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ABSTRACT

In the present article, ion-beam lithography in ion-exchanged glasses is used as
a method for the fabrication of miniaturized phase optical diffractive elements.
It is established that, as a result of the interaction of a low-energy (~ 40 keV)
He™ ion beam with silver-ion-exchanged glasses, the index of refraction of
interacted area increases. In the interacted areas of the samples, the formation of
neutral silver nanoparticles leads to an increase in the index of refraction. This
paves the way to employ such material to produce optical phase diffractive
elements such as slits, gratings, or Fresnel’s zone plates. It is found that a
remarkable dispersion for the index of refraction (n = n(2)) gives rise to the
dependence of diffraction efficiency of produced elements to the wavelength of
the probe beams. The produced elements are of good quality, optically effective,
chemically stable, waterproof, and scratch resistant.
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advanced investigations due to their application as
planar waveguide [9] and their plasmonic behaviors

1 Introduction

There are many detailed studies, in which, methods
of preparation and fundamental optical and spec-
troscopic properties of the ion-exchanged glasses are
presented and discussed [1-7]. The simplicity of the
preparation methods of ion-exchanged glasses,
which results in production of effective photonic
materials (containing metallic nanoparticles), and
also their wide applications as passive or active
photonic miniaturized devices like, waveguides, and
elements [8], could be considered as motivations for
the above-mentioned researches. The ion-exchanged
glasses are still in center of attention for more
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[10, 11]. The mechanism of the Ion-exchange process
has already been studied in detail [3, 9, 12]. Interac-
tion of the ion-exchanged glass with an external
electric field [13, 14] and its interaction with laser
beams in different conditions [5, 6, 15, 16] have also
been studied. Results of the aforementioned resear-
ches show that any induced changes in size, geome-
try, electrical charge, or interaction with neighboring
nanoclusters or the matrix (where the silver nan-
oclusters are embedded) would have significant
effects on the photonic properties of the ion-ex-
changed glasses. Outcomes of the aforesaid studies
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emphasize the importance of improving new meth-
ods to enhance the induced changes in the optical
properties of the ion-exchanged glasses, especially
changing the index of refraction, which is a crucial
functional parameter in the photonic devices and
elements. There are other glass preparation methods,
as a photonic material, which lead to increase of
index of refraction of the glasses [17, 18] by adding
materials like BaCO3; and Nb,Os to the glass com-
position. As they have remarkable interaction with
high-energy ion beams or photons, they could be
investigated as other candidates for ion-beam
lithography base material.

In this order, following our previous studies and
experiences [5, 6, 12-14], to achieve accurate, durable,
and permanent changes in the index of refraction
(n = n(4)) in this material, we studied the interaction
of an ion beam of a light atom such as “He™” with the
ion-exchanged glass [19]. In the mentioned study, we
could show what happens after the interaction, and
how the index of refraction could be changed and
manipulated by this method. Actually, as a result of
the interaction of the ion beam with the ion-ex-
changed glass (ie., ion-beam bombardment), the
ionic silver nanoparticles reduce to the neutral ones.
It results in increasing the index of refraction (12(1))
and simultaneous quenching of the photolumines-
cence radiation of the interacted area on the sample,
excited by a probe light. In [19], we have shown that
quenching of the photoluminescence is related to the
reduction of Agn™ clusters to the neutral ones (Agy).
As the formation of neutral silver clusters increases,
the dielectric constant of the glass substrate in the
depth where ion exchange has happened increases,
which in its turn increases the refractive index of the
interacted ion-exchanged layer. From the results of
the mentioned study [19], we found that we can make
miniaturized or even integrated optical diffractive
elements such as Fresnel’s zone, diffraction gratings,
slits, double slits, and other optical diffractive ele-
ments by patterning the index of refraction in the ion-
exchanged glass using the low-energy ion beam. This
method is called ion-beam lithography. In addition, it
was found out that this method can be used to induce
stable, long-lasting, and perfect patterns of n(4).

There are many studies in which the authors have
tried to make some diffractive optical elements in the
ion-exchanged glasses. Some of them have tried to
use a high-power laser beam to make micro-lenses
[20, 21], or make gratings [22]. The others have made

@ Springer

J Mater Sci: Mater Electron (2021) 32:23349-23362

gratings applying a direct external electric field on a
metallic mask on the surface of an ion-exchanged
glass [23]. As an electron beam can interact with the
ion-exchanged glass and produce neutral silver nano-
crystalline [24], some researchers have tried to use a
direct electron beam to do some kind of lithography
on the glasses, doped by Nickle, and compared it
with direct use of He" beam on the surface of their
samples [25].

In this article, which is actually the second part of
our previous article [19], we present the results of the
ion-beam lithography in silver-ion-exchanged glasses
using low-energy He' ions (Ep ~ 40 keV). The
optical properties of the fabricated miniaturized
diffractive optical elements, which are obtained by
patterning and engineering the index of refraction
using the mentioned method are discussed. The
produced elements are of good quality, optically
effective, chemically stable, and scratch resistant.
That is, after washing the produced elements with
water or even diluted acid, its optical properties did
not changed. We also observed that temperature
tolerance from room temperature to 100 °C does not
affect the index of refraction or diffraction efficiency
of the produced diffractive elements.

2 Experimental

2.1 Preparation method for making one-
sided ion-exchanged glass

The samples are made by well-known ion-exchange
method [3, 5, 9]. The type of the glass substrate
should be soda lime. The dimensions of the glass
were 22 mm x 22 mm x 0.8 mm. The chemical
combination of the glass and its components” weight
ratio influence on the depth of diffusion and also
concentration of metal ions into the substrate [12]. By
XRF analysis, the combination of the used glass
substrate obtained as follows: (weight%: wt%) 74.466
wt% SiO,, 13.577 wt%NayO, 4.349 wt% MgO, 1.178
wt% AlLOs; 0.304 wt% SO;, 0.856 wt% KO, 5.126
wt% CaO, 0.106 wt% As, and 0.009 wt% Zr. Based on
our experiences and background, we chose silver
ions to be exchanged. The soda-lime glass has enough
Na* ions suitable for the ion-exchange process. In
common manner of ion-exchanged sample prepara-
tion method, one inserts the glass slide into a molten
NaNO;/AgNO; mixed salt. Such treatment provides
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two-sided ion-exchanged sample, which is not
appropriate for our purposes. On the other hand, our
experiences [5, 12-14, 16] teach us that for making a
uniform homogeneous ion-exchanged glass, this
method would not be good enough. The two-sided
ion-exchanged glass makes measurements more
complicated and confusing, from spectroscopic and
photonics points of view.

For making uniform one-sided samples, first, we
produced very fine and uniform mixture powder of
NaNO; and AgNOj;, with determined weight ratio
(Fig. 1). According to our practices from previous
works [5, 6, 15, 16], we chose the optimum values for
the NaNO;/AgNO; ratio as 96% /4% (wt%), respec-
tively. Afterward, we put the mixture powder uni-
formly on the precisely cleaned surface of a soda-lime
glass substrate. Subsequently, we put the sample in
an electrical oven (our oven has the maximum tem-
perature equal to 1200 °C). After few minutes, the
mixture powder melts. As a result of the diffusion,
some of the silver ions of the molten mixture salt
would exchange with some Na™ ions of the heated
glass substrate. The temperature was chosen as
390 °C, with 2 h duration time. These values are
chosen based on our previous researches. The ion-
exchange duration time, concentration of AgNO; in
NaNO; mixture, and the temperature of the oven
determine the concentration and diffusion depth of
the silver ionic atoms and multi-atomic clusters into
the glass substrate. At the end of the process, the
sample should be cooled very slowly (out of the
oven), to prevent any residual mechanical stresses or
tensions in the glass, due to thermal shock; otherwise,
the sample losses its value as a photonic material and
becomes light polarization sensitive.

2.2 He™ ion-beam production and its
interaction with the ion-exchanged
glass (ion-beam lithography)

We used an electrostatic accelerator system to pro-
duce the He™ ion beam. This system has three main
parts: (1) a penning ion source [26]; (2) a beam
extraction; and (3) formation lens system, and finally
an acceleration column (Fig. 2). Figure 2 is a sche-
matic drawing of the real accelerator. As it is illus-
trated, after the entrance of the beam into the target
chamber, it passes through an electrostatic scanning
system, which scans the beam on the surface of the

23351

lon-exchanged Procedure Steps:

3
@ G amis Llron o ;'*.t-;-.:.:nm-n P .--m/

Fig. 1 lon-exchange procedure steps: 1) covering uniformly, the
precisely cleaned surface of soda-lime glass with mixed NaNO;/
AgNO; fine powder; 2) melting the powder and ion exchanging
the silver ions with some Na® ions of the glass matrix at
T =390 °C for 2 h; 3) formation of ion-exchanged layer in
vicinity of surface of the sample. At the end of process, the surface
of the sample should be washed by a weak acid like diluted
HNOs;: (1) the soda-lime glass matrix; (2) the mixed salt powder;
(3) the molten salt; (4) the ion-exchanging layer; and (5) the ion-
exchange layer

target in the shape of a square with sides 1 mm long.
A hot tungsten filament is placed close to the target
for neutralizing the surface of the sample during the
bombardment by ions. For the present experiment,
the beam current and energy were 10 pA and 40 keV,
correspondingly. The scanned area was irradiated by
the ion beam with different fluences (number of
particles crossing a unit area, usually expressed as
the number of particles per cm? starting from
2 x 10" to 1.6 x 10'® (particles/cm?) with an incre-
ment of 2 x 10" particles/cm?® For the ion-beam
lithography, we obtained best results with 7 x 10" to
8 x 10" (particles/cm?).
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Fig. 2 The generator and accelerator of He" beam schema. The
actual device has three lenses in beam extraction and formation
lens section, and has 10 lenses in the acceleration column

As it is explained in detail in [19], the interaction of
the ion beam with the ion-exchanged glass occurs via
ionization at first 100 nm depth from the surface of
the glass and then through recoil process in depth of
about 300400 nm, where the energy of the ion-beam
drops and it comes to stop. Both processes result in
generation of electrons which could reduce ionic sil-
ver clusters (Agn™) to the neutral ones (Agn):

Agl +e — Agy

The average size of formed neutral silver clusters
due to the interaction is measured and calculated in
[19] (using XRD analysis and Scherrer’'s equation)
about D,,. ~ 1.00 nm. This leads to an increase of
refractive index up to f1max = 2.16 (the initial refractive
index of the ion-exchanged glass was ny = 1.57). Such
difference in the refractive index (Afpax = fmax — 11 =
0.585) is good enough for causing diffraction of a
probe light from the boundary of the two area with
different refractive indices. The formation of the
neutral silver nanoparticles could be confirmed by
appearance of a surface plasmon resonance peak [10]
in the absorption spectra of the samples after the
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interaction with the He' beam (Fig. 3). We put a
simple metallic mask (a coating of chrome with 250
nm thickness) on half of the ion-exchanged glass to
form an edge (Fig. 4). As it can be seen, in addition to
the change of the refractive index and absorption, the
porosity of the surface of the interacted area with the
ion-beam changes, as well (reduced). The corre-
sponding changes in the index of refraction of the
samples before and after the interaction are shown in
Fig. 5. Refraction Indices are measured by measuring
the Brewster’s angle for each half, separately. The
refractive indices are also measured using reflectance
(R) and absorption coefficient described in Ref. [27].
The index of refraction dispersion after the interac-
tion, which is reported in Fig. 5, was confirmed by
measurement using the above-mentioned method. It
is in good agreement with the similar data reported
in Ref. [27]. In this method, the index of refraction (1)
can be determined by measuring R and extinction
coefficient (k, k = §, where « is the absorption coeffi-
cient [28]). They are related to each other as follows
[27, 291:

n—=

(1+R)+ /4R — (1 — R)*k? 0

(1-R)

Results of relation (1) confirm the results obtained
by Brewster’s angle measurement (Fig. 5). We did not
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Fig. 3 Absorption spectra of the ion-exchanged glass: (1) before
the interaction with Het beam, (2) after the interaction. The inset:
corresponding areas on the sample (1 and 2) are shown,
accordingly. After the interaction, appearance of characteristic
surface plasmon resonance peak for neutral silver nanoparticles in
wavelength Agpr = 420 nm is observed
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Fig. 4 SEM images of non-interacted (left SEM image) and
interacted (right SEM image) areas on the surface of the sample,
half of which was covered by a metallic layer of Chrome.
Corresponding absorptions (the curve shown by “- - -“) are
measured for two sides at wavelength Agpr = 420 nm. It can be
seen porosity of interacted area is less than that of non-interacted
side of the sample
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Fig. 5 Dispersion of induced index of refraction change due to the
interaction with He' beam: (1) index of refraction of the used
soda-lime glass for visible region of spectrum; (2) index of
refraction for the same glass matrix after the ion-exchange
process. Both do not exhibit remarkable dispersion; (3) index of
refraction after interaction with the ion beam. In wavelengths close
to the surface plasmon resonance peak the change in index of
refraction is maximum. The inset shows phase difference between
interacted and non-interacted parts of the samples, at three
different probe light wavelengths: Ag = 445 nm, Ag = 532 nm,
and g = 632.8 nm

use the Wemple-DiDomenico model, because it is
more precise for semiconductor materials rather than
amorphous materials (like glass). Its results also do
not match with our experimental data, especially in
short wavelengths of the spectrum.

Hence, if one could pattern the index of refraction
in this medium, it would be possible to fabricate
optical diffractive phase elements, which is the
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purpose of the present work. On the other hand, the
dispersion of the refractive index after the interaction
(Fig. 5) affects the range of functionality of the fab-
ricated diffractive elements from spectroscopy point
of view.

2.3 The ion-beam lithography in ion-
exchanged glass process

As a general definition, conventional optical lithog-
raphy is a process used to pattern some parts on a
thin film, a surface, or the bulk of a substrate. In this
method, one uses light to transfer a geometric pattern
from a photomask to a light-sensitive material, which
is called photoresist. Then, a series of chemical
treatments would be conducted. The treatment
results in etching the exposure pattern into the
material or allows deposition of a new material in the
desired pattern upon the material set under the
photoresist layer [30].

In our developed ion-beam lithography method,
first, we use optical lithography to put a metallic
mask on the ion-exchanged glass substrate. Then we
exposure the sample by the He™ beam produced by
the accelerator, which we explained in section (b).
The details of the ion-beam lithography process are
shown in Fig. 6. In fact, in our experiments, the sil-
ver-ion-exchanged glass plays the role of the photo-
sensitive material, where the final pattern should be
formed.

In first step, we ion-exchange the glass substrate as
was explained in section (a). Next, we coat the pro-
duced ion-exchanged glass with a chrome thin film
(thickness ~ 250 nm) by sputtering method (pPyaccum
~107° mmHg). In third step, we cover the chrome
layer with photoresist (in our case: 51813) by spin
coating. Warming the photoresist layer up to
115 °C for 20 min helps us to obtain a more uniform
photoresist layer. Next, we create a mask’s image on
the surface of the sample as small as possible. The
light source used for the optical lithography was a
violet diode laser with the wavelength of iy = 405
nm and power of Py = 100 mW. The exposure time
was 3 min. In this way, the intended pattern (slit,
double slit, grating, zone plate, etc.) transfers on the
photoresist layer (step 4 in Fig. 6). Now, we should
first remove the exposure parts of the photoresist and
then remove the parts of the chrome layer, which
were under exposure parts of the photoresist (step 5

@ Springer



23354

J] Mater Sci: Mater Electron (2021) 32:23349-23362

Fig. 6 Steps of ion-beam
lithography: (1) ion-exchange AgNOS and NaNOs

process; (2) chrome coating on mixed Powder

the ion-exchanged glass; (3)
photoresist coating on the
Chrome layer; (4) exposure by
violet light (4y = 405 nm and
Py =100 mW) to create the
image of the optical element
mask on the photoresist layer;

Glass Substrate
lon-exchange
@ Process

lon-exchanged
. Layer
(5) photoresist removal and

etching the naked chrome
layer; (6) exposure by the He™
beam; and (7) removal the
metallic mask
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of Fig. 6). To remove the photoresist, we used diluted
NAOH solution (0.1 mol/L), and for etching the
chrome parts, we used Ceric ammonium nitrate
((NH4),Ce(NO3)¢) mixed with dilute acid nitric. Thus,
in this step, we have a miniaturized metallic negative
pattern (the mask) on the ion-exchanged glass (step 5
of Fig. 6). Before bombardment by the ion beam, we
should remove the unexposed part of the photoresist
with acetone. Some of the printed photomasks on
plastic transparent sheets for step 4 are shown in
Fig. 7. Now, the masked ion-exchanged glass sam-
ples are bombarded with the He™ ion beam (step 6 of
Fig. 6) for the ion-beam lithography. As a result, the
unmasked parts of the sample interact with the ion
beam and their absorption and refractive indices
change as we explained earlier (Figs.3, 4 and 5).
After the bombardment, we remove the chrome mask
with the same etching solution (Ceric ammonium
nitrate + HNO; + H,0).

There are two important points, which should be
considered during the ion-beam lithography to obtain
good and sharp edges of the transferred patterns that
make them diffractive elements with good quality: (1)
quality of the metallic mask’s edges; (2) the amount
of divergence or convergence of the ion beam. If the
chemical processes of photoresist removal and etch-
ing is carried on with low accuracy, or one does not
pay attention to the exact percentage of solvents and
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etchants and the temperature of the processes, the
edges of the metallic masks may be obtained oblique
(Fig. 8-2-a), repelled, or rough. We call it an imperfect
edge. Such edges cause a shadow in the vicinity of
the mask’s edges which lowers the quality of the final
produced optical diffractive elements and reduces
their diffraction efficiency. Convergence or diver-
gence of the ion beam also causes imperfection at the
edges (Figs. 8-3). Thus, controlling the ion-beam
quality is one of the important parameters for
obtaining the best results. The uniformity, quality,
and thickness of the metallic masks are also very
important parameters in the ion-beam lithography
method.

2.4 Diffraction patterns from the produced
optical phase elements

As a first example of the produced diffractive optical
elements, we studied the Fraunhofer diffraction, with
the setup shown in Fig. 9a from five slits (each slit
has 100 pm width and 500 um distance from the
neighboring one) (Fig. 9b) and a diffraction grating
with 10 lines/mm (Fig. 9¢c, d). As it can be seen, the
expected diffraction patterns are observed. A stan-
dard setup for observing the Fraunhofer diffraction
patterns is applied (Fig. 9a), and as a screen, a
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(d)

Fig. 7 The printed photomasks on plastic transparent sheets for
step 4 of Fig. 6: a 10 lines/mm grating; b two crossed linear
gratings (with 10 lines/mm and angle 0 = 10° between them);

lensless DSLR camera is used. Figure 9d shows the
same diffraction pattern of Fig. 9c, which is the
diffraction pattern from the fabricated diffraction
grating with 10 lines/mm, but with lower intensity of
the source (a standard sodium lamp with an
adjustable slit in front of it for intensity control).

In Fig. 10, diffraction pattern of the same five slits
with its intensity distribution (Fig. 10b) is shown. The
middle-right inset in Fig. 10 shows the microscopic
image of the fabricated five slits.

In Fig. 11, diffraction patterns from the fabricated
grating for a He-Ne Laser beam (/req = 632.8 nm,
Fig. 11a) and an Nd*-YAG laser beam (Agreen = 532
nm, Fig. 11b) are shown. In Fig. 11c, the microscopic
image of the produced grating is shown. The dark
parts in Fig. 11c are the interacted parts of the ion-
exchanged glass with the He™ ion beam. The same
setup of Fig. 11 was used to observe the diffraction
patterns from single slits with different widths
(Fig. 12a’—c’). The microscopic images of the corre-
sponding slits are shown in Fig. 12a-c with widths
200 pm, 100 pm, and 50 pm, respectively. The scale of
the microscope (Fig. 12d) is shown for comparison.

} @ s,
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¢ square grid with 25 um size of dots and 100 um distance
between neighboring dots; e and f zone plate with closed central
zone (CZP); g zone plate with open central zone (OZP)
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Another diffractive element produced by the ion-
beam lithography in ion-exchanged glass was a
square grid made of points with diameter of 25 pm
with grid constant of 100 pm (Fig. 13a). Corre-
sponding diffraction patterns are shown in Fig. 13b
and c for a He-Ne laser beam and Fig. 13d for a Nd*-
YAG laser beam, accordingly. In Fig. 13c, the undif-
fracted beam is eliminated to observe only the dif-
fracted light. As it can be seen, the phase grid has
diffracted the incident probe light effectively. In
Fig. 13e, diffraction of a He-Ne laser beam from the
five slits, described earlier (Fig. 10), can be seen.
Figure 13f shows diffraction from the pattern made
by crossing two gratings with angle 0 = 10° between
them. Insets of Fig. 13e and f show microscopic
images of their corresponding fabricated diffractive
elements.

The last fabricated phase diffractive element,
which is one of the important optical elements, was
the Fresnel zone plate (Fig. 14). Two types of zone
plates were made: (1) a zone plate with closed central
zone (Figs. 14-1a), we named CZP and a zone plate
with open central zone (Figs. 14-1b) which we named

@ Springer
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Fig. 8 (1) The area of the ion-exchanged layer (I-EG) under the
metallic mask does not interact with the ion beam; (2) Imperfect
edges of the metallic mask; or (3) unparallel ion beam, reduces the
quality of the element fabricated by Ion-beam lithography

OZP. Figures 14-2 is diffraction pattern from CZP
(Fig. 14-1a) at its first focal point (z = 42 cm), and
Fig. 14-3 is the diffraction pattern from the OZP at its
first focal point. Figure 14-4a’” and b’ shows the
diffraction patterns of Figs. 14-1a and 1b accordingly,
in distances less than the first focal distances for CZP
and OZP. Focusing the probe beam by the zone plates
is observed (Fig. 14). Ion-beam lithography quality is
restricted by the optical lithography limitation for the
metallic mask preparation procedure. The degree of
purity and quality of used materials for etching and
removal processes also play essential roles for
obtaining good results of ion-beam lithography.
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3 Discussion

An increase in the index of refraction, after the for-
mation of neutral silver nanoclusters embedded in a
dielectric matrix, has been observed in our previous
researches [5, 6, 14, 16, 19]. It has been also discussed
by other researchers [31-33] that the formation of
metallic nanoparticles in a dielectric matrix increases
the average dielectric constant (relative permittivity,
&), which in its turn, increases the index of refraction
of the medium, n = /7 [34]. Apart from the variation

of n, we observed an increase in absorption spectra of
the interacted areas of the samples, which is related
to surface plasmon resonance of the formed silver
nanoparticles (Fig. 3). In other words, the produced
diffractive phase elements using ion-beam lithogra-
phy influence the intensity distribution and variation
of the phase of the probe light, which both enhance
the diffraction efficiency of the fabricated optical
elements.

Diffraction efficiency, n (= %,
intensity of the incident probe light and I; is the
intensity of the first order of the diffraction from the
grating), of the fabricated grating (10 lines/mm) for
three different probe lights are measured and repor-
ted in Table 1. It is clear that increasing the number of
lines per length improves the diffraction efficiency of
a grating. Hence, the fabrication of grating with a
higher number of lines/mm is under investigation by
our group. The quality of the produced grating can be
increased by improvement of lithography techniques,
especially the metallic mask production and its
removal procedure. Using another metal for the mask
could be one of the answers. This point is also under
investigation.

As it can be concluded from Fig. 5, Table 1, the
wavelength (i.e., Ag = 445 nm) close to the wave-
length for which the induced change in the index of
refraction is maximum (i.e., Anip,, = 0.59 @ 4, = 470
nm) diffraction efficiency is the highest (g ~ 19.5%)
and for the wavelength /g = 632.8 nm, for which the
induced change in the index of refraction is minimum
(Anpin = 0.15), the 7 is the lowest (g ~ 3%). That is,
larger induced refractive index difference leads to
higher diffraction efficiency for the phase grating
which is fabricated by our ion-beam lithography
method. The reason for that could be explained as
follows: For fabricated phase diffractive elements,
high phase difference, 4¢, (phase difference between

where I, is the
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Fig. 9 a Setup for observing
Fraunhofer diffraction from (a)
the fabricated elements. L; and
L, are lenses and f; and f5,

both equal to 10 cm, are their

focal distances, accordingly;

Adjustable Slit
Sodium Lamp

b diffraction pattern from five

slits; ¢ diffraction pattern from

fabricated 10 lines/mm

diffraction grating; d the
diffraction pattern from the

same grating of (c) but with

T

Diffraction
Pattern

Sample

— T

=

DSLR Camera
without Lens

f,

lower intensity of the sodium
lamp, which obtained by

adjustable slit shown in (a)

light beams passing through the two sides of border
of interacted and non-interacted areas on the sam-
ples) leads to the higher diffraction efficiency [35].
For phase difference, we have

A¢ = (le — M )d

(2)
where 1, is the refractive index of interacted area, 14
is the refractive index of non-interacted area, d is the
geometrical path length, which in our case is the
thickness of the interacted area, i.e., d ~ 500 nm) and
/. is the wavelength of the probe light.

On the other hand, we know that the phase of the
probe light after passing through the sample is equal
to 0 = k.A, where k =
n.d is the optical path (n is the index of refraction of
medium) [36]. The relative index of refraction,
= Z—f, which is the ratio of refractive indices could

<% is the wave number and 4 =

be taken as determining factor for diffraction effi-
ciency. If we use the relative index of refraction, ny, to
find the relative optical path A;; of the interacted area,
then we could determine the phase ¢ for the probe
beam after passing through that part of the samples.
We found that for shorter wavelengths close to the
wavelength corresponding to the maximum of the
induced index of refraction, we would have larger
phase difference A¢, which provides higher

diffraction efficiency. The summary of the above
discussion is presented in Table 1. The inset of Fig. 5
shows the variation of the phase difference between
two interacted and non-interacted parts with the
wavelength of the probe beam. This result is well
consistent with the dispersion of the induced refrac-
tive indices after the interaction. The reported
induced n in the present article has tolerance less
than 0.5% from the 1 reported in our previous related
work [19].

Any imperfection in edges of the lithography pat-
terns reduces diffraction efficiency of the produced
elements, dramatically. Imperfect edges diffract the
incident light to directions that are not useful and
increase the loss, leading to reduction of #. Therefore,
this method requires lots of care and accuracy in each
step of the process.

Using high-quality optics and better techniques for
printing a high-quality photomask, and also the
quality of the ion beam, accuracy in metallic mask
coating, and stable thermal conditions with con-
trolled chemical reactions during removal/etching
the materials are the most important parameters for
fabrication of functional optical diffractive elements.
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4 Conclusions

As a summary, results of interaction of a low-energy
He" beam (E ~ 40 keV), with silver-ion-exchanged
glass were used to establish an ion-beam lithography
method to fabricate miniaturized optical diffractive
phase elements, such as slits, gratings, grids, and
Fresnel zone plates. The interaction results in reduc-
tion of ionic Agn™ nanoparticles to the neutral ones,
Agy;, which in turn increases the index of refraction
r (b) T T T T ! of the interacted area on the samples [19]. The
absorption of interacted area also increases and
shows a characteristic surface plasmon resonance
peak (Fig. 3), which is an indication of the formation
of neutral silver nanoparticles as a result of the
interaction [10]. On the other hand, a metallic mask
could stop the ion beam [19], which helps us to fab-
ricate optical phase diffractive elements by ion-beam
lithography. The diffraction patterns from the pro-
duced elements show good quality (Figs. 9, 10, 11, 12,
13 and 14), encouraging us to further develop the
technique.

A remarkable dispersion was observed for the
induced refractive indices changes. The change in the
induced refractive index is maximum for wave-
lengths close to the surface plasmon peak of Ag
nanoparticles (embedded in a glass matrix). As a

150 |

=3
=3

Intensity (a.u.)

@
=)

0 100 200 300 400 500
Pixels

Fig. 10 a Fraunhofer diffraction from five slits, using the setup
shown in Fig. 9; b the intensity distribution of the diffraction
pattern of (a). The middle-right inset shows the microscopic image
of the five slits, each slit has 100 um width, and distance with
neighboring slit is 500 um

—_
i)
=
v

Intensity (a.u.)

Diffraction Pattern

(b)

<
Fabricated Diffraction Grating
S
¢
He-Ne Laser '

Fig. 11 Diffraction patterns of a He—Ne laser beam (1..q = 632.8.
nm) and b diode pump Nd*-YAG laser beam (Agreen = 532 nm)
from the produced grating with 10 lines/ mm. Intensity distribution
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of the diffraction pattern of (a) is shown at the top of the image (a).
The corresponding microscopic image of the grating is shown in

(©
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Fig. 12 Diffraction patterns
(a’—¢’) from slits with widths
200 pm, 100 pm, and 50 pm,
accordingly. Relevant
microscopic images are shown
in (a—c). The scale of the

23359

microscope is shown in (d) for
comparison

Fig. 13 a The microscopic image of fabricated square grid by ion-
beam lithography. Each point of grid has 25 pm size with 100 um
distance between them; b corresponding diffraction pattern of He—
Ne laser beam from the grid; c is the same pattern of (b), with
faded undiffracted beam on the screen; d diffraction from the same
grid for Nd*-YAG laser beam; e diffraction of He-Ne laser beam

consistent result, the diffraction efficiency of the
fabricated diffraction gratings is also the largest at
these wavelengths. A remarkable quality of the pro-
duced elements could be achieved, by using better
optics for lithography of the mask and high-quality
and pure chemical materials for etching and removal
procedures. The controlled temperature during the
etching process is also an important parameter.

The fabricated phase diffractive elements are
waterproof, scratch resistant, and chemically

PR

P

R

from five slits with 50 um width for each slit and 500 pm distance
between them; f diffraction pattern from two cross gratings with 10
lines/mm with angle 0 = 10° between them. The corresponding
microscopic images of produced elements are shown as insets in
(e) and (d) images

stable with acceptable diffraction efficiencies, which
are important advantages of ion-beam lithography in
ion-exchanged glasses, from the application point of
view. The introduced method could be considered as
an effective way to produce meta-materials, func-
tioning in the visible region of the spectrum, which is
under investigation by our group.

@ Springer
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He-Ne Laser

Collimator Plate

Fig. 14 Setup for observing the diffraction from the fabricated
zone plates: (1) microscopic images of fabricated zone plates with
a closed central zone (CZP) and b open central zone (OZP); (2)
diffraction pattern at first focus point for CZP; (3) diffraction

Fresnel Zone

J] Mater Sci: Mater Electron (2021) 32:23349-23362

The Fabricated Zone Plates

Screen
=

. |

4
. |
pattern at first focus point for OZP; (4a’) and (4b’) are diffraction
patterns before the focus point for CZP and OZP, accordingly. The

measured intensity distribution of (3) is drawn on the screen of the
setup scheme

Table 1 Diffraction efficiencies of the produced gratings (h)for three different light sources

The light source Probe light Induced refractive Relative Ajj = nj;. Phase after the Ao Diffraction
Wavelength (nm) index difference, An refractive d (nm) interacted part, 6 efficiency,
index @d ~ 1 (%)
nii = n; [ n 500 nm
Diode Laser 445 0.59 £ 0.02 1.223 611.5 274w 0.786 ® 195+ 1.5
Diode pumped 532 0.28 £+ 0.02 1.178 589.0 221 = 0524 122+ 0.5
Nd *-YAG
He—Ne laser 632.8 0.15 £ 0.02 1.095 547.5 172w 0238 3.0+03

Dn is Induced refractive index difference, n;; relative refractive index of the exposed part relative to the unexposed part of the samples, D;;
is the optical path difference corresponding to 1y, d is according phase after the optical pathD;;, and Df is the phase difference between the
light which is passed through the exposed part relative to the light which is passed through the unexposed part
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