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Abstract

Towards improving the performance of electro-optic (EO) beam deflectors, three major topics have been

addressed. First, theoretical analysis of an EO deflector with an arbitrary geometry has been presented.

Design of an optimal horn-shaped deflector for a given input Gaussian beam has been achieved. Horn-

shaped and trapezoidal deflectors have been shown to have better performance than traditional

rectangular ones. The effect of external optics on the number of resolvable spots for a given deflector has

also been discussed. Second, thin f’dm waveguide EO deflectors have been shown to have the potential

to increase the deflection sensitivities and to lower the operating voltages. C-orientation dominated

lithium tantalate thin films have been deposited by rf magnetron sputtering on silicon substrates. The

silicon nitride underlayers have been shown to be critical to control the lithium tantalate texture. Finally,

the optical modes and losses for deposited c-oriented lithium niobate thin film planar waveguides on

silicon substrates have been examined. A theoretical model for multi-layer planar waveguide structures

with complex propagation constants has been established and used for the numerical calculation of the

optical losses due to substrate coupling.
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Section 1 Introduction

Optical beam deflectors are of interests for applications such as displays, switching, printing and data

storage. Among different categories, electro-optic (EO) deflectors have high bandwidth, low insertion

loss and low power consumption, which make them suitable for applications that require high speed and

modest deflection.

EO deflectors are typically rectangular in shape. This geometry limits the maximum deflection of an EO

scanner because the deflected beam has to be confined within the device. Performance can be increased

by using a nonrectangular geometry such as a trapezoidal or horn-shaped deflector, which has a wider

aperture at the exit to accommodate the displaced beam while maintaining a narrower input aperture for

higher deflection sensitivity [1], and this is presented in Section 2. The concept of pivot point and the

maximum number of resolvable spots for a deflector are also discussed in Section 2.

The earliest EO beam deflectors using bulk EO crystals were generally large, heavy, and required very

high driving voltage [2]-[4]. Significant improvements have been achieved by using wafer substrates

[5][6]. However, the thickness of the substrates cannot be very small because thin wafers are hard to

handle in processing. Therefore, these EO deflectors based on wafer materials still require relatively high

voltage to operate. Thin film waveguide EO scanners, in contrast, are capable of achieving much higher

deflection sensitivities and lower operating voltages due to their very thin structures. C-oriented lithium

niobate (LiNbO3) and lithium tantalate (LiTaO3), both of which are excellent EO materials, have 

deposited on sapphire or bare silicon substrates [7]-[9]. However, the insulating sapphire substrates

cannot achieve electrically thin structures and LiNbO3 or LiTaO3 optical waveguides cannot be formed

on bare silicon substrates. Recently, the deposition of c-oriented LiNbO3 planar waveguides on silicon

substrates using a combined silicon dioxide/silicon nitride cladding layer has been reported [10]. This

structure is ideal for thin film EO deflectors. The optical properties of these waveguides are analyzed in

Section 4. Deposition of LiTaO3 thin films using a similar method is discussed in Section 3.



Section 2 Nonrectangular EO Deflectors

2.1 Analysis of an EO Prism Deflector

2.1.1 Analysis Using Snell’s Law

A simple formula for the deflection angle for a rectangular EO deflector is given by Yariv [11]. This

formula is applicable to linearly-graded index deflectors and is derived using a model based on the phase

retardation associated with straight paths through the deflector at different locations along the width of

the device. This formula is often assumed to apply for prism deflectors also. EO prism deflectors can

also be analyzed by using Snell’s law. When the maximum difference between the refractive indices of

adjacent prisms is small, which means the deflection angle is small, a simple formula can be derived.

Considering one interface first, as shown in Fig. 2.1, we have

(no + An) sin(~ - 0) = nsin~ (2.1)

Fig. 2.1 Deflection of a beam at a dielectric interface

where 0 is the deflection angle, ~x is the supplementary angle of q~ which is the angle between the

interface and the input beam, no is the refractive index in the absence of the electric field and An is the

maximum refractive index difference across the interface. Using sin0 = 0 and cos0 = 1 as 0 is small,

and q~ + o~ = 90°, the deflection angle is found as

0 = Ancot (p (2.2)



For a prism scanner with m interfaces, in the paraxial approximation, the total deflection angle inside the

crystal is
Anm

0 = m ~cot tpi (2.3)
no i=l

where (Pi is the angle between the ith interface and the input light. This formula can be applied for prism

deflectors with any geometry in the paraxial condition. The external deflection angle 0’ is related to 0 by

Snell’s law sin0 0----=no.
sin0 0

The number of resolvable spots of the deflector is defined by Yariv as [11]

O (2.4)
NO = 20div

where 0div is the far-field divergence angle of the input Gaussian beam given by

(2.5)
7~0

~ is the free space wavelength and 2o~ is the waist of the Gaussian beam. Eq. (2.4) gives the number

of resolvable spots for a deflector in the far field. One should notice that Eq. (2.4) differs from Yariv’s

definition by a factor of 2 because we assume here that single-polar voltages are applied while Yariv

assumed that bipolar voltages were used.

no+An

Fig. 2.2 Rectangular prism deflector

For a rectangular prism deflector, as shown in Fig. 2.2, the internal deflection angle is related to the total

length L and the width D of the scanner as



m m AnL
0=~ cotcpi= ="

no no i=~D =~-= no D

which is the same as Yariv’s formula.

(2.6)

2.1.2 Analysis Using an Equivalent Index-graded Deflector Model

It has been shown, both analytically and by simulation, that a rectangular prism deflector with a width of

D and a maximum refractive index difference of z~, is equivalent in performance to a rectangular index-

graded deflector with a linear transverse gradient of refractive index [4][12]

- (2.7)
dx D

A prism deflector with an arbitrary contour W(z) as shown in Fig. 2.3 can be viewed as the combination

of many small rectangular deflectors and thus is equivalent to an index-graded deflector with a transverse

index distribution of
dn_ An (2.8)
ax 2W(z)

The original input beam is along the z-axis. It is obvious that for the condition for Eq. (2.8) to 

accurate one must have as many interfaces in the prism deflector as possible.

dnThe optical ray trajectory X(z) through a medium having a transverse gradient of refractive index ~- 

the paraxial condition is determined by a differential equation [13]

(2.9)
dz z ndx

Therefore, the ray trac~ X(z) in a prism deflector with a shape W(z) follows

Fig. 2.3 A prism deflector with an arbitrary contour
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dX2(z)_ An 1 (2.10)
dz2 no 2W(z)

and the deflection angle 0(z) at each position z inside the scanner is given 

O(z) dX(z) (2.11)

F_~1. (2.10) and (2.11) are more convenient when solving deflector problems with complicated contours,

while F~. (2.3) is more accurate when the number of interfaces in a deflector is not large.

2.2 Rectangular Deflectors

From Eq. (2.6), it is clear that the width of a rectangular scanner should be as small as possible 

increase the deflection. On the other hand, the scanner has to be wide enough to contain the deflected

beam. Otherwise, only the part of the beam that is inside the prism region is deflected, and this will cause

wavefront distortion. Therefore, it is important to determine the optimum width for a rectangular

deflector.

We consider the input light to be a Gaussian beam, whose 1/e2 half width inside the deflector with a

refractive index of no satisfies

co(z) = co0~]l + I ~(z’~ ~ (2.12)
L ncoono j

where 2 o0 is the lie 2 waist of the beam and zo is the position of the waist.

Using Eq. (2.10), the ray trace in a rectangular prism deflector with a width D and length L 
2

X(z) = 1 an (2.13)
2n0 D

Thus the displacement of the beam in the exit plane of the deflector is

X(L) = 1 An 2 _10L (2.14)
2n o D 2

which implies the output beam has a pseudo-pivot point, the center of the deflector. To contain the beam,

the minimum width required at the exit, Dexit must satisfies

Dexit = X(L)+ co(L)
2

Using Eq. (2.6), (2.14), and (2.15), we 

= co(L)+ Jco~ (L)+ An L2Dex~t
no

(2.15)

(2.16)

Eq. (2.16) was initially suggested by Matthew Kawas. The minimum width required at the entrance 



the deflector can be easily seen as

Dentrance = 2(0(0)

The width of the rectangular scanner must be
D = max(D~,,~.~ce ,Dexit

(2.17)

(2.18)

It has been found by BPM simulations that a deflector designed by using the above calculations suffers

from wavefront distortion. This problem can be avoided by adding a factor of 1.25 to Eq. (2.12) 

actually define a 4.4% beam width which leads to a wider width of the scanner using the same

subsequent calculations.

Since the width of a deflector is related to the parameters of the input Gaussian beam, the waist 2o3o and

its position zo, the deflection angle is also a function of these parameters. Fig. 2.4 shows Dentranee,

Dexit, and the deflection angle 0, as functions of o30, for a rectangular scanner with a length of 1, 2, or 3

cm. The typical parameters of a lithium tantalate EO deflector are used: no = 2.1807 and Z~n = 0.0021

(obtained by applying 1000 V across a thickness of 150 um along c-axis of the crystal). ),0 is chosen 

0.6328 um and the input light is focused at the exit plane of the scanner which means zo = L.

When o30 is very large, the divergence of the Gaussian beam is very small, and the width of the beam in

the input plane of the deflector is almost the same as that in the output plane, but both values are large.

Therefore, a wide scanner is required and the deflection angle is small. This is consistent with the fact

that Dexit is very close to Dentrance because the displacement at the exit is small. Dexit is affected by both

the waist and the displacement of the beam at the exit. As o30 becomes smaller, Dexit gets smaller when

the displacement is small. But as the displacement becomes bigger, the two factors begin to compensate

each other, which leads Dexit to eventually level off. Dentrance is just the beam width at the entrance,

which is determined by two competing factors, the waist and divergence of the beam. As o30 decreases

and 0div is not large enough, Dentranee decreases. However as o30 becomes further smaller, the

divergence eventually becomes the dominant factor and Dentrance increases.

When Dexit is larger than Dentrance, the deflection angle 0 is inversely proportional to Dexit, which

increases as o30 decreases. The maximum value of 0 occurs at the turning points when Dentrance equals to

Dexit. After that, 0 drops quickly because Dentrance increases quickly.

ff the input beam is focused at the entrance of the scanner, Dentrance will be always smaller than Dexit, as

shown in Fig. 2.5 (a). Therefore, the deflection angle 0 is always inversely proportional to Dexit, and no

sharp turning point will occur in the curve of 0 vs. o30 (Fig. 2.5 (b)). The maximum values of 0 are 

than these in the case that the waist of the beam is at the exit of the deflector.
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Fig. 2.4 (a) the minimum entrance and exit width, (b) the external deflection angle as functions of 0,
for a rectangular scanner with a length of 1, 2, or 3 cm. no = 2.1807, An = 0.0021, Xo = 0.6328 um,
and the input light is focused at the exit plane of the scanner.
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Fig. 2.5 (a) the minimum entrance and exit width, (b) the external deflection angle as functions o,
for a rectangular scanner with a length L of 1, 2, or 3 cm. no = 2.1807, An = 0.0021, 2to = 0.6328 um,
and the input light is focused at the entrance of the scanner.



In both cases, at large values of co0, 0 is nearly proportional to L. However, at small values of coo,

increasing L doesn’t increase 0 much, because the width must be larger for a longer scanner due to the

divergence of the Gaussian beam.

The far-field number of resolvable spots, No as a function of coo is presented in Fig. 2.6. As coo
decreases, No monotonically decreases despite the increase of the deflection angle, 0 before reaching its

maximum because the divergence angle, 0air increases faster than 0.

60
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~ 4o

~ 30

~ 20

2; 10

, ,, I, ~ , I ~ ~ I 1 ~ I ~ I I I ~0
0 200 400 600 800 1000 1200 1400
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Fig. 2.6 Far-field number of resolvable spots for a rectangular deflector with a length of 1, 2, or 3 cm.

no = 2.1807, An = 0.0021, ~o = 0.6328 urn, and the input light is focused at the exit of the deflector.

2.3 Trapezoidal Deflectors

From the discussion in the previous section, it is clear that the rectangular deflector suffers from a less

optimal design in the sense that the constant width along the device unnecessarily reduces the deflecting

power at the front and central part of the deflector. This can be improved by using a trapezoidal

geometry, where the entrance aperture is small for large deflection and the exit aperture is large to contain

the deflected beam.

As shown in Fig. 2.7, a trapezoidal deflector has an entrance aperture of 2W0, an exit aperture of 2W1,

and m interfaces. Considering the ith interface, point (zi, xi) is on the upper boundary of the trapezoidal

deflector, which satisfies



Xi -- W0 = Wl - W0
L zi

(2.19)

and point (zi-1, xi-1) is on the lower boundary of the trapezoidal deflector, which satisfies

xi_l + Wo = - Wl - W0 (2.20)
L zi-~

(zi-1, xi-1) and (zi, xi) are also on the interface which intersects with the original input beam or the z-axis

at an angle 9i and thus obeys the equation

Xi -- Xi_I -" tan 9i(zi -- zi_1) (2.21)

The recurrence formula for xi can be derived from Eq. (2.19), (2.20) and (2.21) 

1 -b wl -- W0 cot t~i
L xi_~ (2.22)xi = 1- WI - W° cot 9i

L

Assuming every interface has the same angle with the z-axis which means 9i =9 for i = 0,1, ..., m, we

have

1+ W~ -Wo cotg/mL __ /
1 W~-Woc otg/

L

(2.23)

Fig. 2.7 Trapezoidal prism deflector

Noticing Ix0 = W0 and Ix m = WI , the number of interfaces is given by
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If the condition

is satisfied, we have

lnIl+

(2.24)

W~- Wo cot ~p << 1
L

(2.25)

2(W~2(W’- W°)cot~ -W°) cot~
L = L

1 Wl- w°cotq~ 1 W~-Wocottp
L L

-- 2(Wi- W0) cottp (2.26)
L

Using Eq. (2.3), (2.24), and (2.26), the internal deflection angle for a trapezoidal deflector is determined

by

0 = An mcottp = An L ln(__W.l) (2.27)
no no W1 - Wo w0

The approximation condition (2.25) for the above derivation implies that the more interfaces there are 

the deflector, the more accurate is Eq. (2.27). This is consistent with BPM simulation results [12]. Eq.

(2.27) can also be derived by using a model of an equivalent index-graded deflector and Eq. (2.10) 

(2.11) [1].

It is interesting to compare the performance of a trapezoidal deflector with a rectangular one whose width

is the average width of the trapezoidal device, i.e. D = W0 + W1. Substituting Wl with D, Eq. (2.27)

can be rewritten as

2 2w°

O~p = An L 1 ln(. D .) (2.28)
no D 2- 22W° 2W°

D D

The ratio of the deflection angle for a trapezoidal deflector to that of rectangular one is thus given by

2- 2W°
0~v _ 1 In( D
0feet 2- 2 2W° 2W°

D D

) (2.29)

BPM simulation is used to verify Eq. (2.29) [1]. Ten interfaces are used in the simulated structure,

which are constructed such that the spacing between the two vertices of the adjacent triangular prism are

equal. The parameters for the simulation are no = 1.85012, An = 1.1xl0-4, D = 600 um, L = 1 cm, and
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2W° from 1.0 to 0.15. The BPM simulation results are compared with Eq. (2.29) and by calculating the
D

sum of the contribution from each interface using Eq. (2.3) for the trapezoidal deflector, as shown 

Fig. 2.8. The agreement of the three results is quite good. As 2W----~° gets small, the curve calculated from
D

Eq. (2.3) is more consistent with the simulation than Eq. (2.29) because the condition (2.25) for 

(2.29) is no longer satisfied. The deviation of the curve calculated from Eq. (2.3) from the BPM result

occurs at small 2W----9-° because the paraxial condition for Eq. (2.3) does not hold. In the context of this
D

comparison, the trapezoidal deflector has a larger deflection than a rectangular one, especially when the

input aperture is significantly reduced.

1.5

1.°I
0.50

0

i I I I

o BPM
Eq. (2.3)

......... Eq. (2.29)

0.2 0.4 0.6 0.8 1

2W/D
0

Fig. 2.8 Comparison of the deflection angle of a trapezoidal deflector and a rectangular one. The line is
calculated from Eq. (2.3), the dash line is obtained from Eq. (2.29), and the cycles are results of 
simulation.

2.4 Optimal Horn-shaped Deflectors

An efficient scanner requires it to be as narrow as possible and at the same time avoiding wavefront

distortion requires it to totally contain the beam. Therefore, an optimal deflector can be achieved by

designing the contour of the deflector such that the beam profile at the maximum deflection can just fit

into it, which can be expressed as

W(z) = X(z) + o(z) 
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