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Composition, atomic transport, and chemical stability of ZrAl xOy ultrathin
films deposited on Si  (001)
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Instituto de Fsica, Universidade Federal do Rio Grande do Sul (UFRGS), Ave. BentgaBese 9500,
Porto Alegre, RS, Brazil 91501-970

(Received 12 April 2001; accepted for publication 23 July 2001

The stability of a ZrAJO, film sputtered on Si upon thermal annealing in vacuum or jn@s
investigated. X-ray diffraction indicated that the as-deposited film was amorphous and remained so
after annealing. Rutherford backscattering, narrow nuclear resonance profiling, and low-energy ion
scattering provided the average composition of the film and the depth distributions of different
elements. Chemical analysis of these elements was accessed by x-ray photoelectron spectroscopy.
Annealing in vacuum produced thickness inhomogeneities and/or transport of very small amounts of
Si from the substrate into the overlying film, with formation of Si precipitates. Annealing; ileeD

to oxygen exchange throughout the film, as well as Si transport in slightly higher amounts than in
vacuum. Differently from the observed upon annealing in vacuum, Si was either incorporated into
the Zr,Al-O framework or oxidized in SiQ © 2001 American Institute of Physics.

[DOI: 10.1063/1.1405808

Replacing silicon dioxide as the gate dielectric materialdescription of their evolution upon thermal treatment. This is
in standard Si-based complementary metal—oxide-addressed here through ion-beam analysis and photoelectron
semiconductofMOS) technology constitutes an area of very spectroscopy.
lively research. To reduce the concerns associated with leak-  In this work, a ZrALO, film was deposited by reactive
age current at the gate in future high-performance commegputtering from a ZjAl,, target in an oxygen-containing
cial products, a material with a higher dielectric constantPlasma onto a $01) substrate etched in a buffered HF so-
than that of SiQ (high-« materia) is required. Further re- lution. Independemex situellips_ometry measurements indi-
quirements of gate dielectric materials afi¢:a sharp inter- cated a thickness of approximately 8.3 nm for the as-
face with the Si substrate, favoring a low density of interfacedepo_Slt6d film. OPOStdEPOS't'Or_' anqeallngs were performed
states;(ii) a large band gagcomparable to that of Si 9 (ei 1?2‘ F?;) %?(?n%]clo(;Pl:om?' (théﬁric r|]r:a dhtlgh%vg;u[ij:q
eV); (iii) a large energy barrier from the conduction band tothe 150 isotope {#0,). The use gf Qenriched in the.st;ble
the gate electrodéotherwise the leakage current will be un- Z:

tablv hiah despite the higher dielectri aand isotope of low natural abundance allows distinguishing oxy-
gccep a Y nig _esp| € the higher die ec_ IjIC const gen eventually incorporated during annealing from that origi-
(iv) physicochemical and structural stability at both gate

; } i } ] o nally present in the film. X-ray diffraction using (€« ra-
electrode/highk dielectric and highe dielectric/Si—substrate  yiation indicated that the as-deposited film was amorphous.
interfaces in further processing steps. For instance, mMosthe thermal treatments produced no detectable crystalliza-
high-« oxides follow anEy 1/« law,? according to which a  tion, as seen for ZrQ(Ref. 9 and ALO,. We cannot rule out
higher dielectric constant is systematically accompanied by ghe existence of nanocrystallites, since the present x-ray dif-
smaller band gap. AD; (k=11,E,=8.9eV) and ZrQ (x  fraction method is not sensitive to nanocrystals of about 10
=20, Eg=6 eV) constitute exceptions to this rule as their interatomic distances and less.

dielectric constants are higher than that of S#d they still Rutherford backscattering spectroscogiRBS) and
have large band gaps. Electrical characteristics, interfaceuclear reaction analysidNRA) indicated the stoichiometry
abruptness, and thermal stability of 8 (Refs. 3 and # Zr/AlOg for the as-deposited film. After annealing in
and ZrG films>~7 on c-Si have been addressed before, re-vacuum, the amounts of Zr and O remained constant within
vealing very promising features. The synergistic use of théXPerimental uncertainty*(5%). Asmall amount of Al was

properties of AJO; and ZrG, films to engineer a candidate !0St €ither by out-diffusion through the surface or in-
material for replacing Sihas recently been proposkdl- diffusion into the Si substrate. After annealing'fi®.: (i) the

; ; (v 16,
trathin ZrAlL O, films directly deposited on Si presented very amounts of er and Al remained esse_ntlally gonstan):, O
was substantially exchanged 810, with net incorporation
low leakage currents as compared to s$filns of the same

. : ) . . of oxygen into the film. RBS was also used to determine Zr
equivalent oxide thickness, and other electrical characteris- Y9

i | ¢ bl ins. h th q profiles, showing rather uniform depth distributions and
ICS were also very favora remains, Nowever, the nee sharp interfaces with the Si substrdteithin depth resolu-

for a detailed, atomic-scale understanding of the physicoﬁon)
chemical characteristics of such gate structures as well as a Oxygen profiles were determined by means of nuclear

resonance profiingNRP) using the narrow and isolated
aEectronic mail: jonder@if.ufrgs.br resonance of the nuclear reactiio(p,«)**N around 151

0003-6951/2001/79(13)/1998/3/$18.00 1998 © 2001 American Institute of Physics
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FIG. 1. (@ Normalized excitation curves of the nuclear reaction FIG. 2. Excitation curves of the nuclear reacti&i(p,y)*°P around the
180(p,a) 15N around the resonance at 151 keV before and after thermal€Sonance at 414 keV before and after thermal annealings. Symbols are the

annealings. The line represents the as-deposited sample; circles and triangR&Ne as in Fig. 1. Also shown is an excitation curve from a bare Si wafer,
correspond to the samples annealed in vacuum af®Dip respectively. which establishes the energy position corresponding to Si at the sample
surface(dotted ling.

keV°A 60° sample.tilt was used in the present case, leadingnown for the as-deposited afiD,-annealed samples. The
to a depth resolution of approximately 0.7 nm near thesigna| from Si is absent in the former, whereas it is clearly
sample surface. Figure 1 shows normalized exc'tat'orbresent in the latter.

curves, recalling that according to NRA results ti@ con- Chemical analysis of the films was accessed by x-ray
centrations in the as-deposited and vacuum-annealelghotodectron spectroscopy. The Zi,30 1s, Al 2p, and Si
samples are 0.2% of the total O concentrations, whereas i core levels were monitored with an overall resolution of
the *80,-annealed samplé®O represents 67% of the total g g eV for 10 eV pass energy and using Mg x-rays. The
oxygen content. The eﬁcitation curves can be simulated uggreat similarity between the Zrd3photoelectron spectra of
ing the ProgramsPACES by assuming a certain depth dis- the as-deposited sample in the present work and of ZrSiO
tribution of %0. The™ O profile for the as-deposited sample (Ref, 1§ indicates that the as-deposited film is a double ox-
revealed an abrupt interface with the substrate within deptfye, namely, zirconium aluminum oxid@r Zr,Al-0), with
resolution. Simulations also indicated that annealing ingn approximate composition 1O, according to ion-beam
vacuum did not significantly change the depth distribution ofanalysis. Annealing in vacuum or in,@id not cause major
oxygen. °0 incorporated during annealing itfO, was  changes in the Zr @ core level. O & photoelectron spectra
evenly distributed within the whole film, evidencing a deepergre shown in Fig. 4. The spectrum from the as-deposited
and more diffuse interface with the substrate. According tsample has three components corresponding to O—Zr, O—Al,
Ref. 10, one can attribute tH€O profile here observed to a and O-Si bonding, centered at 531.0, 532.1, and 533.3 eV,
mechanism whereby oxygen molecules from the gas phas@spectively. Vacuum- and £annealed samples display the
diffuse through the oxide, either interstitially or by a simple same components, but in different proportions. Annealing in
diffusion mechanism, reacting with the 2109 network and  yacuum produced an increase in the intensity of O—Zr with

replacing'®0 atoms, which are released and can diffuse torespect to O—Al and O-Si, whereas annealing inled to
ward the surface passing to the gas phase. The even distri-

bution of 180 in the oxide indicates that diffusion-reaction

rates are very high, leading to an equilibrium situation even L Zr a2
for rather short annealing times 1fO,. . N
Silicon profiles were determined by NRP using the nar- bk
row and isolated resonance of the nuclear reaction 7 ol
293i(p, ¥)%% at 414 keV(Ref. 10 and a 60° sample tilt. = . A all.
Excitation curves are shown in Fig. 2, including an excitation s ,;‘j; Si Ak
curve from a bare Si wafer used to establish the proton en- - 25 a) atl
ergy showing Si at an outermost surface. Profiles obtained 2 a4 / X
from simulations withsPAcEsrevealed{i) the absence of Si g a A
in the as-deposited film, consistently with an abrupt high- - A
«/Si interface;(ii) transport of a rather small amount of Si L\

from the substrate into the highfilm up to a region close to
the surface upon annealing in vacuum; 4iiid transport of a
larger amount of Si into the higk-film up to the surface
upon annealing in?0,. Transport of Si from the substrate
across other deposited films during postdeposition annealing
in oxygen has been reportéd?15This was confirmed here Energy (eV)

by a surface-selective, far more sensitive analysis using '0BiG. 3. 1on scattering spectroscofi$S) measurements for the as-deposited

. 17 . .
scattering spec_troscor_ﬂS_S), P shown in F'Q_- 3. T_he ISS  (hattom and'®0,-annealedtep) samples. The arrows indicate the position
spectra of Hé ions with incidence energy of 1.0 keV are of the different atom species in the spectra.
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played by the Si p photoelectron spectra is consistent with
O1s that provided by O &: (i) annealing in vacuum reduces the
0-zr proportion of Si—O bonding, while Si—Si bonding appears,
indicating the formation of Si precipitates, afio after an-
nealing in Q the Si 2 photoelectron spectra can be fitted
almost completely by the component corresponding t0,SiO
Vacuum In conclusion, when annealed in vacuum at the rather
annealing moderate temperature of 600 °C,,&IOq4 thin films depos-
ited onc-Si display atomic transport of very small amounts
of Si from the substrate into the oxide film, with formation of
Si—Al-Zr-0 alloys or Si precipitates. This may have delete-
rious consequences once a metal electrode is deposited on
the film to form a MOS capacitor, as metal silicides and
silicates form at the electrode/dielectric interface. Annealing
in O, at the same temperature leads to oxygen exchange
throughout the films, as well as Si transport from the sub-
strate into the oxide. The moderate oxidation of the Si sub-
strate here observed favors application of this material as a
FIG. 4. O Is photoelectron spectra for the as-deposited, vacuum-, angate dielectric. Differently from the observed upon annealing
O,-annealed samples. The components used in the fittings and the totdl vacuum, the Si atoms that migrate to the near surface of
fitting curve are also presented. the film are either incorporated into the Zr,Al-O framework
or oxidized to SiQ.
the opposite. Figure 5 shows Sp Zhotoelectron spectra. i )
From the as-deposited sample one notices the presence of ' N€ authors are grateful for financial support from CNPq
Si—O bonding, centered at 102.8 eV binding enefmyrre- and FAPERGSBrazil) ar_1d would like to thank R. Van Do-
sponding to Si@), and another component at 99.7 eV. This Vel for sample preparation.
can be assigned to a silicate, either Si—-Al-O or Si—Al—- IA. I. Kingon, J.-P. Maria, and S. K. Streiffer, Natufieondon 406, 1032
Zr—0 at the near-interface region. A new component is ob- (2000.
served in the vacuum-annealed sam(®i@.2 eV binding en-  ?S. A. Campbell, D. C. Gilmer, X. Wang, M. Hsieh, H.-S. Kim, W. L.

ergy) that can be attributed either to the formation of Si—Si 3g'ag‘;i';eréa”§ %YEQ’F'{EEE TFganl\j' Ec'ei,t;"f\lﬂiﬂ‘fsfo&éﬁgi?] IR
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