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Hamanua Jywruna, Leyo Jywwun, Kynuaku Hazaama. JUOPAKIIUA OT MO-
HOCJIOVMHU JIATEKCHU KPUCTAJIN

Tyx ume m3mepBame IndpPaKIMOHHATA €PEKTUBHOCT HA PENIETKA, CHCTOAIIA Ce OT
JBYMEPEH JIATEKCeH KPUCTAJ BbPXY CTHKJIEHA MOTOXKKA. MuKpoHHUTE IO pasmep cde-
PUYHHN YaCTHUIU C3 HAHECEHW B MOHOCJIOMHA PemreTKa C XeKCArOHAJIHA OIIAKOBKA, M3I0JI-
3BaiiKM M3CHXBAIA KANKa OT BOJHA CYCIIEH3HS BBbPXY Homyioxkkata. udpaxnmonnara
edeKTUBHOCT € M3MEepPeHa B IIJIAHAPHA TeOMETPHs, KOTATO JIbY IMaJa BbPXY JIATEKCHUS
bunM OTK'bM BB3AYyXa, U B F€OMETPHUATA HA I'bJIHO Bbrpemno orpaxenue (IIBO), koraro
JBIBT Q13 BbPXY JATEKCHATA PEIIeTKA IIpe3 CTHKJIEHA IPU3Ma B ONTHYEH KOHTAKT C
MO/I0KKaTa. B mianapHa reoMeTpusi eKCIIEPUMEHTAJTHITE KPUBHU ITOKA3BaT 3a0e/IeKIMHI
MaKCHMYMH ¥ MHHUMYMH II0Pa/ KOMILUIEKCHOTO IIOBEIeHNEe Ha AU PAKIMATA OT PA3Jin-
“eH MOPSIbK, 3ABHUCEI OT IMOISIPU3ANUATA Ha CBETINHATA. IIHTEeH3UTEeTHT HA OTpa3eHaTa
ceersimaa (Hy/neB mudPaKIUOHEH MOPAIbK) ChC S- W P-TIOIAPUA3ANNA UM MUHAMYM TIPA
BI'bA OT 0K0J10 53°, aHasor Ha bI'bjia Ha BpiocTep, OTKbAETO HUE H3UHCIABaMe Koepu-
[MEeHTa Ha MpeYyIBaHe Ha JuejeKTpudHus (puam ot gacturwm 1,32. VHTeH3UTETHT HA
MIPEMHUHAIATA CBETINHA MUHABA MIPE3 MAKCUMYM, MMO-A00pe 04epTaH 3a P-ToISpU3upaHa
CBEIIMHA, Pa3KPUBAL IIPEHOCA HA €HEpIrus OT IbpBusd Audpakuuoner nopsaabk. Cser-
JINHHUTE TI€THA 33 MhPBUS MU(PAKIIMOHEH TIOPSIbK, IBE TI0 JIBE, MMAT WJIN UICHTUIHO,
WIH TI0/IO0HO TIOBE/IEHNE W MOTAT [a ObJaT IPYHUPAHU B ABONKW, KOUTO M39U€3BAT IIPHU
olpesiesieH bI'bJI IIOPAAU IIPEHOC HA €HEPIUdATa KbM APYLUATE, BCE OIlle CbIIeCTBYBALIN
nopsabiy. B reomerpusara na IIBO ce HabmonaBar cuyiHz poMeHu B AU PAKIIMOHHNATE
ebeKTUBHOCTH HA BCUYKU MOPSAIBIN B OJHM30CT T0 KPUTHIHUAS HIbJI.
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Natalia Dushkina, Ceco Dushkin, Kuniaki Nagayama. DIFFRACTION FROM MONO-
LAYER LATEX CRYSTALS

Here we measure the diffraction efficiency of a grating comprising a two-dimensional
latex crystal on a glass substrate. The micron sized spherical particles are deposited in
a monolayer array of hexagonal packing using a drying water suspension droplet on the
substrate. The diffraction efficiency has been measured in planar geometry, when the
incident beam of light strikes the latex film from the air side, and in geometry of Total
Internal Reflection (TIR), when the beam falls onto the latex array through a glass prism
coupled to the substrate. In planar geometry, the experimental curves exhibit peculiar
maxima and minima due to the complex behavior of the diffraction of different order
depending on the polarization of light. The intensity of reflected light (zeroth diffraction
order) of s- and p-polarization has a minimum at an angle of about 53°, an analog to the
Brewster angle, from where we calculate the refractive index of the dielectric particle film
1.32. The intensity of transmitted light passes through a maximum, better pronounced
for p-polarized light, implying on the transfer of energy from the first diffraction order.
The light spots for the first diffraction order, two by two, have either identical or similar
behavior and can be grouped in couples which vanish at a determined angle with the
energy transferred to the other still existing orders. In TIR geometry, strong changes in
the diffraction efficiencies of all orders are observed near the critical angle.

Keywords: diffraction grating, 2D-latex array, colloidal crystal, total internal
reflection

PACS numbers: 42.25.Fx, 42.79.Dj, 42.79.Gn, 81.16.Dn

1. INTRODUCTION

The geometry of Total Internal Reflection (TIR) is important for applications in
waveguide optics and integral optics. Diffraction gratings working in TIR geometry
exhibit peculiarities in the diffraction efficiency of different orders, which makes
it possible the controllable concentration of light energy in one diffraction order
different from the zeroth order. Planar or 1D-diffraction gratings have been widely
studied, because of their applications as deflectors of light in waveguide optics.
The special case of metal diffraction gratings consisting of metal stripes on a
glass substrate obtained by holographic recording, were investigated in details in
[1,2], where the experimental data were compared with the theoretical predictions
obtained by using the Fraunhofer’s approximation of the scalar diffraction theory.
If these metal diffraction gratings work in a regime of Total Internal Reflection
of the incident light, the scalar theory could be applied and the behavior of the
diffraction efficiency in zeroth and first order could be described with two relatively
simple equations, derived in [2] for transmitted and reflected lights, respectively.

An alternative of the considered “physical” diffraction gratings are the “colloidal”
gratings comprising two-dimensional (2D) arrays of latex particles which are known
since long ago [3-6] (for a recent review see Ref. [7]). Alfrey, Jr., et al. [3] have shown
that the scattering of light by transparent films of poly(vinyltoluene) particles of
diameters d from 0.165 to 0.986 pm is due to the Fraunhofer diffraction from
independent spheres. They have measured the diffraction angle 63 at different
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wavelengths as a function of the specimen orientation angle §. The expression
mA/A = 2sin?(04/2) — sin 04, derived by them for an one-dimensional (1D) chain
of scatterers, explains the linear relationship between 64 and § (m is an integer,
A is the spacing between particles, A is the wavelength of incident light). Krieger
and O’Neill [4] have studied the diffraction from 2D-crystals of poly(vinyltoluene)
latex particles of diameters d ranging from 0.1825 to 3.075um. They have found
diffraction patterns in the form of concentric circular rings for a polycrystalline
array and single spots, located at the corners of concentric hexagons, for a monocry-
stalline array. They have generalized the theoretical approach from Ref. [3] for a
two-dimensional scattering array mA/A = (v/3/2)(sin 6; +sin 6), where 6; and 6,
are the angles of incidence and diffraction, respectively. Both studies [3,4] utilize a
planar geometry of diffraction (for a definition see below) which is not compatible
to the waveguide optics.

Recently, the nano-world phenomena became rather popular, and in this context,
the opportunity to build 2D-diffraction gratings using spherical micro- or nano-
sized particles in monolayer thin films brings new horizons for investigations and
applications. Accessing the nanoparticle range necessarily goes first through the
use of micron sized particles with respect to the way of their self-assembly [6].
Similarly, approaching the optical properties of the 2D-nanoarrays one should also
use first micrometer in size particles.

This paper is devoted to the diffraction properties of a 2D-latex crystal of
polystyrene particles in both planar geometry and TIR geometry. The monolayer
crystal is illuminated with a monochromatic laser light of defined polarization. The
effect of the polarization state of the incident light on the intensities of reflected
and transmitted lights is revealed and compared for the basic diffraction orders as
a function of the incident angle. The 2D-latex crystal grating might be used for
coupling light into an optical fiber with a hexagonal structure.

2. SAMPLE PREPARATION

The latex monocrystal, shown in Fig. la, is colored due to the diffraction
of white light from the domains of ordered particles. These domains, exhibiting
different colors, are of varying crystalline structure, size and orientation, reflecting
the conditions of crystal growth. The 2D-crystal is grown, using known procedures
[6,7], on a glass substrate in a circular Teflon cell of diameter 14 mm, tightly
attached to the glass surface. The cell is loaded with a latex suspension in water
(suspension volume 25ul) with a particle diameter d = 1.696um (JSR Co.) and
a particle volume fraction of 0.01. The water is allowed to evaporate from the
suspension at controlled air humidity until a micron thin film is formed in the
central portion of the cell. At this moment the latex particles, protruding from
the film surface, form locally curved menisci conducting the capillary interaction
between two neighboring particles [6]. This triggers the formation of a dense
particle array which plays further the role of a monolayer nucleus for the crystal
growth. This nucleus of a nearly circular shape, located at the central portion of
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the monocrystal, is composed of smaller in size domains. It loses water due to
the evaporation from its surface for which reason new water is coming from the
surrounding suspension in replenishment. The water flow is bringing latex particles
which tightly attach to the circumference thus increasing the crystal size in a radial
direction. The respective domains become bigger seen as blue and green stripes.
A sort of capillary instability causes the formation of a particle bilayer appearing
as the dark rings surrounding the monolayer.

8858 23KV
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Fig. 1. Two dimensional crystal of micron size latex particles: (a) General view of a crystal

of latex particles grown on a transparent plate (crystal diameter 1.4 cm); (b) Boundary

between a monolayer (left) and bilayer (right) of latex spheres of diameter 1.696um.

Magnification: x1000; (¢) Magnified part of the crystal monolayer with ordered latex
spheres (magnification x7000)

The close examination of the crystal structure with Scanning Electron Micro-
scope (SEM) shows that the monolayer and bilayer are of general hexagonal
packing separated by tetragonal packed bilayer in between (Fig. 1b). Also seen
are the dislocations separating two neighboring domains of ordered particle rows.
These domains produce the diffraction colors in white light in Fig. 1a. In our
diffraction experiments we probe with the laser beam several different points of
the monolayer crystal. Each point may spread on more than one particle domain.
Figure 1c shows the high precision of local hexagonal ordering in the monolayer
which seems dominating the diffraction orders thereafter. A dry 2D-latex crystal
remains stable on the substrate for several years.

The 2D-latex crystal is grown prior to the optical experiments on a glass
substrate (glass K-8, with a refractive index n;=1.514 at A=632.8 nm). The
refractive index of bulk polystyrene is given as [5]

4

nj(\) = 1.5683 + 1.0087 x 1/\% : (1)
where A is in nm. From here n$=1.59349 at A=632.8 nm. The refractive index of
the monolayer will depend on the film volume fraction of particles ®, no(®) =
n8® +nz(1— @) [5, 8]. Here (1 — @) is the volume fraction of air voids of refractive
index n3=1 in the film. For hexagonal packing ® = 0.6046 [8], which gives in turn
ng = 1.35882.
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3. EXPERIMENT

In order to compare the behavior of the different diffraction orders in planar and
TIR geometry of the incident light, and on this base to reveal the peculiarities of
the diffraction efficiency in TIR geometry, we used two experimental arrangements
to measure the intensity of the different diffraction orders (Fig. 2). In the case of
planar geometry, shown in Fig. 2a, the incident monochromatic light strikes the
sample from the air side, while in the case of TIR geometry in Fig. 2b the light
falls onto the 2D-latex crystal through a glass prism. The source of monochromatic
light is a He-Ne laser (Spectra-Physics 136P) with an output power 2 mW at a
wavelength A=632.8 nm. A rotator controls the polarization of the light falling on
the sample. We measured the diffraction efficiency for both cases of polarization:
when the incident light is perpendicular (s-polarization) and parallel to the plane

Goniometer stage

He-Ne laser

A=632.8 nm

|
|

P

Fig. 2. Experimental setup to measure the diffraction from 2D-crystals of latex particles
in: (a) arrangement of planar geometry; (b) arrangement of Total Internal Reflection
(TIR) geometry

of incidence (p-polarization). The glass substrate with the 2D-latex crystal is in
optical contact with a TIR isosceles prism that has a refraction angle of 45°. The
prism is made of the same type of glass as the substrate (n; = 1.514). The glass
prism, with investigated sample on it, is mounted on a rotary table (Microcontrole
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TR80), which defines the incident angle 6y. In the case of planar geometry, this
is directly the angle at which the light hits the 2D-crystal. For TIR geometry, 6y
is the angle at which the light strikes the input wall of the prism and from which
the angle of incidence on the crystal 6 is calculated. The accuracy of measuring
the external angle 6 is 1’. The angle 6, varies in the working range 0-70° for the
planar case, and from —25° to +15°, corresponding to internal angles 6 from 28°
to 55° for the TIR case.

The incidence angle 6, under which the light hits the 2D-crystal through the
prism, is calculated using the relation:

< e
6 =o+sin? (bm 0>, (2)

ni

where o = 45° is the refractive angle and n; is the refractive index of the prism.
The light intensity is measured with a precise photometer-radiometer Ealing-910
with a sensitivity of 107 W em™2. Thus, the maximum relative error of the
measurements is 3%.

The intensities of the different diffraction orders I, are measured as a function
of the incident angle 6, and the diffraction efficiency 7y, is determined from the
ratio Ny = I /Iinc, where Iy is the intensity of the light incident on the prism.

4. RESULTS AND DISCUSSION

The photograph of the diffraction pattern observed from the latex monolayer
in a monochromatic laser light (planar geometry) is given in Fig. 3a. Figure
3b shows a reconstruction of the spots with the diffraction orders marked with
numbers mj for easy consideration. In the center is the zeroth order m=0, around
which are symmetrically distributed the higher diffraction orders. The hexagonal
symmetry of the 2D-crystal is reproduced by the diffraction pattern, produced by
the monolayer. Each diffraction order m = 1,2,... consists of six spots circling
the zeroth order, which are numbered j = 1,2,...,6. At normal incidence, the
diffraction pattern is symmetrical and the intensity decreases for the higher diffract-
ion orders—the higher the number of diffraction order, the lower the intensity of
diffracted light in it. The diffraction pattern changes with the polarization and
the incident angle 6. The zeroth order follows the path of the incident transmitted
or reflected light. The six spots of first and higher orders differ from each other
and, due to the circular symmetry of the pattern, are grouped in three couples.
The transmitted and reflected spot couples vanish one by one, and the diffraction
angle 6,,; at which the m-th order subsides, can be determined from the equation
of the diffraction grating [9]:

A
mT:ngsinﬁmj—nlsinO, m=0,+1, 42 ... j=1,2 .6 (3)
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Fig. 3. Typical diffraction patterns observed from the latex monolayer in monochromatic

light: (a) Photograph of the experimental patterns in planar geometry; (b) Reconstruction

of the spots with marked diffraction orders; (¢) Photograph of the experimental patterns
in TIR geometry

Here nq1 and ns are the refractive indices of the media on both sides of the
2D-latex crystal (in planar geometry, the substrate with the latex crystal is in air,
thus, ng = 1), A is the period of the diffraction grating and A = 632.8 nm is the
wavelength of the incident light. In our case, we have one and the same grating
spacing in both directions, which is the reason for the circular symmetry and the
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grouping of the spots in couples. For a two-dimensional grating with two different
grating spacing in x- and y-directions, two equations should be considered. Similar
trends can be observed for the diffraction patterns in TIR geometry (Fig. 3c¢).
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Fig. 4. Diffraction efficiency of the latex crystal grating in the zeroth order in a planar
geometry: (a) s-polarized incident light; (b) p-polarized incident light

Figure 4 represents the diffraction intensity of the latex crystal grating in the
basic (zeroth) order in planar geometry: (a) for s-polarized light and (b) for p-
polarized light. The measurements for reflected light are given with empty circles,
and those for transmitted light—with solid circles. In general, the zeroth order in
transmitted and reflected light follows the common behavior of transmission and
reflection through an optical boundary [9]. Similar is the behavior also of linear
metal diffraction gratings, consisting of regular metal stripes deposited on a glass
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substrate [1]. The intensity of reflected light for both polarizations is very weak
(below 1%) for angles up to 55°, and increases at larger angles due to the glancing
incidence. There is a weak maximum observed in both curves in the vicinity of
40-50° (Fig. 4a and b, empty circles) that might be explained with a transfer of
energy from the first orders s14, S15, P14, p15 in reflected light, which attenuate at
angles about 40°. The following minimum at 50-55° is an analog of the angle of
Brewster, ¢ = arctan(ng). If we calculate the refractive index of the latex crystal
for the Brewster angle ¢ = 54°, the value would be ng ~ 1.32, which is reasonable,
because of the filling factor of the layer—spherical particles with refractive index
of about 1.59 and air of index 1.0 between them. This value of ns is rather close to
the refractive index for a layer of closely packed polystyrene particles calculated
above (ny = 1.36) and mentioned in Ref. [8] (ny = 1.4).

This finding opens a new application of our method to measure the refractive
indices of thin particle films. If the experiment is precise enough and the angle
is measured only in the vicinity of the Brewster angle for p-polarization, one can
determine the refractive index of a thin dielectric film of spherical particles which
is difficult to be calculated, because of the multilayer and domain structure and
defects making the density irregularly distributed. Our method is much simpler
than the surface plasmon resonance method used recently for a similar purpose
[10].

The measured diffraction efficiency of transmitted light is in the order of few
percents for both polarizations, and strongly decreases at angles above 50°. As
the reflected light, both curves go through a maximum (more pronounced for p-
polarization) in the vicinity of 40-50° (Fig. 4a and 44, solid circles) connected
with a transfer of energy from the first orders si4, S15, P14, P15 in transmitted
light, which attenuate at angles about 35-40°. At normal incidence (6 = 0°), the
pattern is symmetrical, and as it might be expected from a theoretical description
using Bessel functions, the zeroth transmitted order, corresponding to the straight
transmitted light, has the highest intensity—about 5% for s-polarization of incident
light and 4% for p-polarization. The next first diffraction order contains about 1%
less energy than the zeroth order for both polarizations, respectively, as the total
energy concentrated in zeroth and first order only is about 53%. The remaining
part is distributed in the higher transmitted and reflected orders.

Still considering the planar geometry of incident light, the distribution of the
intensity in the spots of first diffraction order is shown in Fig. 5 for: (a) transmitted
s-polarization; (b) reflected s-polarization; (¢) transmitted p-polarization; and (d)
reflected p-polarization. It is clearly seen that two by two the light spots have
identical (in some cases) or similar (in other cases) behavior and can be grouped
in couples. Each couple vanishes at a determined angle, e.g., both couples s14, 815,
and pi4, p15 for both transmitted and reflected light disappear at an incident angle
of about 40°, while the central couples s13, s16, and p13, pig—at an incidence angle
around 60°, which corresponds to the angles calculated using the equation of the
diffraction grating. (For this purpose, one should assume an efficient diffraction
grating of period A ~ 950 nm, which is about half of the latex particle diameter).
The energy of the vanished orders is transferred to the other still existing orders,
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Fig. 5. Diffraction efficiency of the latex crystal grating in the first order in a planar
geometry: s-polarized incident light: (a) transmitted diffraction light; (b) reflected light.
P-polarized incident light; (¢) transmitted diffraction light; (d) reflected light

which explains their fluctuating behavior and the presence of maxima around
the angles of disappearance of the vanishing orders. Such study of the diffraction
efficiency might be very useful for evaluation of the optical losses, when a 2D-
structure of spherical micro-particles is used as a diffraction grating for coupling
light into a hexagonal fiber structure (e.g., an optical cable).

In the case of TIR geometry, the behavior of the diffraction orders is related

to the critical angle 6,
. —1 (713
o =sin™" [ — ). 4
sin (m) (4)

Here the refractive indices of the media on both sides of the 2D-latex crystal
ny and n3 = 1 are different (n; > n3). Near the critical angle of TIR (6. =
41°20') strong changes in the diffraction efficiencies of all orders are observed.
The transmitted orders disappear in the vicinity of the critical angle and their
energy is transferred into the existing orders of reflected light. Figure 6 shows
the measured diffraction efficiency in reflected light as follows: (a) zeroth order
and (b) second order. The dependence of the diffraction efficiency of the zeroth
reflected order on the angle of incidence reminds very much the behavior of the
zeroth diffraction order from planar metal diffraction gratings (compare with Fig.
2 from [2]). This fact suggests that the scalar diffraction theory in Fraunhofer’s
approximation might be used for a rough description of the behavior of the zeroth
order. The well pronounced maximum for p-polarization in the vicinity of the
critical angle, in which the diffraction efficiency reaches about 10%, could be used
for characterization of the 2D-crystal, especially in the monolayer domaing. Due to
internal reflections in the prism, as well as to the TIR geometry of the experiment,
not all the spots of the first and higher orders could be observed and accurately
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measured (see Fig. 3¢). Therefore, only four spots of second reflected order are
illustrated in Fig. 6b. The behavior of the second order also reminds the one of a
grating consisting of metal stripes on a dielectric substrate (compare with Fig. 4
from [2])—the curves for both polarizations pass through a maximum in the vicinity
of the critical angle. Although, the maximum diffraction efficiency measured in
spots page and pag is only about 2%, the maxima are very well pronounced and, as
in the case of zeroth order, could be used for characterization of the 2D-crystal.

ZEROTH ORDER DIFFRACTION

0.25
Lo
> 0.20 F d
13
g
- [+
o ’
- - -, ’
£ 015 . ,
o Pl o he)
S 0.10 + F
« '
il g
g ¢ e
| 0.05f o'y o
LTS [ & .09
e . e «
0'0030 35 40 45 50 55
6 (deg)
(a)
SECOND ORDER DIFFRACTION
0.030
—e— s, A
—e— Py
F |8 p»
. 0.025F |8 bs
g va .
£ o020} P
J K o .
£ ion oo
& 0015} Af '
g ; ! 4
3 !
& /
S 0.010f g
E \A ‘4',
a h a
0.005 [
0.000,7 50 55

Fig. 6. Diffraction efficiency of the latex crystal in TIR geometry (s- and p-polarized
incident light): (a) zeroth order diffraction; () second order diffraction

The geometrical positions of diffraction spots observed by us in both planar
and TIR arrangement should obey the conditions for Bragg diffraction described
in Ref. [3] for 1D-grating and generalized in Ref. [4] for 2D-grating of hexagonal
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packing. Here we pay more attention to the intensity of light in different diffraction
orders, which is important for the implication of latex gratings in the fiber optics for
wave-guiding. The calculation of diffracted light intensity, which was not achieved
by the authors of [3,4], would explain the transfer of light energy between different
diffraction orders revealed in our study. The reflected light intensity has been
calculated for a 2D-array of random latex particles based on the Mie scattering
theory for non-correlated spheres [11,12]. For ordered close packed spheres in a
diffraction grating one should correlate the scatterers using either the Raman-
Nath approach [9] or the theory for amplitude and phase diffraction gratings [2]. In
both cases one should generalize the respective equations: first, for the diffraction
from 1D-grating of close packed semicircles and second, for hemispheres in a 2D-
hexagonal array.

Our findings here for the diffraction from a dry “colloidal” grating can be
applied also for a slab of a wet colloidal crystal, which was found to obey Bragg
diffraction for both aqueous [5,13] and non-aqueous [14] concentrated suspensions
of latex particles.

5. CONCLUSIONS

The peculiarities in the behavior of the diffraction efficiency of 2D-latex crystal
gratings were investigated in planar geometry, when the light strikes the crystal
through air, and in TIR geometry, when the light impinge on the crystal through
a glass prism. The behavior of the diffracted orders in planar geometry, though
much more complicated, follows the general tendency of the common transmission
and reflection from a boundary between two dielectric media. The behavior of
the diffraction orders in reflected light in TIR geometry, reminds the behavior
of zeroth and second order of a plane metal diffraction grating, which was well
described in [2] by Fraunhofer’s approximation of the scalar diffraction theory.
Our method can be applied to measure the refractive index of thin dielectric films
of nanoparticles. The latex crystal diffraction gratings, based on their long-term
stability and brilliant optical properties, can be utilized for coupling of light into
a hexagonal fiber structure like an optical cable.
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