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Abstract 

For physical and chemical sensing applications, a bimorph actuated staggered mirror (BASM) microsensor was de-
signed and fabricated by surface micromachining using a transparent quartz substrate. While the conventional cantile-
ver sensors have angular deflection, BASM’s moving mirror performs piston-type pure vertical motion in response to 
environmental stimuli like temperature change and surface stress change due to molecular adsorption. Since the sensor 
itself has a fixed or reference mirror as well as a moving mirror, 1) an interferometric measurement is possible without 
an additional reference mirror in off-axis measurement setup, and 2) vibration measurement noise can be reduced. For 
preliminary test purposes, interferometric measurement using an optical setup was performed for temperature change. 
At He-Ne line (632.8 nm), a temperature change of ~0.8 K caused a minimum-to-maximum interferometric light inten-
sity change which corresponds to ~144 nm shift of the moving mirror part. An optical diffraction analysis was per-
formed and optimal device parameters were found to maximize the sensor sensitivity. 
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1. Introduction 

Microcantilever sensors have been extensively used 
for physical [1], chemical [2-11], and biological [1, 
12-16] detection. A cantilever sensor deflects due to 
physically or chemically induced surface stress. Al-
though there are a number of signal transduction 
methods like optical, piezoresistive, capacitive, and 
piezoelectric, the most common readout techniques 
for cantilever deflection measurement are optical, 
including optical lever and interferometric methods. 
The optical sensing method can detect cantilever mo-
tion with sub-Angstrom resolution, limited only by 
thermal vibrational noise of the cantilever [1, 17].  

Interferometric measurement of cantilever sensors 
has been used for thermal imaging [1], acceleration 
[18, 19], chemical sensing [10], biological sensing 

[20], etc. Typically, comb structures are attached to 
the end of two cantilevers (one is fixed and the other 
is moving). Relative bending motion (angular and 
vertical component) between two mirrors generates a 
diffraction pattern and light intensity change of a spe-
cific diffraction order mode. 

In the previous work [21], a staggered mirror mi-
crosensor, which can be operated by temperature 
change and surface stress change due to molecular 
adsorption was proposed. Also, its nanometer scale 
pure vertical motion demonstrated. For higher sensi-
tivity, a novel structure, or FOB (Flip-Over Bimate-
rial) beam, was proposed. It has a configuration such 
that a material layer coats the top and bottom of the 
second material at different regions along the beam 
length. By multiple interconnections of the FOB 
beams, the deflection or sensitivity could be amplified. 
It should be noted that due to its symmetric structure 
our BASM microsensor performs piston-type pure 
vertical motion, which is different from the bending 
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motion in cantilever sensors using comb structures. 
The pure vertical motion of a sensing structure offers 
a potential for high sensitivity interferometric meas-
urement.  

In this work, using an interferometric setup, the 
changes in light intensity due to the temperature 
change were measured in the ambience of the BASM 
chip. Also, an optical diffraction analysis was per-
formed to maximize the optical sensitivity. 

2. Interferometric measurement 

As shown in Fig. 1(a), the BASM microsensor (100 
m 100 m) consists of a quartz substrate, an alumi-

num fixed mirror (attached to the quartz substrate 
surface), a gold moving mirror (attached to the bot-
tom of the middle moving section; 52 m 52 m), 
symmetric bimorph sensing legs (left and right side; 
single leg length 100 m and width 3 m), etc. The 
middle moving part performs piston-type pure verti-
cal motion for temperature change and molecular 
adsorption. Thermal deformation is caused by the 
thermal expansion mismatch between the two differ-
ent materials. On the other hand, surface stress de-
formation is generated by the equilibrium between 
chemical and mechanical free energies during mo-
lecular adsorption or interaction [22]. Fig. 1(b) shows 
the top-view optical micrographs of the chip. Focuses 
change from the chip substrate to the middle part. The 
middle part (the moving mirror is attached to its bot-
tom side) has an initial deflection of ~13 m from the 
chip substrate, which comes from the residual stress 
of bimorph sensing legs after release. Fig. 1(c) shows 
the optical micrograph of 5 5 sensor array taken 
through the quartz substrate. The moving mirror re-
gion is coated with gold, and the fixed mirror region 
is coated with aluminum. The difference in the mirror 
materials comes from fabrication compatibility. Two 
small dots near the moving region are anchors for 
bimorph sensing legs. 

As shown in Fig. 2, the designed and fabricated 
sensor can be installed into a physical or chemical 
environment chamber. Then, a one-to-one imaging set- 
up can be compactly configured outside the chamber. 
The optical measurement setup consists of a light sou-
rce, a beam splitter, two lenses, a pinhole, and a CCD, 
etc. Using this optical setup, the piston motion of each 
sensor can be simultaneously measured by monitor-
ing the light intensity change on CCD image plane. 

To measure the light intensity change due to the 

(a)

(b) 

(c)

Fig. 1. (a) Bimorph-actuated staggered mirror microsensor. 
The bimorph sensing legs deform for temperature change and 
molecular adsorption, then the middle moving part performs 
piston-type pure vertical motion. (b) Light micrograph taken 
from the chip top side. Focuses change from the chip sub-
strate to the middle part. (c) Light micrograph taken through 
quartz substrate. Gold moving region and aluminum fixed 
mirror region are shown. Two anchors, which are supports 
for symmetric bimorph sensing legs, are shown also. How-
ever, bimorph sensing legs are invisible since it is optically 
blocked by fixed mirror region. 

temperature change, the fabricated chip is installed on 
the chip holder, which is temperature controlled by a 
PID temperature controller (10 mK temperature reso-
lution, Wavelength Electronics Inc.) with a thermistor 
and serially connected three thermo-electric coolers 
(TEC). As a light source and a CCD camera, a He-Ne 
laser (wave length 632.8 nm) and 8 bit CCD camera 
(COHU Inc.) are used, respectively. Fig. 3 shows 
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Fig. 2. Interferometric measurement setup. Using this setup, 
one-to-one imaging of the sensor array is possible. The dif-
fracted light intensity changes of whole sensors or pixels are 
simultaneously measured by a CCD camera. 
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Fig. 3. Pixel center light intensity changes for chip tempera-
ture changes. 

experimental and simulation results of the normalized 
intensity changes due to chip temperature changes at 
an individual sensor. For the chip temperature change 
of *

chipT = ~ 0.8 K, the light intensity changes from 
minimum to maximum. From our previous measure-
ment using WYKO (not through the quartz substrate 
but from the chip top side), we know the thermo-
mechanical sensitivity of the sensor is TS = 180 
nm/K [21]. Therefore the minimum-to-maximum 
light intensity change corresponds to a 144 nm (= 180 
nm/K 0.8 K) deflection of the moving mirror part. 
Since we used an 8 bit CCD camera and the shift 
value of light intensity change is 0.168, the deflection  

Fig. 4. (2N+1) (2N+1) sensor array: pixel (or sensor) size is 
2b 2b, each sensor has 2a 2a size moving mirror, and the 
separation of each pixel is c. h0 is the initial position of the 
moving mirror (D1) and  is the amount of piston motion of 
the moving mirror. 

of 3.35 nm [= 144 nm/ (28 0.168)] could be resolved 
from our current optical setup. The optical simulation 
using Matlab  was performed by Fourier transform 
and inverse Fourier transform of light wave function 
of the sensor array. The experimental results well 
match the simulation results. In both experimental 
and simulation results, to get the high contrast of light 
intensity measurement, the pinhole size adjustment 
turned out to be critical. 

3. Diffraction analysis 

Optical diffraction analysis was performed to 
maximize the sensor sensitivity. Fig. 4 shows the 
geometry of an individual pixel. Each sensor or pixel 
size is 2b 2b. Each pixel has 2a 2a moving mirror 
(D1) and a fixed or reference mirror (D2). The separa-
tion between two pixels is c. 0h is the initial position 
of the moving mirror (D1) and  is the amount of pis-
ton motion of the moving mirror. The phase differ-
ence, , between the moving mirror and the fixed 
mirror can be expressed as 04 ( ) /h . In the 
sensor array plane, ( , ) , the wave function, 

1( , )A , of the light reflected from the fixed mirror 
can be expressed as 

1

( , )

( , )
2 2 2 2

( / , / )
N N

m N n N
P

A rect rect rect rect
b b a a

c m c n

 (1) 
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( , ),
2 2 2 2

rect rect rect rect P
b b a a

where ( )rect  is a rectangle function defined by 

1 | | 1/ 2
( ) 1/ 2 | | 1/ 2

0 otherwise,

x
rect x x  (2) 

( , ) is two dimensional Dirac-delta function, ( , )P
is the periodic function representing the whole sensor 
array position, and the symbol ‘ ’ means convolution 
integral of two functions. Also, the wave function, 

2( , )A , of the light reflected from the moving mir-
ror can be expressed as 

( , )
2( , ) ( , ),

2 2
jA e rect rect P

a a
 (3) 

where ( , ) is the phase difference between two 
light waves from a moving and a fixed mirror. The 
diffraction pattern of these wave functions can be 
calculated from the Fourier transform of those as 

1( , )U f f  and 2( , )U f f .

1 1

2

2

( , ) ( , )

4 sinc(2 )sinc(2 )

4 sinc(2 )sinc(2 )

( , ) ,

U f f A

b bf bf

a af af

P

 (4) 

2 2

( , )

2

( , ) ( , )

4 sinc(2 )sinc(2 ) ( , ) .

j

U f f A

e

a af af P

 (5) 

In the optical system, the first lens performs the 
Fourier transform and produces a diffraction pattern 
corresponding to 1U and 2U  in its focal plane. We 
placed a pinhole at the focal plane to block all the 
primary peaks except for zero-th order peak. Then, 
Eqs. (4) and (5) can be simplified as 

' 2 2
1( , ) 4( ) ( , ,U f f b a P  (6) 
' 2 ( , )
2( , ) 4 ( , ) .jU f f a e P  (7) 

After the zero-th order peak passes through the 
pinhole, a second lens is used to perform an inverse 
Fourier transform, which restores the wave function 
from the spectral information. In the image plane, 
( , )i ix y , the restored wave functions, '

1( , )i iU x y and 
'
2( , )i iU x y , are expressed as 

' ' 2 2
1 1( , ) ( , ) 4( ) ( , )i i i iU x y U f f b a P x y , (8) 

( , )' ' 2
2 2( , ) ( , ) 4 ( , )i ij x y

i i i iU x y U f f a e P x y  (9) 

If we note that the function, ( , )i iP x y  is the peri-
odic function representing the sensor array position, 
the wave functions of each pixel in the array, 

'
1( , )s i iU x y  and '

2( , )s i iU x y , are expressed as 

' 2 2
1( , ) 4( )s i iU x y b a  (10) 

( , )' 2
2( , ) 4 i ij x y

s i iU x y a e  (11) 

Therefore, in the image plane the intensity of each 
pixel, I, can be expressed as 

*' ' ' '
1 2 1 2

24 2 4

2 2

16 1 ( / ) ( / )

2( / ) 1 ( / ) cos ,

s s s sI U U U U

b a b a b

a b a b

 (12) 

where the superscript * implies complex conjugate of 
the function. 

If we note that the phase difference 04 ( )/h
and we define a geometric ratio  = a/b, then the 
above equation can be expressed as 

2 2 4 2 2 0
0

4 ( )/ (1 ) 2 (1 )cos ,hI I  (13) 

where 0I  is the normalization factor defined as 16b4
.

Eq. (13) indicates that the light intensity will change 
from minimum-to-maximum for the piston motion 
amount * = /4 = 158.2 nm (for  = 632.8 nm). The 
experimental result ( * = 144 nm) agrees with this 
theoretical result within 9 %. If we define opto-
mechanical sensitivity as the light intensity change to 
the amount of piston motion of the moving mirror, 
then the opto-mechanical sensitivity, , can be ex-
pressed as 

0
2 2

0

1

4 ( )8 (1 ) sin .

dI
I d

h
 (14) 

From the above equation, it can be easily shown 
that the opto-mechanical sensitivity can be maxi-
mized when the geometric ratio * = 1/ 2 . It is 
interesting that the area of the fixed mirror is the same 
as that of the moving mirror in the case of the geo-
metric ratio = 1/ 2 . However, the amount of  



744 S.-H. Lim and H. J. Yim / Journal of Mechanical Science and Technology 22 (2008) 740~745 

Fig. 5. BASM microsenor block diagram showing serial 
connection of stimulus-mechanical sensitivity and opto-
mechanical sensitivity. 

piston motion, , can be limited by the geometric 
constraint,  *, since it will limit the number of inter-
connected bimorph sensing legs which can be put into 
the region between the moving mirror and overall 
sensor. Fig. 5 shows BASM microsensor block dia-
gram showing the serial connection of stimulus-
mechanical sensitivity and opto-mechanical sensitiv-
ity. The limited number of bimorph sensing legs will 
reduce the stimulus-mechanical deformation since it 
is proportional to the number of bimorph sensing legs. 
Therefore, to increase overall sensor sensitivity from 
the environmental stimuli to light intensity change, 
we need to optimize both the number of bimorph 
sensing legs and the geometric ratio, .

4. Conclusions 

We performed the interferometric light intensity 
measurement of a bimorph actuated staggered mirror 
microsensor, which has piston-type pure vertical mo-
tion due to symmetric bimorph sensing legs. Also, 
optical diffraction analysis was performed, and the 
optimal geometric ratio of the moving and fixed mir-
ror region was suggested to maximize the opto-
mechanical sensitivity. The interferometric measure-
ment setup can be further miniaturized by utilizing 
fiber-optic coupling process. The coupling of an in-
coming beam into the core of an optical fiber criti-
cally depends on the matching between the beam and 
the fiber mode profiles, and any change in the incom-
ing beam profile causes fluctuations in the fiber-
coupling efficiency. This principle has already been 
exploited for fiber-optic confocal microscopy [23] 
and can be applicable to BASM with an appropriate 
optical system design.  
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