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Macroscopic Size Effects in Second Harmonic Generation from Si(111) Coated
by Thin Oxide Films: The Role of Optical Casimir Nonlocality
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Optical second harmonic generation from Si(111)-SiO2 interface shows a strong nonmonotonic
dependence on the oxide thickness between 2 and 300 nm. The Brewster angle of incidence,p-
in, p-out combination of polarizations and strong, uniform suppression of this effect by near-index
matching fluid exclude trivial multiple reflections and microscopic interface effects. The observation
can be interpreted to originate from the optical (Casimir) nonlocality stemming from the thickness-
dependent electron-electron interaction via virtual photons of the quantized electromagnetic field
[S0031-9007(96)01932-1]
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Zero-point fluctuations of the electromagnetic field gi
rise to long-range (Casimir) interactions, that, for examp
in the nonretarded limit are responsible for the van d
Waals force [1]. Recent high precision measureme
of the forces between an atom and a metallic [2]
dielectric [3] surface has renewed the interest in the
fluctuation phenomena [4]. However, Casimir effects m
have much wider consequences, ranging from biolo
to cosmology (see [5] and [6]). A beautiful maritim
analogy of the Casimir effect was recently discussed
[7], whereas vacuum fluctuations of the gravitational fie
may set a limit for the accuracy of length measureme
[8]. Generally, retardation effects start playing a ro
when the time necessary for the exchange of informat
(e.g., the travel time of a photon), exceeds a character
fluctuation time of the system of interest. Therefore, t
relevant length scale that plays a role iscy2v0, with c is the
speed of light andv0 is the typical fluctuation frequency
The Casimir effects will manifest themselves when the
are some sort of restrictions for the fluctuation spectru
i.e., the boundary conditions imposed by a cavity. W
will show that the oxide layer of a Si-SiO2 structure can
be responsible for nonlocal effects in its nonlinear optic
response that stem from the Casimir interaction.

Based on the inversion symmetry breaking at an int
face, optical second harmonic generation (SHG) at s
faces and interfaces of centrosymmetric media has b
perceived as an extremely sensitive and versatile probe
surface-science studies [9], in particular, for a buried
terface like Si-SiO2. The inversion symmetry breaking a
the Si-SiO2 interface has been associated with a crystall
structure discontinuity [10], disordering [11], local stra
[12], or band bending [13,14].

Typically the spatial scale characterizing a size effe
observed in an SHG experiment is an informative “finge
print” of its underlying mechanism. Two specific leng
scales can be distinguished for the oxide-thickness dep
dence of SHG from Si(111)-SiO2: (i) r0 , 1 nm, deter-
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mined by the morphological and electronic structure of t
interface [12,15], and a measure of the microscopic op
cal nonlocality [16], and (ii)lopt , 100 nm determining
the nonuniformity of the optical fields in the medium du
to optical interference [17]. In these two limiting case
the macroscopic and microscopic aspects of the prob
separate quite distinctly and can be treated theoretic
using traditional approaches.

The scaler0 enters into the quantum-mechanical expre
sion for the interface quadratic optical susceptibility.
the electric-dipole approximation the quadratic response
a system to a monochromatic external fieldEextsr, td is cal-
culated using the HamiltonianH 2

R
PsrdEextsr, td d3r,

whereH is the Hamiltonian of the system and the operat
of the macroscopic polarizationPsrd is obtained by spatial
averaging the microscopic dipole-moment density over
volume ,r3

0 . A conventional approximation forH (de-
noted byH0) includes the interaction of the charged par
cles of the medium with the modes of the electromagne
field with wavelengths of the order of the lattice consta
whereas the interaction with longer-wavelength mod
is neglected [16]. This yields the local quadratic susce
tibility xbare vanishing everywhere except in a layer o
thickness,r0 at the Si-SiO2 interface, where the inver-
sion symmetry is broken. The scalelopt characterizing
the linear-optical features of the inhomogeneous medi
appears in the solution of the macroscopic Maxwell equ
tions, and may lead to a very strong SHG thickness dep
dence, as observed experimentally [17].

However, for a typical optical modēhv0  3 eV, the
relevant length scale for retardation effectscy2v0 ø lopt.
This means that also less trivial size effects may oc
within the intermediate ranger0 # D # lopt as a result
of size dependent nonlocal optical effects.

In this paper we show that this so-called optical Casim
nonlocality can give rise to a substantial SHG thickne
dependence from Si-SiO2 interfaces, for oxide thicknesse
in the range of 2–300 nm. The interface localization
© 1996 The American Physical Society
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the nonlinear optical source and the possibility to va
its inhomogeneous environment (i.e., the oxide thic
ness) systematically appear to be essential ingredient
the observability of these nonlocal optical effects. T
experiments have been carefully designed to allow
unambiguous interpretation of the data: (i) the sam
preparation technique is chosen in such a way to p
vide a uniform “sampling” of the whole SiO2-layer thick-
ness ranger0 # D # lopt without affecting the buried
Si(111)-SiO2 interface at the microscopic level; (ii) t
avoid the effects of multiple reflections the SHG me
surements are carried out for thep-in, p-out polarization
combination at Brewster angle of incidence on the ou
(SiO2-air) interface; (iii) to reveal the role of the SiO2-
air interface the SHG measurements in air are com
mented by those for the samples immersed in a (alm
refractive-index-matching liquid.

The samples used werep-type (2 5 V cm) Si(111)
(60.5±) wafers on which a high quality thermal oxid
with a thickness of 300 nm was grown previously
1000±C in a dry oxygen ambient environment. The wafe
were annealed at a slightly higher temperature in a2
atmosphere to fabricate a smooth Si-SiO2 interface. The
wafers oxidized from the same batch were etched wit
buffered NH4F solution with the rate of,25 nmymin in
3 3 3 and5 3 5 checkerboard configurations to produ
samples with the oxide thickness ranging in a stepl
manner from 2 to 300 nm.

Single-wavelength ellipsometry with a HeNe las
(632.8 nm) was used to measure the oxide layer th
nesses prior to and after etching and to check the thickn
uniformity for each particular square on the check
board samples. High resolution transmission elect
microscopy images were made for both unetched
etched wafers in order to verify that the originally smoo
Si-SiO2 interface, with a corrugation of just a few atom
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layers over macroscopic distances of,100 mm along the
interface remained so after etching.

For the SHG experiments the output at 1064 nm of
Q-switched Nd:YAG laser was used, with 10 ns puls
of 10–15 mJ in a 5 mm diameter spot, well below th
damage threshold. The SHG signal was recorded us
standard gated electronics. The SHG measurements w
performed for thep-in, p-out combination of polariza-
tions, at an angle of incidence on the SiO2-air interface
of 55.5±, which is very close to the Brewster angles fo
the fundamental and SHG radiation (55.3± and 55.7±,
respectively).

The SHG intensityI
p,p
2v as a function of the azimutha

angle for oxide thicknesses of 34 and 65 nm is shown
the inset of Fig. 1. This dependence can be described
the following form:

I
p,p
2v sD, wd  jAsDd 1 BsDdeicsDd cos3wj2, (1)

where AsDd and BsDd are the real thickness-depende
amplitudes of the isotropic and anisotropic componen
of the quadratic polarization, respectively, andcsDd is
the relative phase shift between them. The plots forA,
B, and c versusD for the experiments in air and wate
are shown in Fig. 1. A very pronouncedD dependence
of all three quantities occurs for the samples in a
It is noteworthy that (i) the scale of the initial stee
rise in AsDd, BsDd, and csDd is about 50–100 nm:
(ii) in the thickness dependence ofA, B, and c there
are distinct oscillations within the range from 100 t
300 nm. A strong suppression of all these SHG thickne
dependences is observed for the samples being imme
in water.

At first, this last observation suggests a trivial op
tical interference effect that is suppressed by the n
index matching properties of the water (nH2O  1.33,
nal

FIG. 1. The isotropic and anisotropic SHG componentsA and B and the cosine of the relative phase shiftc vs oxide thickness
D. Squares, experiment; lines, theory (j, thick lines: sample in air;h, thin lines: sample in water). The inset shows the rotatio
SHG anisotropy forD  34 nm (d, thin line) andD  65 nm (s, thick line).
47
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nSiO2  1.45). However, this is excluded by the Brewst
angle geometry. Alternative standard explanations for
oxide-thickness dependence can also be excluded.
band bending by the charge trapped in the oxide layer
or the strain of the subsurface Si layer [12], in princip
can be thickness dependent; yet the suppression of
thickness dependence by immersion cannot be as uni
as we observed within the whole oxide-thickness ra
from 2 to 300 nm. The contribution to SHG from th
crystalline SiO2 transition layer [11] is thickness indepe
dent forD $ 10 nm; moreover, immersion cannot affe
this nonlinearity. The interference between two nonlin
sources situated at the Si-SiO2 and SiO2-air interfaces can
exist at the Brewster angle of incidence and be suppre
upon immersion; however, the contrast of the correspo
ing interference pattern is too low because the SiO2-air
interface nonlinearity is by at least 2 orders of magnitu
smaller than that of the Si(111)-SiO2 interface [18].

The key idea of our interpretation of the experimen
results is that the size effect is related to a long-ra
optical nonlocality stemming from the interaction of t
three-layer medium (Si-SiO2-air) with the optical-range
eigenmodes of the quantized electromagnetic field (QE
To proceed with this hypothesis in a way known from t
theory of the Casimir force [1] we consider the Hamilto
ian that explicitly includes the interaction of electrons w
the optical QEF modes,

H  H0 1 W 1
X
L

h̄vLa
y
LaL , (2)

where a
y
L and aL are photon creation and annihilatio

operators for an optical eigenmodeL with frequencyvL;
W is the operator of the interaction between the quanti
optical field and the electron subsystem

W  2
Z

PsrdEsrd d3r , (3)

with the electric-field operatorEsrd 
P

L uLsrdaL 1

H.c. The functionuLsrd describing the spatial behavio
of Esrd is the properly normalized solution of the classic
electrodynamical problem for the three-layer system w
bare (i.e., determined by H0) dielectric constants. Th
presence of the operatorW in the Hamiltonian leads to a
additional long-range electron-electron interaction, me
ated by virtual optical-wavelength photons. This resu
in an interaction between the (electrical neutral) mic
scopic polarization sources of volumer3

0 via virtual QEF
photons (see Fig. 2). This effect has the same natur
the Casimir force acting between macroscopic solids [
and results in a drastic change in the quadratic resp
to the external optical fieldEextsr, td. The correspond
ing second-order susceptibilityxdressed calculated in the
dipole approximation is essentially nonlocal, in contr
48
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FIG. 2. Contributions tox s2d. The left-hand side shows the
sketch of the classical formalism to calculatexbare. The right-
hand side shows the sketch of the quantum electrodyna
approach forxdressed of an inhomogeneous system, taking bo
the Coulomb and retarding parts of the interaction into accou

with the conventional local dipole susceptibilityxbare

[16]. We call this type of large-scale spatial nonloca
ity the optical Casimir nonlocality.

The quadratic susceptibilityxdressed given by the Hamil-
tonian (2) can be calculated by treatingW as a perturbation.
The diagrams representing the higher-order terms of t
expansion consist of several compact electron parts that
connected with virtual-photon propagator lines giving ris
to the Casimir nonlocality. One of such nonlocal diagram
is shown in Fig. 2. Because of the symmetry selecti
rules for the dipole-moment matrix elements, the electr
parts with an odd number of vertices vanish everywhe
except within the Si-SiO2 interface layer of thicknessr0.
Electron parts with even vertex numbers take nonzero v
ues in the bulk of both Si and SiO2.

Taking into account the lowest-order nonlocal ter
given by the diagram in Fig. 2 we obtain the followin
expression:
x
dressed
ijk sr, r0, r00, vd  dsr, r0ddsr, r00dxbare

ijk sr, vd 1 dsr, r00d

3
Z 1`

2`
Xjlmsr0, v, VdYnpiksr, v, VdGlnsr, r0, V; DdGmpsr, r0, v 2 V; Dd dV , (4)
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whereG denotes the retarded Green function of the el
tromagnetic field [19] calculated in zeroth order ofW and
depending on frequency and oxide-layer thickness;v is
the fundamental field frequency,d is the Dirac delta func-
tion. For the sake of brevity, we omit the explicit expre
sions for the tensorsX andY corresponding to the triangl
and tetragon electron parts of the diagram, respectiv
Their structure is similar to that of the quadratic and cu
susceptibilities of the medium.xbaresrd is the local (D-
independent) susceptibility.

The essential source of the thickness dependence i
virtual-photon Green functionG

$
entering into the expres

sion forxdressed and containingD as a parameter. In op
tical terms the thickness dependence can be interprete
originating from the multibeam interference for a who
set of virtual eigenmodes in the oxide layer. This i
terference is not eliminated by our choice of Brews
angle geometry, as this only affects one particular w
vector. However, immersion in refractive-index matchi
fluid does suppress this interference. This directly follo
from Eq. (4), since the Green functionG

$
becomes thick-

ness independent in that case. Therefore, the thick
dependence of the SHG signal disappears upon immer
though the nonlocal Casimir contribution is still presen

For comparison with experiment we used a sim
model that, however, contains all qualitative features
the effect. In particular,X andY are taken in the factor
ized form,XijksVd  XijkmsVd, YijklsVd  dijdklmsVd,
where Xijk reproduces the tensorial features of t
quadratic susceptibility of the Si(111)-SiO2 interface [20]
and the spectral functionmsVd is taken as a single pea
positioned at 3.3 eV, the dominant feature in the SH
spectrum from Si-SiO2 [12]. The thus obtained numerica
results are plotted in Fig. 1 and show a quite good ag
ment with the experiments within the whole availab
thickness range. It is worth noting that the thickne
dependence is only partially suppressed by immersion
cause the refractive index matching in water is not perf

Apparently the Casimir nonlocality that, general
speaking, contributes to the linear-optical response
the medium as well leads to a much weaker thickn
dependence in a linear-optical analog of our experim
In fact, nonlocal corrections to the linear susceptibil
are described by diagrams which do not contain surfa
localized triangle parts, and, as a result, the thickn
dependence is eroded by the additional integration o
the volume of the bulk medium. For the same reas
we have neglected the thickness dependence of the
quadrupole-allowed [9] quadratic susceptibility of silico

Summarizing, we have observed a pronounced ox
thickness dependence in the SHG response from Si-S2

interface that can be attributed to a new type of non
cal spatial effect: the optical Casimir nonlocality. Th
latter provides the most pronounced size dependence
the even-order interface nonlinearities of centrosymme
media and is an intrinsically many-particle effect ste
ming from the effective electron-electron interaction v
c-
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the optical-range modes of the quantized electromagn
field.
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