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DESTRUCTION
OF NANO-INHOMOGENEITIES OF THE SURFACE
OF DIELECTRICS USING THE OPTICAL NEAR-FIELD

The destruction of surface nano-inhomogeneities of a quartz substrate using the optical near-
field dipole-dipole interaction of atomic chlorine with SiOz is studied. A method to obtain
atomic chlorine by the local photodissociation of molecular chlorine by the optical near-field
of the quartz substrate nano-inhomogeneities is proposed. The polarization of chlorine atoms
and SiO2 by means of an evanescent wave, which is generated on the substrate surface, is
investigated. A method is proposed to obtain the most optimal orientation of the dipoles of
atomic chlorine and SiO2, using the features of the optical near-field, to maximally efficiently
destroy the quartz substrate nano-inhomogeneities. The application of the composite quasipar-
ticle model describing the optical near-field interaction of dipoles is considered.
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1. Introduction

Optical elements (for example, lenses, prisms, mir-
rors) are widely used in most optical devices: lasers,
gyroscopes, physical field sensors, etc. An impor-
tant characteristic of the above-mentioned elements
is the degree of inhomogeneity (roughness) of the
surface, on which the accuracy of measuring de-
vices depends. The traditional methods such as the
chemical mechanical planarization [1], whose use re-
duces the surface roughness and thus improves its
quality are well known. At the same time, these
methods do not allow reducing the nano-defects of
the surface to a subnanometric scale. This can be
achieved by using an optical near-field (NF), due to
which the surface nano-inhomogeneities can be de-
structed. The following methods of optical near-field
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subnano-polishing have been most developed in re-
cent years:

e in 2010 [2], the polishing of the quartz substrate
with chlorine under the illumination with the green
laser radiation from above without focusing;

e in 2013 [3], the polishing of translucent substrates
using a light-absorbing film;

e in 2014 [4], the selective etching of surfaces using
chlorine and chlorine-containing gases (boron trichlo-
ride and hydrogen chloride);

e in 2015 [5], the surface planarization using reac-
tion gases;

e in 2016 [6], the polishing of the surface of di-
electrics (such as glass, plastic, silicon wafer, dia-
mond, and gallium nitride) using reaction solutions.

Thus, the opportunities to destroy surface nano-
inhomogeneities using the optical NF determine the
relevance of this study and the further prospects for
the practical use of the results obtained.

763



D.O. Vasylenko, V.I. Grygoruk, V.S. Sydorenko

2. Theoretical Insights
and an Idea of Experiment

In a vacuum chamber, we placed the quartz substrate
with nanometer scale roughness, to which a total in-
ternal reflection (TIR) prism made of quartz, is at-
tached from below (Fig. 1). The space between the
substrate and the prism is filled with an immersion
liquid to avoid the re-reflection. Conventional molec-
ular chlorine Cly, chemical activity of which is not
sufficient [2] to react with quartz at room tempera-
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Fig. 1. Scheme of the experimental setup (kev and Ee, are
wave vector and the electric field strength of the evanescent
wave, respectively, ¢ is the angle of incidence of the laser ra-
diation on the lower surface of a quartz substrate, pcr is the
critical angle)
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Fig. 2. Directional diagrams of three components of the elec-
tromagnetic field generated by the dipole
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ture, is launched into the chamber:
Si0Og + Cly - .

The lower edge of the TIR prism is irradiated nor-
mally by the DPSS laser radiation (A = 532 nm),
which causes it to fall on the substrate from below
at the TIR angle. Above the upper substrate surface
at a distance <A/2m, an evanescent wave is formed,
which propagates only along a portion of the sur-
face irradiated with a laser. The evanescent wave po-
larizes Cly and SiOs. The resulting dipoles generate
all three components of the electromagnetic field [7]
(Fig. 2). The field of the evanescent wave is very inho-
mogeneous and exponentially extinct, when it moves
away from the substrate surface. Therefore, it at-
tracts Cly to the quartz substrate surface.

It can be seen from the plots (Fig. 3) that the quasi-
electrostatic component ~1/r3 is the strongest in the
near zone. Its value is several orders greater than the
reactive field ~1/r? or especially than the radiation
field ~1/r, which dominates only in the far zone.

The component ~1/r2 of the SiO, dipole radiation
causes the dissociation of molecular chlorine [2]:

cly, M o0,

Thus, the molecular chlorine Cly, getting into the
NF, dissociates to the more chemically active atomic
chlorine Cl. This process is irreversible in NF. In
turn, atomic chlorine is also polarized by the evanes-
cent wave, forming a dipole, which is attracted to the
SiO4 dipole of the nano-inhomogeneity peak.

The vector of the electric field strength of the
evanescent wave is always directed orthogonally to
the surface plane (Fig. 1). The electric dipole mo-
ments of Cl and SiOs are oriented in the same di-
rection (E.,) along the same straight line and unlike
poles to each other (Fig. 4). In this case, the inter-
action of Cl and SiO, dipoles is due to the strongest
near-field component ~1/73, unlike the previous ex-
periments of photochemical subnano-polishing [2—6],
where the substrate was irradiated from above, or-
thogonally to the surface plane, and the dipoles of
Cl and SiOs were oriented in parallel, equatorial re-
gions to each other (Fig. 5). With such a mutual ar-
rangement of dipoles, their interaction was due to the
much weaker near-field component ~1/r2. In addi-
tion, the like poles of the dipoles were located next to
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Fig. 3. Plots of the dependence of the relative values of the electric field strength on the distance between interacting
dipoles for three components of the electric field (both axes have a logarithmic scale)
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Fig. 4. Most optimal orientation of the dipoles of Cl and SiO2
obtained by using the evanescent wave formed due to TIR (used
in this work)

each other, which further pushed apart dipoles and
reduced the intensity of their interaction.

Thus, the orientation of dipoles in this study is the
most optimal of all possible ones. As a result of the re-
action of atomic chlorine with nano-inhomogeneities
of the quartz substrate, gaseous substances (including
chlorine compounds) are formed with a density lower
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Fig. 5. Low-efficiency orientation of the dipoles of Cl and
SiOg2 in the NF, which occurs when the substrate is irradiated
from above orthogonally to the surface plane (used in [2-6])

than the density of molecular chlorine, due to which
they are expelled from the reaction zone. For exam-
ple, due to the reaction with the formation of silicon
tetrachloride, the roughness of the quartz substrate
is etched:

Si0, + 4C1 2 SiCl, 1 +04 1.

As well, the noteworthy (non-standard) feature of
this reaction is that each SiOs fragment of the quartz
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substrate nano-inhomogeneity must interact with
four atoms of atomic chlorine before they interact
with one another (forming two Cly molecules), which
is possible only in the NF. Thus, if the laser is turned
off, and the NF is removed in this way, then four
chlorine atoms surrounding the SiOs fragment, with-
out having to react with it, firstly interact with each
other and form two molecules of ordinary chlorine
Cls, which does not interact with quartz. Therefore,
the process of photochemical subnano-polishing will
stop.

3. Near-Field Quasiparticle Model

The exciton-phonon polariton model is proposed in
Ref. [8] as a model of quasiparticle in the optical
near-field probe for studying the physical mechanisms
of chemical vapor deposition via an optical near-field.

In our study, to generate an optical NF on the
quartz substrate surface, instead of a fiber probe, an
evanescent wave traveling along the substrate surface
in the region illuminated by a laser is uses. But since
the generation of an optical near-field will occur at
the peaks of nano-inhomogeneities of the substrate
surface, the exciton-phonon polariton model can be
used here. Cly molecules polarized by the NF are at-
tracted by Coulomb forces like optical tweezers to
the region of the largest NF gradient concentrated at
the peaks of nano-inhomogeneities of the substrate
surface. Suppose that the exciton-phonon polaritons
are created at the peaks of nano-inhomogeneities
of the substrate surface and are transferred to Cl,
molecules. After the dissociation of molecular chlo-
rine, the quasiparticles are transferred to Cl atoms
(atomic chlorine).

It should be noted that the transfer of quasipartic-
les occurs, only if the molecules/atoms are very close
to the substrate surface (<A/27), since the optical
NF is strongly localized near the peaks of nano-inho-
mogeneities of the surface.

The model Hamiltonian describing NF consists of
two parts:

HNF = H’yfs + ngfsa

where H,_. and H,_. are Hamiltonians for the
photon-exciton and phonon-exciton interaction sys-
tems, respectively, which have the following form:

Hye= g +oieten -
p
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H,_ .= Z hw;fgp;gop +
P

1
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+ Z [iha® ™% (p — q){-:;jaq (p—q + %j-;y) +h.e.],

Pq
where v, (1), € (€p), and ¢f (¢,) are the creation
(annihilation) operators for a photon, exciton, and
renormalized phonon; wy, wy, and wy are their fre-
quencies, respectively; p and ¢ are indices indicating
the momenta of the corresponding particle (photon,
exciton, or renormalized phonon) in the momentum
representation; 7%, 0¥ 7¢(p— q) are the designation
of the coupling between a photon and an exciton, a
phonon and an exciton; h.c. means a Hermitian con-
jugate.

The model Hamiltonian of NF in the exciton-
polariton representation has the form

Hyp = Hy =Y holmim,+ Y hwfoleo,+
P P
+ Z [ihaﬂis&(]? - Q)W;;r”q(%)—q + @;—p) + h'C']v

P.q
where 7 (7,) and w] are the creation (annihilation)
operator and the frequency for an exciton polari-
ton; p, ¢ are indices indicating the momenta of the
exciton polariton in the momentum representation;
o™ ?(p — q) is the designation of the coupling be-
tween an exciton polariton and a phonon.

It is worth noting that electronic excitations near
the nano-inhomogeneities of the substrate surface ex-
cited by the NF cause the mode-mode coupling of
phonons, and they are taken into account as a renor-
malized phonon [8]. Therefore, multiple phonons in
the form of coherently compressed phonons in the ini-
tial representation can interact simultaneously with
an exciton or an exciton polariton.

The model uses exciton-phonon polaritons in the
surface layers of the quartz substrate, and, there-
fore, their states are determined by the momen-
tum. From the point of view of symmetry, the mo-
mentum is not a convenient quantum number for
specifying the exciton-phonon polariton states at the
peaks of nano-inhomogeneities. Therefore, we sup-
pose that the quasiparticles specified by the momen-
tum are transferred to the gaseous Cl medium.

In the mean field approximation, exciton polaritons
near the peaks of nano-inhomogeneities are described
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as follows:

JRATANE
(m) = <haﬂr> ’

where I7 is the intensity of a photon with frequency
w? and momentum hk; r is the nano-inhomogeneity
peak size.

Using the unitary transformation

()= (i ) ()
eie) Ay imy ) o)

we can diagonalize the Hamiltonian in the exciton-
phonon-polariton representation [9] in the following
form:
Hxp =He yrn = Z hwp et + Z hwf ot o+

P

p

1/2
+Y ih ) oo — k) oy — T ) =
B p ¥p PrYp—k
p

p

where . (1,) and Q(p) are the creation (annihi-
lation) operator and the frequency of the exciton-
phonon polariton; ’(/J; and wf, are the designation
of the upper and lower branches of the exciton-
phonon polariton. The transformation coefficients nzf
are given by the formula

1/2
nT = }iL
P2 2621 4p2)

where § = w} — o™~ ¥(p — k) is the detuning between
an exciton polariton and a phonon; 5 = (%)1/ 2
xa™ ?(p — k) is the effective coupling constant.

Thus, the Cl atom located near (<A/2m) of the
peaks of nano-inhomogeneities of the surface ab-
sorbs not classical photons, but exciton-phonon po-
laritons, the energies of which are transferred to the
atom. They excite atomic vibrations and electronic
transitions that promote the interaction of atomic
chlorine with the peaks of nano-inhomogeneities of
the quartz substrate.

Therefore, we propose to use the exciton-phonon
polariton model to describe the optical near-field in-
teraction of atomic chlorine dipoles with the dipoles
of peaks of nano-inhomogeneities of the quartz sub-
strate in the photochemical subnano-polishing of its
surface.

X
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4. Conclusions

In the present work, the studies of the subnano-
polishing of the quartz substrate surface using the op-
tical near-field interaction of atomic chlorine dipoles
with silicon dioxide dipoles are carried out.

It is proposed to use an evanescent wave for the po-
larization of silicon dioxide and atomic chlorine from
the maximally optimal orientation of their dipole mo-
ments for the optical near-field dipole-dipole interac-
tion using the strongest (quasielectrostatic) compo-
nent of the NF ~1/r3.

The subnano-localization of the process of pho-
tochemical etching is performed by the region of
the highest near-field gradient at the peaks of nano-
inhomogeneities of the surface, which attracts polar-
ized chlorine molecules like optical tweezers.

A method for obtaining atomic chlorine by the lo-
cal photodissociation of molecular chlorine using the
strongest component of the optical near-field of nano-
inhomogeneities of a quartz substrate is proposed.

The near-field subnano-localization of photochemi-
cal etching processes theoretically has no dimensional
limitations up to the size of single atoms.

The use of the composite quasiparticle model to de-
scribe the optical near-field dipole-dipole interaction
is considered.

The use of an optical NF (including an evanescent
wave) allows the subnano-localization of chemical re-
actions. This method can be used in nanochemistry
and nanotechnology.
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JIECTPYKIIISI HAHOHEOIHOPIIHOCTEN ITOBEPXHI
JIEJIEKTPUKIB OIITUYHNM BJIN?KHIM ITIOJIEM

Peszowme

Y poGori mpoBejieHi AOCIIiIKEeHHsT 1eCTPYKIIil HAHOHEOIHOPI-
JIHOCTeli MOBEepXHI KBapIOBOI MIJKIAJKH 3a OTIOMOIOK0 OIITH-
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9HOT GJIM?KHBOIIOJILOBOI JUTIOb-TUIIOJIBHOI B3AEMOJIIT aToMap-
Horo xJjiopy 3 SiOgz. 3amponoHoBaHo crnoci6 OTpUMaHHSI aTo-
MapHOrO XJIOPY ILISXOM JIOKaJIbHOI doromucoriamil MoseKy-
JISIPHOT'O XJIOPY ONTHUYHUM OJIMKHIM IIOJIEM HAaHOHEOHODiHO-
cTell KBapIoBOl ImigkIaaku. JlociimKeHo mosapu3anio aToMiB
xsiopy i SiO2 3a JOMOMOrOI0 €BAHECHEHTHOI XBHJIl, KA T'eHe-
PYETBCSI Ha MMOBEPXHI IiIKIaIKU. 3AIIPOTIOHOBAHO METOJ, OTPH-
MAaHHSI HaO1/IbII ONITUMAJIBHOT OPi€HTALT JUIOJ/IIB ATOMapPHOIO
xsiopy 1 SiO2, BUKOPUCTOBYIOYU OCOBGJMUBOCTI ONTUYHOrO GJIu-
2KHBOTO TI0JIs, JIJIsI MAKCUMAJIbHO e(DeKTUBHOI 1eCTPYKIIil HAHO-
HEO[HOPiTHOCTEeH KBapIoBOl MifKJIagKu. PO3IISHYTO BHKODH-
CTaHHS MO/ CKJIaJEHO! KBa3i9aCTUHKYU JJIsI OITUCY OUMTHUYHOL
OIM>KHBOIOJIBLOBOT B3AEMOIIT TUIIOJIIB.
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