspective of the next generad, Bi*3=1.3 A). In addition, if the bismuth valence state is
tion of highly integrated circuits. A conventionally used +3, maintaining electrical neutrality would lead to some de-
ferroelectric material is lead zirconate titanat®ZT).'?> fect formation in the lattice. Therefore, it shifts the Ta posi-
However, PZT memories with Pt electrodes suffer from fa-tion in the perovskite blocks, and gives rise to permanent
tigue, in which the switchable polarization declines at arouncelectric dipoles. When Sr is in stoichiometry, excess bismuth
1% read/write cycles. Bismuth oxide layered ferroelectricexists in(Bi,O,) "2 rock salt layer, not in perovskite lattice.
materials based on SrHia049 (SBT) or SrBpbNb,Oy  Therefore, although its influence on electric dipoles in per-
(SBN)®*~® have become increasingly important because the@vskite blocks is not significant, it facilitates the grain
films exhibit no fatigue up to 8 cycles, and have excellent growth. Both changing the perovskite structure and facilitat-
retention characteristics and a low leakage current on Pt eleag the grain growth, caused by the excess bismuth, are es-
trodes. The general formula for the Bi containing layer-typesential in controlling the ferroelectric properties. Therefore,
compounds is BA,_1B,0s,:3, Where A denotes the 12- investigating bismuth content dependence of ferroelectric
fold coordinated cation in the perovskite sublattice, B reprefroperties promises means of optimizing the sputtered film
sents the octahedral site and the bismuth forms the rock-sagireparation process, because the Bi content in the films nor-
type interlayer (Bi,O,)"? between the perovskite blocks mally deviates strikingly from that of the target at a high
(A,_1B,03,.1), andn is the number of octahedral layers deposition temperaturé=*®In this work, we employ a two
within the perovskite sublattice of the structure. For the stotarget off-axis magnetron sputter deposition process to pre-
ichiometric SrBjTa,0y (N=2) compound, there is one pare SBTN films containing various amounts of bismuth.
complete perovskite sublattice created by the Ta—O octahd&he microstructure, electrical properties, and x-ray photo-
dra in which a 12-fold A catiorfi.e., S) may reside. Osaka electron spectra of SBTN thin films are thoroughly studied as
et al® studied the phase transition process of SBT thin filmswell.
prepared by chemical liquid deposition. A fluorite phase ini-
tiglly formed at a low temp_erature and it transforms into”_ EXPERIMENT
bismuth-layer-structure family or a pyrochlore phase (
<1.2 SrBjTa0y) after 750 °C treatment. Although the bis- The SBTN films were deposited on a(F30 nm)/ SiO,
muth content heavily influences remanent polarizat@®ry), (250 nm/Si(100) substrates by simultaneous magnetron
particularly when Sr is deficient, formation of the bismuth sputtering from two different sintered targets of

layer structure is independent of the bismuth content SrygBis Ty 2Nby Og and BpOs with a diameter of 2 in. The
targets were prepared by the solid-state reaction process. The

dAlso at: Institute of Materials Science and Engineering. radio frequency Input for 603 targe_t was fixed at 20 W, and
bAlso at: Department of Electronics Engineering and Institute of Electron-that for the SBTN target was varied frqm 70 to 120 W A
ics; electronic mail: tseng@cc.nctu.edu.tw chamber pressure of 20 mTorr was maintained by a mixture
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TABLE I. Chemical composition of 600 °C deposited SBTN films prepared
by various radio-frequency power ratios.

5 :
Power ratio between BD; Mole ratio in SBTN film
a o and Sg gBi; ;Tay Nby ¢Og 4y
T g targets Sr Bi Ta Nb
> <
T (I A a2 20/120W 0.80.05 1.70.05 1.2:0.05 0.9:0.05
$ pm = 20/110W 0.80.05 2.0:0.05 1.2-0.05 0.9-0.05
,;fzjﬂff NN \_X=27 20/100W 0.8-0.05 2.5-0.05 1.2+0.05 0.9-0.05
e = 20/90W 0.8:0.05 2.7:0.05 1.2:0.05 0.9:0.05
ST e S Y 20/80W 0.8-0.05 2.9-0.05 1.2-0.05 0.9-0.05
20 30 40 50 20/70W 0.8:0.05 3.2:0.05 1.2:0.05 0.9:0.05
20 ( Degree )

FIG. 1. XRD patterns of 600 °C deposited SBTN films prepared by various, L . .
radio frequency power ratios. fected the polarization and coercive field values of layer

structured SBT and SBN:*8 The (Bi,0,) 2 layer interven-
ing the perovskite-like units along theaxis might not par-

of argon and oxygen at a flow-rate ratio of 200/50. Field-ticipate in the cooperative phenomenon responsible for fer-
emission scanning electron microscopfESEM, Hitach roelectricity in these materials. The polarization vectors most
S4000 was performed to investigate the surface and crosglikely lie close to thea-b plane wherein all the perovskite-
sectional morphology of the films. Transmission electron mi-like layers are continuous, but do not liedraxis. Therefore,
croscopy and energy dispersive spectrosc()'iﬁM_EDS) as expected, our SBTN filn[svhich contain extremely weak
examination were performed on a JEOL JEM-2100 which(00/) peakg have larger 2Pr values. The SBTIN) reflec-

was attached with ISIS 300 energy dispersive x-ray analyzetion also exhibited a strong doublet pe@6=0.2°), which

The crystal structures of the films were analyzed by using &as been described earlier as a strong distortion in the unit
Siemens D5000 x-ray diffractioftXRD) with Cuka radia-  cell and a deviation from the actual symmetty.

tion and a Ni filter. The chemical composition of the films ~ Table I lists the 600°C SBTN film compositions ob-
was determined using inductively coupled plasifi&P) tained from various power ratios. Off-axis sputtering used
mass spectroscopPerkin Elmer, SCIEX ELAN 5000and herein can prevent plasma-bombardment effects and main-
secondary ion mass spectroscdf$IMS), CAMECA IMS-  tain compositional stoichiometry. Table | clearly indicates
4f]. Surface roughness of the films was analyzed by usinghat the molar numbers of Sr, Ta, and Nb in those films are
atomic force microscopj(AFM), Nanoscopelll. The x-ray  Vvery close to their target composition, and that the variation
photoelectron spectroscofXPS) measurements were car- Of Bi content is attributed to BO; target compensation.
ried out in a Physical Electronics ESCA PHI 1600 spectrom-However, there still existed a very small compositional dif-
eter at a constant pass energy of 23.5 eV. Al &an beam  ference between the film and target, because we cannot to-
was used to etch the films to obtain the depth profiles of théally eliminate the different sticking coefficients and varia-
films. For electrical measurements, Pt top electrodes 1000 fion in sputtering yields of the constituent elements.

thick were sputter deposited onto the SBTN films at 300°C  Figure 2 displays the bismuth SIMS depth profiles of the
through a shadow mask on an area of X2D 4 cn?. The SBTN films with x=1.7, 2.5, and 3.2. The Bi diffusion
ferroelectric properties of the films were measured by using &rough the Pt layer was also observed in this figure. A Bi
RT66A ferroelectric tester from Radiant Technologies Inc.,concentration reaching maximum in the interface of SBTN
The current—voltagél-V) measurements were performed and Pt bottom electrode implies the formation offBiin the

by measuring the current through the samp|e with anterface. The Bi diffusion was also observed for the SBT

Hewlett—Packard 41458 semiconductor parameter analyzefilms prepared by the sol-gélmetal-organic decomposition

IIl. RESULTS AND DISCUSSION 107 N
XRD studies of SBTN films indicated that the films de- 182

posited at temperatures below 500 °C were amorphous and £ 400

the crystallinity was observed at 600 °C. Figure 1 illustrates S 100

the XRD patterns of the films prepared by different power ~§ 102

ratios between two targets. According to this figure, all the £ 101

films reveal a strong@115 reflection, besides that there is a § 10°

small SBT200) reflection peak for power ratios lower than 107 |- I | so, |

20/90W. As the power ratios exceed more than 20/90W, a s T

Bi,O; peak appears in the XRD pattern. The fact that ferro- 10200 300 400 500 600 700

electric films are anisotropic accounts for why the crystallo-
graphic orientation in ferroelectric materials can heavily in-

ﬂuer_ice_ their properties._ Acc_ording to previous in-gG. 2. SIMS bismuth depth profiles of 600°C deposited
vestigations, the crystal orientation more pronouncedly afsr, gBi,Ta; NbyOy.y (x=1.7, 2.5, and 3 films.

Depth (nm )
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FIG. 3. (a) The cross-sectional TEM image of@Bi, sTay Ny {Og..y film
deposited on Pt/SigSi substrate(b) EDS spectra acquired from the SBTN,
interface, and Pt bottom electrode.

(MOD),2%2! and metal-organic chemical vapor deposition
(MOCVD)#* techniques. To elucidate the Bit formed in the
interface, TEM examination was performed. The cross-
sectional TEM image ok=2.5 SBTN films[Fig. 3(@)] indi-
cates that a layer of 12—40-nm-thick second phase forms at
the interface of SBTN film and Pt bottom electrode and the
SBTN film had columnar microstructure. The EDS analyses
of SBTN, interface, and Pt bottom electrode were made with
a 15-nm-diam probe and their spectra are shown in Rly. 3
The signals of Cu and Si in Fig(l8 come from copper ring
and Si substrate during TEM sample preparation using ion
gun milling. The major elements at the interface are Bi and
Pt. Therefore, the TEM-EDS analysis also reveals that the
formation of BiPt second phase in the interface, most prob-
ably is BipPt. As generally recognized, it is extremely diffi-
cult for the Bi to get off the bismuth deficiency SBTN film
and diffuse into the Pt layer at the deposition temperature of
about 600 °C. Hence, according to Fig. 2, the Bi depth profile
of x=1.7(i.e., bismuth deficjtfilm is more uniform than that

of x=2.5 film. However, for films withx=3.2 (i.e., bismuth

Tsai, Lin, and Tseng 1097
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FIG. 4. SIMS depth profiles of §gBi, sTay NbyOq.., film deposited at
600 °C.

there is not significant bismuth depletion region in front of
bismuth maximum peakFig. 2). The SIMS composition
depth profiles of SygBi,sTay Ny dOg .y films (i.e., x=2.5
film) indicate that Sr, Ta, and Nb were not diffused into the
bottom electrode and their depth profiles are very uniform
(Fig. 4). Similar behavior is also found in other films.

Figure 5 illustrates typicalFESEM surface images ob-
tained from SBTN films having various Bi contents. The
films exhibit a somewhat porous structure with elongated
grains. The grain size distribution a&=1.7 film is nonuni-
form. In addition, an increase of the bismuth content causes
the grain size distribution to become more homogeneous.
The average grain size of the=2.5, 2.9, and 3.2 films is
about 96 nm. The root means squamas) roughness of the
film surfaces calculated from the AFM morphologies in a 5
pumx5 um area(Fig. 6) reveals that the roughness of the
films increases with an increase of the bismuth content. As
generally assumed, increasing Bi content lowers the melting

rich), owing to the presence of BD; phase, evaporation of g, 5 FESEM surface images ofo$Bi,Tay Nby Oy (x=1.7, 2.5, 2.9,

Bi is expected to be more serious than diffusion. Thereforeand 3.2 films.
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FIG. 6. Root mean square roughness of the various bismuth content SBTN  FIG. 8. P—E hysteresis loops of they§8i, sTay ;Nby 6Og .y films.
films.

films is higher than that of SBT films. The columnar crystal-
lites, the possible BPt phase at the interface of SBTN/Pt
and the deviation from stoichiometry might be responsible
for the higher leakage current density of the SBTN films.
Figure 10 displays the dependence of the Bi signals from
XPS of SpgBiysTay Ny ¢Og,y film on the etching time.

point of the films, making it relatively easy to merge small
grains into large rough grains during 600 °C deposition.
Figure 7 illustrates the remanent polarizati@Pr and
the coercive field(2E¢ of the different bismuth content
SBTN films at an electric field of 35 kV/cm. The SBTN

gltrr?:rs()fv)\:rilze ":’hza:fosrgl\?ehfeigl;egn;gnsfn:hgi:mn:agggeﬁigrthel'he etching rate of the films was 25 nm/min. Obviously, the
’ ' P signal from the film surface is different from that inside. The

X:3'.2’ are close to 30 kV/cm._Flgurg 8 illustrates typlcalintensity of the Bi 2 signal was high at the film surface and
polarization versus electric field curves of

St 4Bi» <Tay by g, film recorded with—3 to +3 V ex- decreased with the etching time, while the intensity of the
()87 200 : y : , metallic Bi signal increased with depth. The binding energies
citations. The 2Pr and 2Ec of §Bi, sTay Nby Oy, y films

.+3 . . _

were 52 uC/en? and 28 kV/cm at an electric field of 35 of Bi 4f; and 4f, core level photoemissions were lo
. ; cated at 158.8 and 164.2 eV, respectively. The binding
kV/cm, respectively. These excellent properties may be at-

tributed to the unique solid solution of SkBBR,0y and energy locations of the metallic bismuthf#, and 4,

. . . core levels, were at 156.4 and 161.8 eV, respectively. After
SrBi,Nb,Og and the crystal orientation control, hence, the Pr . . Co

: : 6 min etching, the amount of metallic Bi was extremely
value of our SBTN films can be compared with that of PZT. .
. . . : large and there was nearly no trace of BiThese phenom-
Herein, the fatigue test of the Bi, sTa; ;Nby ¢Og 1 films . .
. . ena were attributed to the cleavage of the O-Bi bonds

was performed using a bipolar square wat/8 & at 1 MHz,

which indicated that no fatigue was observed after thedurlng the Arions etching which made bismuth oxide de-

sample was switched up to X0 cycles. Figure 9 depicts composed and reduced to the metallic stateFigure 11

the leakage current densities of the different bismuth conter@UStrates the dependence of the Nb signal from XPS of

SBTN films at an electric field of 50 kV/cm. The current i;“f;ég%;ﬁ?ﬁ%gg fllrgngnaihe:rtrggg gr;r?d;gg Z'g(\j/_
densities were measured after fabricating the Pt top elec. 9 512 312 : ' ’

todes folowed by amnealing in an amosphere of @ PGy T T TR S SO SR e
500°C for 1 h. According to this figure, the ; 9.

. 5 .. .
Sty gBiz sTay Nby dOq 1y, film exhibits minimum leakage cur- reducpon (.)f NH t_o Nb' SO”?e of the Bi ions Sl_JbSt'tUte for
rent density of about 1310 % A/cm? at an electric field of strontium in its site in gBi, 5Tay Nbo.gOp 1y film. XPS

50 kV/cm and the Bi deficient films have larger leakage cur-
rent than the Bi excess films. The leakage current of our

10’4:...y|...-|-vm||...:
N; u ]
50 ey 20 s ) i
45 F 418 N i .
ofF e R0 g -
S3E e et T 2 0
g0t 12§ g1t 3
Q25 F - 4102 E . :
ES E B E 4 o - B 4
~20 E : E 38 ;’ o o [ ) @ 1
A5 E 16 = éo L s A
10 F (5 44 b xa E
5 *-e 12 = .
oznnnnl‘luulnn‘ulunnnzo 10-6|IIIIIIII|||||1||||
1.5 20 25 3.0 35 1.5 20 25 3.0 35
X in Sry gBiyTa; 5Nbg 9Og.,y films xin Sl’obsBixTal'szO.QO%Yﬂ]ms

FIG. 7. The remanent polarization and coercive field of the various bismuttFIG. 9. The current density of the various bismuth content SBTN films at 50
content SBTN films at 35 kV/cm electric field. kV/cm electric field.
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MR A AR v R LR AR RN TABLE Il. Binding energy of 600 °C deposited §Bij sTay Nbg Oy
- 3 ] film.
- & 1 Energy level Valence state Binding ener@Vv)
g X -
5 F K] ] Bi 4f,,  4fgp +3 158.8:0.2  164.2:0.2
<t g 3 Nb 3ds,  3dgp, +5 206.6-0.2  209.4-0.2
= 3] Ta 45,  Afg, +5 25.5+0.1 27.3-0.1
g2 1 min Sr 3ds,  3dg, +2 133.1-0.2  135.6-0.1
: [ ] o} 1s -2 529.6-0.2
Ef _,/\/\/V\_z.min_:
: Mmi“ ]
N\—imi“ lumnar morphology. Wher=2.9, Bi,O; second phase was
E Min E found in the film. These films had a low coercive fi¢REc
N N N of about 30 kV/cm at an applied field of 35 kV/cm. In addi-
145 150 155 160 165 170 175 tion, the Sg gBi»sTay 2Nby dOy film had a larger remanent

Binding energy (eV ) polarization(2Pp of 52 uC/cm at 35 kV/cm than other com-

position films, and also demonstrated fatigue free character-

FIG. 10. Etching time dependence of bismuth XPS signals ofistics up to 1.0x 10'° switching cycles undea 3 V bipolar 1

Sip gBiz sTay Nby Og.1y film. MHz square wave. Moreover, XPS depth profiles studies of

Sip.gBizsTay Nby §Og 1, film indicated not only that Bi®

and Nb™® appear in both the surface and interior of as-

%eposited films, but also that bismuth substituted in the

strontium site ofx=2.5 films still remains in itst 3 valence

tate.

studies indicate that there was no lower valence state of bi
muth in the film surface except Bi. Moreover, metallic Bi
in the interior of the film was reduced from Bi during
argon ion etching. Next, the film after 6 min etching was
annealed at 500 °C inJor 1 h and then, the XPS spectrum
of this film was recorded at the same spot as before. ThHACKNOWLEDGMENT

metallic Bi and Nb in the interior were observed to be reoxi- . . .
dized to Bi and Nb'S states, which are the same as those The author would like to thank the National Science

on the surface of the film. Hence, there was still no IowerCounCII of the Republic of China for financially supporting

valence state of bismuth in strontium site. Table Il lists thethls research under Contract No. NSC 87-2112-M009-037.
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