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Multigigahertz Lumped-Element  Electrooptic Modulators 

RICHARD A. BECKER 

Abstract-Multigigahertz-bandwidth lumped-element optical-guided- 
wave Mach-Zehnder interferometric modulators have been designed, 
fabricated in LiNb03, tested, and analyzed.  Three modulators were 
built having 3 dB bandwidths of 2.75, 4.4, and 7.3  GHz with V,'s of 7, 
14, and 28 V, respectively. A simple RLC equivalent circuit model ade- 
quately predicts the packaged modulator performance. Coupled with 
previously reported work, this demonstrates the ability to reliably de- 
sign and fabricate lumped-element modulators which operate from dc 
through 7.3 GHz. 

R ECENTLY, we reported  the development of a  series 
of lumped-element optical-guided-wave interferomet- 

ric modulators with 3 dB bandwidths from  280  MHz to 
2.75 GHz [l] . It was shown that  an  RLC equivalent-circuit 
model with a frequency-dependent electrode resistance ac- 
curately  predicted  measured  device  performance.  It was 
found that  electrode and bond wire inductances limited 
the high-frequency response, especially when the  drive 
source  was'ierminated  at  the device in 50 Q .  In  this  letter, 
extension of this work to wider  bandwidths  is  reported. To 
increase  the  bandwidth,  the  electrode lengths and,  thus, 
capacitances  are reduced and no terminating resistor is 
placed at the input to the  device. In addition,  a  center- 
tapped electrode  structure [l] is used to minimize elec- 
trode resistance and  inductance.  It  is shown that  the  RLC 
equivalent-circuit model adequately predicts measured  de- 
vice performance for these configurations and for band- 
widths up to 7.3 GHz. 

The guided-wave Mach-Zehnder  interferometric mod- 
ulator is shown in Fig. 1. The physics of operation is well 
known [l] and will not be reviewed here.  Reference [l] 
described the equivalent circuit model shown in Fig. 2. 
Here R, is  the  source  impedance of the  generator, Re is  an 
effective electrode resistance which is frequency depen- 
dent, L is the  total  inductance of the electrode  and bond 
wires, and C is the  electrode  capacitance. Because the 
electrode  resistance is distributed down the length of the 
electrodes,  the voltage across  the  electrodes is spatially 
varying. The  electrooptically induced phase shift is pro- 
portional to  the  spatial  integral of the  voltage. Accord- 
ingly, V, is defined as  an effective voltage which is pro- 
portional to the induced phase shift.  The frequency re- 
sponse  (FR) of the equivalent circuit  is defined as 

under  the  condition  that V I  is held constant. 
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Fig. 1.  Guided-wave  electrooptic  Mach-Zehnder  interferometric  modula- 
tor driven  in  a  push-pull  configuration. 
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Fig. 2. Lumped-element  small-signal  circuit  model of electrooptic  modu- 
lator. 

This definition of frequency response in terms of elec- 
trooptically induced phase rather than output intensity is 
very useful,  because  it provides a  consistent  measure of 
comparative  performance for different types of modulators 
at different bias points. 

The Ti-indiffused LiNb03 devices were fabricated by 
diffusing 400 A of Ti into  the X face  at  1000°C for = 5 h 
in O2 bubbled through H20. The Ti  strip width before dif- 
fusion was = 3.8 pm.  This set of fabrication parameters 
yields low-loss waveguides suitable for single TE- and TM- 
mode  propagation at wavelengths in the 0.82-0.86 pm 
range.  After  the diffusion, the crystal end faces w p e  cut 
and polished to  facilitate endfire coupling. A 2000 A thick 
buffer layer of pyrolytic Si02 was deposited and electron- 
beam evaporated Cr/Au  electrodes with 3.8 pm  separation 
were formed on the  interferometer.  The  center  electrode 
was 35 pm  wide  and  the  ground  electrodes were 50 pm 
wide.  The  Cr/Au  metallization thickness was 1.0 pm. Fi- 
nally, the Si02 buffer layer was removed everywhere ex- 
cept  directly beneath the  electrodes, to avoid any potential 
problems created by charge  transport in the  oxide. The 
modulators are driven in a push-pull mode as shown in 
Fig. 1, and  the r33 electrooptic coefficient is being utilized. 

Low-frequency measurements were used to  determine 
voltage sensitivity and extinction ratio. The voltage re- 
quired to drive  the  modulator  output intensity from its 
maximum to its  minimum, V,, was measured by deter- 
mining the number of intensity maxima that were swept 
through when a low-frequency ramp voltage of known am- 
plitude was applied.  The  three devices tested had active 
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electrode  lengths and measured VT’s of 2, 1, and 0.5 mm 
and 7, 14, and 28 V, respectively. A  figure of merit for the 
interferometric  modulator is the  product of V,  and  the  ac- 
tive electrode length 1, VTZ. For modulators of different 
length but with the same  transverse  electrode  and wave- 
guide  geometry,  this  product was measured  to  be V,Z = 
14 V mm.  The  extinction  ratio 10 log(Zmax/Zmi,,) was de- 
termined by measuring  the  output  intensities r,,, and Zmin 
with the modulator biased at voltages providing maximum 
and minimum intensities, respectively. Extinction  ratios for 
the  modulators  discussed  here were in excess of  15 dB. 

The values of the  circuit elements in  the equivalent cir- 
cuit model were  determined by a combination of low-fre- 
quency measurements,  calculations,  and empirical fits. 
The inductance L is equal  to  the sum of the  calculated 
bond-wire  and  electrode  inductances.  Note  that  the  in- 
ductance of the center-tapped  electrode shown in Fig. 3 is 

that for an end-tapped  electrode.  The value of L is dom- 
inated by the  bond-wire  inductance. The value of C was 
measured  at low frequency. For electrodes with 3.8 pm 
gaps,  the  capacitance was measured to be = 0.85 pF/mm. 
This is in good agreement with theoretically predicted val- 
ues [2]. The effective electrode  resistance Re is given by 

Re = GCIR( 1 + C2 sf) 
where G is  a  geometrical  parameter which equals 1 for 
end-tapped  electrodes  and for center-tapped  electrodes. 
R is the  measured  end-to-end  electrode resistance and C,  
and C2 are empirical  parameters.  The resistivity of the 1 
pm  thick  Cr/Au  metallization was 2.25 X lop6 Q - cm, 
very close to  the value of  1.98 X lop6 0 - cm for bulk 
Au . 

To achieve consistent  wide-bandwidth  response,  high- 
speed  packaging  techniques  were  used. Fig. 4 shows a 
photograph of the packaged  2  mm long device. Evident in 
the photograph are  the gold ribbon bonds and the 50 Q 
microstrip waveguide which connects the  external SMA 
connectors  to  the devices. As discussed in [l], the fre- 
quency response  can be accurately  measured by means of 
a  small-signal swept-frequency technique [3]. Fig. 5(a)- 
(c) shows  the  linear  small-signal frequency response of the 
2, 1, and 0.5 mm long devices, respectively. The element 
values used in the equivalent-circuit model are given in 
each  figure. Notice that  the  capacitances  scale roughly 
with electrode  length,  as  do the resistances. The induc- 
tances are constant  due to the fixed length of  Au ribbon 
used in  packaging, which is  the  dominating  inductance. 
The  same  values  for C1 and C2 (C, = 0.167, C, = 1 X 
lop4) have been used to fit the frequency response of all 
the devices in this  and  our  earlier  paper [l]. As is seen in 
Fig. 5(a)-(c),  the  measured  frequency  response  is reason- 
ably smooth and adequately predicted by the  RLC equiv- 
alent circuit model. The  3 dB frequency points for the  three 
modulators are 2.75, 4.4, and 7.3 GHz, respectively. 

The large V,’s for these  modulators are, of course,  due 
to  their short lengths which are needed to reach  the  mea- 
sured  bandwidths. If one  is  willing to go to the complexity 

Fig. 3. Schematic of center-tapped  electrode  for  Mach-Zehnder  interfer- 
ometer. 

Fig.  4.  Photograph of packaged  electrooptic  modulator 

of a traveling-wave device, then V, for wide-bandwidth 
devices can  be  decreased  dramatically [4], [5] .  However, 
the development of these lumped-element devices, coupled 
with previously reported work [l] ,  does  demonstrate  the 
capability to  accurately  design and fabricate  lumped- 
element electrooptic  modulators  in Ti-indiffused LiNb03 
which operate  at  frequencies in excess of 7 GHz. 

In  summary, lumped-element electrooptic  modulators 
have been developed in LiNb03 with linear  small-signal  3 
dB bandwidths as wide  as 7.3 GHz. An RLC equivalent 
circuit model is seen  to adequately predict performance 
over the  full  frequency  range. 
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Fig. 5. Measured (X’s) and  predicted  frequency  response of modulators 

with  (a)  2 mm long electrode, (b) 1 mm long electrode,  and  (c)  0.5  mm 
long  electrode.  The  measured and calculated  circuit  model  element val- 
ues [ I ]  are  given  on  each  graph. 
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