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Evidence of swelling of SiO , upon thermal annealing
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Ultrathin SiO, film was thermally grown on $001) substrate by dry oxidation and wet oxidation
processes. The films were then subjected to thermal anngdlxgat 1000 °C for 30 min. The
structural characterization of the as-grown and the TA samples was carried out using the grazing
incidence x-ray reflectivity technique. The analysis of the x-ray reflectivity data was carried out by
using a model independent formalism based on the distorted wave Born approximation for obtaining
the electron density profileEEDP) of the film as a function of depth. The EDP of both films show

a decrease in the electron density as well as an increase in their thickness when the films are
subjected to TA. It has also been observed that the total number of electrons is conserved in the
oxide film after TA. Our analysis of the x-ray reflectivity data indicates that the 8i® swells and

its interface with the substrate modifies upon TA. 2002 American Institute of Physics.
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Silicon dioxide films are perhaps one of the most tech-addressed:*? The main focus of earlier work using GIXR
nologically important materials used in high density inte-measurement was to study the structure of the,58D
grated semiconductor devices. Most often, these films armterface’ ? Previous analysis of the GIXR measurements
grown on a silicon substrate by thermal oxidation processwere based on a model dependent recursive formula usually
The oxidation is carried out either in a dry or wet oxygencalled Parrat's formalisnt Here, we analyzed our reflectiv-
ambient and is termed “dry oxidation” and “wet oxidation” ity data using distorted wave Born approximati@wBA)
processes, respectively. The time-dependent dielectric breaks a model independent wdy® The analysis of x-ray reflec-
down and the interfacial characteristics of the film depend orlivity data based on DWBA formalism has been recétly
the oxidation process.t has been observed that the wet compared with Parratt’s formalism and Fourier inversion
oxidized film is more stable to dielectric breakdown and hagechniqué®!® for characterizing the film/substrate interface
a smoother interface than the dry oxidized fifithe most  of an ultrathin oxynitride and TiN film$? In this letter, the
interesting issue is what happens to these films when they agéructure of dry and wet oxidized Sj@ilms for the as-grown
subjected to thermal annealirf@A) in the absence of oxy- and TA films are compared. The behavior of the film density
gen. It has been observed that the thickness and density gpon TA is also determined by the GIXR technique.
the film change during TA-* From the ellipsometric mea- Two ultrathin SiQ films were grown orp-type S{001)
surement, it has been observed that the density of the oxidgbstrate bya) dry oxidation(sample A and(b) wet oxida-
film decreases for the thermally grown oxide upon %A, tion (sample B processes for 60 min and 15 min, respec-
whereas for the film grown by sputtering technique, the dentively, at a temperatur& =925 °C. For TA, the oxides were
sity increases.The density of the film determines the micro- annealed at 1000 °C for 30 min under an Ar atmosphere and
structure, which affects the electrical properties of the film. the temperature was raised at the rate of 15°C/min. For
Athickness increase has been observed upon TA of thermall§Pecular x-ray reflectivity measurement, we have used
grown oxides from the ellipsometric measurentetitSio,  ©-20 diffractometer(Microcontrol Inc). The CuKa x ray
film is deposited using a rf sputtering technique at an elwas obtained from a 18 kW rotating anode x-ray generator
evated substrate temperature, then it was observed that tenraf Nonius Ing. The details of the GIXR measurement is
thickness of the film decreastalong with an increase in the described elsewheré.
density. The reflectivity of the film using the DWBA is given

The grazing incidence x-ray reflectivitfGIXR) tech- by® 71819
nique has become one of the most powerful techniques for
characterizing ultrathin films with Angstrom resolution. The R(k,) =
GIXR technique has been successfully used in a nondestruc-
tive manner to obtain the structure and chemical profile of a
film as a function of its depth-8 GIXR measurements have +b2(k)Ap*(qi))
been carried out recently on such ultrathin gfiims but the
issue of the change in thickness and density has not beaphere k, is the scattering wave vectorg,=2k,

=4(=/\)sing, qi[ = Va2—(qf)?] is the wave vector in the
¥Electronic mail: sangam@cmp.saha.ernet.in film, the subscript indicates the critical value of the wave
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FIG. 1. Dry oxidized SiQ film (sample A: x-ray reflectivity data for@) - L -
as-grown andb) TA sample. Inset: EDP obtained from the analysis basedFIG' 2. Wet oxidized Sig film (sample B: x ray reflectivity data fqr(a)
. as-grown andb) TA sample. Inset: EDP obtained from the analysis based
on DWBA formalism. .
on DWBA formalism.

vector having a critical angled¢) up to which the total ex- o, as-grown samples A and B are260 A and~347 A,
ternal reflection occurs and the supersciipindicates the regpectively and upon TA, the thickness increases to
value of the wave vector in the film. Thg(k,) is the specu- _289 A and~385 A, respectively. We find that the thick-
lar reflectance coefficient of the film with an average electromess increase upon TA is11%. We have also observed a
densityp,, a(k), andb(k) are the transmission and reflec- requction in the electron density upon Tisets of Figs. 1
tion coefficients inside th? film, respectively, andis the  ang 2. The reduction in the electron density indicates that
electron radius. TheAp(q,) is the Fourier transform of {he Sig, has been relaxed to an open structure after TA thus
variation of electron densithp(z)=p(2) —po, Wherezis  reducing the mass density of the filifiNote: the mass den-
the depth of the film. The total thickness of the film can besity of the film is directly proportional to the electron
considered to be composed of a number of thin slices ogensity?) In Fig. 3, we have compared the EDP for the dry
boxes of electron density; of theith box®"*¥ Ap(q') can
be written in terms ofA p;(=p;—p,) of thicknessd of the
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whereN is the total number of boxes used in the calculation.

By selecting the appropriate number of boxes apaf the

film, we fit Eq. (1) with Ap; as the fit parameters after con-
voluting the data with a Gaussian instrumental resolution
function. For the present analysis, we have used boxes of
size~9 to 10 A.

In Figs. 1 and 2, we show x-ray reflectivity data for
sample A(dry oxidized and sample Bwet oxidized for the
as-grown and TA samples. In the insets of Figs. 1 and 2 we
show the electron density profiléEDP) obtained from the
scheme mentioned herein and the solid line indicates the ] .
electron density value of the Si substrateq.7e /A%). We Sample AXAS grown Iﬁ"”ea:eg
can distinctly see from both reflectivity measurements that 0.2 S?mpl-e B. y As.gm-m —
upon TA, the period of oscillation in the reflectivity profile 0 100 200 300 400
decreases thus indicating an increase of thickness on anneal- Depth (A)

Ing. From the EDP, One can estimate the thickness of the fil . 3. Comparison of EDP between dry and wet oxidized samples. Open
as the electron density value approaches the substrate Val%bols for the as-grown and closed symbols after TA treatment. The ar-
(see arrows in the insets of Figs. 1 and Phe thicknesses rows indicate the film/substrate interface.
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oxidized sample(Sample A and the wet oxidized sample clude that the Si@films swell upon TA. A peak in the EDP
(Sample B for the as-grownopen symbolsand for the TA  is observed at the interface of the $iSi(substratg for the
samplegclosed symbols We observe that the wet oxidized as-grown samples and upon TA, the peak appears as a shoul-
as-grown sample, has a lower electron density value than théer at the interface. The electron density shows a sudden
dry oxidized sample as reported earfi@imilarly for the TA  jump at the interface indicating that the interface becomes
samples, we have observed that the electron density for thgharper upon TA.
wet oxidized sample is lower than the dry oxidized sample. A
closer. look at the EDP c_)f both the samples r_eveals a Sma”s. Banerjee, Y. J. Park, D. R. Lee, Y. H. Jeong, K.-B. Lee, S. B. Yoon, B.
peak in the EDP at the interfaces of the SiSi(substratg H. Jo, H. M. Choi, and W.-J. Cho, Appl. Phys. LeI®, 433(1998.
for the as-grown oxides and is marked by arrows in Fig. 3.°K. Ta(niguighi, M. Tanaka, C. Hamguchi, and K. Imai, J. Appl. PHy8.
; ; R e i 2195(1990.

At the interface, an electron density W.hICh IS hlgg;'; th?‘n the3B. Li, T. Fujimoto, and I. Kojima, J. Vac. Sci. Technol. %, 552(1999.
substrate value has also been previously observéthis 4B. J. Mrstik, V. V. Afanas’ev, A. Stesmans, P. J. McMarr, and R. K.
high electron density can be, as pointed out earlier, due to a5Lawrence,‘ J. Appl. Phys85, 6577(1999.
quasiepitaxial growth of the oxide at the interface of the ~W. K. Choi, C. K. Choo, K. K. Han, J. H. Chen, F. C. Loh, and K. L. Tan,
SiO, /Si(substrate and gives rise to higher density microc- 3. Appl. Phys83, 2308(1998.
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(solid lineg thus indicating that upon TA treatment, the in- 5963(1998.

terface becomes sharp. The area under the EDP up to the\- Awaii, Y. Sugita, T. Nakanishi, S. Ohkubo, K. Takasaki, and S. Komiya,
J. Vac. Sci. Technol. A4, 971(1996.

substratédmarked by arrows in Fig.)3jives the total ngmber 1S, M. Heald, J. K. D. Jayanetti, A. A. Bright, and G. W. Rubloff, J. Vac.
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of the film and having a cross sectional area ofi(fe., the 125, D. Kosowsky, P. S. Pershan, K. S. Krisch, J. Bevk, M. L. Green, D.

. . - Brasen, L. C. Feldman, and P. K. Roy, Appl. Phys. Lég.3119(1997).
cross section of the column having a unit ar&e value of 13 G, parratt, Phys. Red31, 359 (1954,

N for the as-grown and annealed sample A is 162 and 168¢s. Banerjee, A. Gibaud, D. Chateigner, S. Ferrari, and M. Fanciulli, J.
respectively, and for sample B is 217 and 216, respectively. Appl. Phys.91, 540 (2002; S. Banerjee, A. Gibaud, D. Chateigner, S.

e i ; Ferrari, C. Wiemer, and D. T. Dekadjevi, Appl. Phys. L&, 512(2002.
This indicates that the electron numbdris more or less 151, Li, M. O. Moller, and G. Landwehr, J. Appl. Phy80, 2788(1996.

corlserved for both the samples along the .column having' &3, Banerjee, G. Raghavan, and M. K. Sanyal J. Appl. PB§s.7135
unit area and hence no oxygen has been introduced during(1999.
TA for increasing the thickness of the oxide film. 17J. Daillant and A. GibaudxX-ray and Neutron Reflectivity: Principles and

. - Applications, Lecture Notes in Physi€Springer, Berlin, 1999 Chap. 3,

To summarize, we observe that the wet oxidized sample p.pgl ysicSpring R Chap

has an electron density which is lower than the dry oxidized®m. K. Sanyal, S. K. Sinha, A. Gibaud, K. G. Huang, B. L. Carvalho, M.
sample. Upon TA, the thickness of the thermally grown SiO ﬁ%fggovwhy J. Sokolov, X. Zhao, and W. Zhao, Europhys. L21}. 691
film is found to increase along with th_e reduction of thewy "™, . 4s Chen, Phys. Rez57, 233 (1995.
electron density of the film. The reduction of the electronzon. \w, Ashcroft and N. D. MerminSolid State PhysicéHarcourt Sin-
density of the film indicates a reduction in the mass densit)élgapore, 197f Chap. 1, p. 4.
of the film. The total number of electrons remains the same /;éozulgm(fl’g‘;’?)n W. Taylor, J. A. Rentschler, and J. Bevk, Phys. Rev. Lett.
upon TA 'nd|catmg that no oxygen has been introduced tQZP. H. Fuoss, L. J. Norton, S. Bernnan, and A. Fischer-Colbrie, Phys. Rev.

increase the thickness. These observations lead us to contett. 60, 600(1989.



Applied Physics Letters is copyrighted by the American Institute of Physics (AlIP).
Redistribution of journal material is subject to the AIP online journal license and/or AIP
copyright. For more information, see http:/ojps.aip.orgfaplofaplcr.jsp

Copyright of Applied Physics Letters is the property of American Institute of Physics
and its content may not be copied or emailed to multiple sites or posted to a listserv
without the copyright holder's express written permission. However, users may print,
download, or email articles for individual use.



