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MULTI-CAVITY FABRY—PEROT

INTERFEROMETRIC THIN-FILM SENSOR

WITH BUILT-IN TEMPERATURE

COMPENSATION

CROSS-REFERENCE TO RELATED

APPLICATIONS

This application claims benefit of priority of US. Provi-

sional Patent Application Ser. No. 60/739,008, filed Nov. 23,

2005, which is hereby fully incorporated by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention generally relates to fiber optic sen-

sors and, more particularly, to temperature compensation of

fiber optic sensors employing self-assembled thin films.

2. Description of the Prior Art

There has been much recent interest in fiber-optic devices

using so-called self-assembled multi-layer thin films. These

sensors using self-assembled multi-layer thin films function

by reflecting or scattering light to the cladding which is

formed ofthe self-assembled thin films (which are easily and

rapidly formed with excellent uniformity and repeatability by

alternate immersion in any of a wide variety of cationic and

anionic solutions at room temperature) and sensing is accom-

plished by detection ofchange in transmitted or reflected light

due to changes in the optical thickness of a coating such as

cladding. (Optical thickness is a function ofactual or physical

thickness; differing therefrom by a factor which is the index

of refraction of the material.) Therefore, such sensors are

particularly well-adapted to detection of the presence of

chemical and biological materials in the environment of the

sensor which may be absorbed, adsorbed or otherwise bound,

possibly selectively, to or in the coating which thus changes

the physical and/or optical thickness ofthe coating, leading to

many potential applications in medicine, biotechnology and

national security for detection of, for example, DNA hybrid-

ization or bacteria detection or even for the study of self-

assembled thin-films themselves and their formation. Such

sensing and/or measurement using sensors including self-

assembled multi-layer thin films is more rapid than other

material detection techniques and the signals produced by

such sensors are stable with high visibility. By the same

token, however, these mechanisms providing high sensitivity

to the optical thickness of thin films (which also makes such

sensors useful for the study ofthe thin films themselves) also

provide high sensitivity to temperature changes which may be

useful for temperature measurements but may be a source of

error for other parameters of interest such as the presence of

particular materials. The existence of such a potential source

of error compromises both sensitivity and specificity of the

sensor and, indeed, it has been necessary in some applications

to increase the concentration of a material for it to be reliably

detected.

Within the area ofbiological material detectors, it is known

to use labels (e.g. fluorescence) forparticular materials. How-

ever, the use ofsuch labels may interfere with a process being

monitored, such as the evolution ofa material during a chemi-

cal reaction, in ways which may not be predictable and, in any

event, detection of a label, at best, provides only an indirect

measurement ofthe parameter of interest. Therefore, there is

interest in developing sensors for chemical and biological

materials which do not require use of a label, referred to as

label-free detection.
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SUMMARY OF THE INVENTION

It is therefore an object of the present invention to provide

a thin-film fiber-optic sensor having built-in temperature

compensation.

It is another object of the invention to provide a sensitive

detector for the presence of selected materials which does not

require labeling of the selected material.

In order to accomplish these and other objects ofthe inven-

tion, a multi-cavity Fabry-Perot (FP) structure is provided in

the fiber-optic structure forming the thin-film sensor. Such a

multi-cavity FP structure has at least three reflecting surfaces

and can be arranged such that the dimensions of the cavities

and thus the distance between reflecting surfaces will vary

with temperature while one of the surfaces at the end of the

fiber-optic element can have a thin film formed thereon in

accordance with a material or parameter of interest. The tem-

perature compensation capability can be enhanced by selec-

tion of different cavity materials and may preferably be

applied by extraction of temperature information from the

cavities multiplexed (e.g. by time or wavelength) with

extracting of information from the thin film or calibrating the

sensor in regard to temperature using a separate sensor.

In accordance with one aspect of the invention, a sensor

and sensor system providing temperature compensation for a

measurement of an optical thickness of a film are provided

including a sensor comprising at least three partially reflect-

ing surfaces defining at least first and second Fabry-Perot

cavities exhibiting different indices of refraction, one of the

partially reflecting surfaces being at an end of the sensor and

including a surface associated with the second Fabry-Perot

cavity for supporting a film, the optical thickness ofwhich is

to be measured wherein temperature information is indepen-

dently provided by the first Fabry-Perot cavity for tempera-

ture compensation of measurements made using an interfer-

ence spectrum produced by the second Fabry-Perot cavity

and/or a combination of the first and second Fabry-Perot

cavities.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, aspects and advantages

will be better understood from the following detailed descrip-

tion of a preferred embodiment of the invention with refer-

ence to the drawings, in which:

FIGS. 1A and 1B are generalized schematic diagrams of a

multi-cavity FP interferometric sensor (MFPI) system and an

MFPI sensor, respectively, in accordance with the invention,

FIG. 2 is a graphical depiction of changes in air cavity

thickness to the fiber cavity optical thickness of a MFPI

sensor over a temperature range of00 to 100° Centigrade, and

FIG. 3 is a graphical depiction of changes in optical thick-

ness of a fiber/film cavity over the same temperature range as

in FIG. 2, establishing the capability of the invention to pro-

vide substantially complete temperature compensation.

DETAILED DESCRIPTION OF A PREFERRED

EMBODIMENT OF THE INVENTION

Referring now to the drawings, and more particularly to

FIGS. 1A and 1B, there is schematically shown a multi-cavity

Fabry-Perot interferometric (MFPI) sensor in accordance

with a preferred embodiment of the invention. The MFPI

sensor is distinguished by its simplicity, small size, high

sensitivity, low cost and capability of measurement of ultra-

thin films. Such thin films are normally characterizedby x-ray

scattering, near-field scanning optical microscopy, atomic
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force microscopy and other complex and costly laboratory

techniques. However, since the changes in optical cavity

length induced by the thermo-optic effect and thermal expan-

sion have significant influence on measurement accuracy

using MFPI sensors, it is necessary to introduce temperature

compensation in order to perform high accuracy measure-

ments at varying temperatures. The overall system shown in

FIG. 1A is similar to some known systems and preferably

includes a MFPI sensor 20, significant details of which are

illustrated in FIG. 1B and discussed below, an index matching

arrangement 30, a fiber optic coupler 40, a light source and

light detector arrangement for directing light into the optical

fiber coupler 40 and detecting light reflected by the sensor 20

through optical fiber 70 and some form of output device 60

such as a computer or terminal. All of these elements are

known in numerous forms to those skilled in the art and

details thereofare not critical to the successful practice ofthe

invention.

Elements of sensor 20 which are important to the practice

ofthe invention are shown in FIG. 1B. A key to the invention

is that the sensor should have at least three semi-reflecting

surfaces 110, 120 and 130 which are preferably formed by an

abrupt change in index ofrefraction ofthe materials on either

side of a preferably planar interface at each ofthose locations

but such interfaces can be formed in many ways and with

many different materials as will be evident to those skilled in

the art. These partially reflecting surfaces define regions 125,

135, referred to as cavities and do not necessarily require that

any such cavity be formed as an air gap although an air gap is

considered preferable for cavity 135 for at least simplicity of

manufacture and to allow freedom of choice of material and

its coeflicient of thermal expansion (CTE) for the structure

establishing the air gap such as a capillary tube.

Generally, Fabry-Perot interferometric (FPI) sensors are

designed as single cavity sensors. A simple, low-finesse FP

cavity can be directly formed by the cleaved end faces of the

lead in fiber (e.g. 70 and a reflection fiber, the fibers being

spaced from each other by bonding to silica capillary tubing

such as is schematically indicated by the annular region 140

in FIG. 1B. The reflection from the far end of the reflection

fiber is generally minimized so that multiple interferences are

reduced and, effectively, only one cavity is presented.

In contrast, in a MFPI sensor in accordance with the

present invention, the reflection fiber is short so that the

reflection from the far end ofthe reflection fiber is strong and

at least two cavities 125, 135 defined by three partially reflect-

ing surfaces are presented. While it is preferred to use a

reflecting fiber to form one of the FP cavities, it should be

understood that a thin film ofinterest can also form an extrin-

sic FP cavity if the wavelength of the probe light is compa-

rable to the film thickness, usually in a micrometer or sub-

micrometer range. In either case, the optical thickness of the

film can be measured by monitoring reflection power. The

combination of cavities 125 and 135 also effectively presents

a third cavity and thus each of three possible pairs of reflect-

ing surfaces (e.g. 110-120, 120-130 and 110-130) will cause

a distinctive interference pattern yielding a reflection spec-

trum due to the multiple interferences resulting from a mul-

ticavity sensor 20. Moreover, any change in any the cavities

such as a change in dimensions or adsorption of thin films

(e. g. 150) will change the reflection spectrum. Thus it is

possible to measure the thickness ofthin films during such an

adsorption process such as polymer self-assembly and immu-

nosensing.

The thin film sensing is based on the measurement of

optical thickness changes of the fiber-film cavity caused by

the adsorption oftarget molecules. The adsorbed thin film can
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be estimated as an extension of the fiber cavity 125 when the

refractive index of the film is close to the refractive index of

the reflection fiber (and the material of the reflection fiber

chosen accordingly). High sensitivity can be achieved due to

the intrinsic nature ofFF interferometry and measurements to

0.1 nm have been achieved. However, the optical thickness of

the fiber cavity is also highly dependent on the environment

temperature due to the thermo-optic effect and thermal

expansion. The change in the optical thickness of the fiber

cavity 125 can be expressed as

A(nd)f =Anf-df+Adf-nf (l)

= (InAT-df +llddeT-nf+

= afnfdeT

where G." is the thermo-optic coeflicient, ad is the thermal

expansion coefficient, af:(xn/nf+otd is the effective tempera-

ture coeflicient. For fused silica corresponding coeflicients

values are 0t":l.0><105/° C., ad:5.5><10'7/° C., and af:7.4><

10'6/O C. (nf:l .457, A:0.633 nm). It is seen that the thermo-

optic effect is the dominant noise factor in the optical thick-

ness measurement and is more than ten times larger than the

effect of the thermal expansion. Therefore any non-linearity

ofthe thermal expansion effect can be neglected in the above

equations. However, it is also clear from the above analysis

that any variation in the environmental temperature will affect

the accuracy of the thin-film measurement. In particular,

when the fiber cavity is longer, the absolute change in optical

thickness will be correspondingly greater and more sensitive

to temperature variation. For example, for an MFPI sensor

with a 100 um fiber cavity, the variation in optical thickness

over a 100° C. temperature excursion for an uncompensated

sensor is approximately 100 nm which is far too large for

accurate thin film measurement. While this variation in opti-

cal thickness with temperature can be reduced by using a

shorter reflection fiber, as is preferred but achieved only with

substantially increased difficulty, the shortest practically

achieved reflection fibers will still compromise measurement

accuracy.

The length of the air cavity also changes with temperature

due to expansion of the preferably silica capillary tube 140.

Therefore, it is possible to compensate the temperature

dependence of the fiber cavity by extracting temperature

information from the air cavity independently of other cavi-

ties. The change in thickness/length of the air cavity with

temperature can be estimated as

Ada:(adAT+[SdAT2)da (2)

where (X01+ and [3 d are the thermal expansion coefficients ofthe

capillary tube and da is the thickness ofthe air cavity. Here the

non-linearity of the thermal expansion effect is preferably

considered for better fitting.

It can also be appreciated from this latter equation (2) that

the temperature sensitivity is related to the thermal expansion

coeflicients and the thickness ofthe air cavity. Due to the low

thermal expansion coeflicient of silica, a longer air cavity is

preferred for temperature measurement. However, the visibil-

ity ofthe interference fringes will be impairedby the coupling

loss from a long air cavity. Thus the optimum thickness ofthe

air cavity is considered to be approximately 100 um.

It is easier to calculate the lengths of the air cavity and the

fiber cavity from the resulting interference patterns ifthey can

be separated in the frequency domain, which is similar to the
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demodulation of a frequency-based multiplexed sensor.

Therefore, the optical length of the fiber cavity can be fabri-

cated several times longer than the air cavity and interference

patterns observed at different wavelengths, preferably pro-

portional to the ratio ofcavity lengths. Exemplary dimensions

which have been successfully used experimentally are an air

cavity length of 133 um and a fiber cavity optical length of

242 pm in a MFPI sensor which was fabricated by fusion

splicing a silica capillary tube between the lead-in and reflec-

tion fibers as described above.

The ability to provide substantially complete temperature

compensation in accordance with the invention as described

above has been experimentally verified using system appara-

tus substantially as shown in FIG. 1A, described above. The

reflection spectrum ofthe sensor was monitored by a compo-

nent testing system (CTS) and analyzed using a personal

computer. The tunable laser of the CTS was coupled into the

sensor and the reflection signal was routed back to the CTS

detector through the same coupler (e.g. 40). The laser wave-

length range was 1520 to 1570 nm with an accuracy of 1 pm.

Multiple beam interference from the MFPI sensor as

described above, can be evaluated by matrix formalism. The

reflectance for the multicavity sensor is

R1 + R2 + R3 + R1R2R3 — 2x/R1R2 (R3 +1)cos(2,82)— (3)

1+ R1R2 + R2R3 + R1R3 —2\/ R1R2 (R3 +1)c08(2,32)-

21/R2R3 (R1 +1)cos(2,83)+ Zx/R1R3 cosZ(,32 +,33) +

2%(R1 +1)cos(2,83)+ 2x/R1R3 coSZ(,32 + £33) +

2x/ R1R3 R26052(,32 - ,33)

 R:

 

where R1, R2 and R3 are the reflection coeflicients of the

interfaces/surfaces 110, 120, 130, respectively, and [32 and [33

are the phase shifts ofthe air and fiber cavities as set out in the

above-incorporated US. Provisional PatentApplication or by

other computational techniques of fitting the reflection spec-

trum observed with the theoretical model. By doing so, the

cavity length canbe demodulatedwithup to 0.1 nm resolution

(which is limited by the CTS) which corresponds to 2° C.

temperature resolution.

The sensor was first calibrated in an environmental cham-

ber and the relative changes in air cavity thickness and fiber

cavity optical thickness are graphically depicted in FIG. 2,

which can be fit to a polynomial. The air cavity 135 thickness

depends on the thermal expansion of the silica tube but is

independent of and decoupled from any adsorption or other

thin film at the end surface ofthe sensor at the end ofthe fiber

cavity 125. Therefore, temperature information can be inde-

pendently extracted from the air cavity and used to compen-

sate thermo-optic and thermal expansion effects of tempera-

ture on the fiber cavity.

An experimental measurement of film thickness was per-

formed with a self-assembled film measured to be 86 nmthick

at room temperature (25° C.) by comparing the fiber film

cavity with the bare fiber cavity. Since the film is much

thinner than the fiber cavity, any variation in the environmen-

tal temperature will affect measurement accuracy in the thin-

film measurement due to the thermal effects on the fiber

cavity. As shown in FIG. 3, the optical thickness of the fiber-

film cavity changes more than 150 nm (nearly twice the film

thickness in this case) over the temperature range from 0° to

100° C. although the changes are principally due to the

thermo-optic effect and thermal expansion ofthe fiber cavity
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125, itself, which make the measurement ofan ultra-thin film

diflicult under conditions oftemperature variation. However,

as also shown in FIG. 3, these changes may be subtracted by

introducing the temperature information derived from the air

cavity 135. After compensation in this manner, the film thick-

ness was measured to be 8712 nm over the entire temperature

range (n:1.54). Some component of even this very slight

variation in the measurement data after compensation may

come from thickness changes in the thin film due to tempera-

ture (note the slight upward trend in the measurement with

temperature) and/or relative humidity variations.

In view ofthe foregoing, it is clearly seen that substantially

full temperature compensation of a sensor is provided which

is applicable to sensors using multi-layer self-assembling

films which have properties favoring applications to chemical

and biological material detection as well as providing a sensor

for the study of properties of thin films themselves and their

formation and under a wide range of environmental tempera-

tures. Further, the sensor provides highly sensitive detection

of selected materials, even at low concentrations and without

a need for labeling materials of interest.

While the invention has been described in terms ofa single

preferred embodiment, those skilled in the art will recognize

that the invention can be practiced with modification within

the spirit and scope of the appended claims.

The invention claimed is:

1 . A sensor providing temperature compensation for a mea-

surement of an optical thickness of a film, said sensor com-

prising at least three partially reflecting surfaces defining at

least first and second Fabry-Perot cavities exhibiting different

indices of refraction, one of said partially reflecting surfaces

being at an end of said sensor and including a surface asso-

ciated with said second Fabry-Perot cavity for supporting a

film, the optical thickness ofwhich is to be measured, wherein

temperature information is independently provided by said

first Fabry-Perot cavity for temperature compensation mea-

surements made using an interference spectrum produced by

said second Fabry-Perot cavity and/or a combination of said

first and second Fabry-Perot cavities.

2. A sensor as recited in claim 1, wherein said second

Fabry-Perot cavity comprises a reflection fiber.

3. A sensor as recited in claim 1, wherein said second

Fabry-Perot cavity consists of a thin film.

4. A sensor as recited in claim 1, wherein said interference

spectrum is obtained for each or said first and second Fabry-

Perot cavities by time multiplexing.

5. A sensor as recited in claim 1, wherein said interference

spectrum is obtained for each or said first and second Fabry-

perot cavities by wavelength multiplexing.

6. A sensor as recited in claim 1, wherein said first Fabry-

Perot cavity is an air cavity.

7. A sensor as recited in claim 6, wherein said air cavity is

defined between a lead-in fiber and a reflection fiber by a silic

capillary tube.

8. A sensor as defined in claim 1, wherein said second

Fabry-Perot cavity is longer than said first Fabry-Perot cavity.

9. A sensor as recited in claim 1, wherein said film is a

multi-layer self-assembled film.

10. A sensor system providing temperature compensation

for a measurement of an optical thickness of a film, said

sensor system comprising a sensor having at least three par-

tially reflecting surfaces defining at least first and second

Fabry-Perot cavities exhibiting different indices ofrefraction,

one of said partially reflecting surfaces being at an end of said

sensor and including a surface associated with said second

Fabry-Perot cavity for supporting a film, the optical thickness

ofwhich is to be measured, wherein temperature information



US 7,495,772 B2

7

is independently provided by said first Fabry-Perot cavity for

temperature compensation of measurements made using an

interference spectrum produced by said second Fabry-Perot

cavity and/or a combination of said first and second Fabry-

Perot cavities.

11. A sensor system providing temperature compensation

for a measurement of an optical thickness of a film, said

sensor system comprising a sensor having at least three par-

tially reflecting surfaces defining at least first and second

Fabry-Perot cavities exhibiting different indices ofrefraction,

one of said partially reflecting surfaces being at an end of said

sensor and including a surface associated with said second

Fabry-Perot cavity for supporting a film, the optical thickness

ofwhich is to be measured, wherein said second Fabry-Perot

cavity comprises a reflection fiber and a calibrated change in

length of said second Fabry-Perot cavity corresponding to

said temperature information is subtracted from a measured

optical length of said second Fabry-Perot cavity.

12. A sensor system as recited in claim 10, wherein said

second Fabry-Perot cavity consists of a thin film.

13. A sensor system as recited in claim 10, wherein said

interference spectrum is obtained for each or said first and

second Fabry-Perot cavities by time multiplexing.
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14. A sensor system as recited in claim 10, wherein said

interference spectrum is obtained fore each or said first and

second Fabry-perot cavities by wavelength multiplexing.

15. A sensory system as recited in claim 10, wherein said

first Fabry-Perot cavity is an air cavity.

16. A sensor system as recited in claim 15, wherein said air

cavity is defined between a lead-in fiber and a reflection fiber

by a silic capillary tube.

17. A sensory system as defined in claim 10, wherein said

second Fabry-Perot cavity is longer than said first Fabry-

Perot cavity.

18. A sensor system as recited in claim 10, wherein said

film is a multi-layer self-assembled film.

19. A sensor system as recited in claim 11, wherein said

first Fabry-Perot cavity is an air cavity.

20. A sensor system as recited in claim 19, wherein said air

cavity is defined between a lead-in fiber and a reflection fiber

by a silica capillary tube.


