Tunable 2D hexagonal phase array in domain engineered z-cut lithium niobate crystal
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Abstract
An optical phase array with tunable phase step is demonstrated. The phase array consists of a
2-dimensional hexagonal lattice of inverted ferroelectric domains fabricated on a z-cut lithium
niobate substrate. The electro-optically tunabie phase step is obtained by the application of an
external electric field along the z axis of the crystal via transparent electrodes. Theoretical
analysis and experimental results are presented showing that a tunable and flexible adaptive
optical illuminator device can be realized by combining the electro-optic tunability with the

Talbot effect. Generation of a multiplicity of light pattern is shown.
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Array illuminators are devices that transform a plane wave into a periodic optical intensity
pattern, therefore have great potentiality that can be exploited in different fields of
applications such as spatially addressed multiplexing in optical telecommunications or optical
testing using Hartman methods [1,2].

Different optical elements can be used to obtain the array of light spot such as diffractive
gratings, i.e. Dammann gratings or lenslet-arrays [3,4]. Among the various different
configurations, the mostly used devices are the so named Talbot illuminators (TI), based on
the Talbot effect [5]. In the past years TIs have been extensively studied and nowadays are
considered ones of the more simple and efficient devices in the field of optical information
processing [6,7,8]. Recently, hexagonal phase arrays (HPA) has been the subject of
investigation since the hexagonal geometry is widely used in optical devices such as fibre-
bundles, detector arrays, photonic delay lines in optical communication, etc...[9]. The
conventional method for fabrication of phase step array illuminators is the spatially selective
etching to vary the optical path length, hence the phase, as in the case of one dimensional
phase masks. However, in this way the phase step is optimized for a specific wavelength and
is fixed since it is defined by the etch depth of the periodic structure of the array.

In this letter we present an adaptive and dynamic hexagonal electro-optic phase step
array fabricated from a lithium niobate substrate which allows high damage threshold
transmission over a wide spectral range, from the infra red to the near UV (5um-400nm). The
fabricated device consists of a 2-dimensional (2D) array of periodically inverted ferroelectric
domains, along the z-axis, in a lithium niobate sample. The phase step between opposite
ferroelectric domains is achieved via the application of an external electric field, along the z-
axis, through transparent electrodes covering the opposite z-faces of the crystal. The electro-

optically induced refractive index change depends on the ferroelectric domain orientation;

hence differential phase shift can be achieved for parts of a beam propagated through opposite




domains. One important property of this new proposed configuration of TI is the intrinsic
flexibility in terms of tunability. Due to the electro-optic effect, the phase step can be changed
continuously over all the 0-2n range by applying a variable voltage (e.g. a linear ramp).
Moreover, it can be optimized for any optical wavelength within the working spectral range
of the crystal. Another very important feature of our device in comparison with the case of a
fixed phase step is also the fine control obtainable over the step. In fact, in a conventional
phase array illuminator, when the specific depth is provided by the fabrication process
according to its design, it is clear that any change of temperature, through the thermo-optic
effect could change the refractive index of the device and consequently the phase step. In our

case the phase step can be actively controlled and corrected in real time to compensate for

ine that the proposed configuration shows some advantages
also compared with spatial light modulators (SLM) based for example on liquid crystals. In
fact, the pixel size of our device (the size of individual inverted domains) can be as small as a
couple of microns, which is the current limit for bulk ferroelectric domain inversion with
conventional methods, this value is at least two orders of magnitude smaller than the actually
available SLM [10,11].

We realized a first demonstrator which consists of a 2D array of inverted ferroelectric
domains arranged in a hexagonal lattice (HexLN). The configuration can be easily expanded
to cover arbitrary 2D lattices. Moreover, further ability to control each pixel individually will
expand even more the flexibility for the reproduction of arbitrary phase patterns.

Hexagonally poled samples are prepared by standard electric field poling at room temperature
[12]. For the ferroelectric domain inversion, the z- face of a 0.5 pm thick z-cut lithium niobate
crystal sample is covered with photoresist and then photo-lithographically patterned with a 2D

array of hexagonal openings arranged in a hexagonal lattice. Fig. 1a shows a section of the




photolithography mask used in the fabrication process. External electric field, higher than the
coercive field, is applied via conductive gel electrodes between the two opposite z faces of the
crystal while the current is monitored in order to control the domain inversion process. After
the poling process, a 2D hexagonal lattice of domains, that is a replica of the
photolithographic pattern, is created. An optical microscopy image of the actual domain
structure visualized is shown in Fig. 1b. The structure, shown in Fig. 1b, is very similar to the
photolithography mask pattern of Fig. 1a in terms of the domain period. However, there is
some difference between the domain inverted pattern and the mask due to sideway domain
spreading during the poling process. The distance between neighbouring hexagons is 35 um
and the overall domain inverted region covers an area of approximately 2 cm”.
Transparent ITO electrodes are deposited on the opposite z faces of the poled crystal so that
external field can be applied across the sample without disturbing the optical transmission
along the z axis. The 514.5 nm line of an Ar+ ion laser is used to study the near field
diffraction pattern from the sample. The laser beam was spatially filtered, expanded and re-
collimated covering the entire 2 cm? periodically poled area as shown in Fig.2.
A microscope objective lens was used to magnify and project the near field diffraction pattern
onto a CCD camera enabling the monitoring of the near field intensity pattern variations at
different planes of the Talbot length and for different values of the applied voltage.

The performance of a variable phase step device based on a 2D HPA has been studied

theoretically by modelling the propagation of a plane wave through the structure along the z

axis of the crystal. The transmittance of an HPA placed in the z =0 plane can be written in

terms of convolution:

1(x, )= u(x,y)® % {comb(x/tx )comb(y/z‘y )+ comb(x/t, — 1/2)comb(y/ty - 1/2)] (1)




where the comb function is a sequence of infinite delta impulses uniformly distributed in

space, £, and f,, = \/gtx are the periods of the HPA along the x and y directions, respectively,

and u(x, y) is the transmittance of one of its period. As a result of the poling process the

phase grating consists of hexagonal domains with opposite polarization inside and outside the

hexagons, respectively. Applying an external voltage to the crystal, the refractive index
n, =2.33 changes by An=—(1/ 2d)r13n8V where 3 is the appropriate element of the electro-

optic tensor, d the thickness of the crystal and V' is the applied voltage.
For a monochromatic plane wave of wavelenth A, incident on the HPA, the voltage

application causes a spatially dependent phase shift Ag given by the relation
AAP/27 = H(d - An+(n, —1)d,V) where d53V is the piezoelectric thickness change
(d33 =7.57x107" m/V) generated by the applied voltage and the £ accounts for the opposite
sign in the areas of opposite ferroelectric polarization. Therefore, the total phase change
across the hexagonal domain walls is 2A¢ . Accordingly, the transmitted field of the basic

periodic element of the HPA can be written, omitting a common phase factor, as

ulx,y)=exp[tiAg] and from Eq.(1), the diffracted field u,(Ad;x,y)at the z plane can be

expressed in the following Fourier series expansion:

2 2
u, (Ad;x,y) = Z Com (A¢)exp{-i27r L2 -!exp iﬂ}Lz(-’z; + m_2 _l )
)] 27 ]
Equation (2) shows that the intensity distribution ,uz lz at the z plane is determined by the
applied external electric field, through the dependence of the complex coefficients c,,,, (A¢)
on the induced phase shift. For the designed phase grating we have ¢, =5//2 =35 um where

[ =14 um is the side of the hexagonal areas. The coefficients c,,, (A¢) appearing in Eq. (2)

can be explicitly calculated, namely:




coo (p) = expl-i{ag)]+ e (expli(Ap)] - exp[-i(a4)) (3a)

Con(A8) = i{1 +explim(n +m)])%%x (3b)
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Where the parameter @ =12/25~ 0.48 in the zero-th component cg,, is the compression ratio
of our HPA, i.e., the ratio of the area of the phase Ag to the whole area of the period. Eq. (3b)

shows that the coefficients ¢,,are equal to zero when m+mn is an odd integer and
lml+]n’ #0 and that their amplitude is modulated by the same phase dependent term,

sin(A¢). The maximum contrast is obtained when Ag =7/2, i.e. when the overall phase
change is 7.

At the Talbot distance z, =3¢ / 24 =3.6mm we have that u, (A¢; X, y)is equal to incident
field t(x, y). On the basis of the above analysis we have made some experimental tests to

demonstrate that the device can be used to produce different kind of patterns with different
geometrical arrangements. Figs.3 and 4 shows typical patterns generated by the HPA.
The theoretically predicted and experimentally obtained patterns are shown in Fig. 3 for three

values of distances, i.e. z=z,/2=1.8 mm, corresponding to half Talbot distance,
z2=2,/4=09mm and z=z,/8=045mm and for two values of the total phase change,
namely 2A¢=7 and 2A¢=37z/2 corresponding to applied voltages ¥, =2.4 kV and

Vizn =3.6 kV , respectively. The agreement between the recorded intensity distribution and

the theoretical patterns appears to be satisfactory. Different kinds of intensity distributions can

be easily obtained depending on the recording conditions; for example, Fig.4 shows a variety




of interesting patterns that have been obtained at different voltage and recording distances
from the array illuminator (a-3.7mm, 3.6 kV; b-0.5mm, -3.8 kV; c-1.0mm, -3.2 kV; d-
0.5mm, 5.2 kV; e-1.5mm, 4.7 kV; £-3.0mm, 3.6 kV).

In conclusion in this paper has been shown the capability of a dynamic and electrooptically
tunable 2D phase array used as a Talbot illuminator. It has been demonstrated that a variety of
pattern can be generated under different voltage bias and distances and a theoretical model,
that successfully reproduced the experimentally observed behaviour, has been developed.
Such flexible array could be potentially used in a variety of applications such as optical
interconnects, tunable lithographic masks or 2D optical trapping and assembling of particles.
Further investigation will be devoted to investigate other geometries of PPLN structures and

also to study the diffraction efficiency of the generated pattern for the specific applications.
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Figures’ captions

Fig. 1. Optical microscopy images of the photolithography mask used in the fabrication
process (a), and of the actual domain structure (b).

Fig. 2. Scheme of the used optical set-up.

Fig.3. Experimental patterns obtained for a phase step2Ag=rat z=2z,/2 (a), z=2z/4(b)
and z=2z/8(c) and the respective numerical simulations (d,e,f). Patterns obtained for a
phase step2Ag=3z/2at z=2,/2(g), z=z,/4(h) and z=1z/8(i) and the respective

numerical simulations (1,m,n).

Fig. 4. A selection of interesting patterns obtained at different voltage and recording

distances.
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Figure 1
Fig. 1. Optical microscopy images of the photolithography mask used in the fabrication

process (a), and of the actual domain structure (b).
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Hexl.N sample

Figure 2

Fig. 2. Scheme of the used optical set-up.
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Fig.3. Experimental patterns obtained for a phase step2Ag=rat z=2z2,/2 (a), z=2z,/4(b)
and z=2z,/8(c) and the respective numerical simulations (d,e,f). Patterns obtained for a
phase step2Ag=3z/2at z=2z/2(g), z=z/4(h) and z=1z/8(i) and the respective

numerical simulations (1,m,n).
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Figure 4

Fig. 4. A selection of interesting patterns obtained at different voltage and recording distances

(see text)
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