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Design and Analysis of an Integrated Optical
Sensor for Scanning Force Microscopies

Coskun Kocabas and Atilla Aydinli, Member, IEEE

Abstract—1In this paper, a novel probe for displacement sensing
will be introduced. It is based on a conventional GaAs cantilever,
integrated with a Bragg grating as a photo-elastic strain sensor.
The deflection of the cantilever is measured directly from the in-
tensity modulation of the reflected light. The principle of the ex-
perimental setup and the sensor, as well as the theoretical inves-
tigation of the force and displacement sensitivity of the probe, is
presented. Finite-element method simulations were performed to
get the optimum sensor design. Transfer matrix method simulation
of the waveguide grating have been described in detail. In order to
enhance the sensitivity, different types of grating structures are dis-
cussed. Using this new design, it should be possible to achieve sensi-
tivities, defined as the fractional change in detected optical power
per unit displacement of the cantilever, as high as 10~* A7l of
cantilever deflection.

Index Terms—Atomic force microscopy (AFM), cantilevers, op-
tical displacement sensors, stress-optic effect.

1. INTRODUCTION

HE advent of atomic force microscopy (AFM) [1] intro-

duced a very powerful tool to investigate the surfaces of
conducting and nonconducting materials with very high sen-
sitivity. The implementation of AFM for surface study led to
many different methods, i.e., Martin et al. [2] introduced the
noncontact AFM technique to investigate the material param-
eters at nanometer scale, and Matthew et al. [3] presented the
first study of frictional forces of surface atoms. AFM is based
on sensing the forces between the tip and the surface of interest.
The sensor used to measure the deflection of the cantilever is
crucial in determining the performance and the sensitivity of the
microscope. These displacement sensors are categorized mainly
into two groups; external and integrated sensors. External sen-
sors based on optical interferometers [4], optical levers [5], and
interdigital detection [6] have been used. All these sensors make
AFM oversized and complicated and also they require align-
ment of the laser beam and the detector during scanning, which
limits the size of the sample that can be imaged. These disadvan-
tages can be eliminated using integrated deflection sensors. This
principle was successfully applied by Tortonese et al. [7]. Inte-
grated sensors are mostly based on piezoelectric and piezore-
sistive sensing elements. Integrated sensors allow in-situ oper-
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Fig. 1. BG-loaded waveguide extending across the cantilever. BG is situated
at the supporting point of the cantilever.

ation of AFM where external optical detection would be cum-
bersome, especially in UHV systems and harsh environmental
conditions. It should be mentioned that in general integrated
sensors have less displacement sensitivity (defined as fractional
change in detected optical power per unit displacement of the
cantilever is typically ~ 107 At [9]) than external sensors
(maximum sensitivity ~ 1074 A_l [6]). A recent exception is
the single-electron transistor [8] integrated cantilever providing
displacement sensitivity at the quantum limit. However, this de-
vice needs to be operated at 30 mK and 8 Tesla magnetic field.
Other efforts to increase sensitivity of integrated sensors and to
fabricate highly sensitive cantilevers have also been made [9],
[10]. In this paper, we propose a novel highly sensitive inte-
grated optical sensing element [11] for applications in scanning
force microscopies. This new design consists of an integrated
optical waveguide loaded with a Bragg grating (BG) which acts
as a photoelastic strain sensor. A similar method was used for an
opto-mechanical accelerometer [12]. In Fig. 1, we schematically
draw the cantilever integrated with a waveguide loaded with a
BG. GaAs has been chosen as the suitable material for fabri-
cating the cantilever since GaAs exhibits strong photo-elastic
effect. The deflection of the cantilever is detected by a shift in
the resonant frequency of Bragg reflector. This optical sensor is
characterized and the geometry of the cantilever is optimized for
maximum sensitivity. In order to improve the design, we studied
different types of BGs. The optimization of mechanical proper-
ties of cantilevers was carried out using finite-element method
(FEM) simulations, while transfer matrix method (TMM) was
employed to design BGs.

II. OPERATION PRINCIPLES

BGs are extensively used as wavelength selective elements
in optical devices. A BG is formed by creating a periodic cor-
rugation or refractive index modulation in optical waveguides
or fibers. BGs are useful because of their frequency dependent
reflection spectrum and they are, in general, characterized by
a central wavelength and the bandwidth of the reflection band.
These structures can be thought of as one dimensional diffrac-
tion gratings which diffract light from a forward travelling mode
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into a backward travelling mode. From the well-known Bragg
condition, the central wavelength of the grating can be written
as

)\B = m2neﬂA (1)

where n.g is the effective index of the structure and A is the
period of the grating and m is an integer number. The bandwidth
of BG, Av, is proportional to the effective index modulation,
Aneg and is approximately given by

g _ An. 2

124 Teff

The effect of the grating on the propagation of light can be
modeled using coupled-mode theory (CMT). CMT [13] predicts
that the peak reflectivity of a BG is given by

Rimax = tanh?(kL) 3)

where L is the grating length and « is the grating strength (cou-
pling coefficient). Waveguide BGs can be formed by physically
corrugating the waveguide surfaces as is done in DFB lasers. Re-
flection spectrum of BG depends on the effective index of the
waveguide, any variations of the refractive index result in the
change of the reflection spectrum. Therefore, BGs have been
applied to sense a number of physical values including strain
[14], temperature [15] and magnetic fields [16]. These appli-
cations are based on the same principle, i.e.: measurement of
Bragg wavelength shift caused by external effects. In all these
methods, a broadband optical source, such as a LED or a super-
fluorescent device, is used as the light source. To measure the
shift in wavelength, external spectrum analyzers are employed.
Recently, many signal-processing methods are developed to di-
rectly measure the intensity modulation of the reflected light
[17]. In one method, a light source with a very narrow spec-
tral width such as DFB laser, is used in conjunction with a BG.
Typically, a BG has much larger spectral width (0.5 nm) than
a DFB laser (~ 1 pm). If the laser wavelength coincides within
the reflection spectrum of BG, the reflected light associated with
the laser can be detected at the output. The output intensity at
the detector is proportional to the overlap integral of the func-
tion f(A — Az) and g(A — A ) representing the spectral charac-
teristics of the laser and BG, respectively [17]. Assuming these

functions as Gaussians, we can write
A=A\’
—4ln2 4
o (252)

2 In2
A=AL)=Py——1\/—e
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A=\
—4ln2 g 5
where A)y, and A\, are the spectral widths and Az, and A, are
the central wavelengths of laser and grating, respectively, and

P is the total power of the laser and R is the reflectivity of the
grating. The overlap integral can be written as

g(A—Xy) =Rexp

Tout :/ FA=X)g(A = Ag)dA. 6)
0
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Since the spectral width of BG, AJg, is much larger than that
of the laser, A)Mr, Iyt 18

Iout =~ POQ()‘L - )‘g) (7)
AN
—4ln2 ( 3 Ag) ] 8)

AX. = AL — Ag. ©)

Iow = PORexp

where

Defining Bragg wavelength as

Ay = 2mefA (10)

we can write

Iout = POReXp

2
—4ln? (M) (11)

AN,

From (11), it is clearly seen that output intensity depends on the
effective index of the grating. Any changes in effective index
of the grating due to external effects, modulates the output
intensity. From this modulation, it is possible to determine
the external physical quantity. The most sensitive operation
can be achieved by tuning the laser wavelength such that
AM. = A\, /2 where the slope of reflection onset is maximum.
Among the advantages of this method are that, it does not
require any spectrum analyzer or a filter, it is all optical and in-
tegrated. It should also be mentioned that I,,,; depends strongly
on the reflection spectrum. Narrow bandwidth provides higher
sensitivity.

III. CANTILEVER DESIGN

In any cantilever design, the measurement of the displace-
ment of the cantilever with high sensitivity is the essential task.
The design of the cantilever and the type of the integrated sensor
plays a fundamental role to increase the sensitivity. Previously,
work have been done to enhance the sensitivity of AFM through
stress engineering of the cantilever [18]. Bending of the can-
tilever generates stress which is the necessary physical quantity
used to characterize the displacement of the cantilever. In this
work, photo-elastic effect is used for the sensing mechanism;
stress generated on the cantilever changes the refractive index
of the waveguide where the BG is loaded. Furthermore, sensing
the generated stress using integrated optical devices requires
materials suitable for such devices with large stress optic coeffi-
cients. A good candidate is GaAs. Applying mechanical stress to
GaAs results in variation of local index due to photo-elastic ef-
fect. Since the displacement of the tip causes mechanical stress
along the cantilever, maximizing the stress on the sensing ele-
ment will maximize the performance. Therefore, the sensing el-
ement is placed at the supporting point where the stress reaches
its maximum value of

3Et

Omax — WZ

12)

where F is the Young’s Modulus, ¢ is the thickness, [ is the
length, and z is the displacement of the cantilever. The design
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Fig. 2. Simulated stress distributions along the length of the cantilever.

of the grating, waveguide, and cantilever is related to the
stress distribution on the cantilever. Fig. 2 shows the stress
along the waveguide obtained from FEM simulations. For
FEM simulations, Young’s Modulus of 0.83 x 101! N/m?, and
Poisson’s ratio of 0.31 were used. Static stress analysis was
performed using ANSYS software. The mesh was increased
in the waveguide region where the grating sensor is placed.
Maximum stress occurs at the supporting point of the cantilever
and decreases linearly along the cantilever length. The analysis
performed here uses the stress at the surface of the cantilever.
Stress reaches its maximum value on the surface and decreases
along the thickness of the cantilever also. The waveguide height
is much smaller than the cantilever thickness; therefore, the
variation of the stress along the waveguide height is neglected
and an average value is used. These results are used in the
design of the sensor and calculation of the sensitivity. Through
the photo-elastic effect index change can be written as [13]

Ner =no + »_ Cio (13)

where C; is the stress-optic constant of the waveguide and o; is
the local stress. For GaAs, longitudinal stress-optic coefficient
C; = 1.7 x 10~'" Pa~" and transverse stress-optic coefficient
C; = 1.0 x 10~ Pa~!. Longitudinal stress on the cantilever
surface is much larger than the transverse stress; therefore, we
can neglect the transverse stress and obtain

3C.Et
An ~ CtO[ ~ T (14)
and the effective index becomes
3CLEt
Nett = Mo + 2;2 z. (15)

Putting this equation into (5), the output intensity as function of
cantilever displacement is obtained as

2
Ar —2A 3C.Et
Iout == P(]R exXp —4ln2 L (no + 212 Z)
AN,

(16)

In a more rigorous treatment, it would be necessary to include
the stress contribution as a function of cantilever length, which
will give a chirped response instead of a Gaussian. However, as
can be seen from Fig. 2, the index change is linear and for the
sake of simplicity, we assume an average value for the refractive
index change and neglect second order effects. Since final cal-
culations are done numerically using TMM, where stress con-
tributions to refractive index are included and is seen to agree
reasonably with the simplified Gaussian approach, we take this
approximation as valid for our parameter range.

From Hooke’s law, force on the tip of the cantilever can be
expressed as

a7

where k denotes the spring constant of the cantilever. Using
(17), (16) can also be written as a function of force applied on
the tip

AN

g9

6C,1 2

Iowt = PoRexp | —4in2 </\L -2 (ng e F))

(18)
Equations (16) and (18) show that by measuring the output in-
tensity, it is possible to calculate the displacement of the can-
tilever and the force applied on it. It can be seen that the local
index variation, and, therefore, the output intensity is strongly
dependent on the geometry of the cantilever and the reflection
spectrum of the BG.

IV. BRAGG GRATING DESIGN

Waveguide BG is designed to be fabricated on a single-mode
GaAs/GaAlAs waveguide. The operational parameters for the
BG are the period and the grating height of the grating. The
central wavelength can be controlled by tuning the period
and the coupling coefficient can be controlled by tuning the
grating height. Fig. 3 shows the calculated TE mode profile for
a GaAs/GaAlAs ridge waveguide. By choosing the Al concen-
tration at %20, it is possible to have an index contrast of 0.12
and choosing the core height as 1 ym and ridge width as 2 pym,
a single-mode waveguide can be obtained. The mode spectrum
of such a waveguide was calculated using beam propagation
method (BPM) simulation to confirm the single-mode behavior.
The analysis of the grating has been carried out by calculating
the coupling coefficient, x. Using CMT, x can be written as
(19]

ko

K= N7 A[n?(z, 2)|E*dx

19)

corrugate

where kg = (2m/)o) and f3 is the propagation constant, E? is
the electric field profile and N2 is the normalization constant

given as
N? = / E?dz. (20)
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Fig. 3. Calculated TE profile of a single-mode GaAs/GaAlAs rib waveguide.
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Fig. 4. Coupling coefficient as a function of tooth height for three different
duty cycles.

Fig. 4 shows the calculated coupling coefficient for this wave-
guide as a function of grating height (tooth height) for three dif-
ferent duty cycles. Coupling coefficient « increases rapidly as
the tooth height increases. For a first order diffraction grating
with grating height of o = 0.1 um, the coupling coefficient
is seen to be k = 0.01 um~1, for a duty cycle of 0.35. This
grating depth is chosen so as to minimize the optical loss. In
order to make the reflectivity R larger than 0.9, it must be such
that kL > 2.18. Therefore, minimum grating length must be
L > 200 pm which is suitable for cantilever design. It should
be noted that there is a tradeoff between L and « due to the fact
that to get higher reflectivity x must be increased, which causes
the broadening of the spectral response leading to a decrease
in sensitivity. Duty cycle of a grating is defined as the ratio of
grating tooth to grating period. In Fig. 5, we plot the coupling
coefficient as a function of duty cycle for various grating depths.
One interesting result which is observed from Fig. 5 is that the
strongest coupling occurs when the duty cycle is smaller than
0.5. In our design, a duty cycle of 0.35 was chosen to obtain the
largest coupling coefficient with the smallest loss. Fig. 6 shows
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Fig. 6. Reflection spectrum of the BG used to sense tip displacement.

the calculated reflection spectrum of the BG about the central
wavelength of 1.55 pm. This spectrum is calculated using TMM
simulation. In the simulation, we use the effective index change
(6n) calculated from the coupling coefficient such as

KA

™

on = (21)
which shows good agreement with that obtained from CMT. In
the numerical implementation of TMM, we model the BG using
parallel layers, where stress contribution to refractive index is
included using the numerical results of the stress simulations.
In order to get high sensitivity, a BG with a high reflectivity
and narrow spectral width is used. Using grating period of
210 nm and a total height of 0.1 ym, a BG with 0.9 reflectivity
and 3-nm reflection bandwidth was obtained. Increasing the
number of periods in the BG narrows down the stopband.
However, for typical cantilever lengths, the number of periods
to be used in the construction of a BG is limited. Increasing the
coupling coefficient x by choosing large tooth heights would
also yield a higher reflection; however, large tooth heights may
lead to unacceptable optical looses which should be avoided.
As the operational point of the sensor is to be chosen at the
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TABLE 1
COMPARISON OF HIGH AND LOW STIFFNESS CANTILEVERS
w(pm) | t(um) | Le(um) | Ly(um) | fo( kHz) | k( N/m) | Sa(A™1)
50 5 200 100 50 16 1.0 10~*
50 5 1000 500 2 0.1 1.1 1077

maximum slope, operation of the sensor is not affected directly
by the side lobes.

In Table I, we summarize the width w, and length L. of
the cantilever, the calculated sensitivities Sy, spring constants
k, and resonant frequencies fo, both of a high stiffness and
a low stiffness cantilever with identical BGs of two different
lengths L,. Grating period and tooth height were taken as
210 and 100 nm, respectively. From Table I, it is clear that
in the noncontact mode, the high stiffness cantilever exhibits
higher displacement sensitivity than low stiffness cantilever,
as expected. The Young’s Modulus of 0.83 x10'' N/m?,
Poisson’s ratio of 0.31, longitudinal stress-optic coefficient of
C; = 1.7 x 1071 Pa—! were used for GaAs cantilevers in
these calculations. In Section V, further improvement of these
parameters is presented.

V. QUARTER-WAVE SHIFTED BRAGG GRATING

The sensitivity of a BG sensor strongly depends on the reflec-
tivity spectrum, and, hence, the bandwidth of the sensor. A fur-
ther improvement of the design can be made using narrowband,
highly reflective filters. One way to implement a narrowband
filter is to use a quarter-wave shifted BG (QWBG). Haus [20]
showed that insertion of a quarter wave shift at the center of BG
provides a single narrow bandpass filter in the stopband of the
BG. The transmission spectrum of the BG with a quarter wave
phase shift region in the middle of the BG is shown in Fig. 7.
The width of the transmission band can be made very small,
thereby increasing the slope of the transmission window, which
leads to increased sensitivity. Because of their higher transmis-
sion and narrower bandwidth, QWBGs have found widespread
application in the field of optical communications especially
in dense wavelength-division multiplexing (DWDM) and DFB
laser technology. In this section, we discuss the application of
these filters for AFM as a displacement sensor. A QWBG can be
modeled as a Fabry—Perot resonator with the gratings serving as
wavelength selective mirrors of identical reflection spectra sep-
arated by a quarter wave shifted region. The narrow transmis-
sion band appears in the middle of the stopband region when
the length L of the quarter phase shift region satisfies the phase
matching condition (L = (n + 1)(A\/4)). The transmission
bandwidth depends quantitatively on the coupling strength and
length of the gratings mirror and waveguide loss. Using the same
analysis as in the previous section, it is possible to have a band-
width of 0.5A and reflectivity of R > 0.9 which makes this
sensor more sensitive than the standard BG by two orders of
magnitude. Fig. 8 shows the output intensity variation as a func-
tion of the index change of the grating calculated using the re-
sults of numerical stress distribution for different cavity lengths.
Large change in the output intensity is seen to occur for index
change larger than 107, indicating high sensitivity for large
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Fig. 7. Transmission spectrum of a BG with a quarter-wave phase shift. Note
the sharp transmission peak at the center of the stopband.
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Fig. 8. Output intensity as a function of (stress induced) index change for four

different lengths of quarter-wave phase shift region. Here, L1, Lo, L3, and L4
are 101 x(A/4), 201 x(A/4),301 x(A/4),and 501 X (A/4), respectively.

displacements. Interestingly enough, changes in output intensity
saturates at large index changes indicating the loss of overlap
between the laser wavelength and the reflection spectrum. For
small displacements that create index changes below 1 x107°,
change in output intensity as high as 1 x 10~* can be achieved
with suitable choice of L.. Higher values are limited by the
length of the cantilever. Longer phase shifted regions provide
more sensitivity for index change. In Fig. 9, we plot the normal-
ized output intensity variation as a function of the cantilever dis-
placement for two different cantilever lengths. It is clearly seen
from the graph that for small displacements, the output inten-
sity variation increases much more rapidly and is exponentially
depended on the cantilever deflection.

VI. DESIGN OF EXPERIMENTAL SETUP

The design of experimental setup is very similar to fiber optic
interferometer setup. A narrowband DFB laser with fiber output
is used as the light source. The output of laser is split into two
with a directional coupler one of which is used as reference to
eliminate the intensity fluctuation of the laser. The other output
is butt-coupled to the waveguide on the cantilever and reflected
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Fig. 9. Normalized output intensity change as a function of cantilever
displacement for two different cantilever lengths.

light from BG is fed to a photodetector via the same directional
coupler. Fluctuations of the laser wavelength causes intensity
variations at the output. Balanced or lock-in amplification may
be used to eliminate the random intensity variations.

VII. SENSITIVITY

The enhancement of force and displacement measurement
sensitivity is of great interest since smaller deflections can be
measured with greater accuracy. It should be mentioned that
most previous integrated sensors provide less sensitivity than
the external ones (i.e., Fabry—Perot interferometer). With this
new design, the sensitivity can be enhanced by two orders of
magnitude. Sensitivity can be defined as the variation of current
on photodetector (PD) per unit displacement of cantilever. Cur-
rent on PD is proportional to the intensity of the light falling on
it, so that

AZ AIout

— = 22

) Iy (22)
from (12)
Al AN A=A\ dA
2 — Rdn2 | === —4ln2 g —Az.

T, Rdln <A/\2>exp[ In < AX ) 5,87
(23)

We can write A, in terms of displacement or force on the can-
tilever

3C 1Bt 6C1

leading to

dr,  3ACEL

B 2

dz 2 (25)
or

dr,  12ACY

—_— = ——. 26

dr wt? (26)
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As a result, we can define displacement sensitivity as

_ AIout

Sg =
d I()AZ

27)

which becomes

__12n2ACEt [ A, A=A\’
Sd =R l2 (A)\2> exp [-4[712 (A—)\
(28)

and force sensitivity as

_ AIout
I LAF

(29)

which is given as

__48In2ACL [ AN, AL =g\’

(30)
Photo-elastic displacement sensitivity is given in (27). This de-
fines the changes in the output intensity per unit displacement
of the cantilever. From (27), it is understood that displacement
sensitivity depends on Young’s Modulus and stress-optic coef-
ficient. In order to achieve high sensitivity, cantilever material
should be chosen such that it has high Young’s modulus and
stress-optic coefficient. GaAs is a very good material for dis-
placement measurements. Force sensitivity can be defined as
change in the output intensity per unit force applied on the can-
tilever. From (28), we can conclude that force sensitivity does
not depend on the Young’s modulus. This allows us to fabricate
cantilevers from materials which have low Young’s modulus but
has large stress-optic constant such as some polymers. We also
conclude from (27) and (28) that a short and thick cantilever is
sensitive to displacement measurements whereas long and thin
cantilevers are more sensitive to force detection. Fig. 9 shows
normalized intensity change as a function of the cantilever dis-
placement. Large changes in output intensity for large cantilever
displacement of the order of few tens of angstroms are easily ob-
tained for short cantilevers. Even for cantilever displacements
of the order of a few angstroms, easily measurable changes in
output intensity are possible. Additional improvement of sensi-
tivity can be done by modifying the geometry of the cantilever.
Maximizing the stress in the grating region will maximize the
sensitivity. Such stress concentating regions on cantilevers have
been studied by Bashir et al. [18]. This method can also be ap-
plied to the design presented here to increase the displacement
sensitivity further.

VIII. NOISE CONSIDERATIONS

The resolution of scanning force microscope is limited by the
noise of the system. The minimum detectable distance (MDD)
depends not only on the sensitivity but also on the noise of the
microscope. Noise level of the system establishes the minimum
detectable optical power on the photodetector necessary to ob-
tain the cantilever displacement. For piezoresistive cantilevers,
the fundamental noise is the Johnson noise in the piezoresistor
[21]. For optical lever and interdigital detection techniques, the
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fundamental noises are the shot noise of the photodetector and
the noise due to thermal vibration of the cantilever. Displace-
ment sensitivity is defined as the variation of the normalized
output intensity per unit displacement of the tip. It can be written
as

Al

Sq = .
d I()AZ

&1y

The input intensity (power) I depends on the light source and
typically is of the order of few mW's. There are several noise
sources in a displacement measuring cantilever system using in-
tegrated optical detection. The laser used to provide the signal
is a source of noise. Not only the output intensity but also the
phase and the frequency of a semiconductor laser may fluctuate
in time. The cantilever displacement is measured directly from
the optical intensity changes in the transmission spectrum of the
ring resonator system; therefore, magnitudes of these fluctua-
tions (noises) can be estimated. For a semiconductor laser, the
intensity fluctuation noise is given as the relative intensity noise
(RIN)

2
RIN = @

5 (32)

DFB lasers with RIN of 160 dB/Hz are commercially available
which is negligbly small. The laser intensity variation can be
eliminated by introducing a reference photodetector with dif-
ferential amplification and the output intensity can be normal-
ized. For our design we choose a tunable laser source which
provides high intensity and wavelength stability [23]. This laser
provides 0.01-dB long-term intensity stability which translates
into power variation of %0.1. Another important noise source
is the random wavelength variations. For BG displacement sen-
sors, the wavelength variation causes output intensity variation.
In order to reduce this noise a laser which provides high wave-
length stability can be used. There are commercially available
tunable lasers with 0.1-pm wavelength stability which intro-
duces intensity variations of %0.01 [23]. The intensity varia-
tion and wavelength variation can be reduced by using suit-
able light sources and lock-in amplification. On the other hand,
laser pointing noise that needs to be considered for external op-
tical detection methods, is totally eliminated in the BG system
since laser is butt-coupled to the waveguide. An additional noise
source is the thermal vibration of the cantilever. To analyze
the thermal vibrational noise, the cantilever can be modeled as
simple harmonic oscillator. At finite temperatures, the cantilever
vibrates due to thermal excitation. The cantilever is subject to
a random time-dependent Brownian motion around its equilib-
rium position. The thermal mechanical noise of the cantilever is
estimated as [24]

2k, T'B
TQk fo

(33)

AZthermal =

where k;, is the Boltzman constant, 7" is the temperature, B is
the bandwidth, @ is the quality factor of the cantilever, k is the
spring constant, and fj is the resonance frequency of the can-
tilever. To estimate the magnitude of the noise, a rectangular

cantilever with length of 200-um width of 50 pym and thick-
ness of 5 pm is chosen. The resonance frequency is 50 kHz, the
spring constant is 16 N/m and the bandwidth is about 1 kHz. The
quality factor of the cantilever () = 100 is chosen for analysis.
At room temperature, the thermal vibrational noise is obtained
as AZthermal = 0.0017 A which is very small. In the light of
the data presented in Table I, it is clear that as the cantilever
length increases, the stiffness will decrease and thermomechan-
ical noise will increase and may in fact be dominant in cases
of ultrasensitive force detection [8], [25]. There are two funda-
mental noises for detection electronics; shot noise and thermal
noise. When the optical power is detected photons fall randomly
on the photodetector and time average of the received power
fluctuates due to the this randomness. The rms current due to
shot noise is given by the well-known equation as
2e1B (34)

lshot =

where e is the electron charge and B is the bandwidth. SNR can

be written as
) [ 1
SNR = =4/ —.
ishot 2eB

SNR increases with the received power. For 100-uW optical
power the shot noise current is 5pot = 6 10710 A, SNR is 10°
and shot noise limited MDD is 0.027 A. Another noise source
for photodetectors is the thermal noise in the detection elec-
tronics also known as Johnson noise. Random thermal motion
of the electrons in a resistor produce a fluctuating current

(35)

4kTB

%thermal = R (36)
where k is the Boltzman constant, 7T is the temperature, and
R is the resistance. For typical operational values, we obtain
ithermal = 4 x 10719 A which can easily be neglected. Fi-
nally, 1/ f noise present in all electronic detection systems may
become dominant if the cantilever is operated in the contact
mode. The total noise is the sum of the all noise contributions. If
the cantilever is operated in the noncontact mode to detect dis-
placement and the received power is high enough, the dominant
noise source is the shot noise. For 100-4W optical power, shot
noise limited MDD is 0.027A. SNR can also be increased by
increasing the optical power.

Coupling light into and out of waveguides can be done in sev-
eral different ways. Once aligned, optical fibers may be per-
manently fixed as is done for pigtailed lasers using standard
packaging techniques. Tapering the waveguides at the input and
output ports, to match the fiber mode size will increase the
coupling efficiency, while V-grooves may be used to make the
alignment process easier. On the other hand, if a proper semi-
conductor material such as GaAs is used to construct the can-
tilever, both a laser as the light source and a detector may even-
tually be fully integrated on the cantilever substrate. Operating
point can be set at the steepest part of the reflection spectrum
which can be determined by taking the derivative of the reflected
power while scaning the laser from maximum transmisison to
maximum reflection. As can be observed from Fig. 9, the change
in the normalized output intensity is a nonlinear function of



cantilever deflection for very small deflections. In this regime,
careful calibration of the nonlinear response will be necessary.
However, as the deflection increases so that noncontact opera-
tion of the cantilever becomes possible, the normalized output
intensity may be considered to be linear.

IX. CONCLUSION

In this paper, we introduced a novel high sensitive integrated
optical displacement sensor for scanning probe microscopies.
We analyzed the feasibility of the integrated optical sensor for
micro cantilevers. The design of GaAs based cantilever with in-
tegrated BG has been described in detail. The concept based on
the stress-optic effect was discussed. The principle experimental
setup of this probe was described and theoretical investigation
of the force and displacement sensitivity was presented. We find
that integrated optical sensor is attractive because of its high
sensitivity and simplicity. This design is a good alternative to
piezoresistive cantilevers especially in electromagnetically ac-
tive environments. This method has high potential for further
improvement and has large application area such as lateral force
microscopy. The advantage of this method is that it does not re-
quire any alignment and the setup is compact and it has high
sensitivity.
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