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Integrated optical sensors 
in lithium niobate 
CATHERINE H. BULMER 
NAVAL RESEARCH LABORATORY 
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Basic sensor operation 

Optical guided-wave devices are of interest as sensors 
because the active device can be small and nonperturbing. 
An integrated optical modulator can form a compact elec
tric field detector and has no long, electrically-conductive 
leads that can be perturbing. A channel waveguide device, 
with small dimensions and closely spaced electrodes, is 
much more sensitive than a bulk device and is therefore 
more useful where small physical parameters are to be de
tected. Lithium niobate (LiNbO3) is a suitable material in 
which to form a sensor; it has large electro-optic coeffi
cients, which make it responsive to small fields, and low 
optical loss. 

One device suitable for voltage or electric field sensing is 
a Mach-Zehnder interferometric modulator, as shown in 
Fig. 6. The input and output channel waveguides are sin
gle-mode and the waveguide branches operate as power 
dividers. The ratio of output to input power (PO/PIN) is then 
a function of the total phase difference between the arms. 
Electrodes are placed along the arms so when voltage is 
applied the LiNbO 3 refractive index changes, resulting in 

a change in the phase of the modes propagating along the 
two arms. If the modes in each arm are in phase at the 
output branch, they add to give the lowest order mode, 
which is transmitted along the single-mode output chan
nel. If the modes are 180° out of phase, they form the next 
higher order mode, which is radiated from the branch into 
the substrate. Thus the output power varies sinusoidally 
and is modulated with applied voltage V; this voltage can 
be induced from a dipole antenna connected to the elec
trodes so that electric field is detected. To obtain linear 
modulation, an intrinsic phase bias Φo = 90° is intro
duced.1 

The 90° biasing can be achieved passively by making 
one arm wider than the other, by using an overlay on one 
arm or by lengthening one arm with respect to the other.1 

The last case is shown in Fig. 6 where electrodes are placed 
symmetrically on either side of the channels. The arm 
length difference required, L, is one-quarter guide wave
length, e.g. L 150nm at wavelength λ = 1.3 µm. Fig
ure 7 shows a corresponding experimental plot of interfer
ometer output as a function of DC voltage. At O V one is 
at quadrature on the sinusoidal curve, so for small volt-
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ages the response is linear. For this device the modulation 
voltage is 1.8 V. 

Achievement of optimum performance 
High sensitivity is achieved by operating at the shortest 

possible wavelength where waveguide dimensions and 
electrode gapwidths are smallest. However, photorefrac
tive effects or optical damage2 cause instability at short 
wavelengths. (Light is absorbed by impurity ions, causing 
the formation of an internal electric field that results in a 
change in refractive index.) For instance, at λ = 0.83µm, 
powers of ~20 µW in single-mode channels will cause the 
interferometer phase bias Φo to drift, resulting in devi
ations from linearity and variations in response.1 At λ = 
1.3 µm, powers of several mW have been used and no 
photorefractive effects observed. Good thermal stability is 
also required or the sensor must be packaged on a thermo
electric cooler, adding to its complexity. The pyroelectric 
effect3 (in which a change in temperature causes a change 
in the crystal spontaneous polarization along the optic 
axis) gives rise to thermal instability in devices formed in 
Z-cut L i N b O 3 , where Z denotes the optic axis. 4 , 5 By con
trast, devices formed in X-cut L iNbO 3 remain stable for 
changing temperatures and are therefore suitable for sen
sors. 

The interferometer shown in Fig. 6 is formed in X-cut, 
Y-propagating L i N b O 3 . The electrode configuration is 
then appropriate for modulation of the TE (extraordinary) 
mode polarization through the largest electro-optic coeffi
cient. At λ = 1.3 µm, for an electrode length of 14 mm 
and gapwidth of 8 µm, respectively, the modulation volt
age is typically 2V for the TE mode. Using such an inter
ferometer, linear dynamic ranges of > 80 dB and voltage 
sensitivities of ~1µV have been measured with optical 
powers of ~1mW at the detector and for a detector resis
tance of 50 Ω and bandwidth of 3 kHz (the latter parame
ters affect the noise level). The sensor has a 3 dB band
width of ~500 M H z operating from D C . Higher frequen
cy operation can be achieved by shortening the electrodes, 
which compromises sensitivity, or by using a traveling 
wave electrode structure. Traveling wave devices have 
been fabricated in L iNbO 3 with 3 dB bandwidths of >20 
G H z . 6 , 7 

The experimentally measured numbers noted above are 
in good agreement with theory. Figure 8 shows linear dy
namic range as a function of optical power, calculated for 
varying error from the 90 ° phase bias. Any error causes 
second harmonic magnitudes to increase and limit the up
per end of the dynamic range. In Fig. 9, sensitivity is 
shown as a function of power. The sensitivity is very toler
ant to errors from 90 ° depending mainly on the optical 

FIGURE 6. Schematic of asymmetric interferometer, 
where the upper arm is longer than the lower one by 
one-quarter guide wavelength. 

FIGURE 7. Experimental plot of output of linear interfer
ometer, as in Fig. 6, as a function of DC voltage. 

FIGURE 8. Linear dynamic range as a function of optical 
power at the detector and varying error from Φ0 = 90° 

(for detector responsivity 0.6 A/W, resistance 50 Ω and 
bandwidth 3 kHz). 
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power level and on the modulation voltage. The dynamic 
range is independent of changes in modulation voltage as 
its lower and upper ends vary by proportionate amounts. 
Both dynamic range and sensitivity are improved by in
creasing the laser power and decreasing optical transmis
sion losses. 

Alternative devices 

In devices as shown in Fig. 6 where an asymmetric ge
ometry is required to give linear biasing, fabrication errors 
result in deviations from optimum linear modulation. An
other L iNbO 3 device, suitable for electric field sensing, is a 
1 x 2 directional coupler, 8 , 9 shown in Fig. 10. It is auto
matically biased at optimum linearity by symmetric 
means. The input is split equally into the directional cou
pler region. The response of this device9 is more complex 
than that of the interferometer and depends on the cou
pling coefficient. However, for the same optical power and 
similar design parameters, it has a linear dynamic range 
and sensitivity comparable to that of the interferometer. 
The 1 x 2 coupler has the great advantage that its opti
mum linear operating point is much more tolerant to fab
rication errors and to variations in laser wavelength be
cause of the symmetry of its configuration. 

Interferometers, or couplers, can be used to measure pa
rameters other than voltage/electric fields, such as magnet

ic fields, pressure, and temperature. For instance, a Mach-
Zehnder interferometer connected to a dipole antenna de
tects electric f ield strength; wi th a loop antenna 
configuration, the same interferometer detects magnetic 
field strength. A parallel array of unequal arm-length, 
Mach-Zehnder interferometers in L iNbO 3 has been used 
as a temperature sensor.1 0 The interferometers are input 
from one source by suitable branching of the input chan
nel waveguide and no electrical connections are needed. 
The optical transmission of each interferometer varies si
nusoidally with temperature as both the refractive index 
and path length difference (through the thermal expansion 
coefficient) are temperature dependent. In this sensor, the 
interferometers have a path length difference much greater 
than an optical wavelength (unlike the previously de
scribed interferometer with L =λ g/4) so temperature 
variation has a significant effect on interferometer output. 
The period of output oscillation with temperature is in
versely proportional to L. The interferometers in the ar
ray have various values of L and by measuring their out
puts and that of a reference channel the temperature can 
be unambiguously determined, both with high resolution 
and over a wide temperature range. A parallel array of 
interferometers, or half interferometers (two arms, with 
electrodes along one arm, leading to an output branch), 
has also been used to measure phase and amplitude across 
an optical wave front. 1 1 

Integrated optical devices in L iNbO 3 can form compact, 
nonperturbing, sensitive, and accurate detectors of param
eters such as electric field. Some packaged integrated opti
cal sensors have already been successfully field tested and 
will find many applications, such as in electromagnetic 
field detection on ships. 
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O ver the past several years, numerous guided wave 
and/or integrated optical components have been 
proposed (and, in many cases, experimentally 

demonstrated) for the implementation of a wide range of 
optical information processing, optical signal processing, 
and optical computing functions. Such functions include 
those that have been implemented primarily in the analog 
domain, such as correlation, convolution, Fourier trans
formation, spectrum analysis, nonlinear function genera
tion, lattice filtering, weighted wavelength multiplexing 
and demultiplexing, matrix-vector multiplication, and ma
trix triangularization; those that are inherently hybrid in 
nature, such as A -D conversion, D-A conversion, and digi
tal multiplication by analog convolution (DMAC) ; and 
those that are digital, such as Boolean logic operations and 
binary addition. In this section, several recent achieve
ments are described that hold considerable potential for 
the practical realization of such integrated optical compo
nents. In addition, further developments necessary for the 
successful application of integrated optical technology to 
information processing, signal processing, and computing 
are identified. 

Integration of multiple components 
First and foremost, one cannot help but be intrigued by 

the level of component integration that has been recently 
achieved. For example, arrays of input and output channel 

waveguides have been successfully integrated with a pla
nar waveguide containing both large aperture integrating 
lenses, microlens arrays, acousto-optic (AO) Bragg surface 
acoustic wave (SAW) modulators, and/or electrooptic 
(EO) Bragg interdigital transducer modulators. 1 , 2 An ex
ample of such a compact integrated A O Bragg modulator 
module, which has been used to demonstrate matrix-vec-

FlGURE 11. Integrated acousto-optic Bragg modulator in 
a LiNbO3 channel-planar composite waveguide with 
both integrating lens and microlens array (after Ref. 1). 
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