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Bi;_,,T1,8i,0, (BTSO) Thin Films for Dynamic Random Access
Memory Capacitor Applications**

By Yo-Sep Min,* Young Jin Cho, Igor P. Asanov, Jeong Hee Han, Wan Don Kim, and Cheol Seong Hwang

Bi;_,,Ti,Si,O, (BTSO) thin films were grown on eight inch diameter Ru/SiO,/Si or bare Si wafers by atomic layer deposition
(ALD) method using Bi(mmp);, Ti(mmp),, and Si(OEt), [mmp = 1-methoxy-2-methyl-2-propoxide (OCMe,CH,OMe,
Me =methyl); Et=ethyl] as metal alkoxide precursors and ozone (Oj3) as the oxidant gas. Transmission electron microscopy
(TEM) and Rutherford backscattering spectrometry (RBS) analysis showed that the as-deposited films are amorphous and the
cation compositional ratio of Bi:Ti:Si is 0.38:0.37:0.25 of films deposited at 325°C on Ru/SiO,/Si Ru substrates. X-ray
photoelectron spectroscopy (XPS) shows that the BTSO films are homogeneously dispersed without any phase-separation of the
components. The BTSO films show excellent step coverage on a high aspect ratio (4) contact hole structure with a diameter of
300 nm. The leakage current density of BTSO films is on the order of 10 A cm™at 1 V, meeting present dielectric requirements
for a dynamic random access memory storage capacitor with an equivalent oxide thickness of 2.1 nm. From the capacitance—
voltage characteristics at 10 kHz of the Pt/BTSO/Ru capacitor, the estimated dielectric constant of amorphous BTSO films
is ~24.

Keywords: ALD, BTSO, Capacitor, DRAM, High-k dielectrics

1. Introduction

As the density of dynamic random access memory
(DRAM) quadruples every three years, dielectric layers
with a higher dielectric constant (high-k) must be adopted in
the storage capacitor in order to maintain sufficient cell
capacitance (>30 fF per cell) with ever-shrinking capacitor
sizes. Recently, HfO, and Ta,Os thin films have attracted
great attention as promising high-k dielectrics for metal/
insulator/silicon (MIS) and metal/insulator/metal (MIM)
capacitors, respectively.”l The International Technology
Roadmap for Semiconductors (ITRS) forecasts barium
strontium titanate ((Ba,Sr)TiO3, BST) thin films with higher
dielectric constants (k>250) to replace Ta,Os (k>~60) in
gigabit density DRAMs within several years.'! However,
metal-organic (MO)CVD of BST thin films have not been
successful even with the extensive research work in the
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1990s.%! The difficulties primarily originate from the low
volatility and instability of Group II element (Ba, Sr)
precursors due to the low charge-to-radius ratios of Ba and
Srions* which makes the precursor delivery in the MOCVD
process less reliable. Because Ba and Sr precursors usually
have unoccupied coordination sites causing decomposition
and/or oligomerization, the available Ba or Sr precursors for
vapor phase deposition are mainly limited to 3-diketonato
complexes or Lewis base adducts of them.!* In addition to
the precursor issues, reducing the thickness of BST
(<~50 nm) thin films seriously deteriorates the dielectric
constant when they are deposited on metal electrodes owing
to the presence of intrinsic interfacial low dielectric layers
and the electrode charging effect.l’! It should also be noted
that a very thin thickness (<15 nm) of the dielectric films
must be used in DRAM capacitors due to the very small
spacing (<< 100 nm) between capacitor nodes. However,
high-k thin films, such as BST, usually show an unacceptably
high leakage current due to the small band gap (~3 eV) and
high defect density. One more serious concern for the
MOCVD process of BST films is the non-uniform cation
composition ratio ((Ba+Sr):Ti) over three-dimensional
capacitor node structures. It was found that the deposition
of compositionally uniform BST films was possible but
requires a specially tuned process recipe and dome-type
MOCVD chamber that could heat the entire system to a high
temperature.[6] However, this problem must be taken
seriously when any multi-cation dielectric film is adopted
as the DRAM capacitor dielectric.

Recently, Bi, Ti,O;, which has a pyrochlore structure, has
been studied as the capacitor dielectric for DRAM appli-
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cations, owing to its good insulating property and high
dielectric constant.”! The leakage current density of a
Bi, Ti,O; film (600 nm thick is of the order of 107 A cm™
when the applied voltage is between — 18 Vand + 18 V. The
dielectric constant varies from 159 to 150, while the
dissipation factor is <0.02, within the frequency range of
10-100 kHz.

Atomic layer deposition (ALD), a technique developed in
the 1970s, has just recently attracted great attention in the
microelectronic industry, because of the low growth rate,
normally slower than 1 A per cycle.’! ALD is a special
modification of CVD to deposit thin films through self-
limiting growth by surface adsorptions of precursors. The
precursors for films are supplied by alternating pulses of
metal precursors and reaction gas with purging steps
between the pulses. Therefore, in an ALD process, thermal
self-decompositions of the precursors on the growing surface
and homogeneous reactions in gas phase are inherently
avoided. The resulting films are very conformal and the
thickness are precisely controlled by the process cycles.

To use multi-component oxides as a high-k dielectric, the
film composition should be reproducibly and reliably
adjusted during the deposition process. A “cocktail” of
precursors in a single solution is often used to solve this
problem. To evaporate the precursors from a single cocktail,
each precursor should be vaporized at similar temperatures
and be stable without any unfavorable reactions with other
precursors or solvents in the precursor solution.” Jones et.
al. reported that Bi(mmp); and Ti(mmp), (mmp = 1-meth-
oxy-2-methyl-2-propoxide, OCMe,CH,OMe; Me = methyl)
is the best matched and most suitable precursor combination
for liquid injection CVD in the Bi-Ti system.!"") Bi(mmp);
and Ti(mmp), show very similar vapor pressure of ~0.1 torr
at 100 °C.

In this study, we investigated amorphous dielectric
Bij_,,Ti,Si,O, (BTSO) films as a dielectric for DRAM
capacitors. Si atoms were added to Bi,Ti,O; in order to make
the films amorphous. The material has a medium-k value
(20-30) and an amorphous structure which makes the
dielectric properties less sensitive to the film thickness. The
ALD process was adopted in this study for depositing the
BTSO films to obtain conformal deposition on a three-
dimensional structure in terms of thickness and cation
composition.

2. Results and Discussion

ALD of BTSO thin films was performed using a single
cocktail solution of Bi(mmp);, Ti(mmp),, Si(OEt),
[mmp = 1-methoxy-2-methyl-2-propoxide =~ (OCMe,CH,-
OMe, Me = methyl); Et = ethyl], dissolved in ethylcyclohex-
ane, with O; gas as the oxidant. Approximately 0.028 mL of
the precursor solution was fed to the reaction chamber in one
injection. BTSO thin films were deposited on both bare Si
wafers and Ru (500 A)/SiO, (450 A)/Si substrates at the
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same time because thickness measurements using spectro-
scopic ellipsometry on the former are much easier than on
the latter. Although Ru films are used as a bottom electrode
for a capacitor, ALD process conditions were determined
from the results of the depositions on Si wafers.

Figure 1a shows the variation in growth rate (G;) as a
function of deposition temperature (Tqcp). Gy increases with
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Fig. 1. a) Dependence of BTSO film growth rate (G,) on deposition
temperature (Tgep) (purge-source-purge-Os=5-4-5-3 [s]; 1 injection;
500 cycles; Si wafer). b) Growth rate as a function of number of precursor
injection. (purge-source—purge-O3=5-4-5-3 [s]; 500 cycles; 325°C; Si
wafer). ¢) The thickness linearity with the number of process cycles (purge—
source—purge-O3 = 5-4-5-3 [s]; 2 injections; 325 °C; Si wafer).
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increasing T ranging from 200 °C to 375 °C. However, the
trend appears divided into two regions: low Tge, (200-
275°C) with a lower rate of increase in G,, and high T,
(300-375°C) with a higher rate of increase in G,. It is
believed that the low Ty, region represents the genuine
ALD region. At Tgp, >300 °C, the thermal decomposition of
precursor molecules begins to contribute to the film
deposition, and a higher G, increase with increasing Tqcp, is
observed. Although the growth at Ty, <300 °C is closer to
the genuine ALD reaction, the films in this study were grown
at 325°C to obtain a reasonable growth rate at that Ty,
(0.018 nm per cycle). Growth rates at 7., < 300 °C were too
low to be considered for mass production compatible
DRAM capacitor dielectric processes. It should be noted
that even above 300 °C, the growth rate is still lower than
025 A per cycle. This means that the contribution of the self-
decomposition to BTSO growth is small, which is supported
by the self-limiting behavior of the film growth at 325 °C as
shown in Figure 1b. If the films were mainly grown by the
self-decomposition of the precursors, the growth rate should
increase with the number of precursor injection without the
saturation of the growth rate. Figure 1c shows that the film
thickness increases linearly as the process cycles are
repeated. The growth rate of BTSO films on bare Si
substrates was determined to be ~0.018 nm per cycle from
the slope of Figure lc.

The as-deposited films grown at 325°C are amorphous
regardless of Si or Ru substrates. High-resolution transmis-
sion electron microscopy (HRTEM) image in Figure 2 shows
a cross-section image of the BTSO film deposited on Ru at

Fig. 2. HRTEM image of the BTSO film on a Ru substrate (purge—source—
purge-O3 =5-4-5-3 [s]; 1 injection; 325 °C, 500 cycles).

325°C, where no crystalline microstructure is observed. A
very thin interfacial region (<2 nm) shows some lattice
fringes, which is possibly RuO, formed by the oxidation of
the Ru surface during initial deposition cycles. An interfacial
layer having lattice fringes was not observed in BTSO films
on Si substrates. The average thickness of the RuO,
interfacial layer and BTSO film were estimated to be
~1.5 nm and 11.7 nm, respectively, by X-ray reflectivity
measurement.

40 © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Rutherford backscattering spectrometry (RBS) data,
shown in Figure 3, shows that the cation ratio (Bi/Ti/Si) in
the BTSO films on a Ru/SiO,/Si substrate is 0.38:0.37:0.25.
The rather high Si concentration probably results in the film
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Fig. 3. RBS data for the BTSO film on Ru substrate (purge-source—purge—
O3 =5-4-5-3 [s]; 2 injections; 325 °C, 600 cycles).

having an amorphous microstructure. Considering the molar
ratio of the input precursor solution (Bi:Ti:Si=3:16:16), Bi
ions are ~5.3 times more efficiently incorporated to the
BTSO film than Ti ions, even though they have the same
ligand, mmp. Such a high incorporation of Bi can be
explained by the lower charge-to-radius ratio of Bi** (3.13)
than that of Ti** (5.88).""! Since Bi shows a highly variable
coordination number from 3 to 10 and an irregular
coordination geometry,'? the central Bi ion in Bi(mmp);
have unsaturated coordination sites which are electron
deficient. Therefore, if there are some electron-donating
groups on the growing surface such as hydroxyls or surface
oxygens, the Bi(mmp); can be more easily adsorbed on the
surface than Ti(mmp),. Similar related results were also
reported in the MOCVD of bismuth oxide and titanium
oxide films wherein the growth rate of bismuth oxide from
Bi(mmp)j; is higher at low temperatures (below 350 °C) than
that of titanium oxide from Ti(mmp),.!""

Figure 4 shows the X-ray photoemission spectra (XPS) of
Biyg, Tiap, Sip, and Oy, core levels for an as-deposited BTSO
film before and after the sputtering for 1 min using Ar* ions
in the XPS chamber. Before the sputtering, the 5/2 and 7/2
spin-orbit doublet components of the Bis core level
photoemission are located at 164.5 eV and 159.2 eV,
respectively (Fig. 4a). The relative intensity ratio between
Biy,, and Biy,, photoemission peaks is close to the
theoretical ratio of 3:4, and the energy spacing between the
peaks is 5.3 eV. The line shape of the Biy core level
photoemission changes with sputtering, which is consistent
with reports on Bi,TiO7, BisTizOq, and their La-doped
films.l"¥! After sputtering, an additional spin-orbit doublet
emerges at the low binding energy side of the spectra, slightly
overlapping the major Bisr photoemission peaks. The areas
of low binding energy peaks of Biys photoemission increase
from ~ 1 % of the main peak area before sputtering to~7.7 %
after the 1 min sputtering, as shown in Figure 4a. These new
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Fig. 4. Core level photoemission spectra of BTSO: a) Biyg; b) Tiyp; ¢) Sinp:
d) Oy, The thick and thin spectra are obtained from the as-received and 1 min
sputtered film, respectively. (Purge—source-purge—O3z =5-4-5-3 [s]; 2 injec-
tions; 325 °C, 600 cycles).

peaks are assigned to the metallic bismuth peak that is
formed by the Bi-O bond breaking and oxygen release
during the sputtering process.!"*!

The Ti,p, , photoemission peak partially overlaps the Biag,),
core level peak (Fig. 4b). The Tiyp,, photoemission peak is
located at 458.3 eV as a distinctively resolved feature. The
binding energy of Tiyp, , core level is close to those reported
for TiO,, which range from 458.33 eV to 459.0 eV. The Siy,
photoelectron peak appears at the binding energy of
101.8 eV, which is lower than that of SiO; (Fig. 4c). The line
shape of the Oy core level photoemission reveals that the
peak is composed of two components (Fig. 4d). The first
peak at the low binding energy side possibly originates from
the oxygen bonded to Bi, Ti, and/or Si, while the second one
near ~531.7 eV is ascribed to hydrocarbon contamination,
since the second peak disappears after the sputtering.

Table 1 summarizes the binding energies of core electrons
in BTSO and its related compounds. The binding energies of

Table 1. Binding energies of various compounds related to BTSO.
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Biys and Siy;, electrons are different from those of bismuth
titanates and silicon dioxide. These shifts indicate that the
chemical states of the grown BTSO films are not simply
described by the physical mixture of separate phases
consisting of simple binary oxides such as Bi,Os;, TiO,,
SiO; and Bi-containing compounds.

Figure 5 shows the XPS depth profile of each element in
the BTSO film. The silicon and oxygen compositions are

—¥—Bi
1004 —A—Ti dOoo’O‘oo
— —0—Si
¥ s O ?
~ —O—RuorC
&
O,
= 60+ 0/<><><> 00000%00000000000\0\
[} O\ 0]
o
Q40 ]
g \
o A, A
Ahadsadadan, aat))
O 20 AAAAAAAAA /o/
DEEEGO%UGGDWWDWSEQ«Q/ZED
04 ©000000000000000000 Utr\ﬁﬂ’ggﬁﬁ

0 5(I)0 10I00 15I00
Sputtering Time (sec)

Fig. 5. The depth profile of the as-deposited BTSO thin film on a Ru substrate
by XPS. (Purge-source—purge-O3 =5-4-5-3 [s]; 2 injections; 325 °C, 600 cy-
cles).

T
2000

almost constant throughout the thickness of the BTSO film.
However, the bismuth composition decreases and titanium
composition increases with increase in depth. Such an
inverse depth profile of Bi and Ti is unusual and is probably
tainted by the sputtering. Since metallic bismuth formed by
sputtering is moderately volatile in high vacuum (~ 10~ torr
at 520°C),l”) the Ti concentration can be higher for the
sputtered surface in comparison with the as-received one.
The oxygen concentration in the depth profile is ~ 62 %, and
carbon was not detected except for surface contamination
even after sputtering for 6 min. It should be noted that the
C,s peak overlaps the Rusq core level peak so that the carbon
profile is denoted with the same symbol as that for Ru in
Figure 5.
The film step coverage in terms of thickness
and composition were investigated using a
patterned wafer having rectangular-shaped

Compound Binding energy [a] [eV] holes with a depth of 1200 nm and an opening
Bi Ti Si 0 Ref. of 300 nm that were etched in a SiO; layer, as
4, 4, 23 2p 1s shown in Figure 6a. The BTSO film was
Bi,O5 165.1 1598 530.2 14 deposited at 325 °C with a precursor dose of
TiO, 4583 529.9 15 two injections for 1000 cycles. The thickness
Si0, 103.5 53238 15 step coverage was >90 % as seen by the
Bi;Ti,0, 165.1 159.7 16 magnified inset images. The compositional
BiTi;01 1638 1584 81 13 [0} uniformity in the hole was investigated with
Bi 162.0 156.7 14
BTSO [b] 164.5 1592 4583 101.8 5300 depth profiles, which was obtained by scan-
164.7 159.4 458.6 102.0 530.4 ning the cross section of the specimen from

the surface of the film to the interface of
BTSO/SiO; using TEM-EDS (energy disper-

[a] The binding energies were referenced to Cy5at 284.8 eV. [b] The upper and lower row values were
obtained from as-received and 10 min sputtered films, respectively.
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Fig. 6. a) TEM images and b) compositional uniformity of the BTSO film
deposited on the SiO, substrate patterned with rectangular holes. (purge—
source—purge—-O; = 5-4-5-3 [s]; 2 injections; 325 °C, 1000 cycles).

sive spectroscopy). The EDS experiments were performed at
the top (@), middle (®) and bottom (O) of the hole.
Figure 6b shows that the count ratio of Bi ion and total
cations (Bi+Ti+Si) in the BTSO film decreases from the top
to bottom region of the hole. Such non-uniformity of the Bi
content in a hole is probably ascribed to an insufficient dose
of Bi(mmp), and/or its thermal decomposition that can occur
at high deposition temperatures above the ALD window.

The electrical properties of a BTSO film, 13 nm thick, was
measured with Pt (100 nm)/BTSO/Ru (100 nm) capacitors.
The capacitor area was determined by the Pt top electrode
area which was formed using a shadow mask (hole
diameter =300 um). The leakage current density of the
BTSO films is <10® Acm™ at 1 V, as shown in Figure 7,
which is low enough for current DRAM capacitor applica-
tions.l'! The leakage current increases more rapidly for the
negative voltage sweep than for the positive one suggesting
inferior properties of the top Pt/BTSO interface to those of
the bottom Ru/BTSO interface. A mild annealing at 440 °C
in vacuum (~ 1.2 torr) results in a more symmetrical current—
voltage curve shape. However, the annealing process results
in degraded leakage current characteristics with an abrupt
leakage increase above 1.3 V. This may be due to oxygen
vacancies generated by vacuum annealing.

From capacitance—voltage measurements at 10 kHz, the
dielectric constant and dielectric loss factor (tand) of the as-

42 © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

annealing. It was observed that the photoemission peak from
the metallic bismuth became stronger for the vacuum
annealed film than for the as-deposited one.

The equivalent oxide thicknesses (Z.y), of the as-deposited
and vacuum annealed film were 2.1 nm and 2.4 nm,
respectively. The term f,x represents the theoretical thick-
ness of SiO, that would be required to achieve the same
capacitance density obtained from a high-k dielectric
capacitor. It should be noted that the amorphous BST or
ST (SrTiOj3) films usually show a similar dielectric constant
(~20)" with low leakage current density. However, with
post-annealing, these amorphous film easily crystallized to a
polycrystalline film with large grain sizes and many pores
that result in a large leakage current.'”) The BTSO films in
this study remained amorphous and low leakage current
properties were retained after post-annealing.

3. Conclusion

An alternative high-k material, amorphous Bi;_x,Ti,.
Si O, (BTSO) thin films and its ALD process were studied
for its application as a DRAM capacitor dielectric. BTSO
films grown by ALD showed good step coverage in high
aspect ratio structures. The leakage current density of BTSO
films (13 nm thick) is <10® Acm™ at 1 V, which is low
enough to be used as a DRAM capacitor dielectric. The
dielectric constant of the amorphous BTSO films was
estimated to be ~ 24 (f,x =~ 2.1 nm) from the C-V character-
istics at 10 kHz of a Pt/BTSO/Ru capacitor.

http://www.cvd-journal.de Chem. Vap. Deposition 2005, 11, No. 1
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4. Experimental

Metal Precursors and Oxidant Gas: Bi(mmp)z, Ti(mmp),, and Si(OEt),
[mmp = 1-methoxy-2-methyl-2-propoxide (OCMe,CH,OMe, Me =methyl);
Et = ethyl] were dissolved in ethylcyclohexane to obtain the precursor solution
with the ratio of Bi/Ti/Si=3:16:16. The concentrations of Bi, Ti and Si
precursors were 15 mM, 80 mM, and 80 mM, respectively. Ozone gas with a
concentration of 150 gm™ was generated by an Ozonizer.

ALD System and Procedures: A liquid delivery technique with a single
cocktail solution was adopted in this study for the stable and precise supply of
complex precursors. The single cocktail precursor solution was contained in a
canister that was pressurized with Ar gas in order to deliver the precursor
solution into a liquid injector. The liquid injector was connected to a vaporizer
which was attached to a reaction chamber. The vaporizer temperature was
kept at 200°C. When the injector was turned on, about 0.028 mL of the
precursor solution was injected and the precursor vapors were carried by an Ar
gas (300 sccm) to the ALD chamber. The valves for the precursor vapor and
ozone gas (300 sccm) were alternately opened and closed for 4 s and 3 s,
respectively, with a spacing of 5 s to purge out volatile by-products and any
excess reactants in the reaction chamber by the purge Ar gas (1300 sccm).
Diluted Ar gas at 1000 sccm was introduced during the oxidant gas and
precursor feeding steps for sufficient dispersion of the reaction gases over the
entire wafer surface. The working pressure was regulated to about 1 torr in
every step by an automatic valve.

Thin Film Characterization: The film thickness was determined by a
spectroscopic ellipsometer (J. A. Woollam Co., Inc.) with a Cauchy dispersion
model. XRR measurements were carried out in a -26 scan mode using a
Philips X’pert pro MRD X-ray diffractometer with CuKa radiation. Low-
angle XRR data was collected with 0.002° increments and 2 s count times.
XRR data were analyzed with the WinGixa program, provided by Philips.
TEM images and EDS data were obtained by a TECNAI-UT30 microscope
equipped with a Schottky-type field emission gun operating at 300 kV. XPS
spectra were measured on a Quantum 200 Scanning Microprobe spectrometer
using a monochromatic AlKa emission. Sputtering during the XPS was
performed with 0.5 keV Ar” ions. The film composition was determined from
RBS spectra obtained with a NEC6-SDH spectrometer with a helium ion
beam of 2.0 MeV. RBS data simulation was performed using the RUMP
software from Computer Graphic Service (CGS).

Electrical Measurements: Pt top electrodes (100 nm thick) were deposited
on the BTSO/Ru/SiO,/Si samples with a shadow mask (hole diame-
ter =300 um) by DC magnetron sputtering. -V and C-V characteristics were
measured using a Keithley 236 Source Measurement Unit and a Precision
LCR Meter (HP 4284A) at 10 kHz, respectively.
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