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We established the number of S Photoelectrons emanating from a80) substrate covered with

a silicon—oxide film as a function of azimuthal and polar angles using the oxide film thickness as
a parameter. The elastic and inelastic scattering cross sections pf@icdoelectrons in silicon
oxide were deduced by reproducing the experimental results with Monte Carlo simulation for the
path of Si2 photoelectrons in silicon oxide. Based on the simulation, we found that the elastic
scattering of Sip photoelectrons in silicon oxide could effectively be neglected in several specific
directions. We also found that an emitting direction different to these specific directions is
indispensable when precisely determining the thickness using XPS with a large receiving angle.
© 2003 American Institute of Physic§DOI: 10.1063/1.1616204

Some previous studies on silicon oxide film, such asour study, were prepared in the following way. First, a 1-9
those on the early stages of Si oxidation and,3® inter- Q) cm n-type Si layer epitaxially grown on a @00 surface
face structures, have been done using [Bighotoelectron was treated in 0.5% hydrofluoric acid solution to derive an
spectra measured with x-ray photoelectron spectroscopgtomically flat Si surface terminated with hydrogéf). Sec-
(XPS.1=° Analyses of Sid photoelectron spectra have ond, to preserve the atomic-scale flatness of the H-terminated
widely been used to determine the thickness of the silicorBi(100 surface, back-bond oxidation was done to form a
oxide film because oxidized Si can be distinguished nondePreoxide with a thickness of 0.3 nm. The back-bond oxida-
structively from nonoxidized Si. However, the values re-tion was done in a dry oxygen ambient at 4 Torr and 300 °C,
ported, such as the photoelectron attenuation length op Si 2Which prevented the Si—H bonds from being brokén.
photoelectrons in silicon oxide, have varied markedly al-Through this preoxide, oxidation was done in 1-Torr-dry
though this is an essential parameter in determining oxid@Xygen at 600-880 °C to form an oxide with a thickness of
film thickness with XPS° This is because the Sp2pho- ~ a@Pout 1.8 nm. An area with a diameter of 20 mm in the
toelectron intensity has a large angle dependence that [giddle of the Si substrate was _optlcally heat_ed with a halo-
caused by the diffraction or interference between the primarge" 1amp, and the center of this heated region was used to

photoelectron wave and the secondary electron wave, elasfiié@sure the photoelectron spectra.

cally scattered by crystal latticé$® We recently found that we meas#rer:]d_ Si‘ﬁ_ phrllotoele(_:t_ron h.Spﬁ ctra IWi.th tk;]e
the elastic scattering of Si2photoelectrons in silicon oxide ESCA-300, which is a highly sensitive, high-resolution pho-

as well as in crystalline Si must be considered in explaininé&eéecnog_ ipectromegf\rlvequ[{ptﬁed IW'F[h a mo_ngchromlanc
the dependence of Sp2 photoelectron intensity on the a radiation source. Ve set the electron receving angle

azimuthalangle for a £100 or Sty supstrate covered o2 EACE Ry SRR T S RN
with a Si0; thin film.!12A methodology to precisely deter- P Y

. . . . . the vacuum is expressed through azimuthal arigleand
mine oxide film thickness using XPS was proposed by I‘upolar angle(6), both of which are defined as angles with

9 1 -
et al” They found through experiments that they could sup respect to crystal orientation.

press the effects of photoelectron diffraction on photoelec- The thickness of oxide film T,) was determined

tron intensity by using the large receiving angis°) of a through the following equation:
photoelectron energy analyzer. It is therefore necessary to

state the efficiency of the proposed methodology through — T, =A, sinGIN[ (YA NG/ Y oA oxox)
guantitatively understanding the effects of elastic scattering
of Si2p photoelectrons in silicon oxide on the S »hoto-

electron spectral intensity. _ . whereNS NO, and NI represent the respective spectral in-
Extremely uniform oxide films, which were essential in (gngiiies of Sip photoelectrons that are emitted from the Si

substrate, Sig, and the intermediate oxidation stafes’ of

dElectronic mail: hattori@ipc.musashi-tech.ac.jp Si. ng(Ngy), Ag(Agy, andYy(Yy,) represent the respective

X {(NO+NI)/NS+1}],
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— 1.6 FIG. 2. Dependence of SpXpectral intensity on the polar angle calculated
a 3 {b) 6 =35° for samples with 1.0, 2.0, or 3.0 nm thick oxide films. Solid curves were
~ 8, 1.2 derived from the simulation by considering both elastic and inelastic scat-
n @ =1 tering of photoelectrons in oxide film, while dotted curves were derived
69 0.8 from the simulation by only considering inelastic scattering. The elastic
50 | scattering of Si @ photoelectrons in silicon oxide can effectively be ne-
-g % 04 glected in some photoelectron emission directions, which are indicated by
EE:] [ the vertical dashed lines.
-4 -g 0.0 1 ! ' 1 1 1 1
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Azimuthal Angle ¢ [degrees] tering processes for photoelectrons in metal through Monte

_ _ _ _ Carlo simulatiorf® Applying this model, we will discuss the
FIG. 1. Number of Si p photoelectrons emitted from H-terminated1%0

and from Si substrate covered with 0.6, 1.2, or 1.8 nm thick silicon oxidescatt_erlng procgss of SprhOt.OeleCtronS. n SIII_Con oxide to
film: (a) as function of azimuthal anglep) measured at polar ang@) of ~ ©btain a scattering cross section. The simulations were done,

35°: (b) as function of polar angléd) measured at azimuthal angle) of ~ based on the following assumptions, to reveal the path of

45°. Solid curves were derived from simulation by considering both elasticSj 2p photoelectrons in oxide:

and inelastic scattering of photoelectrons in silicon oxide film. (1) The crystal structure of the Si substrate near the
SiO, /Si interface is not changed by oxidatiGhTherefore,

density of Si atoms in the Si substrate (SjOthe electron We used the interference pattern from the H-terminated Si
attenuation length of Sif2 photoelectrons in Si (Si§), and surface as an initial pattern before scattering occurred in sili-
the yield of Si2 photoelectrons in Si (Si§). The respec- ¢on oxide film.

tive atomic density, electron attenuation length, and photo-  (2) Angular deflections due to elastic scattering of §i2
electron yield of intermediate oxidation states of Si are asPhotoelectrons can be calculated using the Wentzel rffodel
sumed to be equal td.,, Ay and Yo,. In the present of Coulomb potential/(r) expressed by the following equa-

analyses, we used the following values: tion: V(r)=(Zqg?/r)exp(- Barlay), wherer is distance from
the center of an atonq is electron chargeZ is the atomic

(1) 5x10°# m™2 for ng and 2.28<10°® m~3 for n,,,*® number of the target atora, is the Bohr radius, and is the

(2) 2.11 nm forA,,° and screening constant expressed by the following equation;

(3) 0.59 forY, and 0.69 forY,,.° =78 Meanwhiles is an adjustable parameter and is equal

to 1 in the Wentzel model.

The values forA, (3.80 nm and 6 (52°) will be pre-  (3) The elastic scattering cross sectiony()] in sili-
sented in a later discussion. The other experimental details;, oxide is given by the following equations( )

and analytical procedures for the §i photoelectron spectra — (1/3)¢, o(7) + (2/3)0g o( @), Where ogs(m) and

are described elsewhefe. _ ae o) represent the respective elastic scattering cross sec-
‘Figure 1 shows the number of Sp2Zphotoelectrons  tion for Si atoms and that for oxygen atoms and denote the

emitted from H-terminated §i00) and from S{100) covered  jntegration of the scattering cross section within a scattering

with 0.6, 1.2, or 1.8 nm thick silicon oxide films as a func- gngle range of 0 tor.?°

tion of ¢ varied from—60° to 60° with ¢ fixed at 35°[Fig. (4) The inelastic cross sectionrf,) represents the sum

1(a)], and as a function of varied from 0° to 90° with¢  of cross sections for all inelastic scatterings of Bifghoto-

fixed at 45°Fig. 1(b)]. The change we observed in the num- electrons in silicon oxide. An inner potentiaf® of 15.3 eV

ber of Si 2 photoelectrons as a function gfor dis referred  was used to calculate the emitting direction of photoelectrons

to as an interference pattern generated by so-called photfom the oxide surface into the vacuum.

electron diffraction from Si substrates. Figurds)land Xb) The solid curves in Figs.(&) and 1b) were obtained by

reveal that Si p photoelectron spectral intensity decreases asgonte Carlo simulation with both a (=) and o, of 1.17

oxide film thickness increases. This is because some of the 0.07x 10~ 2° m?. They correlated well with the experimen-

Si2p photoelectrons emitted from the(800) surfaces lose tal results. Here, the value fory(7) was obtained with 8

their energy due to inelastic scattering in silicon oxide. Weof 0.80+=0.03. The inelastic mean free path.() of Si2p

also found that the interference pattern became more indigshotoelectrons in silicon oxide was deduced to be 3.80

tinguishable as oxide film thickness increased. This is be=-0.22 nm from ag, of 1.17+0.07x 10" 2° m? through the

cause Sip photoelectrons emitted from the($00 surface  following equation;L .,= 1/(nyyoin). The value ofL,, deter-

changed their directions of travel as they were elasticallynined above was in an excellent agreement with the 3.8 nm

scattered in the silicon oxide"® obtained theoretically by Tanuret al?*

Salvat and Parellada revealed elastic and inelastic scat- Figure 2 shows the dependence of spectral intensity of
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15 - " To summarize, we determined the number of Sigho-
0 = 35.26° ¢ =45° y=28 toelectrons emanating from a($00) substrate covered with

w silicon oxide film as a function of azimuthal and polar angles

using the oxide film thickness as a parameter. The elastic and

10

Error [%]
[4,]

—ﬁio—,/ inelastic scattering cross sections of $i @hotoelectrons in
0 —2750 silicon oxide were deduced by reproducing the experimental
) , , , , . results with Monte Carlo simulation for the path of $i2
00 05 10 15 20 25 3.0 photoelectrons in silicon oxide. Based on the simulation, we
Oxide film Thickness [nm] found that elastic scattering of Sp2photoelectrons in sili-

o _ _con oxide could effectively be neglected in several specific

FIG. 3. Errors in oxide film thickness determined from Monte Carlo simu- directi We d trated that itti directi diff
lation of path of Si2 photoelectrons in silicon oxide film with receiving Irecuons. vve ?mons ra_e_ _a an emitting direc lor_1 rer-
angle of 28° and using photoelectron takeoff angle as a parameter. ent from these directions is indispensable when precisely de
termining the thickness using XPS with a large receiving

. angle.
Si2p photoelectrons on the polar angle calculated for ¢
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