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ABSTRACT

A new design for a miniature Fabry-Perot Interferometer (FPI) mounted on the tip of an optical fiber for sensing
applications is presented. The Fabry-Perot Cavity (FPC) is formed by a micromachined corrugated silicon diaphragm
anodically bonded to a pyrex substrate. In this way, this device takes advantage of the sensitivity and selectivity of an
optical interferometer combined with the small size, lightweight and EMI immunity properties of optical fibers to create
compact, lightweight and almost entirely dielectric sensors for the measurement of pressure, acceleration, sound, electric
and magnetic field, etc. in remote, dangerous or inaccessible places. A discussion on the operation and fabrication of the
FPC is given, along with experimental results obtained in its application as an electric field sensor.

INTRODUCTION

Since the reflectivity (or transmissivity) in a FPI is a unique function of the mirror separation, the medium’s re-
fractive index, and the wavelength of operation, it is possible to use it as a sensitive and selective transducer for a
variety of physical measurands. Thus, by changing the cavity gap by the action of an external agent such as pressure
or temperature, while keeping the other parameters constant, it is possible to obtain a shift in the fringe spectrum of
the cavity. In the present case, this function is accomplished by a deformable, thin and corrugated silicon diaphragm.
Therefore, under the influence of an external measurand, the central portion of said diaphragm (which acts as a cavity
mirror) deflects, effectively changing the gap size and with it the intensity of the light reflected or transmitted by the
cavity. Furthermore, the use of a corrugated diaphragm has also the advantage of increasing the range of linear deflection,
improve the parallelism between the cavity mirrors as well as isolate the cavity from case stresses.

Several FPI utilizing thin Si diaphragms have been described in the past [1-5]. Most of them were used either as
narrow band-pass filters for WDM applications in fiber optic systems, or as pressure transducers. Furthermore, fiber
optic sensors based on modulating the backreflected light coming from a FPI attached to them have been investigated [6].
Sensors for the measurement of pressure [7-9], temperature [10] and refractive index [11] have been successfully developed.
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There are two basic types of operation for these sensors depending on the size of the cavity gap [12]. Large-cavity
sensors (> Hum) have a multi-cycle operation and thus rely on fringe counting techniques for the determination of the
measurand. And short-cavity sensors (< 5 um) having a spectral width comparable to a single fringe. Thus, any shifts
of the resonance peak can be directly related to the magnitude of the parameter of interest. Obviously, the former type
experience large mirror separations of the order of several um, while the latter require displacements of less than a um.
The FPC used in this work is of the shallow-cavity type because its compatibility with a simpler detection scheme as
opposed to the cumbersome and ambiguous fringe counting circuits associated with a large-cavity FPIL.

Fig. 1 depicts the Fabry-Perot cavity (FPC) design. The cavity is formed by a suspended, thin and corrugated silicon
diaphragm bonded to a glass substrate. A metallic film on the surface of the silicon diaphragm acts as one of the cavity
mirrors, while a thin, partially transmitting, aluminum film on the substrate constitutes the other. The structure is
mounted on the tip of a 100/140 ym multimode optical fiber onto which a GRIN lens has been previously attached (see
Fig. 2).

The operation of a fiber sensor using one such FPI is very simple. As the gap separation in the cavity changes under
the influence of the measurand, the intensity of the backreflected light into the fiber changes accordingly. The spectral
shift of the interferometer peak can be interrogated using an LED which translates the cavity’s shifts into intensity
variations of the LED light spectrum, thus yielding a spectrally modulated envelope. To make the sensor immune to
variations in light intensity due to bending or transmission losses, as well as any possible degradation of the light source,
a dual-wavelength referencing technique is used (see Fig. 3). In this fashion, two specific wavelengths are selected out of
the LED’s broad spectrum by narrow bandpass optical filters, and their intensities are measured using optical detectors.
The magnitude of the measurand is thus related to a change in the intensity ratio at these two wavelengths.

Next, we will discuss the operation and fabrication of the FPI used in this work, along with a summary of the results
obtained in its implementation as a fiber-optic electric field sensor.

ANALYSIS OF OPERATION

o The Fabry-Perol Interferometer

A FPI is an optical resonator cavity consisting of two, partially transmitting, parallel mirrors separated a distance
d (see Fig. 4). When a collimated, monochromatic, beam of light I is incident upon the cavity at an angle 6, a series
of multiple reflections of the transmitted beam will take place within the cavity. Outside the cavity, a series of beams
of diminishing amplitudes emerge on each side of the mirrors. These output beams interfere constructively with one
another, resulting in a net reflected light intensity I, in the direction of the light source, and a net transmitted intensity
I;, directed away from the source. The ratio of the reflected intensity *to the incident intensity can be obtained by the
superposition of the fields for each beam, which results in [13]:

I _ (VR — VR2)? + 4/RiRysin’($) (1.1)
Iy~ (1- VRiR:)? + 4V/RiRysin’(%) '

where R; and R, are the mirror reflectivities, and é is the phase difference between two successive beams:

§= 4T‘”nclcosﬂ (1.2)

*Since our sensor design is based on the reflected intensity, we will focus our attention on I, alone. However, a similar analysis can be
made for the case of I;.
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where n is the index of refraction of the medium between the mirrors, d is the cavity spacing, 8 the incidence angle, and
A the wavelength of the light in vacuum.

The behavior of ﬁ- as a function of phase difference 6 is shown for different values of R = /R R, in Fig. 5. The
spectrum consists of a series of resonant reflection peaks that occur whenever the cavity spacing equals an integer multiple
of % of the incident light. Hence, according to eq. 1.1, I, will be a maximum whenever § = m% with m = 1,2,3, ..., and
a minimum whenever § = mwx. The parameter m is known as the interference order and is an indication of how many
fringes have occurred from a zero cavity spacing up to a spacing d. It is defined by:

2nd cos @
A
Notice from Fig. 5 that the reflection peaks are more pronounced and narrower whenever R is large, while they
become broad and almost sinusoidal in shape for small R. Furthermore, High values of R result in peaks with a greater
modulation depth, as opposed to cavities with low values of R. The modulation depth or contrast c is a measure of the
ratio between the maximum and the minimum reflected intensities as given below:

(1.3)

_5 _
m-21r_

_ Irmar _ <1+\/R1R2)2 (1.4)
Irmin 1- Vv R1R2 '
The separation between peaks, AJ, is known as the free spectral range (FSR) of the cavity, and is given by:
,\2
Ar= 2nd cos § (1.5)

Each peak possesses a bandwidth, AAy, at full width half maximum (FWHM) of:

1—\/Rl_R§)

AX :
2(R1 Rz)T

22 <
= —— arccos
™m

(1.6)

1
2

It is important to note that the width of the peaks depends only upon R, while their position is determined by the
mirror separation d and A. Therefore, both the spectral range and the bandwidth can be tailored independently of each
other. The ratio between A\ and A/\% is known as the Finesse, F, of the cavity.

Since the cavity design employs semi-reflective metallic coatings for mirrors, which inevitably absorb light, the ex-
pression for I, is no longer accurate and has to be modified to take into account the effects of mirror absorption and the
phase retardations incurred upon reflection. The modified expression for I has the form [14]:

_ 4R
I (VR gVRa) + 49V RiRysin? ((Lea=plior)

- = (1.7)
Iy (1 — VR R3)? + 4/R1 Ry sin® (ML)
with
g= ‘Rl exp"("f"""f) +T exp""‘”’“. (1.8)

where g is a parameter that represents the amount of light not absorbed by the front mirror (1-A); ¢ft is the phase
change upon reflection from the front mirror for a beam traveling away from the source; #% is the phase change upon
reflection from mirror 1, for a beam traveling towards the source; ¢ is the phase change upon reflection from the rear
mirror, and ¢7 is the phase change introduced upon crossing the first mirror. These parameters can be computed using
the following expressions [13]:
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of = arctan( 2k At nglass ) (1.9)

2 2 _ 2
Al + kAI nglau

2kAI Nair
#L = arctan ( ) (1.10)
! nk + k4, -l
¢2 = ¢ (1.11)
ST = Oass—ai + Ohiair + Bai (1.12)
- k i 2 t
= arctan (#) + arctan ( 3 Alznaxr ) + Tnaitai (113)
Nglass + N Al ny, + kA,nAInair A

where n and k are the refractive index and extinction coefficient, respectively, for a given medium (aluminum film, glass
or air). The effect of these additional phase terms is equivalent to an increase -g% in the optical spacing of the cavity. In
addition, the maxima of the spectrum will decrease due to the absorption in the metal films.

o Deflection of a Corrugaled Diaphragm

Since a corrugated Si diaphragm is used to transduce the measurand of interest into a mechanical deflection which
subsequently will change the gap separation of the FPC, it becomes necessary to discuss the behavior of flat and corru-
gated diaphragms both in the linear and nonlinear regimes.

A diaphragm may be viewed as a spring element which deflects by the application of a load. The resistance to loading
is due to bending, tensile forces, and pre-stresses in the diaphragm. The deflection at the center of a flat circular plate
is given as [15]:

Pa* 16 y 8 y\3
e _ z — (2 1.14

E 3(1—1/2)(t)+3(1-1/2)(t) (1.14)
where P is the applied pressure, y the deflection, ¢t the diaphragm thickness, a the diaphragm radius, E is Young’s
modulus and v is Poisson’s ratio.

Notice that Eq. 1.14 has both a linear and a nonlinear deflection terms. When the applied load is entirely supported
by bending, the resulting deflection is linear. If, on the other hand, a portion of the applied load is resisted by a restoring
force caused by stretching of the diaphragm, then the center deflection becomes nonlinear. The nonlinear behavior is
noticeable in thin plates for which, when the deflection is larger than about half the thickness, the middle surface be-
comes appreciably strained giving rise to tension forces in the diaphragm. Furthermore, the deflection of flat diaphragms
1s not uniform across its radius, but rather the medium plane changes into the shape of a surface of revolution with
characteristically defined inflection points.

In order to obtain a linear response for a greater range of deflection, a series of corrugations are incorporated on
the surface of the diaphragm. A corrugated diaphragm is made by forming concentric convolutions or corrugations on
the plane of a thin flat plate. The profile of the corrugations has little influence on the performance characteristics of
the diaphragm and may even have different shapes such as sinusoidal, trapezoidal, triangular, rectangular or toroidal.
However, the stiffness and the range of linear deflection may be altered by the depth and number of the corrugations.

In general, the introduction of corrugations increases the range of linear deflection at the expense of increasing con-
siderably the rigidity of the diaphragm. Therefore, in order to obtain a deflection comparable to an equivalent flat
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diaphragm (same thickness, material and radius), an increase in the applied load will be necessary. However, if the
deflection of a flat diaphragm is compared to that of a corrugated one of the same flexibility (not necessarily the same
radius or thickness) the corrugated one displays a greater range of linear deflection.

The load-deflection relation for a corrugated diaphragm is given as [16]:

Pa* y ¥\3
5 =4 (1) +5 (7) (115)
with
2 3 1
4, = (¢+ )(q2+ ) (1.16)
3(1 - %;
32 (l 3-v )
B, = —\|z-7—7——— 1.17
Ao A ey (10
and for sinusoidal corrugations
s H?
q= (7) l+—ﬁ- (1.18)
where E' = lfy and ¢ is the corrugation quality factor, H the corrugation depth, s the corrugation arc length and

! the spatial period (see Fig. 6). The value of q is a figure of merit that determines the deflection characteristics of
the diaphragm. A high value of ¢ implies a long range of linear displacement, as well as a high rigidity. Low values of
¢ indicate a performance approaching that of a flat diaphragm for which ¢ = 1. Furthermore, for the case of shallow
corrugations, the corrugation period [ has little effect since § =~ 1.

At times it is desirable to have a small flat region, or center boss, in the diaphragm. This is particularly useful
in structures like actuators and movable mirrors (as with the present case). Small deflections of a bossed, corrugated,
diaphragm were developed by Haringx [17] who expressed them as follows:

3Pa?

y

with

__81-r% 8gr*(1—ri~1)(1-r?%) s
T @I+ (1 S (g-1D(g-3)(Q-r)(1- rzq)) (1) (1.20)

where r is the boss to diaphragm radius ratio (Rp/a). The parameter ¢ is known as the coefficient of reduction and phys-
ically represents the stiffening that a comparable flat diaphragm has acquired by the introduction of corrugations. In
other words, the magnitude of ¢ ranges from one to zero. Hence, diaphragms with large inner rims and deep corrugations
are extremely rigid. Conversely, smaller inner rims combined with shallow corrugations result in more flexible diaphragms.

Corrugated silicon diaphragms have been successfully fabricated and used in applications such as pressure sensors,
micro-actuators and interferometers [18,19]. Typically, corrugations have been produced by etching grooves in the surface
of a silicon wafer and then diffusing an etch-stop. The process is completed when the corrugations are defined by a deep
etching on the opposite side of the wafer.
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e Dynamic Response

The principal factors which govern the dynamic response characteristics of the sensor are the stiffness of the di-
aphragm, and the stiffness and damping resistance of the air-filled space inside the FPC.

When the diaphragm deflects it sets in motion the thin film of air inside the cavity. This airflow introduces forces that
modify the mechanical stiffness and resistance coeflicients of the cavity, which control the response of the transducer.
This situation is very similar to that encountered in a condenser microphone. Therefore, the theory behind the dynamic
properties of thin air films have been previously investigated to asses their impact on the performance of condenser
microphones [20].

As the sensor’s diaphragm moves, air is forced radially out of the cavity T resulting in a resistive force (due to the
viscosity of the air) which opposes the motion of the diaphragm. In addition, there is a simple compression of the
entrapped air which results in an elastic restoring force on the diaphragm. At very low frequencies, the air is able to
flow out of the gap, and consequently the dominant mechanism is due to frictional forces introduced by the large airflow
while the elastic forces due to air compression are negligible. Conversely, at high frequencies, there is little flow and
hence larger compressive forces, while the resistive forces are minimal. The frequency-dependent magnitudes of the total
damping resistance c, and stiffness k, of the air film can be calculated from the following expressions [20]:

_ 2maP, [bei(aa) bei'(aa) + ber(aa) ber'(aa)
W) = wad [ ber?(aa) + bei?(aa) (1.21)
_ md’P, 2 ber(aa) bei'(aa) — ber’(aa) bei(aa)
ka(w) = —3 [1 " aa ber?(aa) + bei2(aa) ] (1.22)
with
12vw

where P, is the atmospheric pressure, a is the radius of the diaphragm, d the cavity spacing, and v the air viscosity. As
before, for frequencies near zero K, vanishes, while ¢ simplifies to the following:

3 mva?

‘TTs

The actual response of the sensor is obtained by modeling it as a second-order system with frequency-dependent

damping and stiffness. In this fashion, when a force F'cos(wt) acts on the diaphragm, the resulting displacement can be
determined from the equation of motion for the system that is,

(1.24)

mi + ¢z + (kq + ka) = F cos(wt) (1.25)

where kg4 is the stiffness of the diaphragm. The net displacement amplitude X can be obtained by solving Eq. 2.95,
obtaining the following expression [21]:

F
T {(ka + ka) = mw?} + jew

X (1.26)

tThis airflow is free to escape the cavity through a series of minute vent holes provided on the rim area of the diaphragm. The vent
holes are also used to maintain the cavity at atmospheric pressure, thus avoiding any pressure differentials from introducing any errors on the
measurements, except in the case of a pressure transducer where their use might be precluded.
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Under static conditions (w = 0), k4 is negligible and, although the airflow damping resistance ¢ might reach high
values, its actual contribution to the system as a whole is zero, so that the static deflection simply becomes

F
kq

At high frequencies the response of the system is highly dependent on the air’s damping and stiffness effects. The
detrimental influence of these effects can be minimized by facilitating the flow of the entrapped air film by means of holes
or deep channels on the surface of the cavity substrate.

Xy = (1.27)

Another important aspect of the dynamic response behavior of this system, is its temporal transient response which
describes how the system reacts to and follows a unit-step input. The unit-step response z(t) for this system has the
form:

- J1 =2
z(t)=1- % sin (wdt + arctan %) (1.28)
where
wn, = natural frequency of the system (\/%‘1)

wq = damped natural frequency of the system (wn/1 —(?)
¢ = damping ratio (%) = M)

2Mwyp
Eq. 1.28 above indicates that the transient step-response of this type of system consists of either free or damped
oscillations at a frequency wy. That is, if { = 0, the system oscillates at its natural frequency w,. However, if the linear
system has any amount of damping, the oscillations occur a a much lower frequency than w,, decaying exponentially in
time. For the case of an overdamped system (¢ > 1), the oscillations are non-existing and the response of the system
varies exponentially with time. The time required for the output response to reach and stay within a given range of the
initial value is known as the settling time 7,. For overdamped systems, 7, ~ -(3—'. for a 2% tolerance band.

FABRICATION

A wide variety of corrugated Si diaphragms having different radii, boss-ratio, thickness and number of vent holes,
were fabricated using standard photolithographic and silicon micromachining techniques [22-24]. Next, we will describe
the fabrication process in more detail.

First, a small circular recess 1.7um deep is etched on the epi side of a n-type, (100) S: wafer, using a solution of
KOH:DI:IPA (900gm:900ml:360ml) at 80°C for 2.5 minutes (see Fig. 7a). Subsequently, a series of concentric grooves,
5um deep, are plasma-etched using a gas mixture of CFy4 : O2 (10:1) at a pressure of approximately 400mT and 300W
of power. These grooves will define the top side of the corrugations (see Fig. 7b).

A thick (1.2um) thermal oxide layer is grown on the wafer to mask against the boron diffusion and to allow the
patterning of the backside for the deep anisotropic etching. This oxide mask is photolithographically patterned to define
circles of 100um in diameter around the periphery of the recess. These oxide dots will block the subsequent boron
diffusion, thus allowing the etch to attack the silicon all the way through in these regions. At this point, a heavy boron
diffusion is introduced at a temperature of 1175°C to act as an etch-stop. The diffusion time varied from 25 minutes (for
a 3um thickness), to 33 minutes (3.5um), up to 1 hour (5um). After the boron diffusion, the wafers are briefly etched in
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a solution of HF:DI (1:1) to remove the borosilicate glass that developed from the diffusion (see Fig. 7c).

To complete the processing, a deep etching on the backside of the wafer is made using an EDP solution (ethylene-
diamine, pyrocatechol and water) at 110°C for 5 hours. Since the boron diffusion follows the contour of the epitaxial
features on the wafer, a thin, corrugated, Si diaphragm with a thickness dependent on the depth of the boron diffusion
will be obtained after the backside etching is completed (see Fig. 7d). Finally, the wafers are thoroughly rinsed and the
remaining oxide layer removed in buffered HF.

The final aspect of the diaphragms can be appreciated in Fig. 8, which shows SEM photographs of different versions
of corrugated diaphragms, including one with a central mesa. Notice how well defined the structural features are, as well
as the smooth shiny finish of the silicon. The diaphragms appear translucent with an orange-red color. They are also
straight and taut due to the heavy boron doping and, for the most part, they seem relatively rugged. However, they
easily shatter or break if punctured or touched abruptly.

The FPC were formed by bonding together a mirrored diaphragm with a metallized pyrex substrate. For this ap-
plication, lem square pyrex microscope cover slips, 300um thick and polished flat to 5A/in, covered with a thin (60;1),
partially transmitting film, were used. Cavities were permanently bonded using the anodic bonding technique [25]. The
bonded FPC were mounted on the tip of a multimode fiber (100/140um) where a GRIN lens was previously attached
to, as depicted in Fig. 2.

EXPERIMENTAL RESULTS

The reflected intensity spectra for assembled FPI was measured using an arrangement similar to the one depicted in
Fig. 3. Light from a white-light source was launched into one arm of a fused fiber coupler connected to the fiber probe,
and the reflected light from the cavity is measured through the opposite arm of the fiber coupler by means of an optical
spectrum analyzer. Fig. 9a shows a typical spectrum in the 600 to 1100nm range for an undeflected FPC with a 5um
gap and R; = 0.2 and Ry = 0.8. The spectrum is characterized by smooth and well defined interference cycles. However,
there is a broadening effect that results in “rounder” aspect of the minima regions, which is not characteristic of typical
FPC spectra. This effect is a consequence of the phase changes introduced by the metallic films upon reflection that
modify the characteristics of the reflected intensity as confirmed by the calculated reflection spectrum shown in Fig. 9b.
Obtained using Eq. 1.7 and the same cavity parameters.

Another important aspect observed in the course of these measurements, was the sensitivity of the alignment between
the FPC and the GRIN lens. It was noticed that in some instances optical interference was not observed for the cavity
when a GRIN lens was used. This can be attributed to either a “run-away” effect in the cavity (where the multiple
reflected beams do not interfere properly with one another because of spatial shifts introduced by skews rays), or by
improper re-launching of the light back into the fiber due to a fiber misalignment with respect to the GRIN lens, or
perhaps due to lack of parallelism between the mirrors over the area of the GRIN lens (1.8mm in diameter). This latter
explanation seems to be a plausible one, since in experiments relying exclusively on the coupling between the multimode
fiber and the cavity, interference was observed with an adequate amount of reflected intensity.

To demonstrate the proof-of-principle of the FPC, a novel electric field sensor was constructed using a combination of
a Faraday cage and the miniature FPI described here. By constructing the FPC as a conductive Faraday cage, external
electric fields can be detected by the electrostatic forces they exert on the top surface of the cavity’s diaphragm. Thus,
as the gap in the cavity increases, under the influence of the negative electrostatic pressure induced by the external field,
the intensity of the backreflected light into the fiber will change accordingly (consult reference [26] for more details on
the operation of this sensor).
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Measurements of reflected spectra were made with a probe placed inside and electric-field test cage consisting of two
parallel metallic plates separated by dielectric rods and connected to the terminals of a variable 30KV DC power supply.

Reflected intensity spectra, for different intensities of applied electric field, were obtained using an LED emitting at
850nm as a source. Measured spectra at different applied field intensities are shown in Fig. 10. Notice that the cavity’s
diaphragm does indeed deflect under the influence of the external field and that this deflection brings upon a change in
the reflected spectrum of the LED. Furthermore, 40KV/m was the minimum field for which a deflection was observed.
This is attributed to the residual stress present in the diaphragm due to the heavy boron-doping used in its fabrication.
Diaphragms fabricated using a stress-free process such as the electrochemical etching process, will result in sensors with
increased sensitivity.

CONCLUSIONS

A new design for a miniature FPI mounted on an optical fiber for sensing applications has been demonstrated. The
present device combines optical fibers with silicon micromachining techniques to render a new family of fiber optic sen-
sors that offer smallsize, lightweight, EMI immunity as well as high sensitivity for the detection of a variety of measurands.

The optical and mechanical characteristics of the FPI have been analyzed in some detail, and their potential appli-
cation demonstrated in the form of an electric field sensor. DC electric fields in the range of 0 to 300K V/m have been
successfully measured. The minimum field strength detected was of the order of 40KV/m. This relatively low sensi-
tivity is due to the high stiffness of the diaphragm arising from the high boron-diffusion. However, higher sensitivities
are possible by thinning the diaphragm, increasing the radius, reducing the boss ratio or decreasing the corrugation depth.
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Figure 3: Sensor system schematic
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Figure 2: Mounting of sensor cavity on an optical fiber
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Figure 4: Fabry-Perot interferometer
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Figure 5: Fabry-Perot cavity reflected spectrum
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Figure 6: Profile of a corrugated diaphragm
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Figure 7: Micromachined corrugated silicon diaphragm fabrication process

Figure 8: SEM photographs of various micromachined silicon diaphragms
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Figure 10: Measured reflected spectra for different intensities of electric field.
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