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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)-Si@terface shows a strong nonmonotonic
dependence on the oxide thickness between 2 and 300 nm. The Brewster angle of ingidence,
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.
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PACS numbers: 42.65.Ky, 03.70.+k, 78.20.-e

Zero-point fluctuations of the electromagnetic field givemined by the morphological and electronic structure of the
rise to long-range (Casimir) interactions, that, for exampleinterface [12,15], and a measure of the microscopic opti-
in the nonretarded limit are responsible for the van decal nonlocality [16], and (i), ~ 100 nm determining
Waals force [1]. Recent high precision measurementthe nonuniformity of the optical fields in the medium due
of the forces between an atom and a metallic [2] orto optical interference [17]. In these two limiting cases
dielectric [3] surface has renewed the interest in theséhe macroscopic and microscopic aspects of the problem
fluctuation phenomena [4]. However, Casimir effects mayseparate quite distinctly and can be treated theoretically
have much wider consequences, ranging from biologwsing traditional approaches.
to cosmology (see [5] and [6]). A beautiful maritime The scale enters into the quantum-mechanical expres-
analogy of the Casimir effect was recently discussed irsion for the interface quadratic optical susceptibility. In
[7], whereas vacuum fluctuations of the gravitational fieldthe electric-dipole approximation the quadratic response of
may set a limit for the accuracy of length measurements system to a monochromatic external fiBRi'(r, ¢) is cal-

[8]. Generally, retardation effects start playing a roleculated using the Hamiltoniad# — [ P(r)E®*!(r,) d*r,
when the time necessary for the exchange of informatiomvhereH is the Hamiltonian of the system and the operator
(e.g., the travel time of a photon), exceeds a characteristiaf the macroscopic polarizatid(r) is obtained by spatial
fluctuation time of the system of interest. Therefore, theaveraging the microscopic dipole-moment density over the
relevant length scale that plays a role i@ wo, with c isthe ~ volume ~r3. A conventional approximation foH (de-
speed of light andv is the typical fluctuation frequency. noted byH,) includes the interaction of the charged parti-
The Casimir effects will manifest themselves when therecles of the medium with the modes of the electromagnetic
are some sort of restrictions for the fluctuation spectrumfield with wavelengths of the order of the lattice constant,
i.e., the boundary conditions imposed by a cavity. Wewhereas the interaction with longer-wavelength modes
will show that the oxide layer of a Si-SiOstructure can is neglected [16]. This yields the local quadratic suscep-
be responsible for nonlocal effects in its nonlinear opticatibility y®*® vanishing everywhere except in a layer of
response that stem from the Casimir interaction. thickness~r, at the Si-SiQ interface, where the inver-

Based on the inversion symmetry breaking at an intersion symmetry is broken. The scalg, characterizing
face, optical second harmonic generation (SHG) at surthe linear-optical features of the inhomogeneous medium
faces and interfaces of centrosymmetric media has beappears in the solution of the macroscopic Maxwell equa-
perceived as an extremely sensitive and versatile probe fdions, and may lead to a very strong SHG thickness depen-
surface-science studies [9], in particular, for a buried in-dence, as observed experimentally [17].
terface like Si-SiQ. The inversion symmetry breaking at However, for a typical optical modkwy = 3 eV, the
the Si-SiQ interface has been associated with a crystallingelevant length scale for retardation effecf@wo = lop:.
structure discontinuity [10], disordering [11], local strain This means that also less trivial size effects may occur
[12], or band bending [13,14]. within the intermediate range) = D = [, as a result

Typically the spatial scale characterizing a size effecof size dependent nonlocal optical effects.
observed in an SHG experiment is an informative “finger- In this paper we show that this so-called optical Casimir
print” of its underlying mechanism. Two specific length nonlocality can give rise to a substantial SHG thickness
scales can be distinguished for the oxide-thickness depedependence from Si-SiOnterfaces, for oxide thicknesses
dence of SHG from Si(111)-Si© (i) ro ~ 1 nm, deter- in the range of 2—300 nm. The interface localization of
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the nonlinear optical source and the possibility to varylayers over macroscopic distances-of00 xwm along the
its inhomogeneous environment (i.e., the oxide thickdinterface remained so after etching.
ness) systematically appear to be essential ingredients for For the SHG experiments the output at 1064 nm of a
the observability of these nonlocal optical effects. TheQ-switched Nd:YAG laser was used, with 10 ns pulses
experiments have been carefully designed to allow amwmf 10-15 mJ in a 5 mm diameter spot, well below the
unambiguous interpretation of the data: (i) the samplelamage threshold. The SHG signal was recorded using
preparation technique is chosen in such a way to prostandard gated electronics. The SHG measurements were
vide a uniform “sampling” of the whole SiQlayer thick- performed for thep-in, p-out combination of polariza-
ness range, = D = [, without affecting the buried tions, at an angle of incidence on the i@r interface
Si(111)-SiO, interface at the microscopic level; (ii) to of 55.5°, which is very close to the Brewster angles for
avoid the effects of multiple reflections the SHG mea-the fundamental and SHG radiation (55.8nd 55.7,
surements are carried out for tlpein, p-out polarization respectively).
combination at Brewster angle of incidence on the outer The SHG intensityls,” as a function of the azimuthal
(SiO,-air) interface; (iii) to reveal the role of the SO angle for oxide thicknesses of 34 and 65 nm is shown in
air interface the SHG measurements in air are complethe inset of Fig. 1. This dependence can be described in
mented by those for the samples immersed in a (almosthe following form:
refractive-index-matching liquid.
The samples used werg-type -5 Q cm) Si(111) 1P (D, ¢) = |A(D) + B(D)e'"'P) cos3pl?, (1)
(£0.5°) wafers on which a high quality thermal oxide
with a thickness of 300 nm was grown previously atwhere A(D) and B(D) are the real thickness-dependent
1000°C in a dry oxygen ambient environment. The wafersamplitudes of the isotropic and anisotropic components
were annealed at a slightly higher temperature in a2 Nof the quadratic polarization, respectively, adD) is
atmosphere to fabricate a smooth Si-gi@terface. The the relative phase shift between them. The plotsApr
wafers oxidized from the same batch were etched with &, and ¢ versusD for the experiments in air and water
buffered NH,F solution with the rate of~25 nm/min in  are shown in Fig. 1. A very pronouncdd dependence
3 X 3 and5 X 5 checkerboard configurations to produceof all three quantities occurs for the samples in air.
samples with the oxide thickness ranging in a steplikdt is noteworthy that (i) the scale of the initial steep
manner from 2 to 300 nm. rise in A(D), B(D), and (D) is about 50—-100 nm:
Single-wavelength ellipsometry with a HeNe laser(ii) in the thickness dependence df B, and ¢ there
(632.8 nm) was used to measure the oxide layer thickare distinct oscillations within the range from 100 to
nesses prior to and after etching and to check the thickne&00 nm. A strong suppression of all these SHG thickness
uniformity for each particular square on the checker-dependences is observed for the samples being immersed
board samples. High resolution transmission electroin water.
microscopy images were made for both unetched and At first, this last observation suggests a trivial op-
etched wafers in order to verify that the originally smoothtical interference effect that is suppressed by the near
Si-SiO, interface, with a corrugation of just a few atomic index matching properties of the wateny(o = 1.33,
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FIG. 1. The isotropic and anisotropic SHG componettand B and the cosine of the relative phase shiftvs oxide thickness
D. Squares, experiment; lines, theol, (thick lines: sample in airfJ, thin lines: sample in water). The inset shows the rotational
SHG anisotropy foD = 34 nm (@, thin line) andD = 65 nm (O, thick line).
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nsio, = 1.45). However, this is excluded by the Brewster

angle geometry. Alternative standard explanations for the H=H, E> H =H0+W+Zh60AakaA

oxide-thickness dependence can also be excluded. TF E* =0 Em’;O

band bending by the charge trapped in the oxide layer [14

or the strain of the subsurface Si layer [12], in principle, = = =

can be thickness dependent; yet the suppression of the ®

thickness dependence by immersion cannot be as unifort 1@\ ~h 1, ~

as we observed within the whole oxide-thickness range nointeraction viviual phote

from 2 to 300 nm. The contribution to SHG from the 2 ) 2

crystalline SiQ transition layer [11] is thickness indepen- A

dent forD = 10 nm; moreover, immersion cannot affect {} {}

this nonlinearity. The interference between two nonlinear E™ 0, electro-dipole approximation :

sources situated at the Si-Si@nd SiO-air interfaces can

exist at the Brewster angle of incidence and be suppresse( =~ = -~ p = = \

upon immersion; however, the contrast of the correspond LOCAL RESPONSE CASIMIR NONLOCALITY

ing interference pattern is too low because the Si® |

interface nonlinearity is by at least 2 orders of magnitude "_’0._+

smaller than that of the Si(111)-Sjdnterface [18]. | 2
The key idea of our interpretation of the experimental ; Si

results is that the size effect is related to a long-range Si - |. Sio, Sio,

optical nonlocality stemming from the interaction of the | / A /

three-layer medium (Si-Sigair) with the optical-range . dressed !

eigenmodes of the quantized electromagnetic field (QEF) y X resse @®,rx")

To proceed with this hypothesis in a way known from the w P o

theory of the Casimir force [1] we consider the Hamilton- W MDMW + I I>_w

ian that explicitly includes the interaction of electrons with e o e

the optical QEF modes,

H=Hy+ W+ Zﬁw/\aj\a/\, 2
A FIG. 2. Contributions toy®. The left-hand side shows the

t . . ... sketch of the classical formalism to calculat&™. The right-
wherea, and a, are photon creation and annihilation hang side shows the sketch of the quantum electrodynamic

operators for an optical eigenmodewith frequencyw,;  approach fory ¢ of an inhomogeneous system, taking both
W is the operator of the interaction between the quantizethe Coulomb and retarding parts of the interaction into account.

optical field and the electron subsystem

W = —jP(r)E(r) d’r, (3) with the conventional local dipole susceptibility e
[16]. We call this type of large-scale spatial nonlocal-

with the electric-field operatoE(r) = > , ux(r)ay + ity the optical Casimir nonlocality.
H.c. The functionu, (r) describing the spatial behavior  The quadratic susceptibilitydrscd given by the Hamil-
of E(r) is the properly normalized solution of the classicaltonian (2) can be calculated by treatitgas a perturbation.
electrodynamical problem for the three-layer system withThe diagrams representing the higher-order terms of this
bare (i.e., determined by i dielectric constants. The expansion consist of several compact electron parts that are
presence of the operat®r in the Hamiltonian leads to an connected with virtual-photon propagator lines giving rise
additional long-range electron-electron interaction, medi{o the Casimir nonlocality. One of such nonlocal diagrams
ated by virtual optical-wavelength photons. This resultss shown in Fig. 2. Because of the symmetry selection
in an interaction between the (electrical neutral) micro-rules for the dipole-moment matrix elements, the electron
scopic polarization sources of volumg via virtual QEF  parts with an odd number of vertices vanish everywhere
photons (see Fig. 2). This effect has the same nature &xcept within the Si-Si@interface layer of thickness.
the Casimir force acting between macroscopic solids [19Electron parts with even vertex numbers take nonzero val-
and results in a drastic change in the quadratic responses in the bulk of both Si and SiO
to the external optical field&'(r,7). The correspond- Taking into account the lowest-order nonlocal term
ing second-order susceptibilityd™sd calculated in the given by the diagram in Fig. 2 we obtain the following
dipole approximation is essentially nonlocal, in contra}stexpression:

X x" @) = 8(r.x)s (")) (r @) + 8(r.x")

+oo
X f X]lm(r/, w, Q)anlk(r’ w, Q)Fln(r’ r/’Q;D)Fmp(r’ r/’ w — Q;D) dQ > (4)

oo
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whereI" denotes the retarded Green function of the electhe optical-range modes of the quantized electromagnetic
tromagnetic field [19] calculated in zeroth orderWfand  field.
depending on frequency and oxide-layer thicknessis We are pleased to acknowledge stimulating discussions
the fundamental field frequency,is the Dirac delta func- with L. V. Keldysh, P.V. Elyutin, D. N. Klyshko, Yu.A.
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sions for the tensor¥ andY corresponding to the triangle S. Bakker for preparation of the thick thermal oxide.
and tetragon electron parts of the diagram, respectively.
Their structure is similar to that of the quadratic and cubic
susceptibilities of the medium,y®®(r) is the local O-
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