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1. Introduction 

Interconnections in today's communication system is a very important part. More and more 

interconnections has become a bottleneck for the developments of such systems. The unique 

features of optics, such as massive parallel ability and massive free-space interconnections because 

independent light beams may cross each other without interactions. Electro-optic gratings1"3 are 

very useful in many areas where the diffraction efficiency of the grating needs to be controlled by 

an applied voltage signal, such as programmable optical interconnections and intensity 

modulators. There are many electro-optic materials we can choose for the construction of electro- 

optic gratings. A liquid crystal-based electro-optic grating can be operated at a voltage of several 

volts and achieve a high diffraction efficiency.4 An electro-optic grating based on solid state 

crystals such as LiNbÜ35 can also achieve a high efficiency but requires a much higher voltage of 

several hundred volts. High diffraction efficiency electro-optic gratings can also be used as 

switches or shutters. They, when properly operated, diffract all of the incident light into higher 

diffraction orders, thus in essence, switching off the zeroth-order component. In many 

applications, fast response and long time stability are required. A liquid crystal's slow response 

and a solid crystal's high operation voltage make them less ideal in some application area. 

Lanthanum-modified lead zirconate titanate (PLZT)6,7 is a polycrystalline ceramic material 

demonstrating a strong quadratic electro-optic effect at a moderate voltage. Its characteristics of 



physical stability, submicrosecond time response and cost-effectiveness has prompted many 

research efforts for practical applications.8"20 Using PLZT to fabricate light weight and efficient 

optical switches/shutters has been an interesting subject.6,7'17"20 Typically, PLZT based electro- 

optic shutters use two crossed polarizers to sandwich a PLZT grating whose electrodes are made 

of metal.6,7 The orientation of the electrodes bisects the angle made by the two polarizers, i.e., 45° 

with each of the polarization positions of the two polarizers. When there is no voltage applied on 

the grating, there is no phase modulation on the light passing through the PLZT, and thus there is 

no light beyond the second polarizer. When an open voltage is applied, the birefringence effect 

enables the light polarization to rotate a 90° angle and pass the second polarizer. Electroless 

plating method17"18 provides a way to produce low resistance plating electrodes with good 

characteristics. Half-wave voltage of 190 V was achieved with a response to be within 2 |is. 

However, the overall transmittance is less than 10%. Using transparent indium tin oxide (ITO) to 

form the conductive interdigital electrodes, a phase grating structure with high diffraction 

efficiency was developed.20 This type of grating takes advantage of the strong phase modulation 

due to the periodical electrical field. Therefore, it acts as a shutter itself. No polarizer is needed, 

and a much improved open state transmittance is achieved. It can completely shut off the zeroth- 

order light with an applied voltage of 140 V thus achieving the purpose of a shutter. The phase 

distribution of the ITO electrodes, however, forms an intrinsic grating that diffracts part of the 

incident energy into high orders thus reduces the equivalent transmittance (i.e., the light 

efficiency) of the switch when no voltage is applied on the device. Reducing the thickness of the 

ITO electrode is not practical because of the electrical RC time constant considerations. 

Furthermore, a sheet resistivity below 20 Q/sq. is considered difficult for sputtering deposition. 



In this report we present a performance improved PLZT based high diffraction efficiency grating 

switch. In addition to improving the light efficiency, this device also employs easy to fabricate, highly 

conductive narrow contour-shaped metal electrodes instead of commonly used ITO interdigital 

electrodes. Therefore, it provides a much lower electrical RC time constant, yielding a much improved 

time response compared to the ITO based grating switch. This grating has the advantages of low 

intrinsic diffraction loss, whose open state transmittance is much better than the transparent ITO 

interdigital electrodes based grating switch, high zeroth-order light on/off ratio and fast time 

response. The zeroth-order light can be turned off with a voltage of 160 V. This report is 

organized in the following format. In Section 2, the basic electro-optic properties of PLZT is 

briefed. Design and working principles of the fabricated grating device is presented in Section 3. 

Section 4 details the fabrication procedure followed by the experimental test of the fabricated 

device in Section 5. Computer digital simulation of the working principle yields some graphs 

relating parameters we can choose, which is included in Section 6. In the last section, Section 7, 

we concludes this report. 

2.  Physical and electro-optic properties of PLZT ceramic 

The index of refraction is usually defined as the ratio of the velocity of light in vacuo to the 

velocity in the medium in question. In a general case there will be two Indices associated with a 

light propagation direction. The index of refraction of an optical material can be generally 

expressed in the following mathematical form 
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When JC, v and z are chosen to be the optical axes of the material the last three terms on the left of 

the equation will vanish. When a propagation direction is chosen, the two Indices are determined 

by the two axes of the ellipse which is formed in the interface of the above ellipsoid and a plane 

normal to the propagation direction. PLZT is polycrystalline, which is prepared from PLZT 

ponder by hot press in a temperature more than 1000°C. It can be prepared in any size or shape. 

Without an external field PLZT exhibits an isotopic optical property, with an intrinsic refractive 

Indices of nj =n2 = n3 = n0 = 2.5, and n4 = ns = n<5 = 0. That is 

x2+y2+z2=n2
0. (2.2) 

PLZT ceramic is quite transparent for a large range of wavelength. But due to its high intrinsic 

refractive index PLZT wafer has an intrinsic transmittance of 67% caused by its surface 

reflections.12 With proper anti-reflection coating on the surface, the transmittance can be 

increased as high as 98%. 

PLZT has large quadratic electro-optic coefficients. When PLZT is placed in a spatially 

distributed electrical field, its index of refraction changes according to the following principle 



n\(x,y,z) 
1 

n2
2{x,y,z) 

1 

n]{x,y,z) 
1 

n\{x,y,z) 

1 

Kn]{x,y,z) 

R,,    /?,,    /?, 

/?, 12 

M2 

0 

0 

0 

12       "12 

/?,,       /?,,       /?, 12 

0 

0 

0 

0 

0 

0 

0 

0 

0 

R. 44 

0 

0 

0 

0 

0 

0 

R 44 

0 

0 

0 

0 

0 

0 

R 44 

E2
x(x,y,z) 

E2
y(x,y,z) 

E2
z(x,y,z) 

Ey(x,y,z)Ez(x,y,z) 

Ez(x,y,z)Ex(x,y,z) 

Ex(x,y,z)E (x,y,z) 

(2.3) 

where (x,y,z) denotes the location inside the substrate, Ry indicates the quadratic electro-optic 

(Kerr) coefficients. When taking the electrical field direction as the x'-axis of a transformed 

coordinate system, the index change can be approximately simplified as 

An,. (x,y,z) = --n3
0RnE2(x,y,z), (2.4) 

Any.(x,y,z) = --nlRl2E
z(x,y,z), and 

Anz.(x,y,z) = --nlRnE2(x,y,z), 

(2.5) 

(2.6) 

where Anx; Any- and Anz- refer to the refractive index changes when the polarization of the light is 

parallel to the electrical field direction and the other two perpendicular to the electrical field and 

each other. Thus the induced refractive indices are 

nx- (x, y,z)=n0-- nl RnE
2(x,y,z), 

ny(x,y,z)=nz.(x,y,z) = n0--nlRnE2(x,y,z). 

(2.7) 

(2.8) 



The refractive index ellipsoid is expressed 
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For the polarization which makes an arbitrary angle, Q(x,y), with the applied electrical field the 

refractive index change can be deduced by the following formula 

1   COS
2
(9(JC,y))    sin2(e(x,y)) 

n2(Q(x,y))~     n]{x,y)    +    n2
z(x,y) 

(2.10) 

PLZT's electro-optic coefficient can be different if the lanthanum concentration changes. As in 

our case PLZT 9/65/35 was used. This material has a 65/35 ratio of PbZr03 to PbTi03 with a 

12-13 lanthanum concentration of 9%. Numerical values of the Kerr coefficients in the literature "   are 
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3. Device design and principles 

To design a device, we should use as maximum effect mentioned above as possible. Our design of the 

PLZT-based high efficient electro-optic grating is illustrated in Figure 1. 
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Figure 1. Electro-optic grating based on PLZT ceramic. 

Figure 1 illustrates the top view of the designed electro-optic grating. All fabricated elements are 

on the top side of the wafer surface. The structure consists of narrow metal outlines of the 

interdigital electrodes and a transparent resistive layer. The outlines are illustrated in the figure by 

black lines, which have a width of a. The transparent parts other than the outlines, which have a 

width of b, will allow light to pass. The area surrounded by a closed metal outline is equivalent to 

an electrode. It has a uniform potential distribution. The area between the adjacent closed metal 

lines is defined as the space. It has a linear potential distribution along the direction normal to the 

electrodes (i.e., x direction). The light experiences a phase modulation determined by the voltage 

between two neighboring electrode outlines. The ratio, a/(a+b), determines the blocked light and 

intrinsic diffraction loss. To ensure a good light utility, the electrode outlines should be made as 

narrow as possible but sufficient for a high conductivity. In other words, a compromise between 



light utility and RC time constant needs to be considered. Electrically, the device can be viewed as 

a lossy capacitor. Previous research21 found that the electron concentration is much higher at the 

edge than any other parts on an electrode. The edge, from an electrical point of view, has an 

important role in maintaining the potential distributions on the electrodes. So a conductive outline 

functions as if the enclosed area is covered with a conductive layer and provides high conductivity 

to reduce the charging time of the intrinsic capacitor of the device. A resistive layer is used over 

the entire working area of the PLZT substrate, the purpose of the layer is to provide a bias 

resistance that promises the surface potential distribution inside the electrode outlines to be 

uniform and the potential distribution between electrodes to be linear. The resistivity is chosen to 

be as large as possible to minimize the power consumption while the above mentioned effect is 

maintained. 

PLZT is a tetragonal material displaying optically uniaxial properties. Because the device we 

proposed is basically of one-dimensional distribution, so that the field distribution and the induced 

refractive index distribution inside the substrate is two-dimensional expressible, i.e., function of 

(x,y). When a voltage is applied on the grating, the field dependent indices inside the PLZT 

substrate are given by 

nx(x,y) = "o -^[RnE2Ax,y)+RnE2
y(x,y)l (3-D 

nAx,y)=n0-^Rn[El(x,y)+E2
y(x,y)l (3.2) 

where nx and nz denote the indices for the light polarized along x and z axises, respectively. Ex and 

Ey are the electrical field components induced, and Ru and R{2 are the quadratic electro-optic 

coefficients of the PLZT. For the region beneath an electrode, the Ey component is larger than £x. 
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While in the region beneath a space, Ex is larger than Ey. Thus a different signed nx change results 

for these two cases because of the different signs bore by Ru and R,2, and hence, a larger 

modulation of the index nx than nz is produced. An x-polarized light beam will require lower 

voltage than that of the z-polarized light for this grating. 

We assume that the dimensions of the working area of the grating in both x and z are far larger 

than a and b. The modulation of the grating can be divided into two parts, amplitude and phase 

modulations. Phase modulation is caused by the electro-optic effect and amplitude by the opaque 

nature of the metal electrode outlines. According to Figure 1, the amplitude or intensity 

transmittance modulation is given by 

r(*,o) = 
i, 

0, 
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— <x<- 

V   2 2 

b . b . 
-<x<—+al 
2 2       ' 

and (3.3) 

T{x + a + b,0) = T(x,0). (3.4) 

The phase modulation can be obtained by tracing the electro-optic effects inside the substrate. 

First let us consider the boundary condition. The boundary condition for the voltage distribution 

on the top surface of the PLZT wafer is given by 

V(x,0) = 

x, 

ro 

2 

(   b s       b i — <x<- , 
I   2 2 

(b^.       3b    „   . 
-<x< — + 2a , 
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and (3.5) 

V(x + '2a + 2b,0) = -V(x,0), 

where V0 is the voltage applied over the electrodes. The situation is illustrated in Figure 2. 

(3.6) 
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Figure 2. Boundary condition of voltage distribution. 

Because all the electrodes are on the top surface of the electro-optic substrate, the electrical field 

exponentially decays along the y direction and becomes negligible when y is very large. The 

periodical form of the boundary condition suggests a general form of the potential distribution 

inside the PLZT substrate in terms of Fourier components of the top surface boundary condition, 

V(*,y) = JLp(Usingnx)expBny), (3.7) 
n=\ 

where 

^„ = 
nit 

2(a + b)' 
(n=l,2,...,»), (3.8) 

1       f2(a+M 

a + bJ° 

£„ is the nth angular spatial frequency and P(^n) is the nth Fourier component of the boundary 

condition expressed by Eqs. (3.5) and (3.6). The electrical field distribution can be obtained by 

taking gradient to the potential distribution 
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EÄ*,y)=-?^ = -lLPUcos(Lx)M-Ly), O.io) 
n=\ 

Ey(x,y) = -d-^ = t^AUHL^pHny)- (3-11) 
°y      B=i 

Thus the electrically changeable refractive-indices can be found by Eqs. (3.1) and (3.2). Suppose a 

normal incident of the illuminating light, we have the phase modulations for x- and z-polarized 

light written as 

♦,(*) = YJ>l(*.y)*'. (3-13) 

here, t is the thickness of the PLZT substrate. Combining the amplitude and phase modulations, 

we have the optical modulation expression for the grating. A Fourier transform on it yields a 

diffraction pattern. The intensity of different diffraction can then be obtained. 

4. Device fabrication issues 

Fabrication was performed on a PLZT 9/65/35 ceramic wafer of size 15mmxl5mmx0.32mm. An 

amorphous germanium layer of 1 lnm thick was thermally evaporated onto the substrate as a bias 

resistive sheet, yielding a sheet resistivity higher than 3800 M£2/sq. Chromium/aluminum 

electrode outlines were then thermally evaporated on the germanium layer through an image 

reversal and wet lift-off process. The aluminum layer was evaporated to be 300nm thick. This 

gave the metal lines a sheet resistivity below 0.2 Q/sq. or an equivalent electrode sheet resistivity 
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below 3 £2/sq. if we treat the electrode outline and the space it surrounded as a uniform electrode. 

The fabricated grating has a working area of 7.5mm x 5mm. Electrodes were made to have a 

period of 0.2 mm with the width of the opaque metal outline to be 4u.m. 

5. Experimental test of the device 

To perform the experimental test, a linearly polarized He-Ne laser beam of 633nm with its axis 

normal to the device surface was incident onto the electro-optic grating. A high voltage power 

supply was used to generate a step-function voltage signal as large as 160 V. The incident beam 

was polarized in the x direction as indicated in Figure 1. The transmitted beam was examined at a 

distance of about one meter behind the device. 
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•^    Simulation 

o D    Experiment 
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0...70     80     90    100   110   120   130   140   150   160   170   180   190 

Applied voltage (V) 

Figure 3. Relationship of diffraction order intensities and applied voltages. 
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Figure 3 shows the measured relationship of the zeroth-order and first-order diffraction intensities 

versus the applied voltage, plotted by squares and circles, respectively. To compare with the 

theoretical predictions, computer simulation results, which will be explained later in the report, are 

also plotted on this graph by dotted solid curves. The experimentally measured intensities were 

normalized by the simulated value when no voltage is applied, because this value largely depends 

on the number of points selected for the fast Fourier transform. The shut-off state was achieved at 

an applied voltage of 160 V. At the dark/shut-off state, the zeroth-order light is less than 0.7% of 

the incident light. Because of the electrode outlines' layout, the intrinsic grating structure has a 

period half as much as the period of the electro-optically induced grating. So the first order 

diffraction of the electro-optic grating does not appear when no voltage is applied. So next to the 

zeroth order, it is the second diffraction order or, in another name, the first order of the electrode 

outline diffraction. It should be stated that this device permitted a high transmittance when there is 

no external voltage applied. The total transmittance of the device is 35%, in which the zeroth- 

order takes 92% of it. The device we fabricated looks like a plain wafer with unnoticeable 

diffraction. It can be further improved. The PLZT ceramic wafer has a refractive index of 2.5 and 

thus an intrinsic transmittance of 67% due to its surface reflections.7 With proper anti-reflection 

coating on the surface, the transmittance of the wafer can be increased as high as 98%. 

15 



a) b) c) 

Figure 4. Diffraction pattern with a) no applied voltage, b) 100 V, and c) 160 V. 

The shut-off ratio, i.e. the ratio of zero-order intensity without power applied to the one with 

160 V applied voltage, was measured over 48 to 1. Figure 4 shows the photos of the diffraction 

patterns. Figure 4(a) is with no applied voltage, Figure 4(c) is with the shut-off voltage applied, 

and Figure 4(b) is a case in between. The zeroth-order in Figure 4(c) appears bright in photo than 

what it really is because of the film's logarithmic response. The shut-off voltage of 160 V 

reported here is higher than the formerly achievement voltage of 140 V. This is due to the ITO20 

intrinsic grating structure made in previous fabrication, where the ITO grating electrodes make 

about 30% of the bias of the phase grating. The grating structure here, however, is totally induced 

by the 160 V shut-off voltage. The zeroth-order transmittance makes most of the transmitted 

light. We used amorphous germanium for the resistive layer because of fabrication convenience. 

This material absorbed light and decreased the light utility. An amorphous silicon layer22 would be 

more transparent and thus may produce better result. The zeroth-order transmittance can be 

increased by optimizing the layout of the design, such as a better resistive layer deposit and an 
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anti-reflection coating. The light utility can thus be dramatically improved to the value close to 

b/(a+b) which is > 96% in our case. 

SPftia' Iris 
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Figure 5. Time response measurement setup. 

The time response is another parameter to judge the performance of the device for application. 

To measure the time response of the device, we set up a system as shown in Figure 5. The 

photodetector can respond to a signal frequency up to 3GHz. The power supply can generate a 

step voltage signal, the risetime of the source signal is within 2|is. We also monitored the 

temporary current flow through the grating electrodes after the step voltage is put on. The time 

between the initialization and the vanish of the charging current is 18p,s. And the measured time 

response from the beam spot is 6(is. 
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Figure 6. Photo of the time response displayed on an oscilloscope. 

Figure 6 gives a typical response signal display on a Hewlett Packard 54510A Digitizing 

Oscilloscope. This time response is of two orders of magnitude faster than that of the ITO 

interdigital grating. The resistance of the metal outlines can be further decreased by increasing the 

metal lines deposition thickness or using a more conductive metal like copper or gold, thus 

yielding a decrease in response time. 

6. Computer simulations 

Computer simulation was performed by using the coefficients previously mentioned. Fourier 

components decomposition and weighted composition with the fast Fourier transform method 

was used for the determination of the potential distributions inside the PLZT wafer. Electrical 



field followed by index changes were determined by following the common procedures as defined 

in Section 3. 

The simulation gives a shut-off voltage of 165 V, as shown by a solid curve in Figure 3. 

Although the simulated results do not fit the experimental results exactly, they do have the same 

trends and a very similar shut-off voltage. We contribute the difference to the charge 

concentration on the PLZT surfaces because of PLZT's large dielectric constant, which were not 

considered in numerical simulations. We also simulated the dependence of the shut-off voltage on 

the grating period. Results are shown in Figure 7. 
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Figure 7. Simulated relationship of zero-order shut-off voltage versus grating period. 

Generally the shut-off voltage decreases as the grating period decreases. But, on the other hand, 

the electrical field intensity increases, too. Taking in mind the potential damage to the PLZT at a 

high electrical field, the grating period cannot be too short. 
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Figure 8. Simulated relationships between diffraction intensities 

and grating period at zero-order shut-off voltage. 

Figure 8 gives the simulated diffraction efficiencies of the grating at shut-off voltages for different 

grating periods. It shows that the smaller the period, the higher the shut-off ratio. So the thickness 

of the wafer substrate does influence the performance of the grating. Although the grating uses 

transverse electro-optic effect, and the electrical field is predominately near the surface where the 

electrodes are, the field does not vanish at the bottom surface of the substrate. The smaller the 

period is, the weaker the field near the bottom surface is. From the figure, we can say to some 

extent that a thicker PLZT substrate (in measurement of thickness/grating-period) will have a 

better grating performance. If the substrate were thick enough so that the electrical field near the 

bottom surface is negligible for any reasonable grating period, the curves in this figure would 

20 



remain straight and parallel to the horizontal axis because of the similarity of the electrical field 

distribution for different grating periods. 

7. Discussions and Conclusions 

In conclusion, an electro-optic grating with improved performance based on a substrate of PLZT 

ceramic has been demonstrated. The design takes the outline of the original ITO based interdigital 

layout and uses conductive metals to make the outlines. As a result, the intrinsic resistance of the 

electrode and the intrinsic diffraction loss due to the electrodes are reduced dramatically. High 

light transmittance and fast time response have been observed. With this design, the electrode's 

resistance is no longer a restriction for the time response of the device. 
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