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Electron-energy-loss spectroscopy in a scanning transmission electron microscope has been used to study
the interface plasmon pedkPP) observed at the Si/SiOnterface. A precise line-spectrum recording shows a
shift of the interface plasmon peak from 7.8 to 6.8 eV from the interface to 5 nm from it. This shift is explained
by considering relativistic effects, demonstrating the importance of obtaining the relativistic formulas given in
the two appendixes. The agreement of the simulations with the experiment, both in position and intensity is
very good and is improved further by the introduction of a 1.0-nm-thick intermediate layer of SiO. A crystal-
line phase of SiQseems to be in poorer agreement with experiment. This implies that the careful recording
and simulation of the IPP can actually give some information about the nature of interfaces.
[S0163-18207)06535-1

I. INTRODUCTION investigation of collective excitations must not be confused
with changes that may occur in interband transition stutfies,

The Si/SiQ interface has been extensively studied in thetransitions that involve one electron processes. Nevertheless,
past 10 years because of its influence on the performance #ie Si/SiQ interface is useful for testing theories in a sense
metal-oxide-semiconductor devices. Many different techthat the interface plasmon peak appears clearly around 8 eV
niques have been applied in order to determine the structur@ the band gap of Sig@and in an energy domain where the
and the properties of this interface. Among these, one cabi EELS spectrum is low in intensity. We have thus chosen
point out high-resolution electron microscogylREM),>?  this example to show how precise the interpretation of this
x-ray photoemission spectroscopysresnel contrast,and interface plasmon peak can be using dielectric theory. Fur-
Auger electron spectroscopyElectron-energy-loss spectros- thermore, in many cases EELS is the only tool available for
copy (EELS) in scanning transmission electron microscopesanalyzing locally new materials like the nanoporous silicon
with high spatial resolution and chemical sensitivity, has alsdnvolved in photoluminescentor the macroporous silicon
been used as a means of examining the energy-loss-neavith a photonic band gaff.
edge structure$ extended energy-loss fine structdrbulk Several authofs"*®have found & 1 eV as the IPP posi-
and interface plasmorispr just bulk plasmong.They all  tion and the purpose of this paper is to show that this value
agree in identifying an intermediate layer of approximately 1can be much better defined and that relativistic effects must
nm of a material SiQ (x<2) between the silicon and the be taken into account in order to get a proper fit to the ex-
silica parts. periment.

The bulk and the interface plasmons are collective oscil-
lations qf the quasifree electrons in the material _due to the Il EXPERIMENT
penetrating fast electrdfl.The interface plasmon arises from
the boundary conditions and is localized at the interface. Due The experiments were carried out on thermally prepared
to the use of an on-axis circular aperture, the spectra ar8i/SiO, interfaces. A 140-nm-thick layer of SiChas been
recorded from quite low as well as high values of the scatgrown on a Si(111) substrate. Thin sections for the electron
tering vectork. This prevents the shape and the position ofmicroscope were obtained by the tripod polishing
the observed interface plasmon peak from being highly sertechnique'®
sitive to the atomic scale structure of the interfAt&his EELS experiments were carried out at 100 kV with a VG
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FIG. 1. Schematic view of the interface. The beam position is
labeled as a function ofy, the impact parameter.
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HB501 FEG scanning transmission electron microscope. The
data were collected at 0.10 eV/channel using a GATAN 666
PEELS spectrometer. The zero-loss-peak full width at half
maximum(FWHM) was 0.7 eV. The spectra were recorded
at 0.3-nm intervals across the interface using computer-
controlled beam positioningspectrum-line mode(Fig. 1),
each spectrum being acquired for 0.2 s. The estimated probe
diameter was about 0.7 nm. The spectra were corrected for FIG. 2. (8) Raw experimental spectra. Only a few of the 128
dark current and read-out noise using the GATAN suppliedecorded spectra are presented. The thicker line correspongs to
EL/P program. Deconvolution by the Zero_'oss_peak re—— 10 nm in the silicon and the thick dotted Ilne)tg): +10 nmin
corded in a hole of the grid was done using thPEELS the silica. The thin lines are intermediate positiofi. The experi-
programﬁ The spectra were reconvolved by a Gaussian 0fnental data after decon\{olutiop with the zero-loss peak and rescal-
FWHM=0.6 eV to reduce the noise introduced by the de-9 ©f the total detected intensity. Same legend a&jn

convolution process.

Due to the varying diffraction conditions, the outgoing both experimental spectra by 1.1. The reason for this discrep-
overall intensity analyzed by the spectrometer is not constar@inCy is unknown but we are very confident with the thick-
when crossing the interface. In order to compare with theess found since a Fourier-Log deconvolution of the experi-
calculated spectra, we have scaled each spectrum by dividingental silicon spectrum giveE/A =1.58 (A total mean free
by the total number of counts from 10 to 90 eV and by the Path of the electronwhich, combined with the value of
energy dispersion in order to obtain an intensity scale as Bl15 nm(Ref. 18] leads toT =180 nm. As the value df is
probability per eV. The result is substantially different from the same on both sides of the interface, the thickness is con-
the raw data showing the necessity for recording the spectrétant across the interface. This check is essential for a proper
on a large energy scal@ig. 2). As we want to focus our comparison of the relative intensities when the interface is
interpretation on the interface plasmon peak around 8 eV afirossed.
enlargement of Fig. 2 is presented in Fig. 3. The differences
in given impact parameters are precise but their absolute va’
ues are not, i.e., the position of the interface is known only tc
an accuracy oft1 or 2 spectra£0.65 nm). The main ob-
servation is that this interface plasmon peak is shifted in
energy from 7.8 to 6.8 eV when the impact parameter is,
respectivelyx,=—1 and+ 10 nm. The reasons for this shift
will be discussed below.

The objective and collector aperture were, respectively
50 um and 2 mm. Using the programoNcOR (Ref. 18
which corrects the collection angle for the effect of the con-
vergence of the electron beam, we get an effective collectiol
angle of 15 mrad. As the cutoff angle for silicon is approxi-
mately 7 mrad?® we have used this last value in the program
BULK (Ref. 19 to fit the thicknesd of our film. The dielec-
tric constants for amorphous Si@nd crystalline Si have
been extracted from optical measuremé&htsing a 0.2-eV
energy step. The best fit is found for= 180= 10 nm on both
sides of the interfac¢see Fig. 4 with a good matching for
the zero-loss peak, the first plasmon peak, and the second FIG. 3. Experimental interface plasmon peak spefinagnifi-
plasmon peak. It has, however, been necessary to multiplyation of Fig. 3, vs the impact paramete,.
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FIG. 4. Comparison of the experimental spectra fg= FIG. 5. Comparison of the theoretical excitation probabilities

—10 nm(O) in the silicon andk,=+ 10 nm(X) in the silica with  using formula(2) (----) and the formula given in Appendix &—).
multiple scattering calculation§—) and (----), respectively. The  Both calculations are done fop=+1.5 nm.
inset shows the zero-loss peak.

d2P 62 kym (1_82ﬁ2)

Up to now, no analytical formulas have been established dw dz  27%v2eqh Im fo dky £oV5
to describe the loss spectrum at an interface within a thin 5
film, i.e., the surface plasmons on both top and bottom sur- + (1-e287) _,, .

X X —e 270

faces of the specimen have had to be considered separately £oV5
from the interface plasmon. We have used the thickness de- )
termined above to compute the intensity of the surface plas- +2e—2v2x0{ _ 1 + B )
mons applying Krger's formul&? for a uniform slab. This gVt eV, Vit

intensity is very small in the silica and contributes mainly
with a smoothly varying shape around 11 eV in the silicon.V!
Thus, this surface-plasmon intensity will not affect the inter- 5% > T >
pretation below. Referring to this latter formula and to recent v=vkyt v, vi= \/ky+(“’ ) (1=¢;B%)
calculations;’ one can assume that the coupling of the inter-yith a positive real part ang=v/c.

face and surface plasmons is significant only for thicknesses | poth cases, the formula corresponds to an electron trav-
below 30 nm. The rather large thickness of the sample studé”ng in medium 2(see Fig. 1 k, is the component of the
ied here is then a valuable simplification in that sense. scattering vector along theaxis,él ands, are the complex
Assuming pure elastic scattering by noncrystalline mategjigjectric functions of the two media, is the speed of the
ria!s, simple Monte _Carlo calculatic_)??sshow t_hat the broad- fast electronx, is the impact paramete the elementary
ening of the beam in the sample is approximately 10 nm inygcirical charges, the vacuum permittivity7i is Planck’s

tEe siIi”con and in the sililca ;‘c_)r_a 18|?-nm(—jthicl(§ fiIm.hDue to constant, and is the speed of light. Clearly recognizable are
the collector aperture onlyof it is collected and so the area o iy al terms Im{1/e,), corresponding to the so-called

sampledlls abc.“.’t 2.5 nm. Th's effect should be taken Ntk plasmon contribution, and [W/(e, + &5) ] that give rise
account in addition to the finite size of the protie5 nm to the so-called interface plasmon peak. The exponential
and the convergence of the beam. We assume that these 3¥ms indicate that the intensity of the IPP is taken from the
Chulk one (the Begrenzung effeth and vanishes for large
impact parameters.
These formulas, extensively used in the present paper,
perform the momentum integration for a finkg range, i.e.,
IIl. BASIC THEORY FOR INTERFACE 0 tokyp. Ky is implicitly integrated from O to infinity. How-
PLASMON EXCITATIONS ever, this should not be so, since we have used a collector
aperture limiting the scattering vector in both tkeandy
The excitation probability? per unit path length and an- directions. We give in Appendix A the rigorous relativistic
gular frequencyw is given by the nonrelativisti¢formula  formula for a single interface. This formula has been used to
(1)] and relativistic formula® [formula (2)] below: calculate the excitation probability for a silicon/silica inter-
face and a circular aperture corresponding to a cutoff angle
of 7 mrad. Figure 5 shows the result fog= + 1.5 nm com-
pared with the one obtained through form¢2. The inten-
sity and position(between 3 and 10 e\of the IPP are not

th

spectra because of the multiptg values involved in each
spectrum.

11,
———+—e 2
EQV EQV

d?P B e? | fkymdk
dw dz 2702k m 0 Y

2e~ 2% 1 affected by the introduction of &, limitation, due to its
+ {— n } (1) confinement in they-z plane. However, the bulk-plasmon
v g2m e peak intensity is affected. As the purpose of this paper is to
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FIG. 6. Theoretical calculations of the intensities in the nonrel-
ativistic case(thin lineg and in the relativistic caséhick lines.
Three spectra for each case are shdwp=—1nm (O), Xo=
+2 nm(X), andxg=+5nm (—)].

FIG. 7. The imaginary part of the relativistic surface-plasmon
term fork,=0.1 A™* (----) (multiplied by 50 for comparisonand
ky=0.0001 A"t (—).

greases, the high values kyf become more and more unfa-
vorable compared to small values and only the relativistic
peak is then left. This is an obvious effect of retardation.
Relativistic effects may also explain why in small spheri-
cal silicon particle® one of the interface plasmon peaks is
IV. COMPARISON BETWEEN THEORY shifted from 4 eV when the spectrum is recorded with the
AND EXPERIMENT beam going through the particle to 3 eV when the spectrum

Figure 6 compares the theoretical EEL spectra obtainebS recorded at grazing incidence. Fl.Jr.thermore, this explains
for different impact parameters using the nonrelativistic for-al_so. wh_y the expected 8_.7-§V position of the IPP for the
mula (1) (thln Iines and the relativistic formulaz) (thICk Sl/S|OZ interface of the Sl/SlgAl/V&CUUm System in Ref.

lines). The IPP is not shifted in energy in the nonrelativistic 15 is in fact observec_i ata lower energy. N
case. In formula(l), the term InfL/(e;+¢5)} can be ex- However, the position of the IPP for an abrupt Si/giO

tracted from the integral as in the local model, it does notntérface is calculated to be 7.9 eV feg=1.5 nm whereas
depend ork, . The integration ovek, (i.e., ») will then, for the experimental value is 7.2 eV. We have then introduced

each value ofx,, only be a scaling factor for Ifa/(e; an intermediate layer of SiO between the silicon and the

+&,)}. As this last term gives a peak at 8.5 eV, the IPP stay§ilica us_ing optical dielectric da?’(%and the_formul_a given in_
at 8.5 eV but decreases in intensity with increasing impactb‘ppend'x B The agr.e.ement with experiment is now qwte
parameter. good, both in the position of the peaks verggsand in their
The situation is very different in the relativistic case. TheNtensities(compare Figs. 9 and)3It has, however, been
IPP is shifted to lower energies as the impact parameter {8€C€SSary to consider a small st nm in the interface

increased. This indicates that the only way to interpret theposition, which is fai”}’ rea§onable. Th'is calculatiqn is pre-
observed shift in a local dielectric model is to use a relativ-S€Nted for al=1nm wide Si0 intermediate layer. Figure 10

istic formula. It is thus essential to perform a relativistic
calculation if one wants to extract information from interface
plasmon peaks.

Calculations show that th@?/(v,+ v,) term is negligible
in the energy range 4—12 eV. Because of the finite speed o
light, the energy of the interface plasmon is determined by
the 1/(v1e,+e1v,) term[formula (2)]. Figure 7 shows the
imaginary part of this term for two different values kf.
For large values of, , one obtains a peak at 8.5 eV just as in
the nonrelativistic case. This is because thgr=v,~v.
Large values ok, correspond in real space to small distance

focus on the IPP and because of the obvious greater simpli
ity of formula (2) over the one in Appendix A, we will use
the former one to interpret our results.

< —_
oo — [\%4

exp(-2vx0)
=) =)
'S o
I NI AT S IET AT S IFET O AP A T AT A

values; retardation effects are then insignificant. Whkgis 02
small the term cannot be simplified and gives rise to a dif- 0
ferent resonance energy for the interface plasmon around ! 0' o '0'1' o '0'2' o '0'3' o '0'4' o '05

eV. The exponential term exp@r,X;) also depends ok, .
Whenx, is small this term does not change much wkih
(Fig. 8 and the intensity comes from both relativistic and
nonrelativistic interface plasmon peaks. We then get a peak FIG. 8. Ther dependence of the exponential term for twgp
around 8.5 eV and a shoulder around 7 eV. Butxg@sn-  values.

v (nm!)
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FIG. 11. Comparison of an experimental spectrymy=
+2 nm, crosseswith two corresponding calculated spectra for a
d=1nm SiO intermediate layef—) and for a d=0.5nm
SiO,—a-quartz intermediate layédF---).

shows a comparison fofz=1.5 nm between an experimen-

tal spectrum and calculations done fat=0.2nm, d  4-quartz?° Figure 11 shows an experimental spectrum for
=1nm, andd=2nm. The large intensity difference in the x =+ 2 nm and the corresponding calculated spectra for an
10-30-eV energy range between experiment and theory resio intermediate layer and a crystalline SiBtermediate
sults from the fact that the formula in Appendix B does notjayer (the discrepancy in the experimental and theoretical

Eje}ke i.nto afcc'guntsthe fini1t_eh sizr:e of the ?pegure in K¢ jntensities around 11 eV are due both to the use of the non-
irection (cf. Fig. 5 cas The three simulated spectra are circular aperture formula and the surface-plasmon excita-

very similar in the 10-30-eV energy range leading to a OIIf'tion). The crystalline Si@solution, because of the low sen-

ficult discrimination between the three thicknesses. The en-. . " . .
ergy of the IPP is far more sensitive to the thickness of th(_:.S|t|V|ty of the IPP to the chemistry of the interface, cannot be

intermediate layer. It is shifted from 7.75 eV fd~=0.2 nm ruled Ol.Jt’ but th_e calculated SpeCtFa display a poorer agree-
to 6.85 eV ford=2 nm, the experimental value being 7.2 ment with experiment compared with the SiO hypothesis.

ev.

Ourmazdet al? have deduced from HREM experiments
that the intermediate layer was in fact a 0.5-nm-thick layer of
tridymite, a crystalline phase of SjOUnfortunately, no di-
electric data are available for such a material. Nevertheless, The use of spectrum-line acquisition mode is essential for
between 0 and 10 eV the dielectric functions for the crystalan accurate investigation of interface plasmons, and is, there-
line phase of Si@are very simila®?” we have then per- fore, quite fruitful for an improved characterization of an
formed a calculation using the dielectric data of SiO interface, as demonstrated in the present case concerning the
existence of an intermediate layer of SiO. It is also important
to emphasize that a precise interpretation of plasmon losses

FIG. 9. Calculation of the interface plasmon peak withda
=1 nm intermediate layer of SiO.

V. CONCLUSION

0.03 . ; : . ; L
] is not possible without a consideration of the relativistic ef-

0.0253 fects and one must be cautious about interpreting spectra
- 3 whilst neglecting them. One could, however, either select
3 large values ok, by moving the collector aperture slightly
> ] off the optical axis and/or precisely positioning the beam on
= 0,015 Frrrpemrerrrrrreererrer aseeet® 000, the interface where the relativistic peak is less favored. Fi-
= ] : nally, the agreement obtained between the experiment and
=< 0.01 the calculations proves that optical dielectric data are, to a
& 0.0053 very good approximation, suitable for understanding and

R simulating interface plasmon peaks.
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APPENDIX A: RELATIVISTIC EXPRESSION FOR THE = dk, (= dk (= do
EXCITATION PROBABILITY OF AN ELECTRON EL(z,%)= J o o 5 gikexo—iot
TRAVELING PARALLEL TO A PLANAR INTERFACE - - -
FOR A CIRCULAR APERTURE XEy(z,ky .ky).

Using a similar formalism to that described by GarciaThe retarding force at the particle is equal to its energy-loss
Molina et al,”" one shows that the electrical fiefgl, in the  per unit path length, so

propagation direction of the beam at an impact parameter

Xg to the interface can be written as w
— =eE,(z=vt,Xq)

dz
— v1X <
E.(zky,w,X)=x1€ for x=0, and as
— v s 2
Ex(z. Ky, @,X)=xo€" "2+ x3e"?"  for 0<x=<Xo, W__ "I de
dz o dz dw
Eu(z Ky, 0,X)=(x2+x4)€ "2 for x=Xq, [(Ref. 10], we get, for a circular aperture defining a cutoff
with vector g, the probability of excitation of an angular fre-
quencyw per unit path length and per unit frequency
2me w) g, 2v, 1 5 5
— _| Z=£ — 2,2
X1\ 0200 T &y gt vy (1—&18%) d*P —m chdk N f(qc,ky)uzdk A 171 cos ko)
dz do o YO | vi+KE
_ V1(82_81) —vyXgtiwz/v .
ViEat Vogg € : _ Miky sin(keXo)  (Ap—Ag)vp COSKeXo)
Vi‘l‘ k)2< v%-i— ki
_( 2me w 1 {21}3(82—81) N (N o+ Ng)k, sin(k,Xg) 2N\ gv,e¥2%o
X2 V2,15 1] Vot vy | Vot i, V§+k)2( V§+k§
+(1_,3282)(1/2_V1)}eV2X0+iwz,u, with
A ¢
0=5.3, . 2, 7"
Xs:(FZQT_iig)(l_BZSZ)e—szoﬁ—in/u, 2 E0EQV Vzﬁ
2V2
g2 2vp { 2 vi(e—£1) X
2me w . 1= (l=e1)——————(¢e "2,
X4:(0282y2 i_)(l_IB282)e+V2xo+le/u, €1 vty Vi€t Vogy
where 1 [2v3(e—eq)
= +(1— 2 _ —voXg
2 A2 ot 11 | gert vio, (1-B%z)(vo—vy) (€ :
2_p2,. % 2
Vi =ky+F (1-pB%¢;)), Rdrv)=0, B=vlc, and
€1, &, are the dielectric constants of the two medids the Na=(1— B2s,)e™ 2%,

fast electron speed; the speed of lighte the elementary

electrical charge, and the angular frequency.
Hence, using the Heaviside functid, can be written as ~ APPENDIX B: RELATIVISTIC EXPRESSION FOR THE

EXCITATION PROBABILITY OF AN ELECTRON
TRAVELING PARALLEL TO A SANDWICH INTERFACE,
INTEGRATION LIMITED ONLY

+(x28” "2+ x3€"2)H(X)H (Xo— X) IN THE k, DIRECTION
+(x2+ xa)€ "ZH(X—Xo). We consider a double planar interface between three me-

_ dia with dielectric functiong, €,, andes. X is the impact
In order to integrate ovek, andky, one must perform the parameter of the electrons from the center of the intermediate

EA(zky,w,X)=x1€"*H(—X)

following Fourier transform: layer andd is the thickness of the intermediate layky,, is
the maximum scattered wave number.
% _ Following the same general idea as the one described in
Ez(Z,ky,w.kx)=f sz(z,ky,w,x)e"kdex. Ref. 24 but now for a double interface and using the same

relations and definitions as in Appendix A, one finally ob-
Then, evaluatindge, at Xg: tains forxy,=d/2,



6780 MOREAU, BRUN, WALSH, COLLIEX, AND HOWIE 56

- - 28 - 28
fkymdky[ 1-p 3)+(1 P 3)1“4—A exp{—w(xo—g)“),

0 V3€3 €3

o oo §] 2o

- . _ 5 {(vo+ vy)exp(vod) + (v,— vi)exp — vyd)},
3

P e
dw dz  2m°v2%eoh

Im

where

J=(v1+vy)(v3+ vy)exp(vyd) + (v3— vy) (vo— vy)exp — vod),

1 , d
e 8V3V2(81_82)ex — V3 XO_E

A=73r

2V3 d
+ 8_3 (82_83)9Xp[ - Vs(xo_ 5)]{(1/182"' voe1) eXp(vod)

+(voe1— vig)exXp( — vod) (v + vo)explvod) + (v, — vy) exp( — vod)}
L=[(v3eot voe3)(voe1t vig)eXP(vod) + (Ve — v185) (V3e— voeg)eXpl — vod) .

2 1/2
2, @ 2
Vi= ky+07(1—ﬁ Si)

with a positive real part.
Similarly for 0<xy=d/2,

d?p e? ( fkym dk,

|

T= (vt v1)(va—v3)eXp2vyXg) + (v — v1) (Vo va3)eXP — 2v9Xg) — 2(v1— vo) (v, — va)exp( — v,pd),

= | 1-p° 1 peg) L+
dw dz  27v2eh m 0 Voo (1=Be2) = ( BSZ)J J.L

whereJ andL are as defined above and

d
Xot =

Xot+ =
2 0

2

)

+(V283+ V382)(V2+ V3)(81_82)ex% _2V2(X0_ E

+(vig—voeq) (vo— Vl)(83_82)eXF{ —2v,

Y=2v§ (voetvien) (vt V2)(83—82)EX[{2V2

d
+(vaeo—voe3)(vo— V3)(81_82)9XF{2V2(X0_ E)

+2v,(v3+ V1)(£1_82)(82_83)J .
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