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Abstract

Electro-optic lens stacks (whose focusing power is voltage-controlled without
requiring any moving parts) have been fabricated by domain inversion in bulk
LiTaOg crystals. A paraxial analysis of the lenses shows the direct relationship of the
optical power of a single electro-optic lens to the applied electric field, and the effect
of cascading several lenses in a stack. Device design calculations and Beam
Propagation Method simulations are presented, and evaluation of the fabricated lens
stacks demonstrates agreement with theoretical calculations. Finally, the use of such

lenses in two electro-optic integrated devices is explored.
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Section 1: Introduction

The current trend towards high speed optical systems in communications,
displays, and optical data storage has forced manufacturers to use small, light optical
components that can be rotated or repositioned quickly by small actuators.
Additionally, new and innovative devices that can shape and direct laser beams with
no moving parts are continually improving the performance of such systems. In many
applications, such as data storage, high speed refocusing of lenses is a critical factor
in the performance of the overall optical system. Currently, the majority of lens
refocusing is achieved using mechanical components, thus limiting the bandwidth of
the lens arrangements.

Various types of lenses whose focusing power can be changed without requiring
lens repositioning have been proposed/developed to address this problem. One such
lens utilizes a refractive liquid filled core surrounded by an elastic film[1]. Adjusting
the pressure of the liquid inside the lens changes the shape of the elastic film and
thus, the optical characteristics. A voltage-controlled variable-focus lens has also
been developed that uses transparent electrodes deposited on PLZT ceramic
substrates to alter the index of refraction of the ceramic[2]. While both of these
designs have been demonstrated, the lenses are discrete, complicating the integration
of several components. Additionally, the liquid-filled lens suffers from gravitational
effects that usually limit its use to liquid surrounding media.

Gorodetskii, et al, proposed a novel design to achieve voltage-controlled
focusing that can be implemented in integrated optical devices[3]. The proposed
device consists of a prism-type electro-optic deflector and a curved electrode and was
shown to be capable of focusing all deflected beams to a point or shifting the focus of

scanned beams. Unfortunately, the relatively small focusing power achievable in



such a device fabricated on a material such as LiTaOg or KTP has little practical use.

Domain inversion using electric-field poling[4] is currently used to fabricate
nonlinear and electro-optic devices in LiTaO3 such as Second Harmonic Generation
(SHG) gratings[5], [6] and electro-optic beam deflectors[7]-[10]. Since the domain
pattern (grating, prisms, etc.) is lithographically defined, it is possible to generate
arbitrary domain structures and device combinations simply by creating different
photomasks.

In this work, one dimensional electro-optic lens stacks have been developed in

Z-cut LiTaOj3 crystals using domain inversion.! The optical power of these lens stacks
1s voltage-controlled allowing high speed focusing with no moving parts. Since the
lenses are lithographically patterned on a wafer, the shapes of the lenses are not
limited by machining capabilities or structural strength requirements as is the case
with discrete components. Furthermore, lens stacks can also be fabricated
simultaneously with other devices such as scanners and SHG gratings facilitating
optical system integration and mass production.

An analysis of the electro-optic lens stacks is presented, emphasizing the need
to use multiple lenses. The design, fabrication and evaluation of a lens stack is
discussed and the performance compared to theory. Finally, two applications for the

lens stacks are described in detail.

I After this report was in its final form, a paper was published describing the first demonstration of domain
inverted electro-optic lenses in LiNbO3; by Yamada and Saitoh.

[M. Yamada, and M. Saitoh, "Electric-field induced cylindrical lens, switching and deflection devices com-
posed of the inverted domains in LiNbOj3 crystals," Applied Physics Letters, 69, no. 24, 3659-61 (1996)].



Section 2: Electro-optic Lens Analysis
2.1 Single Lens
2.1.1 Arbitrary Thick Lens

The first order performance of an electro-optic lens stack can best be explained

by first considering a single thick lens shown in Fig. 1.[11]

Figure 1. Diagram of a "thick" plano-convex lens

Using paraxial analysis, the optical transfer function, T, of such a lens is [12]:
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where R is the radius of curvature of the lens, n; and n, are the indices of refraction

inside and outside of the lens respectively, d is the thickness of the lens, and the

optical power, D, is defined:

D = i 0 (2)

The third matrix models the effect of the curved input facet on the beam. The second
describes the propagation of light through the lens and the first includes the

refraction by the planar surface.



The focal length (f) of such a lens is given by:

Rn
f = ° (3)
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2.1.2 Electro-optic Lens

In an electro-optic crystal such as Z-cut LiTaOs, the effective index of

refraction, n', under an applied external field is [13];
13
where n¢ is the extraordinary index of refraction, rag is the electro-optic coefficient,

Ej is the applied field component along the spontaneous polarization, PS , of the ferro-

electric domains. The relative orientation of the applied field with respect to the
polarization vector determines the sign of the index change.

The electro-optic lenses considered have oppositely oriented ferro-electric
domains inside and outside the lens structure. As shown in Figure 2, an electric field
is applied anti-parallel to the domains inside the lenses causing a local refractive
index increase. Simultaneously, this electric field is parallel to the domains outside

the lens structure causing a local index decrease.
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Figure 2. Index change due to relative orientation of the crystal

polarization and the applied electric field



The results of this phenomenon can be quantified by the following relations where n;

and n, are the effective indices inside and outside of the lens respectively,
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n. = n, -+-§ner33E3 = ne+§An (6)

n,-n, = n2r33E3 = An (7)

Substituting (7) into (2), the optical power of an electro-optic lens,

3
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is proportional to the applied electric field.

2.2 Multiple Lenses
Unlike glass lenses, electro-optic lenses are limited by a small refractive index
difference across the curved surfaces. Consequently, an electro-optic lens will have a
lower optical power than a glass lens of similar size. The focusing power of an electro-
optic lens can be increased by:

1) decreasing the radius of curvature
2) increasing the field applied
3) using multiple lenses.

The physical size of the beam limits the extent that the radius of curvature of the lens
can be decreased. Since the optical power is inversely proportional to R, a given
focusing power becomes more difficult to achieve as the beam size (hence the lens size)
increases.

Similarly, increasing the electric field can improve a lens’ performance;
however, the field cannot exceed the 21 kV/mm field required to flip the crystal

polarization(4] or the domain structure will be destroyed. Even at this field, the index



difference across the surface of an electro-optic lens is only 0.67 x 102 compared to
the ~0.5 difference of a typical glass lens.

Cascading several lenses in a stack as in Figure 3 allows the creation of
focusing systems that can achieve a higher optical power at reasonable fields and also

permits some system scaling.
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Figure 3. Stack of N identical "thick" plano-convex lenses

The overall T of a stack of N identical cascaded electro-optic lenses is equal to the

product of the individual transfer functions[12]
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pre-multiplied and post-multiplied by the crystal interface matrices and can be

evaluated using a computer. The effective focal length of such a stack is equal to
(-C) L. For example, a stack of N “thin” lenses (d=0) with no interlens spacing will

have an effective focal length of (NDgq) L.



Figure 4 illustrates the effect of increasing the optical power (decreasing the
focal length) using multiple “thick” lenses. The plano-convex lenses in this plot have

575 um radii of curvature and are separated by 50 um gaps.
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Figure 4. Calculations are for R =d = 575 pm, and 8 = 50 um.



Section 3. Electro-optic Lens Stack

3.1 Device Design

Paraxial ray analysis extended to Gaussian beams was used for the initial
design of the lens stacks. Several designs were simulated using the Beam

Propagation Method (BPM) to ensure accuracy.

3.1.1 Paraxial Analysis

The Gaussian g-parameter can be used to characterize the radius of curvature
(Ry,) and the 1/e2 beam radius(®) at any Gaussian beam phase front according to[12}:

m|—
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where A = ?19 1s the wavelength of light in the medium. The g-parameter at any

plane is determined from a previous q, the optical transfer matrix (T = [A B} J , and
CD

the following relationship:

Aq__.+B
q,, = C_mL_ (11)

q,_1+D

The new beam radius of curvature and radius are determined by:
1 1
1. Real(—) (12)
R I

® = —A __1__ (13)



Using a Mathcad script, the initial g-parameter, q, was calculated at the waist of a
laser (1/R, = 0) for a beam radius of 400 pm. The optical transfer matrix of the overall
system is Tg, . pre-multiplied by a matrix that propagates the beam a distance z in
air and post-multiplied by a propagation matrix to account for the distance between
the laser waist and the device.

Stack characteristics (number and size of lenses) are determined by the beam
size and the desired performance at the maximum (or minimum) field applied. To
prevent changes in the Gaussian profile, the size of each lens should be at least 30%
larger than the beam passing through it[14]. Additionally, lenses should be spaced at
least 10 um apart to ensure that domain walls remain separated through the entire
crystal thickness. Lenses can be cascaded one at a time until the stack performance
meets the design requirements at the specified field. If the number of lenses or length

of the device is given, the field can be adjusted to change the stack performance.

3.1.2 Beam Propagation Method (BPM) Simulations

Initial designs, using the Mathcad script, were simulated using the Beam
Propagation Method to confirm the desired performance. The resolution of the grid
used in the routine should be small enough to prevent artificial degradation of the
beam profile. Several trials demonstrated that a resolution of A/2 was sufficient to
maintain a relatively clean profile. Figure 5 shows a stack of 7 lenses (R =d =575
pum, & = 50 um) with an applied field of 20 kV/mm focusing an 700 pm diameter beam.
Regions with negligible or no optical energy are shown in black. The beam colors,
dark blue --> green --> red, indicate increasingly higher intensities of optical energy.
Consequently, the focused part of the beam appears reddish-green while the larger,

unfocused part is blue.
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Figure 5 BPM simulation of 7 lens stack at a 20kV/mm field

3.2 Fabrication Process and Concerns

Integrated lens stacks and scanners were fabricated on 454 um thick optical

grade Z-cut LiTaOg substrates. As shown in Figures 6 and 7, a patterned electrode

was transferred to the C” surface using contact lithography followed by tantalum
deposition and lift-off in acetone. The samples were proton exchanged at 260 degrees
Celsius in Pyrophosphoric acid. Following DC electric-field poling of the regions
outside the lens structures, the Ta metal was removed in a 1:2 solution of HF:nitric
acid. The samples were edge polished and tantalum electrodes were deposited on the

top and bottom surfaces to act as uniform electrodes across the crystal thickness.
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1. Photolithography
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Figure 6. Fabrication Process (part 1)
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5. Domain reversal

Proton-exchanged
region

Liquid
electrode

6. Annealing and Ta removal

Lenses

Figure 7. Fabrication process (part 2)

During poling, the supplied current was monitored as the voltage was ramped
to the poling voltage. At this field (~21 kV/mm), the amount of current supplied to
the sample rises to a peak (domains are switching) and then drops again. Generally,
a sharp peak corresponds to high quality poling. Two different proton exchange times
were used in the fabrication of the lens stacks. First, two samples were exchanged for
50 minutes and subsequently poled. The current peaks observed during the poling of

the lenses did not fall steeply, signifying poor poling.
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