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The electrical properties of reactively sputteregQathin films with Ta as the bottom electrodes

were investigated. Ta films were deposited onto,$iOSi substrates by sputtering in Ar aimdsitu

annealed at 700°C for 10 min in,Nat a chamber pressure of 20 mTorr. We compared the
effectiveness of both as-deposited and annealed Ta bottom electrodes on the leakage characteristics
of Ta,O5 thin films. We also envisaged the influence of the surface roughness and morphology of
the Ta bottom electrode in modifying the resultant microstructure of the anneaj&y filns.

Present studies demonstrate the use of Ta as a potential bottom electrode material to replace the
precious metal electrodes and to simplify the fabrication process of th@; &iorage capacitor.

© 1999 American Institute of PhysidsS0003-695(99)03317-3

Tantalum pentoxide (T,®s) has been practically the electron affinity than Ta, poly-Si cannot be used as the bot-
most promising capacitor material to be used in the neatom electrode. The oxide materials deposited onto the Si
future dynamic random access memofiBRAMSs), because (metal—oxide—semiconductor structuuse interaction or
of its high dielectric constant, thermal and chemical stability,atomic interdiffusion with Si at elevated temperatures which
and good step coveragé.As the DRAM generation goes result in the formation of a lower dielectric constant interfa-
256 M-bit and beyond, the DRAM fabrication process hascial layer of silicon oxidé. This problem becomes quite se-
become more and more complicated. This will cause the provere as the oxide thickness is reduced into the sub-micron
duction cost of the high density DRAMs unacceptably highrange. The alternative is the use of a metal-semiconductor—
and will significantly degrade the device reliability. Thus, it metal (MIM) structure, i.e., to deposit the dielectric film on
is essential to develop a process technology that is simplan intermediate base electrode which remain electrically con-
and yet ensures high performance and high reliabilli@ur-  ductive after exposure to an oxidizing environment at high
rent semiconductor technology demands the use of lowtemperatures. The bottom metal electrode layer also prevent
resistivity metals as electrode materials for ultralarge scaléhe interdiffusion of silicon or oxygen across the interface,
integrated ULSI) conduction lines and contact structures. Inthus eliminating the formation of an undesirable interfacial
order for ULSI circuits manufacturing to minimize the cost layers. Ta metal can be adopted as the bottom electrode be-
of ownership aspect in the metallization process, severalause it is thermodynamically and electrically compatible
metallization technologies have been proposed. The evidenvith Ta,Os and it has excellent barrier property against
tial criteria in choosing the most probable are physical ordiffusants!® Another advantage is the simplicity of the pro-
material limitations(e.g., step coverage and resistiyignd  cessing techniques, i.e., the dielectric film and the bottom
manufacturing requirements such as process complexity, resectrode can b situ made using the same target material
liability, throughput, and total cost. Replacing the preciousand in a single sputtering machine followed toysitu an-
metals with a base metals like Al and Ni have been atnealing processing without being exposed to outside atmo-
tempted in the mass production of multilayer ceramic chipspheres, thereby avoids contamination if any, in between the
capacitors. More recently we have reported the electrical processing steps. In this letter we report the preliminary ex-
properties of TgOs thin films deposited on CUAI, Ni, and  perimental results of the effect of Ta as a bottom electrode
Cu electrodes are easily oxidized during depositiputter-  material on the electrical and dielectric properties of reac-
ing) or in the annealing process. Consequently, annealing ifively sputtered TzOs thin films for the first time. The stud-
low oxygen partial pressurg(O,) is indispensable and may jes show the high reliability and quality of the @ film for
cause the formation of oxygen vacancies in the ceramic bodne possible integration into ULSI applications.

ies of the capacitors. _ _ The n-type silicon wafer was cleaned by a standard
There have been several technical problems associatgfeaning process. The Ta bottom electrode on ,BiGSi
with the TgOs films during the high temperature processing sypstrate with a thickness of 100 nm was deposited by direct
steps, necessary for their applicability to integrated circuitSgyrrent-magnetron sputtering from a high purity tantalum
which cause significant increase of the leakage current. Thigneta) target2.5 in. in diameter The Ta film was prepared
obviously, limits their use in DRAMs in terms of the refresh 4 5 fixed power of 35 mW and at a constant pressure of 10
characteristics of the cell. Another problem associated with,Torr with Ar as the sputtering gas. The as-deposited Ta
Ta,0s is the choice of bottom electrode. Usually poly-Si'is pottom layer wasn situ annealed at 700 °C/10 min in,Nat
used as the bottom electrode. However, since Si has stronggichamber pressure of 20 mTorr.,Dg films were deposited

on to the Ta/SiQ/n-Si bottom storage node electrode in the
3Electronic mail: tseng@cc.nctu.edu.tw same sputtering machine without breaking the vacuum. The
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FIG. 1. XRD spectra of Ta and 30 s 800 °G RTA processed T0s films: ‘ " » N 2.0 0 nm

(@) Ta film in situ annealed at 700 °C for 10 min in,N(b) TaOs film
sputtered on the as-deposited Ta, #0dTa,05 deposited on the annealed
Ta bottom electrodes.

sputtering gas consists of 80% Ar and 20% r@ixture with
a total pressure of 10 mTorr. More details on the deposition
technique may be found in Refs. 5 and 6. Film thickness wag|G, 2. AFM images of the RTA processed 0 film deposited on(a)
estimated to be 100 nm by using a Tencor Alpha-step 20@s-deposited Ta anith) annealed Ta bottom electrodes.
profilometer. The rapid thermal annealif@TA) of the
Ta,O5 film was performed, before patterning the top elec-
trode in a RTA furnacgUIlvac Sinku-Rico, HPC 700at
800 °C for 30 s in Qambient. The RTA process temperature

(800 °Q and annealing timé30 9 were chosen based on our wherea_ls(l 110 a_md (111 D became predomlnant in the
earlier study’ The heating rate used was the maximum heat-Ta205 films deposited on the annealed crystallized Ta bottom

ing rate of about 100 °C/s. The Pt top electrode with a thick glectrode. The earlier results demonstrate that the structure of

ness of 100 nm and diameters of 150, 250, and @%0were thg Ta bpttom electrode and its surface.mor.pholo.gy has sig-
patterned by a shadow mask process. The current—voltadﬂf'cam |nflu_ence on the grystallographlc orientation of the

(1-V) characteristics of the T films were measured on deposited films. To elucidate this, the root-mean-squgre
the MIM structure with a delay time of 30 s using HP4145B (M9 surface roughness and morphology of the as-deposited
semiconductor parameter analyzer. The capacitance—voltag@d annealed films were examined using atomic force mi-
(C—-V) characteristic and the dielectric loss tangent weréTOSCOPY(AFM), Digital Instruments, Nano-Scope JIThe

recorded at frequencies ranging from 100 Hz to 10 MHz with'MS surface roughness of the as-deposited Ta bottom layer is
0.5 V alternating current(ad sweeping signal using ~0.315 nm, whereas the annealed Ta bottom electrode show

HP4194A impedance-gain phase analyzer. a decreased rms value 6f0.249 nm. Compared to the an-

Four probe resistivity measurement and x-ray diffractionnealed TgOs film deposited on as-deposited Ta, the film
[(XRD), Model D5000, Siemens, Munich, FR®vere em- SPuttered on the annealed Ta electrode was having higher
ployed to identify the Ta and @5 phases of the sputtered 'mMS value i.e., the rms value increased from 0.277 to 1.394
films. The structure of the as-deposited Ta film on 8i®@Si  hm (Fig. 2. The larger rms surface roughness of the an-
substrate is amorphous. However, Ta crystallizes @ftsitu ~ nealed TgOs films on the annealed Ta bottom electrode is
annealing at 700 °C for 10 min in Natmosphere inside the Probably due to the crystallization and grain growth of the
sputtering chamber, keeping the total pressure of about 2ottom electrode itselft
mTorr. The resulting phase is identified AsTa (tetragonal The important electrical characteristics of the dielectric
as shown in Fig. (B), with a resistivity of ~175 uQ)cm.  material to be used as storage capacitors in DRAMs is the
Resistivity of the order of 3.2 cm or less were indicative low leakage current density and reasonable high dielectric
of body-centered-cubic-Ta, while 160—220) cm was char-  constant. Figure 3 shows the leakage current density versus
acteristic of 8-Ta.®19 Detailed studies of XRD of T#®; electric field for the annealed J@s thin films deposited on
films deposited on as-deposited andsitu annealed Ta bot- the as-deposited T@) and annealed Ta bottom electro@e.
tom electrode were carried out. The results showed that afResults in this study demonstrate that theQeathin film
deposited TgO5 films were amorphous and the annealeddeposited on the annealed Ta bottom electrode exhibit lower
Ta,05 films crystallized into8-Ta,Og (orthorhombig irre-  leakage current density of about 10A/cm? at an applied
spective of whether the bottom Ta electrode is amorphous dield of 100 kV/cm. The difference in the leakage character-
crystallized(s-Ta) [Fig. 1(b) and Xc)]. In addition, itis to be istics of the TaOg film with respect to the as-deposited
noted that annealed J@; films exhibit a very strong pre- against the annealed Ta bottom electrode may be attributed
ferred orientation i.e., peaks of certain reflections of the difto the effective reduction of oxygen vacancies through the
fracting planes dominate the XRD pattern. The intensities ofrain boundaries of annealed Ta electrode. Aithough scan-

the (001) and (002 reflections dominate in the annealed
Ta,0Os5 films deposited on the as-deposited amorphous Ta
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10° donating an electron. When an ac voltage is applied, the
defect levels move up or down with respect to the conduc-
107 L @ tion bands while the Fermi level remains fixed. A change of
charge in the defect occurs when it crosses the Fermi level.
Therefore, the defect density calculations can be done from
108 | the measurement of the real capacitaf€eand the imagi-
®) nary part of the capacitanc€t) as a function of frequency.
10 OnceC* is known, the defect density can be obtained from

the relationD 4= C*/qA, whereA is the metal plate area and
qis the elemental chardé.The defect density of T&®s thin

1040 L films deposited on annealed Ta bottom electrode is 7.37
x10*%cm 2V~1 which is two orders smaller than that is
observed in perovskite based dielectric films such as
101 - Bag,—xSKTiO3 which exhibit significant dielectric relax-
ation at higher frequencié8.From the capacitance disper-

! L L L sion studies, we envisage that the dielectric relaxation of

Leakage Current Density (A/cm?)

1012 ' .
0 1 2 3 4 5 6 Ta,0s films on Ta is less pronounced and it has least contri-
Electric Field (x 10° V/cm) bution from the defects, yet preserving lower leakage current
density.

FIG. 3. Current—voltage characteristics of RTA processegDd éilms de-

posited on(a) as-deposited Ta and) annealed Ta bottom electrodes. Tlme-dependent dielectric breakdO\MDDB) is a char-

acteristic of the intrinsic materials, the method of processing,
. . . ) and electrode materials. TDDB studies demonstrate that
ning electron microscopodel S2500, Hitachi, Japaob- 14 5 MM films with Ta as the bottom electrode can also

servations indicate that both annealedJ=afilms deposited survive the 10 years life time at a stress field=6700 kV/

on .the as-deposged fand a_nngalgd Ta bottom electrod.es €. We have therefore, successfully demonstrated the effec-
hibit smaller grain size distributionrs1 nm, larger grain

boundary regions are distinctly visible in the case o§Cia tive use of Ta as a possible bottom electrode material replac-

films deposited on annealed crystallized Ta bottom electrodd ¥ the Convenltlonal precious metal electrodes fog:gaitllm. .
orage capacitors. Usage of Ta as an electrode will signifi-

Root-mean-square surface roughness and morphology obsélt- ; .
vations as shown in Fig. 2 also supports this results. Thesg?ntly reduce process complexity and the production cost of

resultant grain and grain boundary modifications of the anfuture high density DRAMs.
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