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Abstract —Hybrid-mode and quasi-TEM analyses are carried
out for coplanar waveguide traveling-wave electrodes applicable
to z-cut Ti:LiNb03 optical modulators. The analyses are based
on the spectral-domain approach. The microwave effective index
and the characteristic impedance are clarified, together with the
microwave conductor loss, These are incorporated to accurately
predict the modnlator characteristics. It is shown that these

characteristics can be greatly improved by employing a thicker

buffer layer. High-speed and low-driving-power TtiLiNb03 opti-

cal modulators are realized at a 1.52 pm wavelength. Agreement

between the calculated and measured results is good.

1. INTRODUCTION

H IGH-SPEED external optical modulators provide a

strong alternative to laser diode direct modulation

for the next generation of single-mode transmission sys-

tems. Among the external optical modulators, Ti:LiNb03

optical modulators have demonstrated high potential, as

mentioned in [1] and [2]. The important factors for evalu-

ating these optical modulators are the optical 3 dB band-

width and the driving power. However, these factors have

a trade-off relationship with respect to the interaction

lengths between microwaves and optical waves. The main

restriction to the modulation bandwidth is caused by a

mismatch in velocity between these waves as well as the

conductor losses of the traveling-wave (TW) electrodes.

This implies that the TW,electrodes play a very important

role in Ti:LiNb03 optical modulators. To develop new

optical modulators that improve the modulation band-

width and driving voltage, a full knowledge of TW elec-

trodes is indispensable. Thus, analyses of the microwave
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effective index, the characteristic impedance, and mic-

rowave conductor losses and related calculated results

for the modulator characteristics are very important.

The present authors have previously advanced z-cut

Ti:LiNb03 optical modulators [3], [4], in which coplanar

waveguide (CPW) TW electrodes with a narrow center

conductor, a wide gap, and a relatively thick buffer layer

were employed. These electrodes are useful not only for

realizing efficient interactions between the microwaves

and optical waves, but also for providing a good impedanee

match with the 50 Q driving circuit and efficient mode

conversion from the coaxial connectors to the electrodes.

The characteristics of TW electrodes and modulator

performance have been modeled extensively [5]. Howevcx,

the purpose of this paper is to present more detailed

analytical results for the CPW TW electrodes. The analy-

ses are based on the hybrid-mode [6] and quasi-TEM [4]

spectral-domain approach (SDA). Since LiNbO ~ sub-

strates have a :strong anisotropic nature, the analysis pro-

cedure for the anisotropic material [71 was taken into

consideration. Section II describes an analytical model for
the CPW TW electrodes. Section III discusses the calcu-

lation procedure for the figure of merit (ratio of modula-

tion bandwidth to half-wavelength voltage) and Section

IV shows deta~iled calculation results. First, the conver-

gence characteristics, the microwave effective index, and

the characteristic impedance are discussed. The effects of

the Si02 buffer layer on modulation bandwidth, driving

voltage, and microwave conductor losses are also clari-

fied. It is shown that the SiOz buffer layer plays an

important role in modulator characteristics and that the

modulation bandwidth can be greatly improved by using a

thick buffer layer. Section V compares the calculated

modulator characteristics with those of fabricated modu-

lators at a 1.52 ~m wavelength.

II. ANALYTICAL MODEL

Fig. 1 shows a cross-sectional view of the analyzed

Mach–Zehnder intensity modulator under consideration.

To analyze the structure, the quasi-TEM and hybrid-mode

SDA were employed.

0018 -9480 /91/0900-1595 $01.00 01991 IEEE



1596 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 39, NO. 9, SEPTEMBER 1991

I

DI

t’”;%”+@Si02 BUFFER LAYER 1
D2.... ,.,..

OP+ICA( WAVEGUICIES
t

@ 03

, Z-CUT LiNbO,SUBST’RATE ~~

@ AIR

Y
tx

D4

t----- 2A-----i
Fig. 1. Cross-sectional view of the analyzed optical modulator.

Although conventional CPW TW electrodes for

Ti:LiNb03 optical modulators have a low characteristic

impedance, a wide center conductor, and a narrow gap,

the structures shown in these figures have a narrow

center conductor and a wide gap to realize efficient

interaction between microwaves and optical waves, to-

gether with a high characteristic impedance [3], [4], [8].

The center conductor width and gap are 2,S and 2 W,

respectively. The thicknesses of the upper air region, Si02

buffer layer, z-cut LiNb03 substrate, and lower air region
are Dl, Dz, Da, and DA, respectively. The width of the

shielding wall is 2A. The values for D ~, DA, and 2A are

set large enough to simulate an open structure. The

thickness (D3) of the z-cut LiNb03 substrate is 500 pm.

The dielectric constants of the z-cut LiNb03 substrate

are 28 in the y direction and 43 in the x and z directions.

The dielectric constant of the Si02 buffer layer is 3.9. The

electrode thickness is assumed to be zero.

HI. FIGURE OF MERIT CALCULATION

To obtain the figure of merit (A~/ V’), the optical 3 dB

modulation bandwidth (A~ ) and half-wavelength voltage

(Vm) are needed. BY employing the SDA, the microwave
effective index (rz~), the characteristic impedance (Z),

and the microwave conductor loss (a) were calculated.

These quantities were incorporated into the modulation

bandwidth calculation by using an equivalent circuit model

[9], [10]. The half-wavelength voltage was calculated utiliz-

ing the overlap integral for the microwave and optical

waveguide fields. The calculation procedure for the mi-

crowave conductor loss has been discussed by several

authors [11]. Here, the following expression was utilized

to calculate the conductor loss (a) for the CPW:

/
Rs J~dl

a = 2Z12
(1)

where J, is the surface current density, RS is the surface

resistance, Z is the characteristic impedance, and 1 is the

total current density.

Based on this calculation procedure, we developed a

computer program which can automatically calculate n,.,

Z, a, A f, Vm, and A f / VT for a given structure. All of the

calculations for both the quasi-TEM and the hybrid-mode

analysis were performed with a desktop computer.

IV. NUMERICAL RESULTS

In the following calculation, we employed a combina-

tion of trigonometric and Maxwell functions as the basis

functions [6]. The operating wavelength was assumed to

be 1.52 ~m.

Parts (a) and (b) of Fig. 2 show the calculated mi-

crowave effective index (nn) and the characteristic

impedance (Z) for the CPW TW electrode as a function

of the number of basis functions. Fig. 2(a) corresponds to

the quasi-TEM upper bound calculation [4]. On the other

hand, Fig. 2(b) depicts the calculated results for the

hybrid-mode analysis. For both calculations, the center

conductor width (2S) and gap (2W) are assumed to be 8

and 15 pm. For the hybrid-mode analysis, the number of

basis functions means the sum of the number of basis

functions in the x (A4X) and z (Mx) directions, where A4X

is assumed to equal to A4Z. In one basis function case,

only an x-directed electric field was assumed (M, = 1 and

M= = O). As shown in these figures, the solutions converge

as the number of basis functions increases. The conver-

gence characteristics depend heavily on the existence of a

buffer layer. Two basis functions for the quasi-TEM anal-

ysis and two sets of basis functions (M. = M, = 2) for the

hybrid-mode analysis are sufficient to obtain good conver-

gence when there is no buffer layer, On the other hand, a

larger number of basis functions are needed when the

buffer layer thickness (D2) is not equal to zero. Ten basis

functions for the quasi-TEM analysis and six sets of basis

functions (Mx = M= =6) for the hybrid-mode analysis were

employed to obtain sufficiently converged solutions in the

following calculations.

Parts (a) and (b) of Fig. 3 show the calculated mi-

crowave effective index (n~) and the characteristic

impedance (Z) based on a quasi-TEM analysis as a func-

tion of the ratio (2 S/2 W) of center conductor width (2S)

to gap (2 W). The buffer layer thickness (D2) is employed

as a parameter. Here, the center conductor width (2S)

was assumed to be 8 pm. For comparison, calculated
results based on the conformal mapping technique (.) [12]

are also shown for the case of no buffer layer. As shown

in this figure, the two agree well. This chart is very useful

for designing CPW TW electrodes. Considering the

impedance match between the CPW TW electrode and

the external 500 circuit, the characteristic impedance for
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Fig. 2. Calculated microwave effective index (nm) and characteristic

impedance (Z) as a function of the number of basis functions. (a)

Quasi-TEM analysis. (b) Hybrid-mode analysis.

the TW electrodes should be set in the range of 40 to 60

0. By using Fig. 3, the gap was determined to be 15 pm

and 2S/2W is 0.53.

Fig. 4 shows the calculated microwave effective index

(n~) and the characteristic impedance (Z) based on a

hybrid-mode analysis as a function of frequency. As shown

in this figure, there are only a few frequency-dependent

characteristics for the interaction part (2 S = 8 #m and

2 W = 15 ~m) owing to their small dimensions. On the

other hand, since the dimensions for the segment of the

TW electrode that connects the active segment to the

coaxial connector (which we call the feedthrough part)
are large, frequency-dependent characteristics become

1 I
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‘l\’
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20
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Fig. 3. (a) Calculated microwave effective index (n~) and (b) charac-
teristic impedance (Z) as a function of the ratio (2 S/2W) of center

conductor width (2S) to gap (2 W). Center conductor width (2W) is
8 ~m.

significant. In order to clarify the frequency-dependent

characteristics, the calculated results for two cases are

shown for the feedthrough parts, We can see that the

smaller feedthrough part has a smaller frequency depen-

dence. In this study, the center conductor width and the

gap for the feedthrough part of the TW electrode were

determined tcl be 300 ~m and 700 ~m, respectively, for

the actual optical modulators that were fabricated.

A hybrid-mode analysis is needed to accurately design

the feedthrough parts of a TW electrode. On the other

hand, quasi-T’EM analysis is sufficient for designing the

interaction part. In the following discussions, quasi-TlE3M

analysis was employed to save computer time.

Parts (a) and (b) of Fig. 5 show the calculated mi-

crowave effective index (nn), the characteristic impedance
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(Z), and the microwave conductor loss (a) as a function

of the buffer layer thickness (Dz). Here, gold was as-

sumed as the conductor. As the buffer layer thickness

increases, the microwave effective index decreases and

the characteristic impedance increases. It should be noted

that the microwave conductor loss (a) can be decreased

by a thicker buffer layer,

Fig. 6 shows the calculated results for the product

(A.f-L) of the optical 3 dB modulation bandwidth (A.f)
and the interaction length (L) as a function of buffer

layer thickness (Dz). Here, only the velocity mismatch

between the microwaves and the optical waves was taken

into consideration. As shown in this figure, the modula-

tion bandwidth increases as the buffer layer thickness

increases.

Fig. 7 shows the calculated results for the product

(VT L) of the half-wavelength voltage (Vm) and the inter-
action length (L) of the microwaves and the optical

waves, Here, the FWHM (full width at half maximum) for

the optical powers was assumed to be 4.35 pm and 2.85

~m in the x and y directions. These values correspond to

optical ~aveguide fabrication conditions for a Ti thickness

of 800 A and a diffusion conditions of 1000° C, 10 h, and a

wet Oz atmosphere in our laboratory experiments. The

product (VT. L) increases as the buffer layer thickness,

Dz, increases. Here, it should be noted that the important

figure of merit for the optical modulators is not V7. L but

the ratio (A~/ VT) of the modulation bandwidth (A~) to

the half-wavelength voltage (17m). This is because the

driving voltage can easily be reduced by lengthening the

interaction length (L). In order to realize a driving voh-

age of less than 5.0 V, the interaction length was deter-

mined to be 2.7 cm.

Fig. 8 shows the calculated results for the figure of

merit ratio (A~/ V.) of the modulation bandwidth (A~)

to the half-wavelength voltage (Vw) as a function of the
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Fig. 5. (a) Calculated microwave effective index (nm) and characteris-

tic impedance (Z) and (b) microwave conductor loss as a function of

buffer layer thickness (D,).

buffer layer thickness (Dz). The effect of the microwave

conductor 10SSis a function of the interaction length (L),

As mentioned before, the interaction length was assumed

to be 2.7 cm, In this figure, the velocity mismatch between

the microwaves and the optical waves and the characteris-

tic impedance mismatch between the TW electrode and

the 50 0 outer circuits, as well as conductor losses, were

taken into consideration. The figure of merit (A f / Vn) is

seen to increase as the buffer layer thickness (Dz) in-

creases. The product ( Vn. L) is an almost linear function

of the buffer layer thickness. On the other hand, the

modulation bandwidth is inversely proportional to the

difference between the microwave effective index (nn)

and the optical wave effective index (n O). As a result, the

increase in modulation bandwidth exceeds the increase in

half-wavelength voltage. For this reason, an improved

figure of merit (Af/ Vm) can be obtained by employing a

thicker buffer layer [3], [4], [13]-[16].
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V. EXPERIMENTAL RESULTS

Mach-Zehnder intensity modulators were actually fab-

ricated at a 1.52 pm’ wavelength. The fabrication condi-

tions for the optical waveguide and the CPW TW elec-

trode were the saomeas those in [3], [4] except for a Ti film

thickness of 800 A and the wet-Oz Ti diffusion conditions.

The electrode thickness was 4 ~m. In order to investigate

the validity of the previously mentioned analytical meth-

ods, two values for the buffer layer thicknesses (Dz), 0.45

pm and 1,2 ~m, were examined.

Fig. 9 shows calculated and measured optical output

power as a function of the modulation frequency. The

oscillation wavelength of the laser diode module was 1.52

~m. Case A has a relatively thick buffer layer of 0;45 ~m

[31, [41, a center conductor width of 8 Km, a gap of 30 Km,

2S= 8pm

2W:15prn

o 0.5 I .0 I.5

Dz (pm)

Fig. 8. Calculated results for the figure of merit ratio (A~/ VW) of
modulation bandwidth ( A~) and half-wavelength voltage (Vr) as a
function of buffer layer thickness (Dz). Interaction length was assumed

to be 2.7 cm. Vellocity mismatch, impedance mismatch, and microwave

conductor loss were taken into consideration.

: I — CALCULATED I

MODULATIONFREQUENCY(GHz)

Fig. 9. Calculated and measured optical output power as a function of
modulation frequency. Case A has a relatively thick buffer layer of 0.45
~m. Case B has a thick buffer layer of 1.2 pm.

and an interaction lemzth of 2 cm. Case B has a thick

buffer layer of 1.2 ~m, ~ center conductor width of 8 pm,

a gap of 15 w m, and an interaction length of 2.7 cm. The

interaction lengths for cases A and B were determined so

as to obtain driving voltages of less than 5 V. The calcu-

lated results for the effective index (rz~) and the charac-

teristic impedance (Z) were 3.54 and 600 for case A and

2.82 and 62.8 Q for case B, respectively. Although the

electrode thickness was assumed to be zero in this analy-

sis, the thickness (4 ~m) was small in comparison with

gap (15 ~m) in the experiment. Thus, good agreement
between the calculated and the measured modulation

characteristics was obtained. The optical 3 dB bandwidths

for the optical modulators in case A and case B were 6.2

GHz and 8.7 GHz. Furthermore, the measured driving

voltages were in good agreement with the calculated

results for both case A (4.4 V) and case B (4.9 V).
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This good agreement of both the modulation bandwidths

and the driving voltages verifies the validity of the analyti-

cal methods. The optical insertion loss and extinction

ratio of the Mach–Zehnder optical modulators for both

cases A and B were 2.2 dB and 25 dB.

VI. CONCLUSION

Analytical methods and results for Mach-Zehnder op-

tical modulators have been described from the viewpoint

of CPW TW electrode design. The analyses were based

on quasi-TEM and hybrid-mode SDA with the anisotropic

effect incorporated. The microwave effective index, the

characteristic impedance, and conductor losses were taken

into consideration to accurately model modulator charac-

teristics.

It has been confirmed that the SiOz buffer layer plays a

very important role in both the modulation bandwidth

and the half-wavelength voltage. Agreement between the

calculated and experimental results for both the modula-

tion characteristics and the driving voltage was quite

good. Furthermore, z-cut LiNb03 Mach–Zehnder optical

modulators of wide bandwidths with about 9 GHz and

low driving voltages of less than 5 V at a 1.52 Km

wavelength have been realized.
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