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Microcontact patterning of ruthenium gate electrodes by selective area
atomic layer deposition
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Patterned octadecyltrichlorosilane monolayers are used to inhibit film nucleation, enabling selective
area atomic layer depositiofALD) of ruthenium on SiQ and HfO, surfaces using
bis{(cyclopentadienytuthenium and oxygen. X-ray photoelectron spectroscopy indicated that OTS
could deactivate film growth on thermal silicon oxide and hafnium oxide surfaces. The growth rate
of ALD Ru is similar on various starting surfaces, but the growth initiation differed substantially.
Metal-oxide-semiconductor capacitors were fabricated directly using the selective-area process.
Capacitance measurements indicate the effective work function of ALD Ru is 4.84+0.1 eV gn SiO
and the effective work function is reduced on HfSIO, layers. ©2005 American Institute of
Physics[DOI: 10.1063/1.1852079

Improved control of interface reactions during thin film films by sputtering, followed by thermal oxidation. For ex-
processing is critical for advanced electronic and optical deample, the Hf based films with equivalent oxide thickness
vices. Ruthenium is of interest for advanced metal/oxideAEOT) of 30 A consisted of 11 A of sputtered hafnium fol-
semiconductorfMOS) transistor gate electrodes to reducelowed by oxidized in N (with ~20 ppm Q) at 600 °C for 1
polysilicon depletion effects and as nucleation layer for cop-min.*? These conditions likely resulted in growth of HfO
per interconnect IayeIJsRuthenium is considered a viable with some interfacial HfSiQ and/or SiQ. The samples are
candidate fomp-type MOS devices because it has a vacuunreferred to here as Hi{IBIO, films.
work function near the conduction band edge of silicon, To prepare the patterned organic monolayer an elasto-
good thermal stability, and low resistivity of the oxidation meric stamp was made of polydimethylsiloxai#>M$S) so-
phasé’ lution and a curing agent. The mold patterns for the PDMS

Microcontact-printed organic monolayer resists havestamps were micron-scale line/space photoresist and metallic
previously been used for selective area atomic layer deposidots made by physical vapor deposition of aluminum
tion (ALD) of oxidesS™ and for chemical vapor deposition through a shadow mask. A solution of OT®ctadecyl-
(CVD) of metals® A previous report demonstrates selectivetrichlorosilang in dry hexane(10 mM) was used as the
area digital CVD Ru using patterned photore$igh this  “ink.” The OTS solution was applied to the PDMS stamp by
work, selective deposition of Ru is demonstrated using conspin coating, and the inked stamp was dried in nitrogen flow
tact printed self-assembled monolayer resists by ALD profor 30 s. The stamp was then brought into contact with the
cessing. Also in this work, spectroscopic characterization iglean substrate and held in place for 30—60 s. The resulting
used to demonstrate selectivity, and the effect of processin@TS films were characterized by water contact angle analy-
on the monolayer structure is analyzed. Selective depositiogis, scanning force microscopy, and x-ray photoelectron
enables direct formation of Ru/HiCSIO,)/Si capacitor — spectroscopyXPS). For some measurements, OTS was also
stacks, and the effective work function of ALD Ru is char- deposited by directly exposing the oxidized silicon to its so-
acterized on Hf@ and SiQ dielectrics. A key problem for |ution at room temperature. Resulting films showed a static
metals in CMOS is methodology to enable integration of twocontact angle with water to be betweer®0 and 110°, con-
different metal work functions. Techniques to integrate twosistent with a range of film quality, from relatively poorly
different metals in nanoscale device fabrication include sepacked (<90°), to highly packed(1109 films.*** Films
lective modification of a metal, for example by with contact angle=90° show similar results in inhibiting
interdiffusior?® or by silicide formatior” or by metal alloy  deposition. After exposure to 300 cycles of Ru ALD, the
formation* We suggest here that selective area ALD is aOTS monolayers generally showed reduced contact angle
possible alternate route to dual-metal gate integration. (<80°), indicating monolayer degradation. The results sug-

ALD Ru was carried out in a home-built hot-wall quartz gest that Ru nucleation is not as sensitive to quality of the
tube reactor using RuGpbis<{cyclopentadienytutheniunl  monolayer surface as observed for Hf or Zr oxitland Ti
as a precursor and dry oxygen. RyGp solid at room tem-  paged film deposition. This may be due to the higher oxy-
perature with vapor pressure ef10 mTorr at the bubbler gen affinity of Hf, Zr, and Ti where these metals are more
temperature of 80 °C. To prepare substrates, silicon surfacemeﬂy to penetrate the monolayer and react with oxide
were oxidized by wet chemical treatme(BakerClean® present at the Si/monolayer interface.

JTB-100, followed by buffered HF acid dip, deionized wa- The OTS-patterned substrates were rinsed in hexane and
ter rinse, and M flow dry. Silicon was either directly oxi-  gejonized water, then dried with nitrogen flow before being
dized to form Si@, (900 °C in ai) or coated with thin Hf  54ded into the ALD reactor. The ALD chamber was evacu-
ated to 51078 Torr, and the precursor and oxidant gases
¥Electronic mail: kjpark@ncsu.edu were introduced into the reactor in separate pul8esnd 6 s,
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FIG. 1. Ruthenium film thickness vs number of ALD cycles as deposited on m
HfO,, SiO,, and Si-H(HF-las) surfaces, compared to deposition on OTS = ALD

covered substrate. The data point at zero thickness for growth on Si-H is Ru
determined from visual inspection. The data point at zero thickness for
growth on OTS is determined from XPS. Visual inspection shows clear
selectivity on OTS for all conditions studiddp to 300 cycles The error

bar for each substrate represents typical measurement(ersét) of pro- 1 . ) 1 " )
filometer. The inset shows an optical image of a selectively deposited Ru 490 485 480 475 470 465 460 455
(100 um diametey metal on HfQ. Binding Energy (eV)

) _ FIG. 2. (a) Survey scan, antb) Ru 3p region from XPS analysis of a SjO
respectively with a 20 s Ar purge between each reactant.partially covered with OTS after 150 Ru ALD cycles at 325 °C; OTS: region

Argon was also used as a carrier gas for the %umpse_ with OTS _covered, ALD Ru: Ru covered after on Hfénd SiQ compared
During the deposition, the total gas flow rate was constant df deposition on OTS covered substrate.
100 sccm, and the chamber was dynamically pumped to
maintain pressure at 1.2 Torr. Under these conditions, selfized RuQ. Presence of Ru{ds confirmed by the existence
limiting growth was observed at temperatures betweerfthe O Is peak, although it is possible that most of the O in
~310° and 350 °C corresponding tel A per deposition confined to the surface. Because of overlap ofsCahd
cycle, which is larger that 0.5 A/cycle reported previously Ru 3d peaks, it is difficult to calibrate the XP spectrum en-
for Ru ALD.*® This difference is under investigation. The ergy scale to compensate for surface charge. The spectrum
resulting Ru films were characterized by surface profilometryrom the Ru film shows a small signal from the Si substrate
to determine thickness, and XPS was used to determine thgeak at 98.7 eV, close to the expected value of 99.3 eV.
flm chemical composition. Capacitance versus voltage Figure 3a) shows C-V characteristics of capacitors
(C-V) was measured using an HP 4284A LCR meter at Iformed using selective area Ru deposition. For comparison,
MHz using p-type silicon substrates with doping levels of some capacitorgshown in Fig. 80)] were formed using
1.5% 10 cm3, blanket Ru followed by sputtered Al through a shadow mask
Figure 1 shows Ru film thickness versus number of ALDand Ru dry etching. Before measurement, all capacitors re-
cycles for deposition on Hf@SiO,, SiO,, and hydrogen- ceived a post-metal anneal consisting 0f:N,=10:1 at
terminated siliconHF lash surfaces. For deposition on the 400 °C for 30 min. TheC-V behavior of the selective ALD
Si—H surface, no film was observed by eye after 100 cyclefU capacitor shows a flatband voltag4s) of —0.2 V and
for the conditions used. Also, on the OTS surface, no filmequivalent oxide thickness of 30 A as determined using the
was observed by XP&ide infra) for up to 300 cycles stud- HauserC-V fitting procedure? For the sputtered AI/ALD
ied. The inset in Fig. 1 is an optical image of a selectivelyRuU capacitorVeg is —1.5V, consistent with a larger concen-
deposited Ru capacitor on Hi3iO, using the OTS mono- tration of positive fixed charge in the dielectric induced by
layer resist. The deposited thickness per cycle was similar o€ Al sputter process that is not completely removed by the
SiO,, HfO,/SiO,, and Si—H, but the intercepts show different Post-metal anneal.
values, consistent with different incubation times for growth
on these surfaces. However, details of growth incubation re- 100 ———T—
quire more investigation of thin (<100 A) layer
growth’Figures 2a) and Zb) show XPS spectra after 150
cycles of selective ALD Ru at 325 °C on clean $iénd on
SiO, covered with microcontact-stamped OTS. Figutb) 2
shows that the RugBpeaks are not observed on the OTS
covered regions after ALD, indicating good selectivity to Ru
growth with this monolayer surfadstatic contact angle for 20 - ) . s . s
this sample was 92° before Ru deposiliohhe measured Ru o 00 10 20 20 40 00 10
3p'2 and P32 peak positions at 484 and 462 eV, and the Voltege (¥ Vottage (V)
width of the peaks are consistéhwith the presence of sev- pig, 3, Capacitance-voltage behaviors of MOS capacit@jsselectively

eral Ru oxidation states from elemental Ru to mildly oxi- deposited ALD Ru MOS(b) conventionally processed MOS.
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0.0 T T T T transistors. Processes that can selectively place one metal on
¢m=-0.4v\‘ P =-0.26V : °"IS;°2 a predetermined area of a substrate may provide a possible
o on HfO, . T
2 05 ° _ route to dual metal gate processing, to eliminate the need for
% N,=9.2 x 101 fom? a potentially damaging metal etch step. Alternate passivating
= approaches, beyond the OTS monolayer demonstrated here,
; 10 would be helpful to further simplify processing require-
< ments.
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FIG. 4. Vgg vs EOT for Ru/SiQ/Si and Ru/HfGQ/Si capacitors. Quality of
fittings (R): 0.9, the doping density gb-type Si: 1.5< 10'8/cn®, ¢pe the
work function difference between metal and silicon substrate.
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