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An ultrathin zirconia gate dielectric had been successfully incorporated into germanium
metal-oxide-semiconductdMOS) devices demonstrating very high-permittivity gate stacks with

no apparent interfacial layer. In this study, synchrotron-radiation photoemission spectroscopy has
been applied on the same gate stack to identify and quantify the presence of any interfacial
germanium suboxide layer. By taking progressive core-level spectra during the layer-by-layer
removal of the zirconia film, an oxidized germanium layer with submonolayer thickness was found,
possibly arising from an interfacial Zr-O—Ge bonding configuration. In addition, the offsets in the
valence-band spectra were also monitored and the energy-band diagram of the zirconia—germanium
heterostructure was constructed. Compared to kiglate stacks on Si, the thinner interfacial layer

and larger conduction-band offset in higtgate stacks on Ge suggest better scalability towards an
ultimately higher MOS gate capacitance.2005 American Institute of Physics

[DOI: 10.1063/1.1922090

I. INTRODUCTION (EOT) thinner than 1.3 nm.For Ge, conversely, the thermo-
dynamic instability of GeQ may permit a true highe gate
As the scaling of the classical bulk silicd$i) metal-  stack on Ge without a lower-permittivity interfacial layer,
oxide-semiconductor field-effect transistdMOSFETS ap-  and thereby break through the EOT scaling barrier. For in-
proaches its fundamental limits, innovative device structurestance, a sub-1.0-nm EOT zircor{izrO,) on Ge gate stack
and new materialsare needed to continue the historic revealed no apparent interfacial layer in between as illus-
progress in information processing and transmission. Amongated in Fig. 1. Nonetheless, the conventional transmission
various high mobility channel candidates, germanil®®  ejectron microscopyTEM) is not well suited for identifying
has recently been suggestetito alleviate the problem of , interfacial GeQlayer in this material system due to the
MOSFET drain current saturation by providing a higher 5seness in atomic number of zirconir) and Ge, result-
source injection velocity.Historically, Ge had been one of ing in poor image contrast.
the most important semiconductors, and the instability of na- In order to understand whether it is technologically fea-
tive Ge oxidesGeQ) was one of the key enablers in the first 0 1 achieve an interfacial layer-free highfilm growth
(point-contack transistor demonstratichOn the other hand, on Ge, an alternative physical characterization should be

its inferior properties, especially when compared to silicon - : L .
s . : . considered. In this work, synchrotron-radiation photoemis-
dioxide, makes this dielectric unsuitable for Ge MOSFET Y P

gate insulation and field isolation, and has therefore pre-
vented very large-scale integratiOviLSI) of Ge devices for
decades.

Before the interest in Ge as a channel material for
decanano-scale MOSFETs could be facilitated, a stable as
well as scalable gate dielectric technology has to be devel-
oped. The feasibility of employing high-permittivithigh-«)
metal oxide dielectrics to satisfy both criteria simultaneously
have previously been suggesf‘eﬁUsuaIly, such highe di-
electric integration to Si inherits a lower-permittivity Si sub-
oxide (SiOy) interfacial layer between the high{iim and
the Si substrat® which is currently the major bottleneck to

scale the gate-stack-equivalent silicon dioxide thickness

FIG. 1. Cross-sectional high-resolution transmission electron microscopy

(HR-TEM) image of a sub-1.0-nm EOT Pt/Zy0Ge gate stacksee Ref. ¥

JAuthor to whom correspondence should be addressed; electronic maishowing no apparent interfacial layer between the atomically abruptsigh-
chion@stanford.edu dielectric and the substrate.
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the sample position. During data acquisition, the analytical
. chamber base pressure was kept~dix 101! Torr. The
photoemission spectra were measured with a PHI model 10—

\/\ 1 360 hemispheric capacitor electron energy analyzer with the

o
N
T

Omni Focus Il small-area lens mounted on the chamber

with an angle of 54°, with respect to the incoming photon
beam direction. The analyzer has a multichannel detector

. ‘ . . that allows a detectable kinetic-energ)KE) range of

5 10 15 20 25 0—1000 eV with an energy resolution of 0.05 eV. The pho-
Etch Time (sec) toelectron take-off angle is set normal to the sample surface

to maximize the depth information.

LG, 2, o Ge Sample sface oot mean sauare gy MesIn order to maximize the SR-PES sensiviy from the
100:1 aqueous HF solution. sample, it is necessary to select Ge core-level peaks carefully

with regards to the beamline capability. Since the available

sion spectroscop(SR-PES was used due to its high surface photon energy range pf beamli_ne_8-1 allows us to observe
sensitivity and fine energy resolution. Upon layer-by-layerP0th the Ge & [with a binding energy (BE) of
removal of the ZrQ film on Ge, the compositional and 29-2-29.8 eYand Ge § (with a BE of 120.8-124.9 ey
chemical evolution was monitored to determine the existenc&°re levels, their corresponding subshell photoelectron cross-
of any interfacial GeQlayer using SR-PES. In addition, the S€ctions should be compared. Within the photon energy
Zr0,~Ge interface energy-band alignment was determine§f2N9€ Of interest, the Ged3peaks possess photoelectron
by monitoring offsets in the valence-band spectra. Lastly, th&'0SS Sections at least one and a half order of magnitude

0
impact of the interface and its band structure on the ultimatd2rger than those of the Gep?pealfsl, and therefore the Ge
scalability of high« gate stacks on Ge is discussed. 3d peaks were chosen to be monitored. It is worth noting that

the Zr 4p core-level peaks also have a similar BE
(27.1-28.5 eV, which may overlap with the Ged3spectra.
Il. EXPERIMENT Fortunately, the photoelectron cross sections of the Zr 4

The Zr0, on Ge sample was prepared by room temperaﬁsig”als are at least an order of magni'Fu_de lower than thos_e of
ture ultraviolet-assisted ozone oxidation of sputtered thin zthe Ge @ signals, and careful peak fittings allow clear dis-
metal precursor on Gebut without thein situ sputtering of ~ tinction between the two for our purpose.

Pt electrode layer to facilitate the SR-PES analysis. Prior to

the ZrO, deposition, the Ge surface was first etched with|ll. RESULTS AND DISCUSSIONS

hydrofluoric acid(HF) vapor with the intention to remove
any interfacial GeQlayer. This ZrQ film was expected to
have an amorphous nature with a physical thickness of about The first objective of this work was to trace the compo-
3.5 nm and an atomically abrupt interface with the Ge subsitional and chemical evolutions within the ZyoGe stack
strate, similar to the sample shown in Fig. 1. Next, this ZrO during the layer-by-layer wet etching of the Zr@m. Due

film was etched in a layer-by-layer fashion with numerousto the high surface sensitivity of the SR-PES technique, the
SR-PES spectra taken between these etches. These layer-bgptured core-level spectra could be utilized to discover the
layer etches were carried out inside an argém)-purged existence of any interfacial GgQayer inside the stack. The
glove bag attached to the analytical load-lock chamber using00-eV input photon energy was selected to seize both core-
a 100:1 aqueous HF solution. The Zr@m etch rate was level and valence-band spectra simultaneously with the same
about 0.2-0.3 nm/s. In order to guarantee that the wesystem setting. Since the etch duratigrhich was on the
etched ZrQ surfaces were smooth and pinhole-free afterorder of secondswas difficult to control, the spectra from
each HF etch, atomic force microscofd+M) was usedto  the two samples were interleaved together without compro-
monitor the surface morphology and extract root-meanimising the general trend as illustrated in Figa)3 Qualita-
square roughnesdR,,9 as a function of the etch time as tively, no Ge 3l core-level peak appears before the sample
illustrated in Fig. 2. TheR,,s level was maintained around had been etched for-11 s, which corresponds to the re-
0.15 nm(<half of a monolayer roughly before the entire moval of ~2.8 nm of ZrGQ. Beyond this point, the elemental
ZrO, layer was removed, beyond which the roughness inGe signals begin to appear since the inelastic mean-free
creased owing to the HF-induced Ge surface rougheningpaths (IMFPs I of Ge 3 core-level electrons are
These results indicate that this wet-etching technique coul@®.4—0.8 nm in this kinetic-energ¢KE) range, which are
provide pinhole-free surfaces throughout the layer-by-layetong enough to penetrate either the 4r@ the GeQ over-
removal. layer.

The synchrotron-radiation source is provided by the  From the 11-s spectrum, there exists features with bind-
Stanford Positron Electron Asymmetric RiIfGPEAR lo-  ing energief30—-33 eV higher than the G¥ peak, which
cated at the Stanford Synchrotron Radiation Laboratorycould plausibly originate from either Zglor GeQ. In an
(SSRL. The SR-PES experiments were performed at beamattempt to determine the source of the peak, the thickep ZrO
line 8-1 of SSRL with a photon monochromator energy rangespectrafrom the 3- and 6-s etched samplegere scaled and
of 20—180 eV and a photon flux spot size 0kR.5 mnf at  zoomed together with the 11-s spectrum, as plotted in Fig.
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A. Interfacial layer identification and quantification
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FIG. 4. Peak-fitted SR-PES spectra from the £rGe stack after~17 s of

S etch with both elemental and oxidized Ge peaks assigned.
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Binding Energy (eV)  Binding Energy (eV) fitting validity was done by monitoring the substrg@e’*)
@) ®) peak evolution. The fitted peak areas increase with etch time,
which is consistent with the theoretical prediction that el-
FIG. 3. (a) Evolution of the Ge @ core-level SR-PES spectra as a function €mental signals from a Ge substrate would be less attenuated
of the ZrO,—Ge stack wet-etching time taken at a photon energy of 100 eVwith a thinner overlayer on toge.g., ZrG and/or GeQ)
(b) EC;("E‘; ;"d Z°°”‘Ied Slp?c”al a“fer,3v_|6' f)‘,”%_ll s of etch disclosing thgnon etching. Next, the evolution of the oxidized Ge peaks
embedded Zr g core-level signals of similar binding energy. was studied. Within the first few seconds of etchifg.
5(a)], all oxidized signals were absent as any possible inter-
3(b). The 0-s spectrum was not considered owing to possiblécial GeQ layer would be buried by the relatively thick
surface contaminations, as previously suggeSt@early, ~ ZrO: film above. When the Zr)film got sufficiently thin
most of the plateau within the 11-s spectrum that has a bindFig- Sb)], the more oxidized Ge signals3e™ wheren
ing energy range of 30—33 eV stems from the Frebre- = 2) began to rise and reach a maximum just when the entire
level signal, yet the possibility of GeQould not be com- £rO film was removed, showing a clear evidence of an in-
pletely neglected. terfacial GeQ layer within the ZrQ—-Ge stack. Further
To identify any interfacial GeQlayer and quantify its €tches would start to consume the Gédyer[Fig. 5(c)] and
thickness if necessary, the ensemble of core-level SR-PEGUSe the more oxidized Ge signal intensity to fall back
spectra showing the evolution of the etching sequence wer@oWn- Once all GeQwere removedFig. Xd)], the oxidized
first normalized to the photon beam curréhy) to remove Ge signals increased slightly again with the least oxidized

. e ) -

any real-time fluctuation in the synchrotron-radiation flux. peak (Ge') dominating. This reappearance of the oxidized

Errors in such a computation exercise were further mini-C€ Signature may be due to the Ge surface reoxidation right

mized by performing a quantification only on spectra from"’lfter a complete Gepremoval ev.en.|n3|de. the Ar-purggd

the same sampléot both. Given that our primary interest glove bag and formation of substoichiometric surface oxides.
. . . : . .

is the discovery of any oxidized Ge features during the evoFma"y’ the questionable continued increase of thé'Ge

lution, the overlapping Zr@signals were identified upfront tensity even_after the complete Qg@smoyal [Fig. 5d)]

and subsequently subtracted through an iterative peak-fittin ould be attrlbuted_to t_he surface roughening of the Ge sur-
procedure. In brief, the Zrptpeaks(BE) were first located ce, as observed in Fig. 2.

by deconvolving the spectra from the thicker Zr@®y in-
corporating these Zrgsignals, extensive peak fittinﬁswere

then carried out on the remaining spectra by assigning the Gi Igef
3d signals with every possible oxidation states. After all the _D_qu
Ge 3 and Zr 4 peak(BE) positions had been defined, they —v—Ge”

—0—Ge*

were reapplied to the ensemble of evolution spectra to fur-

Fitted Peak Areas (a.u.)

Ge

e

ther refine the deconvolutions and fitted areas. Generally / Interfactal
speaking, rigorous fitting requirements were imposed by fix- 3 °/____,e
ing the core-level doublet peak-splitting energies and branch- _ég%
. .13 : A : 07 5 4 10 p15 20 g 25
ing ratios,” the Gaussian and Lorentzian linewidths, as well Etch Tima (sec)
as the peak-energy positio?‘f‘swhile freeing only the peak zro,
areas to obtain the best possible fits. As an example, Fig. 4 [
depicts one such fitting result of the spectra with 17-s etch /8%, | .
with both elementa(Gé*) and oxidized(Ge™ where 1<n Ge G
<4) peaks assigned.
The areas of the fitted GedZore-level peaks as a func- @ (b) © @
tion of the etch time are Summa.nzed in Fig. 5.' To IIIUStrateF G. 5. Extracted core-level Gedditted peak areas as a function of etch
the etching progress, cross-sectional schematics of the stage. cross-sectional schematics of the stack are also included to illustrate
are also included. First of all, a sanity check on the overalthe layer-by-layer etching progress.
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FIG. 6. lllustrations of escape depth calculation of the photoelectrons from
Ge substrate at two different time points: right around the complete ZgO
removal and(ii) right around the complete Gg@emoval.

Next, the extraction of the interfacial Ge@ayer thick- 0 2 4 6 8 10 12
ness was done by first computing the escape depth of photc Binding Energy (eV)
electrons from the Ge substrate, as illustrated in Fig. 6. In (a)
doing so, the extraction time points throughout the evolution —T T T T T T T
were judiciously selected to simplify the calculation process: vB CleanBulk Ge | Ge 3d i
d

(i) right around the complete ZgOremoval and(ii) right
around the complete GgQemoval. Thus, the fitted peak
area right after the Zrpremoval,Ngj), could be expressed
in

‘; Clean Bulk Ge

)
000 o

d)oogo
1

o

Nggi) = € heeo, J e/ Neadz= hg e FNceqeNee, (1)

S

Intensity (a.u

and the fitted peak area right after the Ge@moval,Nggi),
could be related using

NGe(ii)ocf e headz= N, ) 0 2 4 6 8 10 12 26 28 30 32 34
0 Binding Energy (eV)
wheres is the GeQ thickness, and\GeoX and \g. are the ®)

electron IMFPs in GeQand Ge, respectively. By substitut-

ing Eq. (2) into Eq. (1) the GeQ thickness could thus be FIG. 7. (a) Valence-band photoemission spectra from thicker Ze@ptured

during the etching evolutionb) Valence-band spectrdeft) from a clean

extracted usmg bulk Ge sample and the ZgFOGe stack after 11 s of etch with their corre-
\ sponding Ge 8 core-level peaks alignegight).
GehGeq, In( NGe(ii)) 3
et Ageq Neei) application to our Zr@-Ge interface is the focus of this

The Age is estimated to be about 0.44 nm an section. . o . )
Ge deq, The basic principle is to first locate the valence-band

could range between 0.4-0.8 nm at our KE rafigeaking edge(BE position from those thicker Zr@ photoemission

in nt an ntial errors in th rmination of ex- . A
to accou ta ypote tial e ors t e dete : atio ore spectra throughout the evolution, as shown in Fig),7and
traction time point and uncertainty Rgeq, the interfacial

. . . .then compare with the valence-band edge from a clean bulk
GeQ, thickness is calculated to be 0.19-0.36 nm. Since th'%;e. For an accurate valence-band-offset measurement, any

Is less than a complete monolayer thickness of Galie energy shift induced by a sample surface charging during

oxidized Ge signature was therefore attributed to a possiblé o L
Zr—O-Ge interfacial bonding configuration. Moreover, thephotoem|53|on should be corrected by aligning to the Ge 3

. : . . core-level peaks. Since a definitive Gesignal had only
interfacial GeQ thicknesses, as determined by SR-PES, ar een discerned from the 11-s spectrum in Figo)3this

comparable to those obtained by an angle-resolved X'ragpectrum was chosen for the Zr@alence-band-offset esti-

photoemission study on similar gate statks. mation as detailed in Fig.(). The clean bulk Ge spectra
B. Interface enerav-band alianment were prepared byn situ heating of a bare Ge substrate to
' 9y g 700 °C for ~25 min to desorb any surface native oxitfes

In addition to the possession of aitrathin interfacial  after pumping down the inside of the analytical chamber. The
layer, having sufficiently large barrier heights for electronvalence-band edge was determined to be the point of inter-
and hole injection would be considered as an equally imporsection of a “best” straight line fit to represent the decay in
tant high« dielectric qualification criterion to lower gate the valence-band spectrum and the basefinéAfter align-
leakage for better scalability. Among other techniques, phoing their corresponding @& core-level peaks, the valence-
toemission is one of the most reliable methods to study theseand offset(AE,) between bulk Ge and ZrQOwas found to
systems. In particular, offsets in the valence-band spectrbe 3.22 eV, as highlighted in Fig(l3), a value that is com-
could be monitored to map out the interface energy-bangharable to the 3.36 eV obtained by x-ray photoemission
alignment for many highe on Si and Ge stackS,*®and its  spectroscop}?
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formed on Ge either by reactive sputtefihigr metal-organic
AE =1.52-1.94eV chemical vapor depositic’)ﬁalso exhibited much thinner in-
terfacial layers than did the hafnia on Si. Theoretically, the
formation of such interfacial layers is unlikely when high-
dielectrics are put in contact with Ge, given the large Gibbs
AE, =3.22eV free-energy change for such a proc&sdespite the fact that
the oxygen vacancies in these higlmaterials would tend to
inject oxygen atonfé*to the highx dielectric/Ge interface.
On the other hand, a lower conduction-band offset would
FIG. 8. Energy-band diagram of the Zy©Ge structure inferred from the result when the same high-dielectric is deposited on Si
SR-PES measurements. than on Ge. This hypothesis is based on a simple calculation
using Eq.(4), given the larger value of Si charge neutrality

Before the entire Zr@-Ge interface energy-band align- level (d¢y, s)** and similar Si electron affinityys),”* as
ment could be determined, the energy-band gap of,ZrOcompared to Ge. In fact, this argument is further reinforced
needed to be researched in literature. From those reports &y the reported conduction-band offsets of less than 1.5 eV
both amorphous and polycrystalline Zr@hat were depos- for common highx dielectrics on Si from both experimental
ited using various methods on either Si or Ge, the energymeasurement&'”?°and theoretical predictiorf. Therefore,
band gap of Zr@ (EZ°?) was experimentally measured to be the larger conduction-band offset from our ZrdGe stack
5.40-5.82 e\}**** Together with the interface data from has a distinct advantage of suppressing gate-leakage current
the last section, the energy-band diagram of the ,ZiGe  due to an inverse exponential dependency of electron barrier
structure was constructed as displayed in Fig. 8. Taking th@eight on the electron direct tunneling transgort.

Ge energy-band gafES®) to be 0.66 eV at 300 K! the
conduction-band  offset (AEc) is deduced to be | cONCLUSIONS
1.52-1.94 eV.

In order to calculate the theoretical conduction-band off-  Given the limitation of the conventional TEM, we have
set amount, one has to first realize that the band alignmeriitroduced the use of SR-PES to determine the composi-
between two semiconductors is controlled by the chargdional and chemical evolutions within the Zy©Ge stack
transfer across the interfatesimilar to the Schottky barrier —during layer-by-layer wet etching of the Zs@iIm. In doing
formation. The resulting interface dipoles, associated witl$0, the existence of oxidized Ge features at the interface have
guantum-mechanical tunneling, modify the band a|ignmenbeen identified. After extensive peak fittings of the core-level
as governed by the electron affinity rule. Applying to our spectra, the interfacial Gg@hickness has been calculated to
ZrO,—Ge heterostructure, th&E. could be predicteQC'f us- be 0.19-0.36 nm. This submonolayer signature could possi-

Ge | E& =0.66eV
E¥% =5.40-5.82¢V el

ing the following expression: bly arise from a Zr—O—Ge interfacial bonding configuration
_ rather than from a distinct and continuous interfacial layer.
AEc = XGe™ Xzi0,* (S~ D(®PenLge™ Pentzio):  (4) Additionally, the energy-band diagram of the ZraGe

where yee and Xzro, @re the electron affinities of Ge and Structure was constructed by r_nonitoring.offsets in the SR-
Zr0,, respectively,dey, ce and dey, 0. are the charge PES valence—baqd ;pectra. With errors in the ZeDergy
neutrality levels of Ge and 70 resp'ectfvely and is an band gap determination, the conduction-band offset has been

empirically fitted slope accounting for dielectric screening.deduced to be 1.52-1.94 eV. Combining all the above ob-

Employing the values reported in Refs. 21 and 22, the theogervations, the high-gate stack integration on Ge shows a

retical AE; was calculated to be 1.63 eV, which is in good getter Er? T scaLabr;I_lty thqn d?es_ tlh;a same (ljn;cegranors on Si
agreement with our SR-PES measurements. ue to the much thinner interfacial layer and larger electron

tunneling barrier.

C. Scalability of high- k on Ge stacks ACKNOWLEDGMENTS

In the previous sections, a submonolayer Géeterface The authors are grateful to Dr. Shriram Ramanathan and
and a conduction-band offset in excess of 1.5 eV have beefrofessor Paul C. Mcintyre for fruitful discussions and assis-
identified on the Zr@-Ge system of interest. Both of these tance with zirconia deposition. C.0.C. would also like to
characteristics are, in effect, hinting that a better scalabilitbcknowbdge the support of the Intel Foundation Ph.D. fel-
could be achieved with the high-gate stacks on Ge than on |owship. Finally, this work was performed at the Stanford
Si. Synchrotron Radiation Laboratory, a national user facility

On one hand, the usual interfacial Si@yer thickness in  gperated by Stanford University on behalf of the U.S. De-

high-« gate stacks on Si is on the order of 0-5—1.-0%“- partment of Energy, Office of Basic Energy Sciences.
which also sets the EOT scaling limit. However, this low-
permittivity interfacial layer could largely be removed or *The International Technology Roadmap for Semiconduc®esniconduc-
eliminated when these high-gate stacks are integrated onto ZH Il_ndLustry ASISOAdatIiOS,hZOOS- 79, 3344(2000

; P . L. Lee et al, Appl. Phys. Lett.79, .
Ge, presentlng an .altemate _Q|rectlon to furth.er eXte_nd th%C. O. Chui, H. Kim, D. Chi, B. B. Triplett, P. C. McIntyre, and K. C.
EOT scaling potential. In addition to thétrathin interfacial SaraswatTechnical Digest International Electron Devices MeetitEEE,

layer demonstrated in the present study, hafthO,) San Francisco, CA, 2002p. 437.

Downloaded 28 May 2005 to 143.183.121.2. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



113518-6 Chui et al. J. Appl. Phys. 97, 113518 (2005)

“H. Shanget al, Technical Digest International Electron Devices Meeting °S. Miyazaki, J. Vac. Sci. Technol. B9, 2212(2001).

(IEEE, San Francisco, CA, 2002. 441. s, sayan, E. Garfunkel, and S. Suzer, Appl. Phys. L&0t.2135(2002.

M. Lundstrom, IEEE Electron Device Letfl8, 361(1997. 183, J. Wancgt al, Appl. Phys. Lett.85, 4418(2004.

°J. Bardeen and W. H. Brattain, Phys. R&W, 230 (1948. 1%. Prabhakaran, F. Maeda, Y. Watanabe, and T. Ogino, Appl. Phys. Lett.
’C. 0. Chui, S. Ramanathan, B. B. Triplett, P. C. Mclntyre, and K. C. 76, 2244.(2000.

Saraswat, IEEE Electron Device Le@3, 473(2002. M. Houssa, M. Tuominen, M. Naili, V. Afanas’ev, A. Stesmans, S.

8G D. WI”(, R. M. WaIIace, and J. M. Anthony, J. Appl Phy89, 5243 Haukka, and M. M. Heyns, J. Appl Phy§7, 8615(2000

9(200]). ) i ) ) 215, M. Sze Physics of Semiconductor Devic@nd ed.(Wiley, New York,
C. O. Chui, D.-I. Lee, A. A. Singh, D. Chi, P. C. MclIntyre, P. A. Pianetta, 1981
ggg@K.pC;lgaraswaAbstract Spring MeetingMRS, San Francisco, CA, 2. Tersoff, Phys. Rev. B30, 4874(1984.
. J. Robertson, J. Vac. Sci. Technol. B3, 1785(2000.
3. J. Yeh and I. Lindau, At. Data Nucl. Data Tabl@g, 1 (1985. 2 Kita, K. Kvuno. and A Toriumi. App| Ph(s LgttSS 52 (2004
HUNIST Electron Inelastic-Mean-Free-Path Database 71 (Ver., N&Yional - Rita, 1. Kyuno, : + APPL FIYS. ' :

25,
Institute of Standards and Technology, 2000. 265' Van Elshochet al, Appl. Phys. Lett.85, 3824(2004.
127, Herrera-Gémez, F. S. Aguirre-Tostado, Y. Sun, P. Pianetta, . Yu, D. 1- Kim, C. O. Chui, K. C. Saraswat, and P. C. Mcintyre, Appl. Phys. Lett.
Marshall, R. Droopad, and W. E. Spicer, J. Appl. Ph9§, 6070(2002). 2783' 26_47_(2(_)03- ) ) ]
L3y Yang, R. Cao, J. Terry, and P. Pianetta, J. Vac. Sci. Technd0,R013 K. Shiraishi et al, Technical Digest Symposium on VLS| Technology
(1992. (IEEE, Piscataway, NJ, 20D4p. 108.
D Schmeisser, R. D. Schnell, A. Bogen, F. J. Himpsel, D. Rieger, G.”'H. Takeuchi, H. Y. Wong, D. Ha, and T.-J. Kingechnical Digest Inter-
Landgren, and J. F. Morar, Surf. Sci72 455(1986. national Electron Devices MeetindEEE, San Francisco, CA, 2004p.
D, Chi, C. O. Chui, K. C. Saraswat, B. B. Triplett, and P. C. McIntyre, J. 829.
Appl. Phys. 96, 813(2004). 2\, Oshimaet al, Appl. Phys. Lett.83, 2172(2003.

Downloaded 28 May 2005 to 143.183.121.2. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



