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We present an evaluation of the thermal stability for various elemental metals and binary/ternary conducting compounds on gate
dielectrics. The continued scaling of polysilicon gated complementary metal oxide semicon@@i0S) devices may face
limitations such as polydepletion, incompatibility with some higtiielectrics, high series resistance, and boron penetration. In

this study, 24 different elemental metals and metallic compounds with work functions ranging from 4.0 to 5.2 eV covering n-type
field effect transistotnFET), midgap, and pFET gate electrodes were examined. The films were characterized during rapid thermal
annealing in a forming gas ambient up to 1000°C. Three technigusiu X-ray diffraction, resistance, and elastic light scattering
analysis were used simultaneously during annealing. It was found that many of the elemental materials, especially those with
nFET work functions, undergo reactions with the Siend ALO; gate dielectrics, while others became unstable because of
melting (Al) or agglomeratio{Co, Ni, Pd and Co$). Two binary compounds, YW and Ru@, underwent dissociation in the
hydrogen-containing ambient. Materials stable above 700°C include Mo, W, Re, Ru, Co, Rh, Ir, PgNR{TaM, TaSiN, and

CoSj,, making them possible choices for integration involving higher temperature processing.
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Continued scaling of the gate length and gate oxide thickness oSi bandedge!’ For some specific device desigflike FINFET or
complementary metal oxide semiconduct@MOS) transistors for ~ FDSOl) a midgap, 4.6-4.8 eV, work function metal gate material
higher performance and increased circuit density has reached a poimay be appropriat?szl.
where a number of issues have arisen. The potentially major issues The metal gate material then must be stable in contact with the
include high gate tunneling leakage curré&Atpolysilicon (poly-Si) dielectric at temperatures relevant to CMOS processing. The pro-
gate depletior, high gate resistanceboron diffusion into the di-  cessing temperatures depend on the integration scheme used to
electric for pFETS, poly-Si incompatibility with some higfi- implement the gate metal material. A “gate last” integration scheme
dielectrics® and reliability. would be the least aggressive with maximum processing tempera-

Many of these issues may be lessened or eliminated by replacingires of less than 600°€, whereas a conventional integration
the poly-Si gate with a metal gate. Current state-of-the-art ultrathinScheme would be the most aggressive because the gate would be in
gate oxynitride dielectrics show a continued increase in leakage?!ace during the 1000°C several second anneal to activate the dop-
current even though additional nitrogen incorporation has mitigated®nts in the source/drain regions. Other important criteria in the
this to some exterft.Thinning the gate oxide further may not be choice of a gate metal material include the ease of hydrogen diffu-
practical, but there is an additional way to decrease the electricafion through the material for dielectric interface passivafidhand
thickness and thus increase CMOS performance. Three component@€ deposition method. In order to minimize damage to the gate
make up the electrical thicknegsapacitanceof the gate stack: the  di€lectric, a plasma-free deposition process like chemical vapor
contribution from the Si substratelue to the quantum mechanical 4€POsition(CVD), atomic layer depositiofALD), or thermal depo-
effect, the dielectric layer itself, and the carrier depletion layer in STON is preferred> _ . .
the poly-Si formed when the field effect transist&ET) device is . In this paper we have. |nvest|gatfed the thermal stabllllty of 24
turned on’ Replacement of the poly-Si gate with a metal gate elimi- different metal gate materials deposited on Sédd A,LO; dielec-
nates the depletion and thus decreases the electrical thickness by tqg:s. OA”F‘ea'S were complﬁplgd ata constgnt ramp rate of 3 IC/S up to
SiO, equivalent of 0.3-0.5 nm, without a substantial increase in 00°C in forming gas, whil@n situ X-ray diffraction (XRD), elas-

leakage: This also decreases the gate resistiyitye decrease de- tic light scattering, and _sheet resistance measurements were per-
; . : formed. From this analysis we determined the temperature at which
pends on the choice of matepidtom that of 1-3 m() cm typical

h ial th I h h i M
for the doped pon-S‘?.For example, a Coggate has a resistivity of the material thermally degrades and hence, the appropriate CMOS

A integration scheme. Materials stable above 700°C include Mo, W,
15-20;.LQQ cm, about two orders of magmtude less than. Fhat of dopedRe‘ Ru, Co, Rh, Ir, Pd, Pt, Y, TaN, TaSiN, and CoSj making
poly-Si.” Without boron-doped poly-Si we have an additional advan- o, possible choices for integration involving higher temperature
tage because there is no longer a concern about boron penetrat'?ﬂocessing.
into the dielectric. Likewise, without poly-Si on the gate, there is
no longer a concern about a poly-Si interaction with high- ]
materials. Experimental

There are many advantages to the implementation of metal Metal gate films for this study were deposited by both physical
gates. The choice of material depends on several criteria. The&apor depositiolPVD) and CVD methods. The materials studied,
most important property, the work function, is defined as the ener-deposition method, and thickness/composition as determined by Ru-
gy needed to remove an electron from the Fermi level to the vacuumherford backscatteringRBS) analysis are shown in Table I. The
level. As with poly-Si it is necessary to have an nFET metal mate-majority of the films are single-component materials, 24-37 nm
rial with a work function from 4.1-4.3 eV and a pFET material thick, sputter deposited from 7.6 cm diam targets using magnetron
with a work function from 5.0 to 5.2 eV, both about 0.2 eV from the sputtering sources in an ultrahigh vacu(dHV) deposition system.

The films were deposited at target power levels ranging from 200 to
600 W (direct currentwith an argon deposition pressure of 4 mTorr

* Electrochemical Society Active Member. and system vacuum base pressures of 5.0x910 1° Torr. Several

Z E-mail: cabral@us.ibm.com of the films were reactively sputter deposited in the same system in
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Table I. Evaluated metal gate materials.

nigues, conducted simultaneously, while the samples were annealed
in FG at a temperature ramp rate of 3°C/s from 100 to 1000°C. The

Gate metal Deposition method Thicknegsm) analysis was completed at the National Synchrotron Light Source,
material Brookhaven National Laboratory, on beamline X20CThe first

— - technique, XRD, consists of passing the incident X-ray beam
;'Itrig'nuﬁm Exg 223::2;:23 gg il ;(%22//‘(’) (c)) through a wide-bandpass, artificial multilayer monochromator for an
Hafnium PVD sputtering 37 nm HR25% O energy resolution of 1.5% at 6.9 keW (= 0.1797 nm with an
Vanadium PVD sputtering 39 nm \16% O approximate flux of 1x 10" photons/s. A set of beam-defining slits
Niobium PVD sputtering 30 nm NbL4% O provides an X-ray spot size of 8 2 mm on the sample surface.
Molybdenum PVD sputtering 32 nm Md1% O The trade-off of maximum X-ray flux for bandpass leads to peaks
Tantalum PVD sputtering 25 nm Td0% O that are 1-1.5° in width. Geometric considerations lead to peak lo-
Tungsten PVD sputtering 31 nm W%; 0 cation accuracy oft0.3° in 2. As the samples are annealed, the
gsng_anese PVD sputtering 33 nm M80% O diffracted X-ray intensity is monitored using a linear position-

enium PVD sputtering 31 nm R&% O . o

Ruthenium PVD sputtering 33 nm R8% O) sensitive de_tector. The detector coverséarange of~10°, from
Cobalt PVD sputtering 30 nm C@% O) which data is collected every 0.5($.5°0). The @ range was cho-
Rhodium PVD sputtering 31 nm R(0.8% O sen such that the main diffraction peaks from the material under
Iridium PVD sputtering 32 nm 0% O) study were present. Temperature was monitored using a k-type ther-
Nickel PVD sputtering 27 nm N{4% O) mocouple, which was calibrated using eutectic melting points of Au,
Palladium PVD sputtering 33 nm R0% O) Ag, and Al in contact with Si for an accuracy af3°C.
Platinum PVD sputtering 29 nm WO{? 0 The secondn situ technique, elastic light scattering, consists of
?L“nm'srzgr Cvg\\/l\'l)ég“ttir",‘\lgH - ni”'wn_';\‘l_é‘?g_g%%e_f)_ , using a HeNe laser to determine changes in sample surface rough-
twognitrogen (COJe 3 A e ness or index of refraction. A H_eNe Ias_er beam is b_rought into the
Tantalum CVD TaR, + NH, 39 nm Ta:N:E-71:28:0.6 annealing chamber through a fiber optic cabl_e a_md is then focused
two nitrogen through a lens onto the sample surface at an incidence angle of 65°,

PVD reactive 38 nm Ta:N:0-42:51:7
sputtering

Tantalum silicon PVD reactive

nitride sputtering

Ruthenium dioxide PVD reactive

Tantalum nitride forming a spot size of X 2 mm. The scattered intensities are mea-
sured using two bare fibers positioned at 50° arzD° allowing for
measurement of roughness on lateral length scales of approximately
5 and 0.5pm, respectively. For detection of only the HeNe light

scattered from the sample surface, a chopper and lock-in amplifiers

50-55 nm Ta:Si:N:O
(23-37:(14-39:(35-52:4
195 nm Ru:0-33:67

Cobalt disilicide P\fgust;)elﬂ?ging/ 77 nm Co:Si-33:67 are used with Si photodiodes and interference filters, which remove
salicide ' ' background light at other wavelengths during the high-temperature

anneal. This optical scattering technique detects changes in scattered
intensity from surface roughness and also changes in index of re-
fraction that a reaction between the gate metal and dielectric may

the presence of 2-10%,N38 nm TaN, 50-55 nm TaSiNor 2% O, cause. S ) ) )
(195 nm RuQ) with Ar, for a total deposition gas pressure of 4 The last techniquen situ sheet resistance, is a four-point probe
mTorr. For the deposition of the TaSiN film, Ta and Si were code- measurement as a function of temperature. Four spring-loaded Ta

posited in the presence obNThe 77 nm CosSifilm was formed by probes arranged in an approximate square geometry maintain con-

sputter depositing 22 nm of Co on 80 nm of low-pressure chemicaftact with the sample surface while 25 mA of current passes through

vapor depositedLPCVD) polycrystalline Si and annealing the film EI\'AFIIQ of”the pfrobes,|an vohltaq[e is_r?easured across thte o;her: two.
in forming gas(FG) to form the CoSi phase. Thermal CVD was is allows for a relative sheet resistance measurement, which may

used to deposit two of the films. A 25 nm W film was deposited be scaled using a room-temperature absolute measurement made

) i with fixed in-line four-point probe geometry.
using a WCO), precursor in the presence of lyHwhereas a 39 nm The procedure used for annealing the samples duringntséu

TaN film was deposited using a Tarecursor also in the presence measurements is as follows. The approximately 1.3 sample,

of NH;. _ _ _ S held in place by the Ta probes, makes contact with a molybdenum
_ RBS analysis was used to determine the level of impurities in thepjock which in turn contacts a pyrolytic boron nitride, resistive
films by depositing the material on carbon substrates. The mOSheater. It is annealed at a constant heating rate of 3°C/s from 100 to
prevalent contaminant in all the films, as determined by RBS analy-1000°C. Readying the sample for analysis consists of evacuating the
sis, is oxygen. In the thin, highly reactive films, like Ti, the oxygen analysis chamber twice<(5 x 107 Torr) and backfilling with FG

is not uniformly distributed throughout the film but rather peaks at (FG-95% N and 5% H) to a pressure slightly more than atmo-
the surface due to air exposure over a period of days, making thgpneric at a flow rate of 1 L/min. The FG has a purity of 99.999%.

overall level high. The CVP films show low levels of either carbon gayeral anneals were conducted in 99.999% pure He to compare the
(W5N-5 atom % G or fluorine (TgN-0.6 atom % F contaminants  fects of either K and/or N, during the anneal treatment.
arising from the precursors used. It is understood that impurities can

effect thin-film properties like resistivity, stress, thermal stability,
and work function. Results and Discussion

The metal gate materials were evaluated on two dielectric; SO The methods describeith, situ XRD, optical scattering, and sheet
and ALO;. In order to amplify the effects of an interaction between resistance analysis, were used to investigate the thermal stability of
the gate metal and dielectric, fam situ evaluation, the dielectrics 24 gate metal materials in contact with the Sifelectric'® Figure
were thick. It is expected that the interactions between the metah summarizes the thermal stability of the materials using a periodic
gate materials and thinner dielectrics are similar. The,Sias  table representation. The work functio&Fs) of the materials in
grown by thermal annealing to a thickness of 500 nm. The 300 nmpulk form, as determined by internal photoemission, are also
thick Al,O5 was sputter deposited in a high-vacudil) magne-  shown!® Each highlighted material has a superscript indicating the
tron system with a base vacuum pressure of 207 Torr from an type of the work function: “n” nFET< 4.6 eV, “m” midgap 4.6-
Al,O; target using a power density of 3.3 W/emnd a total pres- 4.8 eV, and “p" pPFET> 4.8 eV. The thermal stability of each ma-
sure of 10 mTorr (Ar+ O,) in the presence of 6% 0 The inter- terial is indicated by the crosshatched pattern. The materials are
actions of the dielectric materials with the gate metal materials,separated into two groups, those materials stable at temperatures less
described previously, were studied using three diffenesitu tech- than 700°C indicated by the vertical stripes and those materials
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Figure 1. Periodic table indicating the thermal stability of 18 elemental Figure 2. In situ XRD contour plots showing diffraction angle6) as a

metals and 6 metallic compounds on $iévaluated usindn situ XRD, function of temperatur¢’C) for a 30 nm sputtered Ti film on SiCannealed
resistance, and optical scattering analysis techniques. Superscripts just aftgf a heating ramp rate of 3°C/s up to 1000°C iteaforming gas ambient

the chemical symbols indicate the type of WRnFET, ™—mid gap, and  and(b) He ambient. X-ray intensity is indicated by a gray scale with white as
P—pFET. The stripe pattern indicates whether the thermal stability is lessthe highest intensity and black the lowest.

than(vertical stripe pattepnor greater tharthorizontal stripe pattejrir00°C.

stable above 700°C indicated by the horizontal stripes. A material ig?0t @n adequate chowt?‘ for a m(ital gate material because even in
considered not thermally stable if tie situ XRD analysis shows a  (h€ lower temperature “gate last” process the thermal stability is
deviation from the typical linear decrease in diffraction ar@® as  Insufficient. o _

a function of temperature. The decrease in diffraction angle is a In @ second example, shown in Fig. 3, a 195 nm Réitn was
result of the lattice expansion with increased temperature. If thedeposited on the 500 nm thermal $iCFigure 3a shows an anneal
sheet resistance shows a deviation from the typical linear increase & the film at 3°C/s to 1000°C in an FG ambient whifesitu XRD

a function of temperaturéthis linear increase is due to increased Was monitored. The X-ray contour plot shows the disappearance of
phonon vibrations at higher temperatyres the optical scattering the RuQ(110) diffraction line at approximately 150°C. To deter-
shows a large increase indicating roughening or agglomeration, thenine the role of H in the FG ambient on the dissociation of the
material is also considered thermally unstable. As shown in the peRuG, film, a second anneal was performed in a He ambient, shown
riodic table of Fig. 1, all the single-component elemental materialsin Fig. 3b. The film likewise dissociated in He but the temperature
with nFET WFs are thermally unstable above 700°C. These materistability of the RuQ(110) was substantially higher, up to approxi-
als (columns IVB and VB of the periodic tabléend to react with  mately 870°C. Because the passivation anneal of any gate dielectric
the dielectric, making it necessary to consider binary or ternary conmyst be completed in a jtontaining ambient, the dissociation of
ductlng_ compounds. Such nFET cqmpounds which are stable abovguo2 at ~150°C makes it an unacceptable gate metal choice even
700°C include WN, TaN, and TaSiN. There are several thermally or the “gate last” process. A better choice is,Wthat was found to
stable smgle_ elemental component m_atenals with pFET WFs. Thesgjissociate in an FG ambient at temperatures above 700°C
pFET materials stable above 700°C include Re, Ru, Co, Rh, Ir, Pd,

and Pt. . . o . annealed to 1000°C in FG while being monitored usingithsitu

As a first example of using thia situ XRD technique to deter- techniques. Results are presented in Fig. 4. Figure 4a shosigi
mine thermal stability, a 33 nm Ti film deposited on a 500 nmzSiO ormalized optical scattering.5 and 5um length scalesand nor-
film annealed at 3°C/s to 1000°C in FG and He is shown in Fig. 2. majized sheet resistance as a function of temperature. The optical
260 diffraction angle and X-ray intensity is plotted as a function of gcattering indicates no substantial roughening because only the
temperature with intensity indicated by a gray scale and contouryackground noise is evident. Typical roughening observed for ther-
lines. Figure 2a shows the anneal completed in an FG ambient wergy5| degradation of other films shows increases of 1000 times. The
the @ decrease in the T002) peak as a function of temperature registance curve deviates from linearity at about 300°C. The
deviates from linearity at about 400°C. This deviation could be gecreasefflattening of the curve indicates that the film may be un-
caused by the reaction of the Ti with the underlying Si@he reac- dergoing grain growth.
tion with the N, in the FG, or the diffusion of oxygen from the The in situ XRD contour plot, shown in Fig. 4b, indicates the
surface of the Ti film to the interior. To eliminate the possible effect expected linear decrease with for the Pt111) peak with an in-
of N, the film was annealed again using the same thermal treatmerdrease in intensity as temperature increases. This increase in inten-
in an inert He ambient, shown in Fig. 2b. The deviation from lin- sity is also an indication that the film may be undergoing grain
earity at~400°C was still present. Electrical and X-ray reflectivity growth. From the three techniques there is no indication that the film
measurements have substantiated that the Ti does react wijtaSiO is unstable up to 1000°C, making Pt a viable metal gate material
400°C, as indicated here liy situ XRD analysis. In summary, Tiis even in a conventional CMOS integration scheme.

As a last example, a 29 nm Pt film was deposited on,&id
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Figure 4. (a) In situ resistance and optical scattering plot showing normal-
ized sheet resistance and optical scattered intensity as a function of tempera-
ture (°C) for a 30 nm sputtered Pt film on SjOThe film was annealed at a

heating ramp rate of 3°C/s up to 1000°C in an FG ambi@tXRD contour

Figure 3. In situ XRD contour plots showing diffraction angl@6) as a
function of temperaturé°C) for a 30 nm sputtered RuOfilm on SiO,
annealed at a heating ramp rate of 3°C/s up to 10009@)iRG ambient and

(b) He ambient. X-ray intensity is indicated by a gray scale with white as the
highest intensity and black the lowest.

plot showing diffraction angl€26) as a function of temperatur€C) run
simultaneously. XRD intensity is indicated by a gray scale with white as the
highest intensity and black the lowest.

Those materials that are thermodynamically and experimentally
(Fig. 5 unstable on AlO; are Ti, Zr, and Hf.
The melting points of the various gate metal materials studied are
The thermal stability of 18 gate metal materials in contact with shown in Fig. 7. For a conventional CMOS process these materials

an AlLO; dielectric was also investigated. Figure 5 summarizes the
thermal stability of the materials using a periodic table representa-
tion. Each highlighted material has a superscript indicating the type
of WF: “n” nFET < 4.6 eV, “m” midgap 4.6-4.8 eV, and “p”
pFET > 4.8 eV. The thermal stability of each material is again in-
dicated by the crosshatched pattern. The materials are separated int
two groups, those materials stable at temperatures less than 700°C
indicated by the vertical stripes and those materials stable above

Stability on Al,O;in FG

[ < 700°C
Ee——d=>700°Cc

Work Function

700°C indicated by the horizontal stripes. The same criteria as used "_nFET, "-mid gap, P_ pFET 13 14

to determine thermal stability on SjQvere used here. As shown in HIA IVA

the periodic table, all of the single-component elemental materials

with nFET WFs are not thermally stable above 700°C. As on,SiO

these materials tend to react with,8, making it necessary to B|C

consider binary or ternary conducting compounds. There are several 3 4 & 6 7 8 9 10 11 12 g

thermally stable single elemental component materials with pFET |||IB IVE VB VIB VIIB VI B 1B HI Si

WFs. These pFET materials stable above 700°C include Re, Ru, Co, —— 1

Rh, Ir, Ni, Pd, and Pt. sc | [|Iv[]|cr +1m1 Fe [comi] culzn |Ga|Ge
Theoretically the stability of the various gate metal materials can

be determined by considering enthalpies of formation for their ox- llm n@ P—p—p

ides and their melting points. A comparison between the enthalpies|Y |Z1| [Nk Te RujBRH{Pd ] Ag| Cd| In |Sn

of formation for the most stable metal oxidgeer mole of oxygepn TRl em—s e m—

for the gate metal materials evaluated, is shown in Fig. 6. Thg SiO |La [HF Tﬁ W JRe | Os (= Pt | Au|Hg| Tl | Pb

and ALO; dielectric enthalpies of formation are also indicated

within ranges of=10%. This is a first-order comparison because if a
reaction does occur a simple binary oxide compound may not form
but rather a ternary oxide may result. The gate metals that are the
modynamically unstable on Sj}Qhaving enthalpies within the S}O

Figure 5. Periodic table indicating the thermal stability of 18 elemental
Ir_netals on AJO; evaluated usingn situ XRD, resistance, and optical scat-
tering analysis techniques. Superscripts just after the chemical symbols indi-
cate the type of WE—nFET,™—mid gap, and—pFET. The stripe pattern

range indicated, include Ti, Zr, Hf, V, Nb, and Ta. Experimentally indicates whether the thermal stability is less tieertical stripe pattennor

these metal gate materials were shown to interact with 8@. 1).

greater tharthorizontal stripe pattejri700°C.
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600 ployed in this study showed the previously listed metal materials to
s00 l AlLO,Enthalpy +-10% I_ [ be stable on Sipand ALO; dielectrics. These stable materials can
— t SiO, Enthalpy +- 10% L _ now bg |ntegr§teq into capacitor or FET structures fqr elgctrlcal
£ 100 = — — — - - = - HIl 1 evaluation, which is more sensitive to interface interactions involv-
> ing several monolayers of material or the formation of amorphous
S 300 materials.
§ Conclusion
< 200
0 We have evaluated the thermal stability of 24 different elemental
100 |_| metals and binary/ternary conducting compounds on, Sidd
Al,O; gate dielectrics. The motivation for the study was to deter-

o

Mb Mo Mn Ru Rh MNi Pt Si mine Fhe appropriat_e integration sc_heme for each material. This in-
Ta W Re Co Ir Pd Al tegration scheme dictates the maximum processing temperature for
Gate Metal the gate metal material. It was found that many of the elemental
materials, especially those with nFET WFs, undergo reactions with
Figure 6. Enthalpies per mole of oxygen for the most stable oxides for the SiG and ALO; gate dielectrics while others became unstable
seventeen gate metal materials. Range%0%) for the enthalpies of Si9 because of meltingAl) or agglomeratior{Co, Ni, Pd, and Co$).
and ALO; are indicated for comparison. Two binary compounds, YW and Ru@, underwent dissociation in
the hydrogen-containing ambient. Materials stable above 700°C in-
clude Mo, W, Re, Ru, Co, Rh, Ir, Pd, Pt, W, TaN, TaSiN, and

would have to withstand 1000°C, several second anneals on th€0Sk. making them possible choices for integration involving
dielectrics during the S/D dopant activation. At such high processinghigher temperature processing.

temperatures the materials can agglomerate. Agglomeration occurs Acknowledgments
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