
United States Patent [191 

Hartman 

[54] OPTICAL SENSING APPARATUS AND 
METHOD 

[75] Inventor: Nile F. Hartman, Stone Mountain, 
Ga. 

[73] Assignee: Georgia Tech Research Corporation, 
Atlanta, Ga. 

(21] Appl. No.: 267,212 

[22] Filed: Nov. 4, 1988 

(51] Int. a.s ................................................ GOlB 9/02 
[52] U.S. Cl •.................................. 356/345; 350/46.12 
(58] Field of Search ............................... 356/345, 354; 

350/96.12, 96.13 

(56] References Cited 

U.S. PATENT DOCUMENTS 

3,923,372 12/1975 Dabby et al. ......................... 350/96 
4,447,116 5/1984 King et al. ....................... 350/96.13 
4,515,430 5/1985 Johnson ............................ 350/96.13 
4,536,088 8/1985 Rashleigh et al. .............. 356/345 X 
4,552,457 11/1985 Giallorenzi ......................... 356/345 
4,608,344 8/1986 Carter et al. .......................... 436/34 
4,627,731 12/1986 Waters et al. ....................... 356/349 

FOREIGN PATENT DOCUMENTS 

75231 4/1987 Japan ................................... 356/345 
1320721 6/1987 U.S.S.R ............................... 356/345 

2 110 

~ 
L_ 

107 

105 
110 

LASER DIODE 

[11] Patent Number: 

[45] Date of Patent: 

4,940,328 
Jul. 10, 1990 

OTHER PUBLICATIONS 

P. K. Tien, Light Waves in Thin Films and Integrated 
Optics, Appl. Opt., 10, 11, Nov. 1971. 
H. F. Taylor et al., Guided Wave Optics, Proc. of 
IEEE, 62, 8, Aug. 1974. 
R. Ulrich, Efficiency of Optical-Grating Couplers, J. 
Opt. Soc., 63, 11, Nov. 1973. 

Primary Examiner-Davis L. Willis 
Assistant Examiner-Matthew W. Koren 
Attorney, Agent, or Firm-Martin M. Novack 

(57] ABSTRACT 

Optical devices and techniques are disclosed for sensing 
properties of an environment with improved stability 
and lower cost. In a disclosed embodiment, there is 
provided a substrate having an index of refraction ns. A 
waveguide layer is provided and has a surface adjacent 
the substrate, the waveguide layer having an index of 
refraction n1 that is greater than n5• A superstrate is 
provided adjacent the opposing surface of the wave
guide layer, the superstrate having an index of refrac
tion 11c that is ·less than nfi the index of refraction of the 
superstrate being affected by the environment. An opti
cal beam is injected into the waveguide layer such that 
at least two modes of the beam propagate in the wave
guide layer. The interfering product of said at least two 
modes of the beam which have propagated through the 
waveguide layer is then detected. 

19 Claims, 4 Drawing Sheets 
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OPTICAL SENSING APPARATUS AND METHOD SUMMARY OF THE INVENTION 

BACKGROUND OF THE INVENTION 

The invention relates to optical devices and tech
niques for sensing properties of an environment, such as 
the presence of a substance in the environment or the 
measurement of pressure, magnetic fields or electric 
fields. 

The present invention is directed to optical devices 
and techniques for sensing properties of an environment 

5 with improved stability and lower cost. 
In accordance with an embodiment of the invention, 

the method for sensing a property of an environment 
includes the steps of providing an optical waveguide in 
the environment and injecting a light beam into the 

10 waveguide such that at least two modes of the beam 
propagate in the waveguide, the effective index of re
fraction for the modes of the beam being affected by the 
property to be sensed. A further step of the invention 

The development of integrated optical devices has 
evolved in recent years, and these devices have shown 
promise of providing highly sensitive detectors of sub
stances in an environment, such as chemicals or biologi
cal materials. The devices also measure other proper- 15 
ties, such as pressure, magnetic fields or electric fields. 
A class of these devices, which are of interest herein, 
measure a change in index of refraction caused by the 
property being measured. The light which is used to 
determine the change in index of refraction can be car- 20 

ried to and from the device by optical fibers, so the 
devices can be of a passive nature that is advantageous 
for many applications, for example monitoring explo
sive mixtures, flammable materials or toxic substances, 25 
etc. The devices can be very small in size and can be put 
in relatively inaccessible places. The devices are also 
relatively inexpensive to manufacture in quantity, and a 
number of them can be utilized together to obtain mea
surements that are over a wide range of values as well as 30 
highly sensitive. 

An example of the described type of device is shown 
in the U.S. Pat. No. 4,515,430 of Johnson which dis
closes an integrated optical transducer that is stated to 
include a single mode input optical waveguide formed 35 
in a single substrate which divides into optical wave
guide branches of different physical lengths, the two 
branches recombining into a single mode output wave
guide. When used as a transducer, the optical path 40 
lengths of the waveguide branches are stated to be de
pendent on a physical quantity to be measured. The 
patent notes that the transducer can be used as a temper
ature sensing transducer or may be used to sense other 
parameters on which either the index of refraction or 45 
the length of the waveguide branches are dependent, 
including pressure, strain, electric or magnetic fields, 
electromagnetic radiation, or chemical activity. 

Notwithstanding the listed potential advantages of 
previously proposed integrated optical sensors such as 50 
the one set forth in the Johnson patent, there are disad
vantages which can limit their practical application. 
Because there are separate optical paths for the respec
tive branches, temperature changes can effect the 
branches differently, particularly when the branches are 55 

of different lengths as specified in the Johnson patent. 
Therefore, temperature variations can introduce sub
stantial errors when attempting to measure properties 
such as the presence of a substance, presence of a field, 60 
etc. The two arms may also be effected differently by 
mechanical perturbations. Additionally, the require
ment for single mode operation, as in Johnson, renders 
the device fabrication more difficult and expensive. 

It is among the objects of the present invention to 65 
overcome the indicated disadvantages 9f the prior art 
and to provide improvement in integrated optical sen-
so rs. 

includes generating an electrical signal representative of 
the interfering product of the at least two modes of the 
beam which have propagated through the waveguide. 
The signal is indicative of the property of the environ
ment. 

In one preferred form of the method of the invention 
wherein the method is used to sense a substance in the 
environment, there is provided an optical waveguide 
having a boundary with an index of refraction that 
depends on the substance in the environment that is to 
be sensed. Again, a light beam is injected into the wave-
guide such that at least two modes of the beam propa
gate in the waveguide, and an electrical signal is gener-
ated which is representative of the interfering product 
of the at least two modes of the beam which have prop
agated through the waveguide, the signal being indica
tive of the substance. In a form of the invention, a selec
tive coating is provided at the boundary, the coating 
having an index of refraction that is affected by the 
substance to be sensed. If desired, a plurality of the 
coatings can be provided at the boundary, and the coat
ings can have indices of refraction that are affected by 
said substance, but with different sensitivities. Alterna-
tively, the coatings can have indices of refraction that 
are affected by different substances. 

In an embodiment of the apparatus of the invention, 
there is provided a substrate having an index of refrac
tion n5• A waveguide later is provided and has a surface 
adjacent the substrate, the waveguide layer having an 
index of refraction n1 that is greater than ns. A super
strate is provided adjacent the opposing' surface of the 
waveguide layer, the superstrate having an index of 
refraction nc that is less than Ilfi the index of refraction 
of the superstrate being affected by the environment. 
Means are provided for injecting an optical beam into 
the waveguide layer such that at least two modes of the 
beam propagate in the waveguide layer. Means are also 
provided for detecting the interfering product of said at 
least two modes of the beam which have propagated 
through the waveguide layer. 

As demonstrated below, the described apparatus and 
technique provides good sensitivity and also exhibits 
stability in environment having temperature variations 
and/or mechanical disturbances. The devices and meth
ods hereof also have the previously described advan
tages of integrated optical devices which have passive 
sensors and can be used in difficult environments. The 
present invention has the added advantage of easier and 
less expensive fabrication, and can be made smaller than 
existing devices. 

In accordance with a further feature of the invention, 
there is provided a sensing apparatus which exhibits 
further temperature stability characteristics. In this em
bodiment, a pair of optical waveguide sections (which 
can oe individual waveguides or branches of a Mach-
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a lower index of refraction than the waveguide layer. 
The superstrate layer 130 may be, for example, a poly
mer or an organic dye coating that reacts with a fluid 
environment (e.g. a gas, a liquid or vapor) in a manner 

Zehnder type of interferometer arrangement) are dis
posed in the environment to be monitored. A coating is 
provided on each of the waveguide sections, each of the 
coatings having an index of refraction that changes 
when it is exposed to the substance being monitored. A 
protective covering is provided on one of the coatings 
such that one coating is projected from exposure to the 
environment and the other coating is exposed to the 
environment. Means are provided for injecting optical 
beams into the optical waveguide sections, and means 
responsive to the combined beam outputs are provided 
for sensing the substance. In a form of this embodiment, 
the means responsive to the combined beam outputs 
includes means for substracting the respective outputs 
of the optical waveguide sections. 

5 that changes the index of refraction of said superstrate 
layer. For example, NH3 vapor can be sensed as it in
creases the index of refraction of an organic dye. It will 
be understood, however, that the covering medium 
may be any substance which has a lower index of refrac-

10 tion than the waveguide layer, for example air or an
other fluid whose properties are to be measured. 

In the present embodiment, a coherent light source 
such as a laser diode 105 and an optical fiber 107 are 
used to inject light into the waveguide layer for propa-

Further features and advantages of the invention will 
become more readily apparent from the following de
tailed description when taken in conjunction with the 
accompanying drawings. 

15 gation therein in at least two modes. The modes which 
propagate will be determine by the wavelength of the 
light, the thickness of the waveguide layer, and the 
indices of refraction of the substrate 110 (ns), the wave
guide film 120 (nj) and the superstrate covering layer 

BRIEF DESCRIPTION OF THE DRAWINGS 
20 130 (nc). Each guided mode exhibits an effective index 

of refraction, with the lowest order mode characterized 
FIG. 1 is a diagram, partially in block form, of an by a slightly higher effective refractive index than the 

apparatus in accordance with an embodiment of the next higher order mode. [See, for example, P.K. Tien, 
invention, and which can be used to practice the "Light Waves In Thin Films And Integrated Optics", 
method of the invention. 25 Applied Optics, Vol. 10, No. 11 (1971.] To understand 

FIG. 2 is a cross-sectional view, as taken through a operation of this embodiment of the invention, refer-
section defined by arrows 2-2, ofa portion of the FIG. ence can be made to the diagram of FIG. 2. Consider 
1 embodiment. the interference that will occur between the lowest 

FIG. 3 is a cross-sectional view, as taken through a order mode (solid line) and a higher order mode 
section defined by arrows 3-3, of a portion of the FIG. 30 (dashed line) in the waveguide. Because the higher 
1 embodiment. order mode is closer to cutoff, it is more sensitive to the 

FIG. 4 illustrates the nature of the electric field vec- superstrate. The evanescent field of the lowest order 
tor of an optical wave propagating in a waveguide made is not affected as strongly by the superstrate. [In 
layer. this regard, see FIG. 4, which illustrates the electric 

FIG. 5 illustrates a further embodiment of the inven- 35 fields for the zero order (TE0 ) and first order (TE1) for 
tion which employs a plurality of sensors. propagetion of these modes in a central region of high-

FIG. 6 illustrates another embodiment of the inven- est index of refraction that is between top and bottom 
tion which employs a plurality of sensors. regions of lower index of refraction. The field of the 

FIG. 7 illustrates a further embodiment of the inven- higher order mode extends more into the regions of 
tion which employs a temperature correction technique 40 lower refractive index -see Taylor et al., Proc. IEEE, 
in an integrated optical sensing device that has two 62, 1044 (1974).] As a result, its effective mode refrac-
branches. tive index changes with variations of the superstrate 

FIGS. SA and SB (FIG. SB being a cross-sectional index. Therefore, by interfering the lowest order wave-
through a section defined by arrows B-B in FIG. SA) guide mode with a higher order waveguide mode, very 
illustrates another form of an embodiment with temper- 45 small changes in the superstrate refractive index can be 
ature correction. detected. Since the different modes travels in the same 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT • 

Referring to FIG. 1, there is shown a diagram of an 50 
apparatus in accordance with an embodiment of the 
invention and which can be used to practice an embodi
ment of the method of the invention. A substrate 110 is 
provided, and has thereon an optical wave guiding 
layer 120 (see also FIGS. 2 and 3). The substrate may 55 
be, for example, a glassy material such as fused silica or 
a polymer layer. The waveguide layer 120 has a higher 
index of refraction than the substrate. The waveguide 
layer may be, for example, another glassy layer or poly
mer layer. The waveguide layer 120 may be deposited 60 
on the substrate, for example by sputtering (for a glassy 
layer) or by solution deposition (for a polymer layer). 
Alternatively, the waveguide layer may be form_ed in 
the substrate layer, such as by suitable doping of the 
surface thereof with a dopant that raises the index of 65 
refraction of the substrate material. In the present em
bodiment, a superstrate or cover layer 130 is deposited 
over the waveguide layer, the superstrate layer having 

waveguide, they see identical temperature effects and 
mechanical disturbances in the waveguide. The result is 
an interferometer that is sennsitive but exhibits stability 
in environments having temperature variations and/or 
mechanical disturbances. 

In the embodiment of FIG. 1, the described interfer-
ence will result in an output fringe pattern in the form of 
horizontal bars with sinusoidally varying intensity in 
the vertical direction. As the index of refraction of the 
superstrate changes, the pattern will change. The inten-
sity at a point (actually a small region) on the pattern 
can be observed using an optical fiber 145 (FIG. 1) 
having an aperture that is preferably small compared to 
the period of the fringe pattern. The fiber output is 
coupled of photodetector 150 whose output therefore 
varies with the refractive index of the superstrate and is 
accordingly indicative of the environment property 
being measured. The photodector output can be cou
pled to a suitable recorder, processor, and/or control 
circuit (not shown), consistent with the particular appli-
cation of monitoring and/or control for which that 
device is being used. [The same is true for other illus-
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trated embodiments.] It will be understood that alterna
tive means for measuring the fringe pattern, such as well 
known machine vision techniques, can also be em
ployed. 

The sensitivity of the described type of device can be 5 
illustrated by the following example. In a system 
wherein the indices of refraction of the substrate and 
waveguide layers are respectively ns= 1.515000 and 
np 1.600000, the superstrate index of refraction ne is as 
indicated below and the waveguide thickness is 5 mi- 10 
crons, the 0 order mode (lowest order) was calculated 
as being interfered with the 6th order mQde, and the 
relative phase change produced by a given change in 
the superstrate index of refraction was computed. The 
effective index for the two modes lleJJ(O order) and Ile// 15 
(6th order) for two different values of superstrate index 
ne are as follows: 
Ile= 1.550000 

erty). As before, the photodetector outputs can be re
corded and/ or processed as desired. 

FIG. 6 shows another embodiment which has a plu
rality of sensors, this embodiment having a single n
mode waveguide layer 620 on a substrate 610. Super
strates 630a, 630b . .. , in the form, for example, of chem-
ically selective coatings (or selected to detect any de
sired property or having particular sensitivities, as pre
viously noted) are deposited, or otherwise applied, on 
the waveguide layer. Each strip defines an interferome
ter channel. In this embodiment, light from a laser diode 
60S is injected into waveguide layer 620 and is colli
mated by a waveguide lens 6Sl. A mode selecting filter 
655 can be provided to eliminate unwanted modes. As is 
known in the art, an optical grating can be used for this 
purpose (see e.g. R. Ulrich "Efficiency of Optical Grat
ing Couplers'', Journal of The Optical Society of Amer
ic11, Vol. 63, No. 11, 1973). Photodetectors 6SO are pro-neff(O order)= 1.598949 

Ile//(6th order)= 1.550453 
Ile= 1.550010 
ne.tJ(O order)= 1.598949 
lle.tJ(6th order)= 1.550456 

20 vided, as in previous embodiments. In a form of this 
embodiment, each coating can exhibit a different ab
sorbtivity, absorption, or reactivity to a specific chemi
cal species and produces a spatially separated phase 

In this example, for a superstrate refractive index differ
ence of 1 X lQ-5, the effective index for the zero order 25 
mode does not change in the first six decimal places, 
while the effective index for the· 6th order mode 
changes by 3 X lQ-6. Assuming a free space wavelength 
of 0.6238 X lQ-4 cm and a path length of 2 cm, the 
resulting phase change, ii<f>, due to the effective index 30 
difference between the 6th order modes is 0.18 1T. In the 
case of an interferometer, the output intensity Ix as a 
function of phase difference is described by the follow
ing equation: 

pattern at the output of the multichannel interferometer 
that is representative of a particular chemical species or 
class of chemicals. Thus, for example, by comparing the 
interferometer outputs with a library of reference stan
dards, the chemical class or species maybe identified. 
Also, in all embodiments, small thickness changes in 
thin film thickness can appear as a refractive index 
change to a guiding beam, so a film thickness can be 
monitored. 

As previously described, problems of temperature 
sensitivity of an interferometric sensor have been re-

lx=(lof2) [l +COS(cj>+Acj>)] 35 duced by the devices and techniques set forth. How
ever, the coating itself may exhibit a temperature depen
dence that could introduce error. This effect can be 
reduced by using adjacent channels with identical coat-

where 10 is the maximum output intensity. For 
ii<f>=<f>0.18 TT, iilx =0.2610 for <f>=TT/2. In practice, 
phase differences of 0.064 1T are readily detected, and 
this corresponds to an index change of.the superstrate of 40 
only about 5 X lQ-6. Using active detection techniques, 
for example phase locked detection, the sensitivity can 
be increased substantially. 

Although the example pertains to interference be
tween two modes, it will be understood that interfer- 45 
ence between further modes, which also depend on the 
index of refraction being measured, can be used. Their 
effects can be determined empirically. Also, the mode 
selection can be employed in the design (as previously 
described) or can be modified using appropriate mode 50 
selection filtering, as described below. 

As above noted, the embodiment set forth has im
proved temperature stability, but it will be understood 
that large temperature excursions may cause the loss or 
addition of new waveguide modes that could affect 55 
sensor performance. 

Referring to FIG. S, there is shown an embodiment of 
the invention wherein a pluraity of waveguides with 
respective superstrates 130a and 130b (as in FIG. 
1-two of the plurality being labelled) are formed on 60 
the same substrate 110. Light is injected from a source 
such as one or more laser diodes SOS via optical fibers 
S01a, S01b. Output fibers S4Sa, S4Sb and photodetectors 
SSOa, SSOb are provided, as previously described, in 
conjunction with FIG. 1. The superstrates can be, for 65 
example, materials that have index of refracti<?n sensi
tivity to different substances (or properties) or different 
degrees of sensitivity to the same substance (or prop-

ings, one protected from interaction with the local envi
ronment and the other exposed. This is shown, for ex
ample, in FIG. 7 in which identical strips 730a and 730b 
are deposited on waveguide layer 720, which is on sub
strate 710. The strip 730a is protected from chemical 
interaction with the environment by the protective 
superstrate or cover 770. The output signals from the 
interfering optical beams beneath the two strips can be 
substracted to remove the temperature dependence of 
the film strips 730a and 730b. A two branch interferom
eter (e.g. operated single mode) in a Mach-Zehnder 
configuration could also take advantage of this feature 
for example by providing identical chemically selective 
coatings (narrow hatching-FIGS. SA and SB) over 
each branch SSl and SS2 (the branches preferably being 
of the same length) and protecting one of them from the 
environment with a protective superstrate. The super
strate is shown in broad hatching and, in the illustrated 
embodiment, covers most of the waveguide except the 
exposed coating. 

The invention has been described with reference to 
particular preferred embodiments, but variations within 
the spirit and scope if the invention will occur to those 
skilled in the art. For example, it will be understood that 
in embodiments where a plurality of channels are used, 
one or more suitable light sources can be used or shared, 
and one or more suitable photodetectors can also be 
used or shared, for example on a multiplexed basis. 

I claim: 
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1. A method for sensing a property of an environ

ment, comprising the steps of: 
comprises a material whose index of refraction varies 
with said substance. 

providing, in said environment, an optical waveguide 
layer between substrate and superstrate layers, said 
optical waveguide layer having .a higher refractive 
index than the refractive indices of said substrate 
and superstrate; 

8. Apparatus as defined by claim 7, wherein said 
means for injecting an optical beam into said waveguide 

5 layer includes a source of coherent light and optical 
fiber means for coupling said coherent light to said 
waveguide layer. 

injecting a light beam into said waveguide such that 
at least two modes of said beam propagate in said 
waveguide, the effective index of refraction for IO 
said modes of said beam being affected by said 
property; and 

generating an electrical signal representative of the 
interfering product of said at least two modes of 
said beam which have propagated through said 15 
waveguide; 

said signal being indicative of said property of the 
evironment. 

2. A method for sensing a substance in an environ
ment, comprising the steps of: 

providing an optical waveguide having a boundary 
with an index of refraction that depends on said 
substance in the environment; 

injecting a light beam into said waveguide such that 

20 

at least two modes of said beam propagate in said 25 
waveguide; 

9. Apparatus as defined by claim 8, wherein said 
means for detecting the beam output of said waveguide 
layer includes a photodetector and further fiber optical 
means to receive said optical beam output of said wave-
guide layer and couple said beam to said photodetector. 

10. A sensing system comprising a plurality of sensing 
apparatuses as defined by claim 9, wherein the respec
tive superstrate have different characteristics. 

11. The sensing system as defined by claim 10, 
wherein said substrate comprise a common substrate 
and said waveguide layers comprise a common wave
guide layer. 

12. A sensing system comprising a plurality of sensing 
apparatuses as defined by claims 7, wherein the respec
tive superstrate have different characteristics. 

13. The sensing as defined by claim 12, wherein said 
substrate comprise a common substrate and said wave
guide layers comprise a common waveguide layer. 

14. Apparatus as defined by claim 6, wherein said 
means for injecting an optical beam into said waveguide 
layer includes a source of coherent light and optical 
fiber means for coupling said coherent light to said 

generating an electrical signal representative of the 
interfering product of said at least two modes of 
said beam which have propagated through said 
waveguide; 30 waveguide layer. 

said signal being indicative of said substance. 15. Apparatus as defined by claim 14, wherein said 
means for detecting the beam output of said waveguide 
layer includes a photodetector and further fiber optical 
means to receive said optical beam output of said wave-

3. The method as defined by claim 2, further compris
ing providing a coating at said boundary, said coating 
having an index of refraction that is affected by said 
substance. 

4. The method as defined by claim 3, further compris
ing providing a plurality of said coatings at said bound
ary, said coatings having indices of refraction that are 
affected by said substance with different sensitivities. 

35 guide layer and couple said beam to said photodetector. 
16. A sensing system comprising a plurality of sensing 

apparatuses as defined by claim 6, wherein the respec
tive superstrates have different characteristics. 

5. The method as defined by claim 3, further compris- 40 
ing providing a plurality of said coatings at said bound
ary, said coatings having indices of refraction that are 
affected by different substances. 

6. Apparatus for sensing a property of an environ
ment, comprising: 

a susbtrate having an index of refraction ns; 
a waveguide layer having a surface adjacent said 

substrate, said waveguide layer having an index of 
refraction n1that is greater than ns; 

45 

a superstrate adjacent the opposing surface of said 50 
waveguide layer, said superstrate having an index 
of refraction nc that is less than Ilfi the index of 
refraction of said superstrate being affected by said 
environment; 

means for injecting an optical beam into said wave- 55 
guide layer such that at least two modes of said 
beam propagate in said waveguide layer; and 

17. The sensing system as defined by claim 16, 
wherein said substrate comprise a common substrate 
and said waveguide layers comprise a common wave
guide layer. 

18. Apparatus for sensing the presence of a substance 
in an environment, comprising: 

a pair of optical waveguide sections in said environ
ment; 

a coating on each of said waveguide sections, each of 
said coatings having an index of refraction that 
changes when it is exposed to said substance; 

a protective covering on one of said coatings such 
that said one coating is protected from exposure to 
the environment and the other coating is exposed 
to said environment; 

means for injecting optical beams into said optical 
waveguide sections; and 

means responsive to the combined beam outputs for 
sensing said substance. 

means for detecting the interfering product of said at 
least two modes of said beam which have propa
gated through said waveguide. 

7. An apparatus as defined by claim 6 for sensing a 
substance in said environment, wherein said superstrate 

19. Apparatus as defined by claim 18, wherein said 
means responsive to the combined beam outputs com-

60 prises means for substracting the respective outputs of 
said optical waveguide sections. 

* • • • • 

65 


