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Abstract—The dielectric constant and the leakage current TABLE |
density of (Ba, Sr)TiO; (BST) thin films deposited on various SOME IMPORTANT PROPERTIES OFCONDUCTIVE TRANSITION METAL OXxIDES [31]
bottom electrode materials (Pt, Ir, IrO2/Ir, Ru, RuO »/Ru) be-
fore and after annealing in O, ambient were investigated. The
improvement of crystallinity of BST films deposited on various
bottom electrodes was observed after the postannealing process.

The dielectric constant and leakage current of the films were also Bulk
strongly dependent on the postannealing conditions. BST thin resistivity 40 30 100 60 10
film deposited on Ir bottom electrode at 500°C, after 700 °C (n€2-cm)

annealing in O, for 20 min, has the dielectric constant of 593, Swbility  upto up 0 up o upto up o
a loss tangent of 0.019 at 100 kHz, a leakage current density A . . . . .

of 1.9 x 10~% A/em? at an electric field of 200 kv/cm with a Oy  800C 10T 850°C  S00°C  450°C

delay time of 30 s, and a charge storage density of 53 f@m? ambient

at an applied field of 100 kV/cm. The BST films deposited on Ir

with post-annealing can obtain better dielectric properties than [9]-[11], the composition of the BST thin films [3], [12]

on other bottom electrodes in our experiments. And Ru electrode . . .
is unstable because the interdiffusion of Ru and Ti occurs at the bottom electrode materials, (Pt, Ru, Ir, Pt/Ta, PYTIN/Ti,

the interface between the BST and Ru after postannealing. The Pd/Ti, Pd, etc.) [13]-[27], and the postdeposition annealing
ten-year lifetime of time-dependent dielectric breakdown (TDDB)  conditions [10], [28]-[30]. Although there is much experimen-
studies indicate that BST on Pt, Ir, IrO./Ir, Ru, and RuO-/Ru  tg| verification that annealing conditions can have significant
have long lifetimes over ten years on operation at the voltage gftects on the properties of the films, systematic studies of the
bias of 2 V. . . . . .
_ _ _ effect of annealing conditions on the dielectric and electrical
Index Terms—(Ba, Sr)TiOs, electrode, electrical properties, properties of BST thin films on various bottom electrodes
reliability, thin film capacitors. are still lacking. Integration of ferroelectric capacitors with Si
CMOS technology for DRAM and FeRAM applications usu-
|. INTRODUCTION ally demands' seyeral high t.emperature. annealing treatments
HE sdvancemen o tynari rancom sccess merorkeS00 ) AN mposes Sigent erements o clectode
(DRAM'’s) has significantly decreased the available area ' g . S ' .
ST R . . ﬁmall leakage current density, which is the most studied elec-
per cell. Electroceramic thin films with high dielectric constarlr e material for ferroelectric capacitors. However, problems
have attracted great attention for practical use in capacitors. oqfd ' ’

N Lo : L g in using Pt in ferroelectric/Si technology such as difficulties
gigabit DRAM’s since the adoption of high-dielectric constanl[1 etching, poor adhesion to SigSi substrate, poor diffusion

materials can lower the height of the storage node and simpl rier to oxvaen. and hiah costs have prompted the search for
the cell structure [1]-[4]. One of the most promising materiag 0 oxygen, 9n | prompt :
alternative electrode materials. Some transition metal oxides

for the capacitor dielectric films is (Ba,STiQBST) because e attractive candidates for electrode materials because of

. . . . . . ar
of its high dielectric constant, low leakage current density, hlﬁ . A . .
dielectric breakdown strength, paraelectric perovskite phgsglr stability in oxygen ambient at high temperature and

that does not exhibit fatigue, and the ease of compositiﬁgﬁtamc conductivity (Table 1) [31]. Chet al. have reported

control due to the absence of volatile lead oxide [1]-[9]. at 36-nm-thick (Ba;St.5)TiOs films with the equivalent

The electrical characteristics of BST thin films greatlﬂ?r?e::'%;ngis 28%4;/%2'25;tml‘;n?/Svl;g'r(;eggzailﬁévdleoik??e

gte; gfen?er%n et?aetudr(eep(;stlggri(r:]on::gﬁinesm(sp:ltster:r;gsﬁtr)gveerics)u id IrQ; electrodes [25]. NEC's researchers have successfully
P » SP 9 - gasp ’ ' osited BST thin films on fine-patterned RuQvhich

. . , , _showed low leakage current and high dielectric constant [19],
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Tnasm',zne F?_O_Ce?c ronics, Tatlonal ~hiao Tung Hniversty, Hsinent (113]. Advantage_s gained through the ease of etchm_g Ru may
Publisher Item Identifier S 0018-9383(99)06647-2. be offset by a higher leakage current [32]. Conducting metal
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oxide RuQ is perhaps the most widely studied transition metal

oxide for electrode material for ferroelectric capacitors [5]. ERE. -

However, IrQ has a lower bulk resistivity than RyQ(30 ~ T g Z 2 zZ§8 5 . =z

pf2-cm versus 4Qu§2-cm). IrQ, and Ir have been used with = RO £2:g2, 8 <

PZT capacitors to reduce fatigue [33]. It has been shown by 2 AN SN

previous investigation that BST film capacitors can exhibit ex- = Ru A y N

cellent electrical characteristics by using Ir as the top electrode :

[17]. Although there is much experimental proof that bottom SO J\ J=\ A 5

electrode materials can significantly affect the properties of = [ FO,110) 2o,

the films, systematic studies of the effect of various bottom E o / \Uimom

electrodes during rf sputtering on the electrical and reliability % Putih

characteristics of BST thin films are still quite limited. 20 30 10 50
In this work, we have investigated the effects of bottom 20 ( degree)

electrode materials (Pt, Ir, Idr, Ru, RuG/Ru) on the _ _

dielectric constant and the leakage current density in B&f: 1. XRD patterns of BST films deposited at 500 on Pt, Ir, rQ/Ir,
R . . | u, and Ru@/Ru bottom electrode materials.

thin films without and with postannealing and propose them

as optimum electrode materials. The structural, electrical, and

dielectric properties of the films are evaluated and discusseti®mens D5000). On the basis of XRD data, the average grain
size was determined by using Scherrer's formula [6]. The

surface roughness and morphology were examined by atomic
Il. EXPERIMENTAL force microscopy (AFM, Digital Instruments Nano-Scope llI).

BST thin films were deposited on metals/SiQ00)Si bot- Zigtrogézf"e:reo;r?;lyggg S ez;égﬁ d';:er.f::iqg;slasszg?gggtr
tom electrodes (metals are Pt, Ir, kD, Ru, and Ru@/Ru) by w yz y yi P y

RF magnetron sputtering. The starting p-type silicon wafer wg%IMS’ CAMECA IMS-4f). The capacitance-voltage (C-V)

cleaned by a standard RCA cleaning process and chemic aracteristics were measured on the metal-insulator-metal
etched in a dilute HF solution. The 100-nm thick Si@yer ? IM) structure by measuring the capacitance at 100 kHz as

was thermally grown at 1050C in a dry oxidation furnace. a function of a swept positive-to-negative voltage bias. Dielec-

The metal-layers on SKISi substrate with a thickness of 1ootrlgacsounrztdan;toag%e I?I[lnzlsv\\l/\ﬁsoﬁ?kt:)lij;zte\?ortr:rg th‘l?hzaz?;gi?r(if
nm were deposited using a separate RF magnetron sputtegn% loss properties were measured as a fugnc'tion of frequenc
system. The Pt, Ir, and Irfilms were prepared at fixed power prop 9 y

of 50 W (power density is 2.55 W/cty constant pressure of 5\2’:2' azeTe)I,'vrlweett;:Z?rcekritSofg P)e A(fll_\9/£)1Am|en;23(rj:r:(; tgacvlrzhazlf-
mtorr, and substrate temperature of 350 The Ru and Ru® yzer. 9 P

films were prepared at fixed power of 100 W (power densi }cl)rmed by measuring the current through the sample with an
is 5.1 W/cn?), constant pressure of 10 mtorr, and substra optﬁi450?faAeP;éOFr)c(zle;r::jo?heeOtioliti-;\cggifrlgzjrewa;sco?:er%ee(zi
temperature of 350C. IO, and RuQ films were formed by The (\)/Iaritg is L:)sitive when a positive voltavg isga uIied .
RF magnetron sputtering with Ar and,@ixture in the mixing to thg to )e/Iethode All data re F:)rted in this ga er :r% the
ratio of 4: 1. The measured resistivities of Pt, Ir, §fRu, and P ) P pap

RU0, were aboul 17, 27, 67, 228 and 37 atroom 215262 YALES o (e specines The decr Soneant and
temperature, respectively. 9 y P '

The BST 50/50 targets with a diameter of 3 in and a
thickness of 1/4 in were synthesized using standard solid-state
reaction process. The sputtering chamber was evacuated to a
base pressure of2 10~ torr. All films were prepared at fixed A+ Effect of Bottom Electrodes
power of 100 W (power density is 2.26 W/émand constant  The importance of the bottom electrode materials in deter-
pressure of 10 mtorr which was maintained by a mixture ofining the microstructure of the BST film grown on them
argon and oxygen at a mixing ratio of 1:1 with a total flows evident from the XRD patterns shown in Fig. 1. The as-
of 20 sccm. All of the BST films have the same thickness afeposited BST films exhibit (110) peak for all electrode
around 80 nm. The substrate temperature of the sputtered B8aterials. We note that the (110) peak for the films on Ru
films was at 500°C. The composition of sputtered films wasand Ru@/Ru has stronger intensity, while that for the film
Ba/Sr= 0.47/0.53 on the basis of ICP analysis. To understana Pt reveals fairly weak intensity. Moreover, the films on Ru
the effect of postannealing, part of the BST thin films afteand RuQ also exhibit BST(111) peak. Stronger and sharper
deposition was annealed at temperatures ranging from 50(tyovskite peak of (110) from the films on Ru in comparison
700°C in O, atmosphere using a quartz glass tube furnaeéth those from the films deposited on other bottom electrodes
(FN) for 20 min. Finally, the 50-nm thick Pt top electrodesmplies an improved crystallinity occurred in the films on Ru.
with diameters of 165, 255, and 35@m were formed by A (101) peak corresponding to Ryds present in the XRD
sputtering and then patterned by the shadow mask procesqattern of BST, indicating that an RygQayer was formed

The film thickness was determined from ellipsometnat the interface between the BST and Ru during deposition.
The structure was characterized by X-ray diffraction (XRDFig. 2 depicts that the average grain size and BST(110) peak

Ill. RESULTS AND DISCUSSION
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Fig. 2. Effect of bottom electrodes on the grain size and BST(110) intensity
of the BST films. @)
0.15

intensity for the films on various bottom electrodes. The better
crystallinity of BST on Ru than on other electrode materials
is d_emt_)nstrated b_y it_s high (110) pgak intensity. The average = o0}
grain size of a thin film can be estimated from full width at % Ru ]
half maximum (FWHM) of the (110) peak in the XRD pattern =
by Scherrer's formula, because only the (110) peak appears =
clearly in all the samples. The calculated average grain size of 2 005 Ir
BST deposited on Ru has a maximum value, while that of BST ,3 'O 1 RuO /Ru
on Pt has the smallest value. It was confirmed that the grain ™y 5\ BEIRN
size from XRD and the grain size in the direction of thickness 00 Pt - . - ]
from TEM are in fairly good agreement, for both BST films ’ ?02 103 104 105 106

with columnar structure and those with granular structure [6].
Therefore, the grain size evaluated from XRD is suitable for
helping to explain the properties of the BST thin films ®)

’ Fig. 3. Effect of frequency on (a) the dielectric constant and (b) loss tangent

Fig. 3(a) and (b) indicates the variations of dielectrigs BST thin films deposited on Pt, Ir, Ie@ir, Ru, and Ru@/Ru bottom
constant and loss tangent with frequency. The dielect@tectrode.

dispersion of BST deposited on Pt, Ir, i, Ru, and

Frequency ( Hz )

RuG:/Ru is low (less 0.5% per decade) and these capacitors 10-2

are expected to have a high charge storage density even at high el |

frequencies. The loss tangent of BST on Pt, Ir .Wl© Ru, and g

RuGO;/Ru increases slightly with frequency. In addition, the ﬁ 104+

defects in the BST films often lead to a dielectric relaxation - .

as a function of frequency, in which the dielectric constant 3 1o=r

decreases and loss tangent increases with increasing frequency E 106k

[34]. Fig. 4 shows the leakage current characteristics of the o

capacitors. The asymmetry of the curves implies that the gn 107r

leakage current is electrode-limited. The difference in work = 108}

functions which are, respectively, 5.6, 5.35, and 4.8 eV for Pt, 3

Ir, and Ru [35], and bottom electrode roughnesses, which are 10-9 6 Y 2 0 2 4 6
1.5, 1.4, and 2.9 nm for Pt, Ir, and Ru (Fig. 5), may explain i ’

the leakage behavior of the capacitors in the positive bias. Voltage (V)

Leakage current in negative bias (gate injection) is mainyy. 4. Leakage current characteristics of BST capacitors on Pt, Ir, and Ru.
affected by the interface of BST and Pt top electrode. The
greater roughness for BST films deposited on Ru comparg@mselves. The grain size of the films would play an important
to others (Fig. 5) may also lead to higher leakage current. role on the rms surface roughness of BST, the amorphous or
The importance of the bottom electrode in determining thgmall grain size film usually has a smooth surface. On the other
root-mean-square (rms) surface roughness of the BST thiand, the surface roughness may also be affected by the num-
films grown on it is evident from the AFM images, as showber of bottom stack layers, and it mostly increases with the in-
in Fig. 5. The greater rms surface roughness of BST on Ru an@ase in the number of stack layers. Therefore, the rms surface
RuG:/Ru compared to the Pt, Ir, and 15 may be due to the roughness of BST on Ru may be attributed to both the higher
higher roughness of the Ru and RuRu bottom electrodes roughness of the Ru bottom electrode and larger grain size
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Fig. 7. Energy band situation in (a) Pt-BST-Pt, (b) Ru (bottom elec-
trode)-BST-Pt (top electrode) system before contact.
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Fig. 6. Dielectric constant and leakage current of BST thin films deposited
on Pt, Ir, IrG/Ir, Ru, and Ru@/Ru bottom electrodes.

(Fig. 2), while that of BST on RugRu may be due to both

the higher roughness of the ReBu bottom electrode and the

effect of the number of bottom stack layers. The rms surface (c)

roughness of BST on Pt, Ir, and Is@r mainly increases with oo o
the increase of surface roughness of the bottom electrodes, ' : '

; ; ; ig. 8. Energy band diagram in (a) Pt-BST-Pt and (b) Ru (bottom elec-
but the effect of grain SI_Ze is less. Hence, the r_ms SurfatEr(?de)-BST-Pt (top electrode) system after contact is sketched. (c) The
roughness of BST deposited on Ru and RIRI is higher.  equivalent circuit of the BST thin films.

The dependence of the dielectric constant and the leakage

current density (electrons transport from bottom electrode to )
top electrode) measured at 200 kV/cm with a delay time &ST films. The space charge capacitance can be affected by the

30 s on the various bottom electrodes are shown in Fig. 6 ¢tal work function and the oxygen vacancies accumulation at
indicates that the BST film deposited on Ru bottom electrog€ctrode interface. When the metal work function is large, the
has a maximum dielectric constant of 548 and leakage currd¥ifith of space charge capacitance will become large and the
density of 4.4x 10~7 A/lcm?. The BST film deposited on Pt barrier height of the interface of BST/metal will become high.
bottom electrode has the minimum dielectric constant of 2Mjhen the oxygen vacancies accumulate at the interface of
and leakage current density of 2:210~% A/cm?. The BST BST/metal, the width of space charge capacitance will become
films can exhibit large dielectric constants due to polarizatiginall and the barrier height of the interface of BST/metal will
of electric dipoles. It has been reported that dielectric constdigcome low. The details are illustrated in Figs. 7 and 8. The
of the films was influenced by oxygen stoichiometry [13]ocal field probably originates from the formation of space
composition [36], grain size (grain and grain boundary) [6Eharge layers at the interface, which are located at both the
[29], [37], [38], crystallinity (dipole density, polarization)top and the bottom electrode. The local field would cause
[6]-[8], and the space charge capacitance which may be dawering of the dielectric constant at the interfacial layers.
to space charge accumulation at the electrode interface Bye interfacial layers could be expected to work as parasitic
Schottky potential of metal electrodes [38]-[40]. In generaseries capacitor&”;) with small capacitance [38] (Fig. 8). Lee
large grain size, good crystallinity, and small space chargeported thaiC; is a low dielectric-constant capacitance [40].
capacitance width can enhance the dielectric constant of Berface roughness also enlarges the capacitor electrode area,
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which would be one of the factors affecting the properties of TABLE I
the films. However, the surface roughness of BST/R&RD is PROPERTIES OF THEBST THIN FiLms DEPOSITED
larger than that of BST/Ir by a factor of 2.3 (Fig. 5), but the ON VARIoUs BotTom ELECTRODE MATERIALS
dielectric constant of BST/Ir approaches that of BST/RARD
at approximately the same grain size and crystallinity [Figs. Bottom Pt Ir IrO,fir Ru RuO,/Ru
and 3(a)]. Hence, the surface roughness effect is negligikal§Ctrodc
in this study. On the other hand, the BST on Ru has the
maximum grain size (the BST grains with a size of 10-108ielectric 219 309 234 548 322
nm, the dielectric constant increases with increase of the greffianstant (503) (593) (501) (325) (433)
size [6], [7]) (Fig. 2), the stronger and sharper (110) pea@loo kHz
imply an improved crystallinity (Fig. 1), and there is smaller
space charge width. Hence, the BST on Ru has the maximupsakage
dielectric constant, as shown in Fig. 6. The BST on Pt has mirﬁ;mcntz - us )s “ as
imum grain size (Fig. 2), weaker (1.10) XRD peak (Fig. 1), z.;\r(djo@%%m) 2.5 (19 (3:3) @n (214)
larger width of space charge capacitance (large work fun<:t|on)._wcm
Hence, the BST on Pt has the minimum dielectric constan{‘
(Fig. 6). The dielectric constant of BST on Ir is between
the dielectric constant of BST/Ru and BST/Pt, because th$LOSS 0o0l4 0,046 0016 0,083 0017
grain size (Fig. 2), (110) XRD peak intensity (Fig. 1), an?fy angent : : ' : :
work function (5.35 eV) of BST/Ir are between BST/Ru an 100kHz ) (0.013) ©.019) .02 0.019) 0.012)
BST/Pt. The dielectric constant of BST deposited on Ru TS
larger than that of BST on RuRu, because the grain size Work )
(Fig. 2) and XRD (110) peak intensity (Fig. 1) of BST on Ru F‘"‘c\;‘m 36 335 * 48 *
are larger than those of BST on Ry/@u. For similar reasons, V)
the dielectric constant of BST deposited on Ir is larger than that
of BST on IrGy/Ir. Hence, the grain size and crystallinity seenBreakdown
to play important roles in promoting the dielectric constant. Ficld 3.84 3.68 3.49 1.94 1.84
The leakage current of BST thin films may be affected by théchm)
contact potential barrier. The details are illustrated in Fig. Z-
The leakage current of BST deposited on RIRu and IrQ/Ir Fatigue
has the same value (as shown in Fig. 6) which indicates th’é!id“’l’f‘““ >10 >10 >10 >10 >10
their contact potential barriers are probably the same. f‘zync‘l;:s
The breakdown field of BST on Pt, Ir, and kfr is around
3.5 MV/cm and on Ru and RufRu is around 1.8 MV/cm BST
(Table ). The difference in breakdown field between thesgSurface X
two groups of BST films may be attributed to the di1‘ferenf{(’(uff:\")CSS L 8 225 402 412
grain size and rms surface roughness between them. It is shown
that the BST films on Pt, Ir, and Ir with smaller grain size
(Fig. 2) and smooth surface (Fig. 5) show higher breakdowrbtability up to up to up to up to up to
field, which is similar to that previously reported by Parker ™ 91 L 700 € 700°¢C S00°C 700°¢C
al. [41]. Their work indicated that the smaller grain size films-2m2ient
with higher breakdown field were obtained because they coujd, ° . .
produce more grain boundaries. On the other hand, the smo tr} 1700 C, O annealing for 20 min
surface can suppress the accumulation of electrons at local
position, which leads to the uniform electric field, thereforeslectrode) system where the work function of Ru is 4.8 eV.
the breakdown field would also be higher. The BST on RThe electron affinity of BST is assumed to be 4.1 eV and
with larger grain size (Fig. 2) and larger surface roughnetise energy bandgap is 3.5 eV [12]. Fig. 8(a) and (b) shows
(Fig. 5) shows lower breakdown field. However, the BST othe energy band situation after contact for both systems in
RuG,/Ru has smaller grain size (Fig. 2) and nearly the samehich C; is the film-capacitance and; the space charge
surface roughness (Fig. 5) in comparison with that on Ru, bedipacitance. It has been reported thatis a low dielectric-
both films have near breakdown field. This inconsistent resgalbnstant capacitance [40]. Fig. 8(c) indicates the equivalent
may be due to the high surface roughness of these two filnegcuit of BST thin films. Summarizing the discussion of the
that is, the surface roughness is the dominant factor. energy band structure of the investigated metal-BST-metal
The effect of bottom electrodes is summarized in Table lbystem and the experimental data of dielectric constant and
We deduce a flatband model for metal-BST-metal systeteakage current, the correlation between the work function of
the band-diagrams before contact are shown in Fig. 7(a) fmontact material and the space charge capacitance can well
the Pt-BST-Pt system where the work function of Pt is 5@xplain the dependence of the dielectric constant and leakage
eV and Fig. 7(b) for the Ru (bottom electrode)-BST-Pt (topurrent on various bottom electrodes, as shown in Fig. 6.
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Fig. 11. Dielectric constant of BST films deposited at 5@ on (a) Pt, Ir,
and IrQy/Ir and (b) Ru and Ru@Ru and afterward annealed for 20 min at
500, 600, and 700C in O, ambient.
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Fig. 10. Surface roughness of BST films deposited at 50®n Pt, Ir, and

Ru and afterward annealed for 20 min at 500, 600, and°®@ O, ambient.
constant of BST on Rug)Ru increases with increasing the

B. Effect of Annealing in @ Ambient annealing temperature, while that of BST on Ru decreases

: . : . ith increasing the annealing temperature. Hence, the BST
Fig. 9 depicts that the BST(110) peak intensity for the BSY{. . i
filmsg deposﬁted on Pt, Ir an(d Rzlpat 50C andyafterward eposited on Pt, Ir, Irglr, and RuQ/Ru after postannealing

FN annealed at 500, 600, and 790 in O, ambient for 20 are more stable than that on Ru. .
. : s ) . From SIMS data, we observed that the oxygen concentration
min. The (110) diffraction peak of the BST films increases : . .
L . : the BST/Ru interface is larger than the oxygen concentration
with increasing annealing temperature. The results of XR

) . . BST/Pt and BST/Ir interfaces, as shown in Fig. 12(a)—(c).
suggest that an improvement of the crystallinity of BST film he BST/Ru interface may be oxidized during deposition

can be achieved by annealing trgatn_’nent. Fig. 1_0 depicts tg% form a thin transition-metal-oxide-layer. The XRD data
the surface roughness of BST thin films deposited on Pt, ghows the Ru@(101) peak of BST on Ru (Fig. 1) and a thin
and Ru at _500)C a”O_' afterward FN annealed at 500, GOq?uOZ layer was formed at the interface between the BST and
and 700°C in O, ambient for 20 min. The surface roughnesg, qyring deposition. Hence, the interfaces of BST/Ru may
of BST films increases with increasing annealing temperatugeup[m_}SS the accumulation of oxygen vacancies. Fig. 13(a)—(c)
The surface roughness effect was considered to be negligiplgicates that the SIMS data of the BST deposited on Pt, Ir,
in this study, which was illustrated in Fig. 6. and Ru and afterward annealed in @ 600°C for 20 min.

Fig. 11(a) shows that the variation of dielectric constafio; ynderstanding the effect of annealing on the dielectric
of BST thin films, deposited on Pt, Ir, and Igr bottom properties of the BST on various bottom electrodes, we
electrodes at 500C and sequentially annealed i @t 500, compare SIMS data of BST films before and after annealing
600, and 700°C for 20 min. The dielectric constant increasegrigs. 12 and 13). There is no change in the Ti, Pt, and
with increasing the annealing temperature because the inten-concentration profiles at the interface of BST/Pt after
sities of the XRD peaks of BST on Pt and Ir increase withnnealing, as indicated in Figs. 12(a) and 13(a). The Ti and
increasing annealing temperature (Fig. 9). Fig. 11(b) showsprofiles of BST on Ir remain the same, but the oxygen
that the dielectric constant of BST films, deposited on Rebncentration at the interface slightly increases [Figs. 12(b)
and Ru@/Ru bottom electrodes at 50€C and afterward and 13(b)], that is, an Ir@ layer is probably formed. No
annealed for 20 min at 500, 600, and 7D in O, ambient change in the leakage current at 200 kV/cm happens in
is dependent on the postannealing temperature. The dieledBET on Pt after postannealing, while the leakage current of
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Fig. 12. SIMS profile of BST as-deposited on (a) Pt annealing, (b) Ir bottom
electrodes, and (c) Ru bottom electrodes. Fig. 13. SIMS profile of BST deposited on (a) Pt after 60D, O, an-
nealing, (b) Ir after 600C, O, annealing, and (c) Ru after 60C, O,
annealing.
BST on Ir after postannealing decrease with the annealing
temperature (Fig. 14). It is indicated in Figs. 12(c) and 13(c) 10- :
that changes in the Ti and Ru profiles of BST on Ru occur -~ as-deposited | O, annealing
and the oxygen concentration at the interface increases due E —E—Pt
to annealing. A thin interfacial layer of RyOat BST/Ru i 106k —O—1Ir
was formed during deposition (Fig. 1), and this layer becomes < —V—Ru
. . . . @
thicker after annealing (XRD data indicates the R(ID1) =
peak is stronger after annealing). This change leads to the © o7t
leakage current of BST on Ru after postannealing approaches S
to that on Ru@/Ru (Figs. 6 and 14). The large change in E - iﬂ: _—
the dielectric constant is also attributed to a possible thin = 108 %

interfacial layer like (Ba, Sr)(Ru, Ti)9formed at BST/Ru 500 500 600 700 800
by the interdiffusion of those ions after annealing, because of Temperature (°C')

th_e Slmllal’lty of the ionic radii of Rti* and TFH' as shown in Fig. 14. Leakage current of BST films deposited at 8@on Pt, Ir, and Ru
Fig. 11(b). On a separate study, we found that the (Ba, Sr)(Rud afterward annealed for 20 min at 500, 600, and 00n O; ambient.
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Fig. 15. Barrier height of metalntype—n type and metal n-type structures. 1rO /Ir
2

Ti)O3 bulk is a low dielectric constant material. The interfaces
of BST on IrG,/Ir and RuQ/Ru after postannealing are stable,
similar to the BST on Pt and Ir.

Fig. 15 is provided for further explaining the effect of the
change in the interface due to annealing on the properties of
BST films. The thinner interfacial layers of 1sxCand RuQ
are suggested to suppress the accumulation of the oxygen
vacancies at the BST/Ru and BST/Ir interfaces. Therefore, the ()
interface of the BST/Ru and BST/Ir has reduced accumulation 15
of oxygen vacancies after postannealing. The BST film tends
to show an n-type conductivity because the oxygen vacancy
acts as a donor dopant. The higher concentration of oxygen
vacancy accumulated at the interface tends to showTan n
type conductivity (Fig. 15). Hence, the BST/Ru and BST/Ir
structures before postannealing are similar to the “n-type-n
type metal” structure, whereas those after postannealing are
similar to the “n-type metal” structure. On the basis of the
point of view of the physics of semiconductor devices, the
n-type—nt-type metal structure will result in barrier height
reduction, which leads to larger barrier height occurred in
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the n-type metal structure, as shown in Fig. 15. Therefore, Electric Field (V /cm )
the leakage current of BST on Ir and Ru after postannealing
decreases with the annealing temperature, because the barrier ©

height of BST on Ir and Ru after postannea”ng increases withy. 16. Polarization versus electric field of BST films deposited on (a) Pt,
the annea"ng temperature Ir, and Ru, (b) Ir, Ir (600°C) and IrG/Ir, and (c) Ru and Rug@/Ru.

C. Reliability The film deposited on Ru at 500C has a charge storage

The paraelectric perovskite phase of BST over the devig@nsity of 49 fCim? at an applied field of 100 kv/cm.
operating temperature shows that it does not exhibit fatigudnd the BST film deposited on Ir at 50@C and annealed
Because of the large variations in material characteristics ti#tO: 600 °C for 20 min has a charge storage density of 47
take place at7, it is desirable to use a material with afC/um? at an applied field of 100 kv/cm. The polarization of
transition temperature lower than the normal temperature rarije films may be enhanced in BST films deposited on the
of DRAM operation: 0—7C°C ambient and 0—100C on chip Ir bottom electrode after postannealing. It demonstrates an
[4], [9]. Fig. 16(a)—(c) shows that the 80-nm thick BST filmextremely thin polarization voltage loop. This thin polarization
deposited at 500C with various bottom electrodes are lineatoop could lead to a low energy dissipation during switching.
from experimental data of polarization versus electric fieldérig. 17 depicts the endurance data of BST films. The samples
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6 the dielectric constant of 593, a loss tangent of 0.019 at 100
_ Ru E =100 kV/em kHz, a leakage current of 1.9 103 A/cm? at an electric
B B—— field of 200 kV/cm with a delay time of 30 s, and a charge
S 4 Iﬁﬁsgo/;cu) storage density of 53 f@im? at an applied field of 100 kv/cm.
2 4+ T Aasaaa On the basis of the measurement results, the BST films on Ir
g Ir\O*O*ONOfO~O— with postannealing can obtain better dielectric properties than
g, e o P on other bottom electrodes.
= Pt == We have demonstrated that the bottom electrodes appear
%’ to have a strong influence on the degradation and breakdown
= properties of the BST thin films. The BST film deposited on
100101102103104 051 0610708109010 Ru has faster degradation than those deposited on Pt, Ir, and
Cycling Number Ir (600 °C). The ten-year lifetime of time-dependent dielectric
breakdown (TDDB) studies indicate that BST films on Pt, Ir

Fig. 17. Polarization of BST films deposited on Pt, Ir, Ir (600), IrO2/Ir, e - .
RS’ and RuG/Ru versus cycle numbe’? at 100 kv/cm. (6tD) IrO/Ir, and Ir (600°C) have longer lifetimes at 2 V operating

voltage than those on Ru and Riy/Ru. The longest lifetime
occurred in the BST film on Pt was ascribed to smaller grain

109 . . . .
SR i size, higher Schottky barrier, and less polarization-enhanced
~10 years  oon electron transport in the film on Pt.
@ 107f -@-1:0/1r
: 106} —A—Ru
= ~A—Ru0 /R REFERENCES
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