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We demonstrate the impact of atomic-layer-deposited TiN gate on the characteristics of
WI/TIN/SiO, /p-Si metal-oxide—semiconductéMOS) systems. Damage-free gate oxide quality
was attained with atomic-layer-depositiohLD )—TiN as manifested by an excellent interface trap
density O, as low as~4x 10 eV~ ! cm2 near the Si midgap. ALD—TiN improved tliz, level

of MOS systems on both thin SiGand high-permittivity(highk) gate dielectrics. The leakage
current of a MOS capacitor gated with ALD-TIN is remarkably lower than that with
sputter-deposited TiN and poly-Si gate at the similar capacitance equivalent thi¢ieBs Less
chlorine content in ALD—TIN films appears to be pivotal in minimizing the CET increase against
postmetal anneal and improving gate oxide reliability, paving a way for the direct metal gate
process. ©2002 American Institute of Physic§DOI: 10.1063/1.1468273

Direct metal gate has been studied to overcome the olgrown by rapid thermal oxidation at 750 °C and Zrfdms
stacles of polycrystalline-Spoly-Si) gate structures such as were prepared by ALD using Zrglnd HO at 350 °C fol-
gate depletion, boron penetration, and high resistance in nalewed by dielectric improvement anneal at 600 °C is. @s
row gate line' "' Because of good thermal stability and mid- a direct metal gate, TiN filmg30 nm were prepared by
gap work function, refractory metals such as W and TiN have®VD, CVD, and ALD methods. PVD-TiN films were reac-
attracted lots of attention for sub-100 nm metal—oxide—tive sputtered under the power density of 1-7 Wcat
semiconductofMOS) device applicationé-#®-**Unfortu- 300 °C and CVD-TIN films prepared at 650 °C using TiCl
nately, direct metal gate prepared by physical vapor deposRnd NH;. For ALD-TiN deposition, we used a traveling
tion (PVD) method can create defects such as metawave reactor by the cyclic dosing of TiCand NH; sources
penetration and plasma damages which lead to reliabilit@t the substrate temperaturgg) of 450 °C. PVD-W(70
problems of gate dielectrid?® To circumvent these ob- NM) was then deposited at 200 °C, followed by the patterning
stacles, chemical vapor depositi@@VD)—TiN process was of square shape electrodes with various active areas of 4
recently employed=12 However, CVD—TiN prepared by X 10 ®-4x10 4 cm?. Postmetal anne&PMA) was carried

metalorganic precursors introduced high carbon impurity an@Ut by furnace anneal at 450°C in forming gas0%
reliability problemst® while the film by TiCl, and NH; gen-  H2/90%N,) or at 800°C in N for 30 min or by rapid ther-
erated unstable capacitance equivalent thickngggT) ~ Mal annealRTA) at 950°C in N for 20s.
variation and reliability degradation due to high chlorine  El€ctrical characterization of the W/TIN/SJ08i MOS
(CI) contenf®? In order to prevent aforementioned capacitor was performed in a light-free probe station. To

hurdles, we approached a process, atomic-layer depositioerrUtinize the level of interface traps with deposition method

(ALD), for TiN. The ALD approach may minimize impurity and PMA, c:;tpautance—yoléage(i(—V)_ and %OSSSEZTCI?CR
incorporation as well as remove the metal and/or plasmgweasurﬁrgen S were carmed out using a
ete®118 The gate current density—voltagd—+V) and

damages. In this letter, we present a damage-free direct meta . .
. ! ) ime-dependent dielectric breakdown measurements of the
gate using ALD-TIN process as confirmed by an excellen

. . . /TiN/SiO, /p-Si MOS capacitors were performed using a
mtetrflaécetrt]rap. densnygﬁn) I.Wg.rll.tmd# cedtga.lt?_ Ie:?\kage Eur HP4156B. The chlorine content in the TiN/Si@as probed
rent. Further, Improved reliability characteristcs in com Ina'by a PHI-6300 secondary ion mass spectrometer using'a Cs
tion with stable CET variation are demonstrated.

) d of W/TIN/SI ) primary ion source of-3 keV beam energy.
MOS capacitors composed of W/TIN/Sifp-Si were Shown in Table | are typical characteristics of various

fabricated using 8 inp-type Si(100 wafers with a resistiv- TiN (30 nm films we used. PVD—TIN showed relatively low
ity of 8—10Q cm. After formation of field oxide, a standard

pregate cleaning was employed and followed by the growth
of controlled oxide(3 nm) in wet ambient at 750 °C. In ad- TABLE I. Typical characteristics of TIN30 nm) films prepared by various
dition, the MOS capacitors comprised of deposition methods.

ZrO,(5 nm)/SiG(~ 0.7 nm) p-Si structure were also fabri- TiN T, Crystal  Resistivity [cn

cated to investigate the effect of TiN deposition method on(30 nm (°C)  orientation  (uQcm)  (1X10' atoms/cr)

the highk gate dielectrics. The ultrathin interfacial Si@as  pyp_tin 300 (111) 110-120 5
CVD-TIN 650 (200 ~150 ~250
ALD-TIN 450  (111/(200 ~80 ~52
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FIG. 1. High-frequencyC—V and G/w—V characteristics of W/TiN/Si®
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FIG. 3. Interface trap densityD(;) of W/TiN/SiO, /p-Si MOS capacitors as
a function of PMA.

(~3 nm)/p-Si MOS structures after FGA at 450 °C for 30 min. The inset

displaysG/w—V curves of CVD—- and ALD-TiN films. The square elec-
trode area is 410 % cm

resistivity and negligible chlorine content. In particular

CVD-TIN

—2

displayed
x 107° atoms/cm) and a resistivity(p) of ~150 u{cm,
whereas ALD-TiN exhibited thg¢CI] as small as~5.2
X 10*° atoms/cm and a resistivity of~80 uQcm. The
lower p of ALD-TIN than that of CVD—TiN is attributed to
the lower[Cl], consistent with earlier result8 We also note
that the lowerp of ALD—TiN over PVD—-TIN is related with
larger grain size as observed by transmission electron m,

croscopy(not shown.

Figure 1 shows high-frequendg—V and conductance
characteristics
TiN/SiO,(3 nm)/p-Si MOS capacitors after forming gas an-
neal (FGA) at 450

loss

Glw)-V

relatively

X101 eV~ tem 2, respectively.

For more accurat®;; extraction, theG/w—1logw char-
acteristics of the W/TIN/SiQX3 nm)/p-Si MOS capacitors
after FGA were explored for a given surface potentrh.
2), and extracted;; values with various PMA are summa-
rized in Fig. 3. There are several important features. First, the
D; of ALD-TIN gate structure was the lowest. Tbe, level

Conductance Loss (pF)

FIG. 2. The measured conductance lo$a/d)-log w plots of various
TiN/SiO,(~3 nm)/p-Si MOS capacitor as a function of gate voltage and
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of ~5.4x 10 eV~ ! cm™2 near the Si midgap after FGA and
~4x10% ev-1cm 2 after furnace anneal over 800 °C and
FGA were obtained. The preseit; value attained with
" ALD-TIN is comparable to the level of poly-Si gate, indi-
cating that damage-free direct metal gate process can be re-
alized using ALD approach. Second, the of PVD-TIN
decreases from~2.7x10" eV tcm 2 (FGA only) to
~7.8x10°%eV tcm 2 (furnace anneal at 800°C and
FGA), suggesting that the high temperature anneal in com-
bination with FGA is essential to anneal out the damages
jntroduced during the PVD process. On the other hand, the
i with CVD-TiN was ~8x 109 eV 1cm 2 after FGA
and this has slightly increased t01.2x 10 eV cm ? after
PMA at >800°C and FGAFig. 3), which is under investi-
gation. The loweD; values with ALD— and CVD-TIiN after
FGA are ascribed to both the damage-free deposition and ClI

°C. The conductance loss peaks shown i oo . i 20
assivation at the dangling bonds of $iSi interface$:
the inset describe the evolutionary change® pfwith depo- fb ssivat ging s of 31611

sition methodt”*8 The loss values of-7 pF for PVD-TiN,
1.95 pF for CVD-TiN, and 1.29 pF for ALD-TIN corre-
spond to theD;; values of~4x 10*, ~8x10'° and~5.9

Figure 4 exhibits CET variation of the
WITIN/SIO,(3 nm)/p-Si MOS capacitors with deposition
scheme and PMA. The CET increases in the order of PVD—
TiN, ALD-TiN, and CVD-TIN. The lowest CET(~3.08
nm) was attained with PVD—TIN after FGA, while a slight
CET increasé~0.12 nm was observed after RTA at 950 °C
and FGA. The CET of MOS capacitor gated with ALD—TiN
was ~3.45 nm and negligible CET change 0.03 nm) was
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ages or surface potentials are also shown.

FIG. 4. CET variation of W/TIN/SiQ/p-Si MOS capacitors with PMA.
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600 R LARRRS Rasas asns e using ALD-TIN is about 2—3 orders of magnitude lower
CET (nm) ] o than that using PVD-TiN. In particular, the low-field leak-
o °F 3; toss: 129§ S age current level in the ALD-TIN gate case is distinctly
e TN B LY lower than that with poly-Si at the similar CET, possibly due
8 oo g to the physically thicker Si@ A projected 10 year lifetime
S s00f . £ 8] as measured by the constant voltage stress is shown in Fig.
5 A § 6(b). MOS capacitors gated with ALD—TiN exhibited the
8 200¢ ot ™ highest critical electric field Eqy criica) Over PVD— and
8 Gate Voltage (V) CVD-TIN, demonstrating reliable gate oxide integrity. The
100 F ire“f;(:‘;f*'z . 1 lowestE oy ¢ iicas for CVD—TIN electrode case is attributed to
of rela' * , o Lo . the high residual CI in TiN which can diffuse to the gate
4 3 2 1 0 1 2 3 4 oxide, resulting in the formation of Cl-related trap site.

Gate Voltage (V) In summary, we explored an unique damage-free direct

FIG. 5. C_V characteristics of TINFZrg(S nm)/SIQ(0.7 nm)b-Si MOS metal gate process using ALD-TiN with lo;;, negligible

. 5. C=V characteristics of TiN/Zrg{5 nm)/SiQ(0.7 nm)f-Si .

capacitors as a function of TiN deposition method at 100 kHz. The conduc-(,:ET, variation, requ,ced gate Ieakage current, and robust re-

tance loss G/w)—V characteristics are displayed in the inset. Those capaciliability characteristics. The lower level of ClI content by

tors were experienced a PMA of furnace anneal at 600 °C and FGA. ALD process was pivotal in achieving negligible CET varia-
tion against PMA and better gate oxide reliability. Selection

achieved against high thermal budget at 950 °C: howevepPf Pertinent precursors for impurity control would be critical
noticeable CET increase 0£0.35 nm was observed with [OF future metal gate technology using ALD.
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