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ABSTRACT

Silicon oxynitride films have been grown on Si(1@@&fer with plasma-excited nitrous oxide,() gas, which
has a low toxicity in comparison with other oxyiation agents. Reaction rates are investigatedmer electron
spectroscopy, and compared with those grown withrexaited NO gas. Si 2p core-level photoelectron spectroscopic
measurements using synchrotron radiation have &ksencarried out to investigate interfacial struetuof the grown
oxynitride layers. Temperature dependences of atedrshift components of the obtained Si 2p spesitiav that the
interfacial roughness decreases with reaction teatype. Distributions of the suboxide components discussed in

accordance with results of angle-resolved Si 2pptspe
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INTRODUCTION

Silicon oxynitride as a gate insulator of a hightyegrated metal-oxide-semiconductor device hasnjrent
property in suppressing boron diffusion from théypiticon gate electrode and improving hot carriesidence [1]-[3].
One of the most popular methods to form the oxigetfilm on a silicon surface is to utilize thermralction with
chemical gases such as nitric oxide (NO) [4]-[5d ammonia (NH) [6]-[7]. However, these gases have a high toxicit
In the previous study [8], we focused on nitrougleXN,O) as a chemical gas for the oxynitridation, beedd® has
a relatively low toxicity. However, JO has also a low reactivity in comparison with titkeer gases mentioned above.
In order to enhance the reactivity ofland activate the nitridation reaction, we emptbyleermally-excited BD,
which was generated by passing the gas throughraanae cell heated above 100C before introducing it to the
silicon surface. The oxynitride layers were growntbe silicon surface under several growth cond#jand then the
growth rates, nitrogen concentrations, and chenfioaldings of the grown layers were investigated.aA®sult, we
found that the thermal excitation of®! selectively enhances the oxidation reaction,ltieguin increasing the growth

rate [8]. The enhanced oxidation is probably duattonic oxygen generated by the thermal excitadioN,O.

In this study, we employ plasma-excitegdNgas to enhance the nitride reaction. Reactias raite investigated
by Auger electron spectroscopy (AES), and compavitid those grown with non-excited,® gas. Si 2p core-level
photoelectron spectroscopic measurements usinghsynon radiation (SRPES) have been also carried tou
investigate interfacial structures of the grown mikyde layers. The interfacial roughness is disedsfrom the

temperature dependence of chemical-shift comporgrs2p spectra.
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EXPERIMENTAL

Prior to loading into an ultrahigh vacuum chamblease pressure *x20° Pa), a mirror-polished, B-doped
Si(100) wafer cut to a size of 8x0.5 mnt was cleaned by standard RCA method, and then Ethea1000°C by
direct current resistive heating in the chambere Tleanliness of the surface was checked by thacguistate in
valence-band and Si 2p core-level spectra, whiclwed no surface contamination. The SRPES measutemene
carried out with synchrotron radiation derived fr@@eamline 3B at Photon Factory, the High Energy éleator
Research Organization. The photon energy was sE3&eV, where the overall instrumental energy ltggm was
estimated to be less than 200 meyONyas with a purity of 99.999% was excited by Pegmlischarge plasma source
before exposing the sample. Oxynitridation wasiedrout at the substrate temperatures of RT — 808 at the pO

pressure of $10* Pa.

RESULTS AND DISCUSSIONS

Figure 1 shows AES intensity ratios of nitrogen and/gen to silicon for oxynitride layers grown with
plasma-excited pO gas as well as non-excitedgas. In case of non-excitedg®gas, NO acts only as oxidant and
no nitridation occurs, while in case of plasma-taiNO, large enhancement of nitridation reaction caentseen. By
mass analysis measurements, we infer that thiglaiton enhancement is due to NO radicals generyeglasma
excitation of NO. In the previous study, we found that the therexaitation of NO selectively enhances the oxidation
reaction [8]. Therefore, we expect that both enkarents of oxidation and nitridation reactions carsimultaneously

achieved by using a combination of thermal andméaexcitations of pD.
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Figure 1: AES Intensity Ratios of Nitrogen and Oxygn to Silicon for Oxynitride Layers Grown with
Plasma-Excited NO gas (Solid Symbols) as Well as Non-Excited,® Gas (Open Symbols)
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Figure 2 shows typical Si 2p core-level spectrurmafnitride layer on Si(100) grown at oxynitridertperature
of 500 °C for 16 min. The Si 2p spectra of the dtxide layers grown under a wide range of the ottjetion
conditions were deconvoluted by a least-squar@ditprocedure using the spin-orbit split Voigt ftinas. All of the
obtained Si 2p core-level spectra were successfitiyd with five components: substrate silicon%Sand four
chemical-shift components by oxynitride layer '(SiSF*, Sf*, and SIY). The four oxynitride components can
correspond to the number of oxygen or nitrogen bdrt a silicon atom, as assigned for silicon diex{SiQ) layer
[9]. Since the chemical shift of Si 2p bonding wititrogen is smaller than that bonding with oxygeach chemical
shift is slightly smaller than that of the oxideyda. These chemical shifts gradually decrease téthperature
increasing as shown in Figure 3. This is due taribeement of the nitrogen concentration in therottide layer with
temperature increasing as mentioned above. In A& measurements (not shown) support this exptanatigure 4
shows temperature dependences of intensities '6f Si*, and St* components. While $i component is almost
constant, Si and Sf* components, which are associated with interfamiaighness of oxynitride/substrate [10],
decrease with temperature increasing. This indicsteoother interface at higher temperature, beiragieement with

the result of rapid thermal oxynitridation in®I[11].
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Figure 2: Typical Si 2p Core-Level Photoelectron Sgctrum of Oxynitride Layer on Si(100) Grown at an
Oxynitride Temperature of 500 °C for 16 min (Dots).The Spectrum is Deconvoluted by a Least-Square Fiig
Procedure Using the Spin-Orbit Split Voigt Functiors (Solid Lines)

Figure 5 shows angle-resolved photoelectron intiessof St*, S?*, and Si* components. The photoelectrons
are detected at angles to the surface normal of76°-We have assumed that each component is Zedakt the
interface, and have fitted the experimental datia mumerical results simulated by the localized et¢#l2], which are
denoted by solid lines in Figure 5. They show gagdeements in the ‘Siand Si* components, while we can not
reproduce the $i component by the localized model (not shown). &fuee, the Si component is considered to exist

with a different distribution from the Sior S#* component.
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Figure 3: Temperature Dependences of Chemical Shiftof Four Oxynitride Components
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Figure 4: Temperature Dependences of Intensities &i**, SF¥, and Sf* Components. Solid Lines Show Best Fits
Obtained by a Least-Square Procedure

CONCLUSIONS

Silicon oxynitride layer on Si(100) grown with pfaa-excited MO gas has been investigated by AES and
SRPES. Reaction rates are compared between plasitadeand non-excited J gases. In non-excited® gas, NO
acts only as oxidant, while in plasma-excitegDNlarge enhancement of nitridation reaction octayyrdNO radicals
generated by plasma excitation. All of the obtaiSe@p core-level spectra for the grown oxynitridgers have been
successfully fitted with five components, and théeifacial structures have been discussed fromtéhgperature
dependence of chemical-shift components of Si Zrtsp. Si* and St* components, which are associated with

interfacial roughness of oxynitride/substrate, dase with temperature increasing. This indicatezosimer interface at
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higher temperature. Distributions of the suboxidemponents are discussed in accordance with resilts

angle-resolved Si 2p spectra, which show that thea®d St* components are localized at the interface.
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Figure 5: Intensity Ratios of St*, SF*, and SP* to Si** Components. The Spectra Are Taken at Angles to the
Surface Normal of 0 — 75°. Solid Lines Show Numerdt Results Simulated by the Localized Model

ACKNOWLDGEMENTS

This work was partly supported by JSPA KAKENHI Grayumber 15K04618 and Research Project from
Graduate School of Science and Technology, Hirokhaiiersity, and performed under the approval & Bhoton
Factory Program Advisory Committee (Proposal N@¥)3%296, 2008G673, 2010G586, and 2012G685). The AES

measurements were partly carried out by usingunstnts of Center for Instrumental Analysis, Hiradakiversity.

REFERENCES

1. H. Hwang, W. Ting, B. Maiti, D. Kwong, and J. Lé€&lectrical Characteristics of Ultrathin Oxynitridgate
Dielectric Prepared by Rapid Thermal Oxidation aofii® N,O,” Applied Physics Letters, vol. 57, pp.
1010-1011, 1990.

2. E. C. Carr and R. A. Buhrman, “Role of interfaaitrogen in improving thin silicon oxides grown MO,”
Applied Physics Letters, vol. 63, pp. 54-56, 1993.

3. Y. H. Ha, S. Kim, S. Y. Lee, J. H. Kim, D. H. BaeR, K. Kim, and D. W. Moon, “Relaxation of the Si
Lattice Strain in the Si(001)-SjAnterface by Annealing in JD,” Applied Physics Letters, vol. 74, pp.
3510-3512, 1999.

4. M. Bhat, L. K. Han, D. Wristers, J. Yan, D. L. Kngnand J. Fulford, “Effects of Chemical Compositiam
the Electrical Properties of NO-Nitrided SiOApplied Physics Letters, vol. 66, pp. 1225-122995.

5. Z.-Q. Yao, H. B. Harrison, S. Dimitrijev, D. Swean, and Y. T. Yeow, “High Quality Ultrathin Dielgic

www.iaset.us editor@iaset.us



68 Y. Enta

Films Grown on Silicon in a Nitric Oxide Ambient®pplied Physics Letters, vol. 64, pp. 3584-358@4L9

6. E. Cartier, D.A. Buchanan, and G. J. Dunn, “Atontitydrogen-Induced Interface Degradation of
Reoxidized-Nitrided Silicon Dioxide on Silicon,” Afied Physics Letters, vol. 64, pp. 901-903, 1994.

7. F. H. P. M. Habraken, A. E. T. Kuiper, Y. Tammingmd J. B. Theeten, “Thermal Nitridation of Silicon
Dioxide Films,” Journal of Applied Physics, vol. 58%. 6996-7002, 1982.

8. Y. Enta, K. Suto, S. Takeda, H. Kato, and Y. SaasdOxynitridation of Si(100) Surface with Therrhal
Excited NO Gas,” Thin Solid Films, vol. 500, pp. 129-132080

9. F. J. Himpsel, F. R. McFeely, A. Taleb-Ibrahimidah A. Yarmoff, “Microscopic Structure of the SiSi
Interface,” Physical Review B, vol. 38, pp. 60849601988.

10. V. Enta, Y. Miyanishi, H. Irimachi, M. Niwano, M.u@mitsu, N. Miyamoto, E. Shigemasa, and H. Kato,
“Real-Time Core-Level Spectroscopy of Initial Thedn®xide on Si(100),” Journal of Vacuum Science and

Technology A, vol. 16, pp. 1716-1720, 1998.

11. M. L. Green, D. Brasen, K. W. Evans-Lutterodt, L.R&ldman, and K. Krisch, “Rapid Thermal Oxidatmh
Silicon in N;O between 800 and 1200 °C: Incorporated Nitrogehlaterfacial Roughness,” Applied Physics
Letters, vol. 65, pp. 848-850, 1994.

12. Y. Enta, H. Nakazawa, S. Sato, H. Kato, and Y. &a, “Silicon Thermal Oxidation and its Thermal
Desorption Investigated by Si 2p Core-Level Photigsion,” Journal of Physics: Conference Series, 285,

pp. 012008-1-012008-6, 2010.

Impact Factor (JCC): 2.9459 NAAS Rating 2.74



