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Thermal decomposition behavior of the HfO  ,/SiO,/Si system
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We report on the thermal decomposition of uncapped, ultrathin, fifi@s grown by chemical vapor
deposition on Si©/Si(100) substrates. Medium energy ion scattering, x-ray photoelectron
spectroscopy, scanning electron microscopy and atomic force microscopy were used to examine the
films after they had been annealed in vacuum to 900-1050 °C. Film decomposition is a strong
function of the HfQ overlayer thickness at a given temperature, but the underlying Biggr
thickness does not significantly affect the thermal stability of the Hiigh. Oxygen diffusion in the

system was monitored bYO/*80 isotopic labeling methods. Direct evidence of silicide formation

is observed upon decomposition. @03 American Institute of Physics.
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INTRODUCTION is crucial since it strongly affects device performance
through channel mobility and threshold voltage stability. An

field-effect-transisto(MOSFET) gate dielectric scaling is optimal gate.stack may have 1-2 mqnola)_/ers Ofxﬂ'pe.lt
rapidly approaching due to gate leakage. More specificallyt,he channel_mterface followed .by a h'ng'de (or muiti-
the use of SiQ and SiQN, dielectric layers below 1.2 nm componentfilm of 1—3nm phys!cal thickness.
will result in unacceptable gate leakage currents for many Tr_]e purpose of this artl_cl_e is to develop a_*?e“er uhder-
applications. Continued scaling will soon require-d nm  standing of the thermal stability and decomposition of figh-
equivalent gate oxide thicknes©ne solution being exten- ©Xides on silicon under high-temperature reducing condi-
sively explored is to increase the gate capacitance by repladons. Such conditions might arise in a postgrowth anneal
ing SiQ\N, with higher permittivity dielectrics. For a given when the local @ and H,O partial pressures are low. In this
capacitance densit.e., electrical thicknegsany highk di- contribution, we report on the decomposition mechanism and
electric candidate must exhibit lower leakage than,Si0  Kinetics for HfQ,/SiO,/Si stacks under vacuum annealing
A large number of alternative gate dielectric materialsconditions.
have been examined during the past few years, including The thermal decomposition behavior of $iSi films
metal oxides such as J@s, TiO,, HfO,, ZrO,, Y,03, has been the subject of many studies, and the decomposition
Al,Os, and LgO3, as well as their silicates and aluminates. structure, chemistry, and kinetics are now reasonably well
Many potential highk materials are not stable on silicon un- understood. High-temperature Si@ecomposition from thin
der the processing conditions required, and react at high tenfilms of SiO, on Si was studied by Tromet al.” using ion
perature under equilibrium conditioAsSuch materials may scattering and electron microscopy. It was concluded that the
be isolated from the silicon by using interfacial reaction bar-SiO, initially decomposes at the interface, where a less
rier layers. Barrier layers are often lowlemnaterials, thus stable suboxide (SiQ) is present, followed by the formation
limiting the ultimate gate capacitance. A better approach is tand lateral growth of voids in the oxide. This mechanism
avoid the barrier layer by finding a material and processinghereby exposes regions of atomically clean Si while sur-
methodology that is stable to 1000-1100 °C. Considerableounding oxide areas retain their thicknéss., where voids
attention has been given to HfQ@iue to its relatively high did not form at the interfage The desorbing species is SiO,
resistivity and dielectric constantk{-20). Furthermore, presumably formed at the Si/Sjanterface.
HfO, appears to be thermally stable next to silicon at tem-  The thermal stability of higlk oxides on Si has been
peratures of up to 1000 °€' Recent reports have demon- reported to be similar to the Si@Si casé° Jeonet al.
strated that HfQ is indeed stable next to Si with an inten- stydied the chemical stability of ultrathin Zs@ilms grown
tionally grown ultrathin oxide interfacial layér by chemical vapor deposition as a function of thermal treat-
Unfortunately it has proven extremely difficult to find ment in vacuum and Nambient!! Although the chemical
any highk die!e_ctric ma_lterial that _prov_ides as perfect an iN-structure  was  stable up to 800°C in vacuum, a
terface with silicon as is found with S)O Interface quality ggg°c anneal in an ambient devoid of oxygen results in
silicide formation!! The mechanism proposed was the for-
dElectronic mail: garf@rutchem.rutgers.edu mation of gaseous SiO species at an interfacial, 3a@er at

The limit for conventional metal—oxide—semiconductor
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high temperatures, and reaction of these species with ZrO '97'8 eV H' <111> Hf

forming silicides. Chang and Lin examined the thermal sta- <100>
bility of ZrO,/ZrSi,0, /SiO, thin films grown by rapid ther-
mal chemical vapor depositiaiRT CVD) on silicon by soft
x-ray photoemission spectroscop$XPS. The films were B - -
found to be stable up to 880 °C in vacuum at which point the Hf O,
films decomposed and formed zirconium silicidés® Re- si"o,
duced oxygen and zirconium photoemission intensities were I Si(100)
attributed to the formation and desorption of gaseous ZrO
and SiO species and rationalized by considering the thermo-
dynamics.

Phase identification and epitaxial structure of the sili- - 8o —|x5 .
cides have also been studied by others. Zagtal. showed 4 L
that annealing e-beam evaporated Hf on Si results ySHf
HfSi, and eventually HfSiphases appearing with increased I °
temperature, in agreement with previous work on phase Surface Si—""
determinatiort? The epitaxial relationship was found to be B s
(110)Hf,Si3//Si(100) and[001]Hf,Sis//[110]Si, with a %
lattice mismatch of about 4.4% and 29%, respectively. 75 8|0 : 8I5 ' 9'0 9'5
Changet al. showed that when Hf/Si samples are annealed to
1100 °C, islands of Hf$i0.8 um in average grain size cover Energy (keV)
abPUt 40% of the .Surfaclé'Tlhe crystallographic relation- FIG. 1. MEIS spectra of the 26 A HiJ'SIO, /Si sample(a) as deposited
ships between Hfgiand the Si(100) substrate were repor'[(:—'dand(b) after decomposition at 1000 °C. The inset demonstrates the measure-
to be [010] HfSi,//[001]Si and (002) HfSi//(220)Si with  ment configuration.
about a 1% lattice mismatch.

Yield

tion (the surface normaknd the scattered beam is measured
in the (111) direction.

We have used medium-energy ion scatte(ibig|S), ™ a Si(100) p-type (0=1-5 cm) substrates were used in
high-resolution, lower energy~100 keV) version of Ruth- all studies. Hydrogen-terminated Si(100) substrates were
erford backscattering spectroscofiyBS), to obtain compo- prepared by wet chemical methods using the following pro-
sitional depth profiles of ultrathin gate dielectrics. The use oftedure:(i) the wafers were rinsed in high purity water and
a high resolving power electrostatic ion energy analyzedipped in a solution of HCI: KO, :H,0 (2:1:1) at 70 °C for
gives a depth resolution much better than that of RBBie 10 min, (ii) the wafers were then rinsed in water and dipped
areal densities of the different elements were extracted fronm a dilute solution of HF:HO (1:20) for 10 s and then
the MEIS spectra, and the depth profiles of the elementsinsed in pure water. After repeating the above cycle twice,
were obtained from simulations of the ion energy distribu-the sample was immediately introduced into a quartz fur-
tions using the known film density and energy loss. In casesace. First, the clean sample was preoxidized at 550 °C under
where the density of films is not known, reasonable approxian 80, pressure of 0.1 Torr for 12 h and then further oxi-
mations were usetl.Quantitative depth profiles for different dized at high temperature for various times to form different
species are extracted with resolution as high as 3 A at th8iO, thicknesses. The samples discussed here were annealed
surface. Due to the statistical nature of the ion—solid interacat 750, 850, and
tion, the depth resolution deteriorates for deeper lagers 900 °C under art®0, pressure of X102, 0.1, and 1 Torr
straggling. Although for HfQ, films the calculated absolute for 30 min, 30 min, and 6 h. After these treatments, the
depth resolution is~8 A at a depth of 30A, relative thicknesses of the SPO, layers were 10, 17, and 33 A, as
changes in film(or interface layer thickness at 30 A are determined by MEIS. HFO, layers with thicknesses ranging
known to better than 2 A. The beam size in our MEIS setugdrom 26 to 56 A were then deposited by CVD, as described
is of the order of~0.1mn?, therefore the data represent elsewheré® These samples were introduced into the MEIS
averages over this sampling area. It should be noted that thidtrahigh vacuum chamber, degassed at 550 °C for 12 h, then
fact makes it difficult to distinguish between near-interfaceresistively heated to 920-1000°C. The temperature was
compositional gradients and interface or surface roughnessnonitored using an IR pyrometéemissivity of~0.7). The

Our MEIS measurements are performed using a channebperating pressure rises to at most B0~ Torr during the
ing and blocking configuration. In this geometry, the incidenthigh temperature annealing. Decomposition of the overlayers
and scattered ion beams are aligned along a crystallographizas monitoredn situ using the intensity of the Hf signal in
axis of the substrate. This reduces the background scatteririge MEIS spectrum. Well-established methods were used to
from the substrate significantly and therefore increases thminimize the proton beam dose to avoid beam damage.
sensitivity to the overlayer material. The inset in Fig. 1 dem-  The surface roughness of the CVD-grown films was de-
onstrates the configuration used in these measurements. Ttegmined independently by atomic force microscopy and sec-
incident 97.8keV H ion is aligned along th€100) direc- ondary electron microscopy. X-ray photoelectron measure-

EXPERIMENTAL PROCEDURE
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TABLE |. Total amount of hafnium in the as-deposited and annealed 360
samples measured in both channeling and 7° off-channel configurations. The
absolute errors are 2%—-3%. ) 320 -
8 280}
Sample Detected Hf atoms<(10'° atoms/cm) -~ 1
— — D 240+
(001) direction Random direction £ L
As deposited 8.0 7.8 — 200+
Annealed at 1000 °C 6.6 8.1 S 160 [
@ 1201
g sof
ments were performed in a Kratos XSAM 800 spectrometer E A
using MgK a excitation (i =1253.6eV). The binding en- @ 4or
ergies(BE9) reported are referenced to the Afy4 photo- 0O : L ~ -
0 10 20 30 40 50 60

electron line (BE=84.0eV). The carbon contamination in
the films was mostly located at the surface; bulk carbon lev- HfO, Thickness(A)
els were below the limit of MEIS sensitivity for carbon.

1000 °C.1 OV 10y on 8 A thermal SF0, 51, @ VD Oy on 1A
RESULTS AND DISCUSSION thoec:(r)na(l:s%sgz/sn acr)lélg! Agl_C\;Dergz on é A éiQ/Si. ’

Figure Xa) shows a backscattered proton energy spec-
trum of the as-deposited Hf{Ofilm on a 26A thermal
Sit®0, /Si film. The total amounts of Hf%0, and®0 in the
film were determined to be 7410, 1.5x10'®, and 3.4 regular array, some subsurface atoms will not be detected.
x 10*%atoms/cm, respectively. The position of the Si peak The amount observed after annealing in this “random” ge-
indicates that no Si is located at the outer surfasbich  ometry is the same as in the as-deposited ¢agthin 2%),
might have resulted from nonuniform growth, outdiffusion, hence it may safely be stated that there is no measurable loss
eto. When using the known relative backscattering crosof hafnium upon decomposition. This result indicates that
sections, the simulation yields a slightly O-rich HfQ. 95  HfSi, crystallites are likely formed and preferentially ori-
film with a thickness of about 26 A. ented in the/001) direction.

In several sets of experiments, we determined the time In order to study the effect of HfQfilm thickness on the
necessary to decompose the film at fixed temperature. Detedlecomposition time, a series of samples with different thick-
mination of the decomposition time was accomplishednesses were prepared. Figure 2 indicates that the decompo-
through the following MEIS-based method. We monitor thesition time is strongly dependent on the Bffdm thickness.

Hf ion scattering yield at depth larger than that correspondThere appears to be an approximately linear relationship be-
ing to the thickness of the HfOfilm. An increase in the tween the HfQ overlayer thickness and decomposition time
signal strength at an energy just below that where it is obever the small range of conditions studied. The plot implies
served for the as-deposited film occurs only at very highthat films less than-26 A will decompose quickly at 1000
temperature when Hf diffuses into the substrate. In othefC in vacuum. In the same plot, the data for ALD-grown
words, decomposition of HfPwas monitored via an in- HfO, films are also includedopen squargs There is very
crease in the ion scattering intensity in the vicinity of the lowgood agreement with the CVD data. This suggests that the
energy edge of the Hf MEIS signgé.g., the shaded area in decomposition process is a material property of the +@d

Fig. 1(b)]. For the purposes of this article, we say the film does not depend on the nature of these growth processes.
has decomposed when we observe a 10% increase in the The temperature dependence of the decomposition time
low-energy edge of Hf signal relative to that of the Hf peakfor a given film thickness was also investigated, and reveals
signal. simple Arrhenius behavior with an effective activation en-

Annealing the as-deposited filnig.g., those shown in ergy of 437 kJ/mold4.5 eV), as shown in Fig. 3. This acti-
Fig. 1(a)] to 1000 °C in vacuum results in clear changes invation energy(for the initial decomposition of Hf@® thin
the spectrum as a function of time; see Fifb)1Eventually  films on thermal oxidesis somewhat higher than that deter-
the oxygen signal disappears. The position of the silicormined by Smith and Ghidini for the growth and decomposi-
peak indicates that Si is now present on the surface, and th#n of ultrathin SiQ under reduced pressure via SiO desorp-
hafnium diffuses deeper into the substrate1@0 A). tion (3.83 eV}.1° On the other hand, the activation energy for

The total amounts of hafnium present in a 29 A HfO void growth in pure SiQ/Si decomposition was found to be
as-deposited sample before and after decomposition a@bout~2 eV by Liehret al?® The fact that the value ob-
given in Table I. When monitored in standard channeling andained here is appreciably higher than the reported values for
blocking alignment, it seems as thoughl8% of the total SiO desorption and void growth suggests that SiO diffusion/
hafnium is lost during this initial annealing process. Thedesorption through the gate stack may be the rate-
MEIS Hf signal increases, however, when we align the inci-determining step in initiating the decomposition process for
dent and exit angles to &7° off-channel direction. In the this HfO,/SiO,/Si gate stack, and is consistent with the ob-
latter geometry, the ion beam samples all atoms in the filmservation of a thickness dependence for Kftut not for
while in channeling geometry, if the atoms are arranged in &i0,.
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T (°C TABLE II. Total amounts of Hf,®0 , and®0 in a 26 A HfQ,/SiO, /Si
1020 1000 980 960 940 920 system before and after a 10 s anneal at 1000 °C

1x10*
X Sample Hf Si 80 )

3 Substrate 6.5 3.4 0.8

26 A HfO, as is 7.1 6.6 34 15.4
18.8

Annealed at 1000 °C, 10 s 7.3 6.0 2.5 14.2
16.7

1x10°L

1/t (1/sec)

1x10°} \p@ﬂ\
ide. The inset shows the difference spectrum, which exhibits
L . . . a positive and a negative feature. The integrated area under
0.78 0.80 0.82 0.84 the negative feature is more than that of the positive feature,
1000/T (1/K) however, which indicates loss of oxygen from the gate stack.
Although deconvolution of the oxygen region is nontrivial
FIG. 3. Arrhenius plot of the temperature dependence of the decompositiodue to the overlap if®0 and*®0 peaks, the total oxygen
time for a~26 A HfO,/Si*?0, /Si film. amount decreasesior to decomposition of the Hffilm. It
is also worth noting the shrinkage of the total visible silicon

. . ... MEIS peak width.
The thickness of the bottom oxide was also varied in

: . : There are many hypotheses that can(aed in some
order to observe the effects of this layer on film decomposit. qes have bepproposed to explain the initial decomposi-

tion. A plot of SiG; thickness versus decomposition time iS 4o \we summarize several of these in Fig. 7. Key in all is to
given in Fig. 4. Somewhat surprisingly, the dependence oo emper that Hf and Zr have a higher oxygen affinity than
the SiQ layer thickness appears quite insignificant W|th|nsi’ thus SiQ should in principle disappear before Hf@r
the range of 16 33A used in thls'stuc.iy. . ZrO,. In one model, SiO forms at the internal interface at
In an attempt to assess th.e' diffusion that occurs prior t‘?ﬂgh temperature, where it builds up press(aed forms an
and during thermal decomposition of the Bf@ims, one of Jinternal bubblg[Fig. 7(2)]. When it exceeds a certain critical
the isotopically prepared samples was annealed at 1000 °(ieqqure locally or finds appropriate defects, it would evolve
for 10 s (Table I. The c_hange_s in film composition WEr€ from the surface and form pinholgig. 7(d)]. Subsequently,
mea;ured bY MEIS_‘ The |sotop|cally Iabeled.oxygé%)o n both HfO, and SiQ would react with Si and liberate more
the interfacial oxide layer provides evidence of thegin The yoids(devoid of metal and silicon oxideshould
migration/diffusion of these species upon heating. The ME'%xpand across the surfafigig. 7(e)], leaving metal silicide
spectra of the sample before and after anneal are shown {f§ .\vsallize in the most Si rich phase availatdince it is in
Fig. 5. In Fig. 6, the composition profile obtained after agyceqx Another model has O atoms outdiffusing through the
simulation of the backscattered ion energy distribution s\ and desorbing at the surface, following surface recom-
given. The spectra obtained before and after annealing reveg| ~«on to form moleculege.g., SiO or Q). We and others
that the high-energy edge 8O shifts toward higher back- a6 ghserved Si0 desorption, although it is not clear if there
scattered ion energies, indicating that this species from thpS some Q or H,0 desorption during the initial stag@$Fig.

bottom oxide diffuses toward the surface, producing a muclty(c)]’ or if Si can itself outdiffuse and react with O at the
more uniform*®0 distribution throughout the film. Mean-

while, the low-energy edge dfO tails toward lower ener-

gies indicating that this species diffuses into the bottom ox- ' ' ' ' " ' ' ' T
I ' : Hf |

280} ' ]
240 ] |
200 ]

Yield

160 - i L
'

120} § * _
| 76 s'o 5'4 88 L\
o e i A | X

’ ' : ' 80 85 920 95

10 20 30 - -
SiO, Thickness (A) nergy (keV)

[o.]

o
—
1

N
o
T

{

Decomposition Time (sec)

o

FIG. 5. MEIS spectra of 26 A Hf@9 A Si*®0,/Si. Inset: Closeup of the
FIG. 4. Plot of the Si@interfacial thickness vs the decomposition time. The 76—88 keV region. * As-deposited sample @&dame sample annealed at
HfO, overlayer films thickness is 37 A. 1000 °C for 10 s.
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spread across the entire surface and leave metal silicide is-
lands. If the desorbing O is supplied by the buried SiO
layer, then that layer may become thin prior to Hflecom-
position. Some of our results imply this does happen, how-
ever it may be occurring in parallel with O being supplied
from (the slightly oxygen-rich HfO, layer. On the other
hand, eventually the HfPitself must react with Si and form
hafnium silicide, with O desorbing into the gas again as SiO.
Our results indicate that the oxygen partial pressure is
critical in defining when the film decompos&®Rapid ther-
mal anneal(RTA) studies of Zr@/Si done in N, on the
other hand, did not show evidence of decomposition of the
films.X* Two possible explanations were put forward for the
observed result, one being the reaction of the interfacial layer
(SiO, formed during depositionwith the substrate forming

FIG. 6. Compositional profile obtained after simulation of the backscatteredSiO(g), and the other was the presence of a small amount of
ion energy distribution for 26 A HfQ9 A Si'®0,/Si (a) as deposited and 0, in the N, gas, which suppresses the reducing effect of the

(b) after 10 s annealing at 1000 °C.

N, atmosphere.
Related to this is the behavior of a highstack with a

surface and form SiQFig. 7(b)]. The latter case is more poly-Si cap. In this case, the silicon cap also provides a re-
probable with Y, La, Gd, or other metal oxides that readilyducing environment during the anne&3 cannot enter the
form silicates® In all cases, we believe that voids eventually system because Si provides an effective diffusion barrier,
form, analogous to in the Si@Si system. These voids then presumably even in oxidizing annegland silicide forma-

———
HfO,
e —
0 >——
Si
(a)
SiO
O0 Si0 FIG. 7. Four possible decomposition
X S
initiation schemesga) — (d) and even-
HfO, O/ HfO HfO. tual fate of annealed HfQ'SiO,/Si
2 2 structures:(a) internal SiO pressure
R Y " - buildup, (b) Si and O outdiffusion/
Si0, d o Si0, Si0, surface recombination/SiO desorption,
(c) O outdiffusion/ Q formation/
Si Si desorption/Si recrystallizatiorid) pin-
hole formation, ande) void growth/
®) ) silicide crystallization.
O,
«[ i
Hf02 o/ \ Hf02 Hf02
SiO o O - ,
2 \‘ SIOZ Hfsi2 SIOZ
(c) )

Downloaded 04 Oct 2003 to 128.6.54.49. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



J. Appl. Phys., Vol. 94, No. 2, 15 July 2003 Sayan et al. 933

tion is sometimes observed. What is less obvious is where HfO, f Si
the O goes during the anneal, as, in principle, it cannot es- Hs4f
cape as Si(@). In one argument, the oxide becomes slightly I
reduced during poly-Si deposition, which then reacts with L
overlayer silicon, leaving a metal silicide and a stoichio-
metric metal oxide. Other arguments are that entropy drives
some metal into the silicon and/or that the system is not in
equilibrium.

Although we cannot yet argue definitively which is the
dominant initial step, we clearly see that SiO is desorbed,
and that the oxide overlayer decomposes by forming evet
larger voids on the surface and leaves silicide islands. Al-
though we did not determine the stoichiometry of the
hafnium silicide formed in this study, in light of the studies
of Changet al'* and of Zaimaet al.,** at this high tempera-

Counts

ture, Si-rich silicides such as HiSare likely to have formed ' 20 15 10 5

due to the essentially unlimited supply of silicon from the Binding Energy (eV)
substratdfacilitating formation of the most silicon-rich sili-

cide). The preferential formation of crystallites on Si(lOO) FIG. 8. XPS spectra of Hff4rom three different temperature zones across

. . . a partially decomposed sampl@.) Low-temperature zongT) transition
'~ 10
(lattlce mismatch of~1 /0), which we showed above by zone, andH) high-temperature zone.

off-channeling MEIS measurements, further supports the hy-
pothesis of HfSi crystallites after decomposition.

Another important aspect of the extent of hafnium diffu- CONCLUSIONS
sion into the substrate that forms hafnium silicide is that the . . . .
hafnium diffuses as much as 160 A into the substrate after Thg decomp_osmon pehawor of a .HJGS'.OZ/S' gate
decomposition. Any surface analysis with only shall@ev- ;tack in a reducing environment was investigated. We be-
eral nm depth information will show this as a loss of metal. lieve that vacuum anneals can serve as a useful model for

We believe, in light of our MEIS results and our understand_anneallng studies of gate stacks. The decomposition time is

ing of the phase behavior, that Zr and Hf do not desorb. strongly dependent on the HGilm thickness, but appears

. nearly independent of the SjChottom layer thicknesses
In an attempt to observe morphological changes on the y P S Y

f f the Hio fil d . tiqati used in this study. The decomposition process is a material
;Zr}fﬁo 75. /eS_ Q II ms un fr t_lnve”s g |o_nt,_ ? property of the metal oxide and does not depend on the na-
2/Si0,/SI sample was intentionally resistively ture of the growth process. The temperature dependence of

heated unevenly in order to produce a temperature gradier[}ge decomposition time shows simple Arrhenius behavior
across the wafer. This resulted in a temperature gradient %ith an effective activation energy of 4.5 eV.

about 40°C(930-970°G across the sample. The low ?nd Several models were discussed to explain the decompo-

high temperature parts of the sample are referred to as “zong;jon. Regardless of the initial step, voids open up and

L"and “zone H,” respectively, below. spread rapidly across the surface at a well-defined tempera-
After in situ MEIS measurement, the sample was anayyre. Complete decomposition results in silicide formation

lyzed byex situXPS. XPS studies help determine the change;ng the disappearance of oxygen.

in chemical state of this film after decomposition. The XPS Our resu'ts support a picture Where the f||m reaction pro_

system has a sampling area4xX4 mm. The spectra ob- cesses occur in the following sequence as a function of the
tained from various regions across the sample are shown in

Fig. 8. The spectrum for the as-deposited sample is shown
for comparison. The Hff4spin—orbit doublet has splitting of "
~1.55eV and the binding energy of Hf4, of HfO, was !| R
found to be located at 17.7 eV. Spectra obtained from the H
zone have an additional spin—orbit doublet located at 14.9
eV which is consistent with a silicide species.

On the same sample, scanning electron microscopy
(SEM) was performed to observe surface featufgg. 9) of
this sample. The low and high temperature zones are indi-
cated. At some transition region “zone T”, voids of various
size are observe@0-50 um). It is worth noting that the
density of voids is higher towards the low temperature zone | / e
whereas the void size increases towards the high temperature B A

zon ing th I n f smaller voids for
one, suggesting the coalescence of smalle oids fo =1G. 9. SEM micrograph showing the higf) and low- (L) temperature

|'_5‘rger ones. Th_is micrograph als_o shows that the decomposél'des of the sample along with the transitidr) region. Scale mark of the
tion occurs rapidly at a well-defined temperature. inset corresponds to 50m (X 13 of large area micrograph
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anneal temperatur@nd timg: oxygen exchange between the °E. P. Gusewt al, Ultrathin HighK Gate Stacks for Advanced CMOS
HfO, and the SiQ, HfO, crystallization, SiO desorption, Hf 7Devicesy Washington, DC, IEDM 2001, pp. 20.1.1 - 20.1.4.
indiffusion, and silicide formation where the Hf{Strystal- Ehzo’;‘g\'lci'e‘t’:’és;bg'g; 128%"""‘* F. K. LeGoues, and E. J. van Loenen,
lites are preferentially oriented in tR@01) direction. ye, T ; '

. 8M. Copel, personal communicatiq@002.
The overall process can be written as ®J.-P. Maria, D. Wicaksana, A. I. Kingon, B. Busch, W. H. Schulte, E.

. . . . . Garfunkel, and T. Gustafsson, Appl. Phys. L&), 3476(2002).

HfO,+ SiO, + Si— HfSi, + 2SiO(g) + Si. 105, stemmer, C. Zhigiang, R. Keding, J.-P. Maria, D. Wicaksana, and A.

Kingon, J. Appl. Phys92, 82 (2002.
ACKNOWLEDGMENTS 17T, S, Jeon, J. M. White, and D. L. Kwong, Appl. Phys. Létg, 368
) (2001).

The authors would like to acknowledge the support of'23. p. Chang and Y.-S. Lin, Appl. Phys. Let9, 3824(2001).
the Semiconductor Research Corporation. They also notgS. Zaima, N. Wakai, T. Yamauchi, and Y. Yasuda, J. Appl. Pligs6703
helpful suggestions from S. Stemmer, J. P. Maria, E. Guse\{ngg?-Chang C. W, Nieh, and L. 3. Chen, J. Appl. Pifis.2393(1987
M. C_opel, P. Mcintyre, and D. Starodub during various partsis; ¢ '\,. der Veen, Surf. Sci. Ref, 199 (1985.
of this work. 18R, M. Tromp, M. Copel, M. C. Reuter, M. H. v. Hoegen, J. Speidell, and

R. Koudijs, Rev. Sci. Instrun62, 2679(1991).

1ITRS, 2002 ed.(Semiconductor Industry Association, San Jose, CA, YE. P. Gusev, H. C. Lu, T. Gustafsson, and E. Garfunkel, Phys. R&2, B

2000, http://public.itrs.net/ 1759(1995.
2K. J. Hubbard and D. G. Schlom, J. Mater. R&%. 2757 (1996. 183, Sayan, S. Aravamudhan, B. W. Busch, W. H. Schulte, F. Cosandey, G.
3|, Barin and O. Knacke, Thermodynamic Properties of Elements and Ox- D. Wilk, T. Gustafsson, and E. Garfunkel, J. Vac. Sci. Technd20A507

ides (Springer, Berlin, 1978 (2002.

43, J. Lee, H. F. Luan, W. P. Bai, C. H. Lee, T. S. Jeon, Y. Senzaki, D.*°F. W. Smith and G. Ghidini, J. Electrochem. Sa@9, 1300(1982.
Roberts, and D. L. Kwong, High Quality Ultrathin CVDf®2 Gate Stack  “°M. Liehr, J. E. Lewis, and G. W. Rubloff, J. Vac. Sci. Technol5AL559
with Poly-Si Gate Electrode, San Francisco, CA, 2000, pp. 2.4.1 — 2.4.4. (1987.

5C. Hobbset al, 80 nm Poly-Si Gate CMOS with 182 Gate Dielectric,  2!C. M. Perkins, B. B. Triplett, P. C. Mcintyre, K. C. Saraswat, and E.
Washington, DC, IEDM 2001, pp. 30.1.1 — 30.1.4. Shero, Appl. Phys. Let81, 1417(2002.

Downloaded 04 Oct 2003 to 128.6.54.49. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



