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Silicon interband transitions observed at S{100)-SiO, interfaces
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We report on a type of Si interband transitions giL80)-SiO, interfaces that has no equivalent in the bulk
of crystalline silicon. These transitions, leading to strong resonances in optical second-harmonic-generation
spectra with energies of 3.6—3.8 eV, are energetically located betwe&n B E, critical points of bulk Si.
We assign these transitions to Si atoms withbytattice symmetry at the boundary between crystalline Si and
the SiQ transition region. We also report on a strong blueshift of e transitions at the interface.
[S0163-182698)51428-3

Owing to the undiminished importance of metal-5i8l  spectra were measured with a tunable ps parametric
heterostructures in current semiconductor device technologgenerator/amplifier laser system similar to that described in
the physical and chemical properties of the Si-Siderface  Ref. 9. The spectra were normalized against the SHG signal
continue to be a field of active researfoBne important issue from an index-matched suspension of urea crystallites, which
addresses the electronic excitations of a well-ordered Sj-Siovas recorded simultaneously with the sample signal. All
interface and the related question of whether optical specsPectra shown here were obtained at an angle of incidence
troscopy can be used for a characterization of structural ordef=65° and with p-polarized fundamental and second-
at the interface. Recently, both linddmnd nonlinear optical harmonic beamsp(-in/p-out).

(i.e., second-harmonic generatiorechnique$® have been In Fig. 1 we show the SHG spectrum of g BI0) sample

applied to study the effect of the oxide on the energetic po—(p dope_d,p=2_t—h1t(;]m cm)tcoverfed with r? nativ_? (()inde’ in
sition of theE| andE; critical points(CP’s) of direct optical comparison wi e spectrum of amorphous sili¢dapos-

. . . . ited at 450 °C, precursor SjDfilm thickness 0.7um). The
g;?g’%ii;sgzm:::rg; ﬂ;ﬁi frtfa(;}lnttﬁgsget;;ls?gg;ss' ;? tth'Si(loo) sample exhibited comparatively strong resonant

RS ) i &HG, while the spectrally flat signal from the amorphous Si
Si-SIG, interface it was proposed that the Si layers beneatiyy e was at least one order of magnitude smaller in the

the interface are strained, either as a result of a Iong—rang,(%‘nge of the strongest Si interband transiti¢d2—4.4 eV.

mechanical stress due to the different coefficients of expangor the S§100) sample we observed two pronounced reso-

sion for Si and S|Q2 or as a result of lattice relaxations due nances: the resonance with a maximum at about 3.3 eV is

to a charge transfer from the near-interface Si layers to thgerived from theEj/E; CP transitions in bulk Si° This

oxide:’ resonance, due to the lowest energy direct transitions, has
In this paper we report on our observation of a type of Sipeen the subject of previous SHG studie$The resonance

interband transitions in second-harmonic-generat®HG)  with a maximum at about 4.3 eV corresponds to transitions

spectra of SL00-SiO, interfaces with a resonance energy

between 3.6 and 3.8 eV. We attribute these transitions, which 25 3.0 35 40 45

do not occur in the bulk of crystalline silicon, to Si atoms

without T lattice symmetry located at the interface between S 2.0 459ey 120
crystalline Si and the SiQtransition region. Our observa- ) i ' ]
tions have been made possible by extending the spectral < 150 1is
range of our SHG experiments up to 5 eV, thereby covering g ’ 1
the full range of the fundamental interband transitions in Si @

up to theE, CP. We also report on an unexpectedly large 5 10 110
blueshift of theE, transitions at the interface that cannot be g [ ]
explained by any strain effect. To excite the interband tran- £ o5[ Jos
sitions at the interface we used optical SHG that is a particu- % [ AN
larly interface-sensitive spectroscopy because it is forbidden § 00 3 \ o

in the bulk of centrosymmetric materials in the electric-
dipole approximation.

Our samples were cut frof100)-oriented silicon wafers
with different doping concentrations, which were either in- g1 1. SHG spectrum of a @00 sample with a native oxide

vestigated as received from the manufacturer or subjected {@pen symbols compared to a spectrum of amorphous Si with a
different thermal oxidation procedures. For comparison Wenative oxide(solid symbols. Solid line: fit of three CP resonances
also investigated amorphous silicon, which was plasma dep the data. Dashed lines: SHG intensities separately calculated
posited on Sil00 substrates at temperatures between 40Grom the fit parameters of each resonance. The resonance energies
and 550 °C, using SiHor SiD, as precursors. The SHG obtained from the fit are indicated.

25 3.0 35 40 45

Second-harmonic photon energy (eV)
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that cause th&, CP in bulk Sil° In addition to these bulk-

derived resonances, the SHG spectrum of the crystalline 50 F
Si(100 sample in Fig. 1 exhibits appreciable resonant inten- X
sity between 3.6 and 4.0 eV. Obviously, there are strong 40 ;
interband transitions at the Si-Si@hterface that do not oc- F
cur in the bulk of crystalline Si and must therefore be attrib- 30 F
uted to the unique bonding configuration of Si atoms at the : .
interface. 20 2
To extract the energies of the resonant transitions in- Z ;
volved in the SHG process, we reproduced the measured ii 10 F &
frequency dependence of the SHG inten$it2w) by a co- e 2
herent superposition of CP-like resonances for the second- § 38 3
order nonlinear susceptibilitx(sz) of the interface: g : E,-
c o (2]
S o5t g
3 . 2 L
fi exp(i ¥y) 20 E z
| (2w)o kzl Ak(w’a)Zw—wk-Hyk , 1) o
with the resonance frequencies,, linewidths y,, ampli- 10F
tudesf,, and phaseg, being fit parameters. The physical -
grounds for the ansatd) will be discussed in more detail in :
a forthcoming papet! The analytic form(1) for the spectral obta e ey
dependence of the resonances is referred to as an excitonic 25 3.0 35 4.0 4.5
line shape that represents the best approximation foEthe Photon energy (eV)

CP in the linear dielectric function of bulk $but which we ) id line: , @ of th
also used for the analysis of the other transitions. The coefr-es'?ni'n Cégrfnc; Igigmi' Q;S:gg ?iert)é-s nL:grfit;diﬂ g? ?hizl-itri/g:r
Ilr?ée?lgsnﬁ;%vé2?[aﬁa§$1dmtsoe?§r(1:g}jhn;rtmhgr::get?égéospatlﬁ?cﬂfgnhOIF]%Ulk susceptibility of crystalline silicon(b) Solid and dash-dotted
sample, including multiple reflections in the oxide layer Ines: magnituqugZ)J (n.Ot to scalg of the new resonance as ob-
They V\;ere obtained using a matrix formalig®® and de- 'tamed_ from the fits in Flgs. 1 and@, res_pt_agtwely. Dashed Ilm_e.:

e magnitude xV| of the linear bulk susceptibility of amorphous sili-
pend on the fundamental frequeneyand angle of incidence

con.
6 as well as on the tensor elementsydf .1

The solid line in Fig. 1 is a fit of Eq(1) to the data with 1, 5150 contribute to the SHG. We point out that these error
three resonances, using the coefficiéptw, 6) of the tensor  414ins do not affect the general conclusions of the present
elementxg?z)zz. The dashed lines represent the SHG intensityygper.
if only one single resonance were to contribute to the spec-  Figure 2a) displays a comparison of the magnitude of the
trum. The good agreement between experimental data and fikear optical susceptibilityy?)| of crystalline Si, as calcu-
suggests that the SHG spectrum in Fig. 1 is indeed composgghed from spectroscopic ellipsometry datayith the mag-
of three interband resonances with resonance energies Qfyge of the nonlinear susceptibility?)|, as obtained from
3.34 eV, 3.60 eV, and 4.39 eV. The deviations of the resoy,q it in Fig. 1 for the two resonances at 3.34 and 4.39 eV.
nance energies from the maximum intensity positions in therpe oyerall frequency dependence is surprisingly similar,
spectrum is a well-known phenomenon in nonlinear optic§enging further support of an assignment to transitions in Si
and results from the phase-dependent, nonlinear superpogisoms with a bulklike structure, although there are significant
tion of the resonances in E(L). An additional nonresonant itterences regarding the resonance energies and linewidths.
contribution tox{? is not needed for a good fit to the data, The third band at 3.60 eV in Fig. 1, which was not observed
indicating that transitions at higher energisach as those of s-in/p-out andp-in/s-out polarization combinations, ob-
the E; critical point at 5.3 eV in bulk Si(Ref. 10 do not  vjously has no equivalent in the linear susceptibility of crys-
significantly contribute to this spectrum. We note tbgé’?g)zz talline Si.
is not the only interface tensor element measured in the The effect of the interface on all three resonances is dem-
p-in/p-out configuration. The interface tensor elementsonstrated in Fig. 3, where we compare SHG spectra of three
x%,, and x{2,,, the quadrupole bulk susceptibilitigsand different S{100) samples cut from the same waferdoped,

%12 and third-order bulk terms due to the electric field in thep=0.08—0.12)2cm), which have been subjected to different
space-charge regibralso contribute to the spectrum. The oxidation procedures. Thus any changes in the spectra must
relevance of the various contributions for the spectral posibe attributed to the different oxidation treatments. Sample
tions of the three resonances will be discussed in a subséa), covered with a thin native oxide, was studied as re-
quent papet® We quote error margins of about 0.04, 0.10, ceived. Sampléb) was oxidized at 1000 °C in a dry oxygen
and 0.03 eV for the above values of the three resonancatmosphere to yield an oxide of about 60 nm thickness.
energies, respectively. These error margins result from th8ample(c) with a 105 nm thick oxide was prepared in a
different frequency dependencies of the coefficigtso, 0) dry/wet/dry oxidation cycle at 1050 °C and subsequently an-
of those tensor elements that were not considered in the fitsealed in argon at 1100 °C for 15 min. All three spectra
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bending and the associated electrostatic field are also ex-
pected to be lower in sampléls) and(c) than in samplda).

This is consistent with the much lower intensity of tGe
band for samplegb) and (c). In addition, its resonance en-
ergy is considerably redshifted from the bulk value to about
3.30 eV for these samples. Consequently, we assigrtthe
band in Figs. &) and 3c) primarily to transitions in Si
layers near the interface, with only a weak contribution from
dc-field-induced SHG. The redshift in energy can be ex-
plained by oxide-induced lattice strain in these layers, lead-
ing to weakening of Si-Si bonds in these layers, on an
averagé' For theE,-type excitations we observed the oppo-
site behavior. Their resonance energy is substantially higher
than the bulkE, CP at 4.27 e\[Fig. 2(@)] and increases from

(a) to (c). Since dc-field-induced bulk SHG should be weak-
est for sampléc), the observed resonance energy of 4.44 eV

o
T TT

N

—_
T

(=]
g

Second-harmonic signal (arb. units)

must be considered characteristicf transitions at the in-
25 3.0 3.5 4.0 45 terface.
b 4 At present we do not have a conclusive explanation for
E (c) 877 eV 444 eV ] the very strong blueshift of 130 meV and more for g
3t 13 transitions. In any case, strain at the interface cannot be re-

sponsible for this shift because the strain dependence of the
E, CP is lower than that of thE; CP1’ and the shifts are in
opposite directions. We observed the same strong blueshift
] in SHG spectra of strained Si:G&, 15 alloy layers grown on

11 Si(100 by molecular beam epitaxy. Since the butk en-

] ergy of Si_,Ge, alloys is virtually identical to that of pure

A A T, Si.!8 the shift must be a genuine interface effect. We point
25 3.0 35 4.0 45 out that the linear optical properties of bulk Si in this energy
Second-harmonic photon energy (eV) range are dominated by tti&,(X) CP at 4.27 eV. The com-

FIG. 3. SHG spectra of three differently oxidized samples Cutparatlvely weak contributions of thE,(X) CP at 4.5 eV

from the same Si wafer(a) native oxide,(b) 60 nm oxide after _(Ref. 10 could become more significant, howeyer, at the
thermal oxidation, andc) 105 nm oxide after dry/wet/dry thermal interface and could cause the observed blueshift offthe

oxidation and postannealing in argon. Solid lines: fits of three Canterband tranSitionS' . .
resonances to the data. The resonance energies obtained from the T € New interband resonance with energies between 3.68

fits are indicated. and 3.77 eV in Fig. 3 is broader than tBe- andE,-derived
bands. It has no equivalent in crystalline bulk Si and was not

exhibit the same three resonances as in Fig. 1. Howevegbserved in linear optical spectra of oxidized Si surfaces,
strong energy and intensity variations of these resonances psesumably because of the lower interface sensitivity of lin-
a result of the different oxidation procedures can be seen iear optical probes. The strong influence of the oxidation pro-
Fig. 3. In particular, the new resonance energetically locatededure on its intensity clearly demonstrates its interface char-
between the bulklike transitions becomes the dominant speacter. We point out that the splitting of the bulk Si interband
tral feature for sampléc). transitions into two bandg,; andE, is a consequence of the

Before turning to this resonance we discuss the energy, symmetry of the Si lattice. The SHG resonance between
variations of theE; andE, transitions in Fig. 3. It was re- these two bands therefore represents Si atoms lacking this
cently shown that the electrostatic field of the space-chargg/pe of long-range bulk symmetry. Structural models of the
region at the Si-Si@interface in metal-Si@Si structures  Si(100-SiO, interface that have been derived from the
causes a contribution to the SHG spectrum with resonarttidymite modification of crystalline SiQattached to $1.00)
excitations ofE; transitions within the space-charge region and that contain all observed intermediate oxidation levels of
(“electric-field-induced SHG.”® Since we cannot vary the Si atoms within a thin(5 A) suboxide transition region have
electrostatic field strength in our Si-SiGamples, a strict been discussed recentfyThe most likely candidates for the
separation of this effect from SHG due to loss of structuralband around 3.7 eV are the Si atoms right at the boundary
symmetry at the interface is not possible. However, the enbetween Si and SiQ Since most of these atoms still have
ergy of 3.39 eV for sampléa) is very close to the spectrally four Si atoms as nearest neighbors, their excitation energies
unresolvedE,/E, CP at 3.37 eV and to the, CP at 3.40 eV  are within the range of bulk Si interband transitions, but the
of bulk Si° Therefore, it is not unreasonable to assume thateduced symmetry, accompanied with strong distortions of
this band in spectrurte) acquires most of its amplitude from bond angles and lengths due to the influence of the suboxide,
Si bulk transitions in the space-charge region through dceause a breakdown of the bulk band structure description for
field-induced SHG. Since the density of defects at Si»SiOthe interband transitions in these atoms. The comparatively
interfaces is lower for thermally oxidized and postannealedarge width of the resonance probably reflects the finite dis-
wafers than for a native oxide on an as-received wafer, banttibution of bond angles and lengths.
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A well-known example for the breakdown of a band eV with comparable intensity as in Fig(c3. These struc-
structure description of interband transitions in condensed Sures were grown under ultra-high-vacuum conditions, and
is amorphous Si. The dielectric function of amorphous Sitheir surfaces showed well-ordered>2) dimer reconstruc-
(Ref. 20 exhibits a broad distribution of transitions with a tions as revealed by scanning tunneling microscopy and low-
maximum between thE; andE, CP’s of crystalline S[Fig.  energy electron diffractiof® Transfer of the samples from
2(b)]. Nevertheless, we consider the appearance of a strofgle molecular beam epitaxy chamber to the SHG experiment
band between 3.6 and 3.8 eV indicative of a well-orderednrough the ambient leads to the formation of a very thin
Si-Si0, interface for three reasons. First, the SHG spectrunyative oxide on the surface. Therefore we do not believe that
of a mostly disordered Si-SiOinterface, the interface be- the atomic layers beneath the oxide of these samples are
tween amorphous Si and its native surface oxBi®. 1),  particularly disordered. In future work we hope to explore

exhibited only very weak intensity in comparison with the poy the strength of the 3.7 eV SHG resonance can be used to
Si(100 sample. Second, disorder at clean and oxidized interan5racterize structural order at the Si-Sifterface.

faces of crystalline Si has been shown to cause a strong
decrease of the SHG sigrfdl??> Third, SHG spectra of The authors thank B. Kohnen and F.-J. Schroeteler for

strained Sjg:Gey 415 alloy layers on Si100) (Ref. 11 also  oxide preparations, and W. Beyer for the amorphous silicon
showed the same broad band at a slightly lower energy of 3.6amples.
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