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An uncooled infrared sensor is fabricated with the structure of a bimetallic cantilever. 

A NiCr(80:20) film is formed on the cantilever. The NiCr film absorbs infrared radiation 
and causes the cantilever to bend by the thermal bimetallic effect. In this device, a 
tunneling current displacement transducer is employed to detect the deflection of the 
bimetallic structure. The detection is achieved by electrostatic servo feedback control and 
the tunneling gap is kept contant during the infrared irradiation. The absorbed infrared is 
measured by the feedback signal. In this paper, not only the sensor performance and 
feedback control but also basic characteristics such as electrostatic actuation and bimetal­

lic displacement due to infrared absorption are estimated and discussed. 

1. Introduction

Infrared (IR) imagers have attracted attention for various military applications as well 
as commercial night vision, fire alarms and medical applications. Mechanisms to detect 
infrared radiation can be classified into two groups: photon detection and thermal 
detection. In the evolution of modern infrared detection systems, photon detectors play a 
major role due to their fast response time and high sensitivity_CIJ However, photon 
detectors are too expensive for general commercial applications. Recently, with the 

advent of the focal plane array (FPA) concept, uncooled thermal detectors began to be 
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used in thermal imaging systems because they do not need a fast response for the 2D array. 

Uncooled IR sensors are generally based on the thermal detection principle. In thermal 

sensors, infrared radiation is captured by an absorber, converted to heat, and detected by 

a thermometer. By measuring the temperature of the thermometer, it is possible .to 

determine the flux of incoming IR radiation. In the design of thermal detectors, the 
sensitivity to infrared is optimized by increasing the absorber efficiency and the thermom­
eter sensitivity. The responsivity is enhanced by minimizing the heat capacity of sensing 
elements. To meet these performance criteria, the microsized infrared detector is re­
quired. 

In this paper, we propose a highly sensitive thermal infrared sensor using a tunneling 

current displacement transducer and an electrostatic servo control. Rockstad et al.

developed a tunneling accelerometerC2J fabricated by silicon micromachining in which a
narrow tunneling gap with a gold-coated tip is used as a tunneling based displacement 
transducer. Uncooled infrared sensors of the Golay Cell type were also developed.(3) 
Basically these mechanical infrared sensors utilize a thermo-mechanical displacement 
induced by infrared absorption. The displacement can be measured by many kinds of 

displacement transducers, using lasers, piezoresistors and capacitors. For instance, 

Manalis et al. developed a two-dimensional micromechanical bimorph array for detection 

of thermal radiation using a laser detection transducer,<4> and Amantea et al. developed an 

uncooled IR imager with a 5 mK noise equivalent temperature difference (NEDT) using a 
capacitance detection transducer.<5) Each method using these transducers has its own
disadvantages in terms of measuring infrared. In the case of the laser displacement 
transducer, heating by the asorption of laser light raises the temperature of the sensor 
element, which results in increasing thermomechanical noise. For piezoresistive trans­

ducers, current flow raises the temperature of the sensor elements as well. However, the 

capacitive transducer and the tunneling transducer are advantageous for minimizing the 

heat generated in the displacement measurement. Furthermore, the highest resolution for 
displacement is expected for a tunneling transiiucer. In this paper, we present a newly 
developed bimetallic cantilever infrared sensor based on tunneling displacement mea­
surements. The design concept of the micro-infrared sensor, details of the fabrication 
process, some issues in the fabrication process and the measurement of sensor character­

istics are presented. The basic characteristics such as electrostatic actuation and the 

bimetallic displacement due to infrared radiation are presented. The sensitivity and the 

noise characteristics, such as the 1/f noise of the sensor, are also discussed. 

2. Structure and Operational Principles

An IR sensor is fabricated by silicon bulk micromachining techniques. A schematic 

diagram of the sensor is shown in Fig. 1. The device consists of three parts: a photother­

mal sensor having a bimetallic cantilever structure, a tunneling current-based displace­

ment transducer with a narrow tunneling gap to detect the displacement of the bimetallic· 
cantilever, and electrostatic feedback electrodes to hold the tunneling gap constant. The 
photothermal sensor, i.e., the bimetallic cantilever, has a silicon cantilever on which a 
metal is deposited. 
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Bimetal Cantilever Detection electrode 

Infra red Fad iati on 

Fig. 1. Schematic diagram of IR sensor. 

The thermal expansion coefficient of the metal film is larger than that of silicon. 
Therefore, increasing the temperature bends the cantilever. At the same time, the metal 
thin film acts as an absorber for IR using NiCr(80:20) film. The cantilever is formed on 
the glass substrate. A small displacement is measured from the change of the tunneling 
current between the metal electrodes formed on the glass and the cantilever. All elements 

of the sensor are hermetically sealed 111 vacuum by anodic bonding of silicon to the glass 

in vacuum to prevent thermal ccmvection and to increase the sensitivity. IR radiation from 

the silicon side is absorbed hy the absorber, which results in the deflection of the 
cantilever. The device is operated under electrostatic feedback control to hold the 
tunneling current constant by applying a servo voltage to an actuation electrode. The 
feedback control allows the dynamic range of the IR sensor to be extended. Electrical 
feedthrough is formed in the glass. The gap for electrostatic actuation is designed to be 6 

µm, and the tunneling gap for detection is 1.5 µm.

In electrostatic actuation, it is known that the actuation range is limited by a pull-in 

voltage. At this critical point, the cantilever cannot withstand the attractive electrostatic 
force because the stored electrostatic energy exceeds the stored elastic energy in the 
cantilever arid 'snaps' into the counter-electrode. The distance that the cantilever snaps 
toward the counter-electrode is called the snapping distance. Generally the snapping 
distance is one-third of the initial gap. C6l By designing the gap to be 6 µm, the snap
distance is expected to be 2 µm. A bimetallic cantilever can produce a large displacement 

and is robust. C7l The displacement generated in the bimetallic cantilever is caused by the 

different thermal expansion coefficients. 
In this device, the NiCr(80:20) layer with a large thermal expansion coefficient (17 

ppm/0C) is deposited on the Si cantilever with a low thermal expansion coefficient (2.3 
ppm/0C). The bimetallic deflection ,1.d at the free end of the cantilever can be expressed 
as follows: C8l 
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where X is the length of the cantilever, a is the thermal expansion coefficient, t1 is the 
thickness of the material with the larger thermal expansion coefficient, Tis the tempera­
ture, T0 is the reference temperature, m is the thicknesses ratio of the two materials (t2,s/ 
ti.Nie,), and n is the ratio of the Young's moduli of the two materials (E2,s/E1 ,Nic,)- (Refer to 

Fig. 2 for other parameters) The thickness ratio (m) of the bimetallic layers and the 
cantilever length should be designed to achieve the desired bimetallic deflection accord­
ing to a temperature change. The deflection of the cantilever 1s calculated from eq. (1) as 
a function of the thickness ratio (m) of the bimetallic layers as shown in Fig. 3. In this 
calculation, the length of the cantilever and the temperature change are defined as L=450

µm and �T=l °C, respectively. From Fig. 3, we can see the cantilever deflection has a 
maximum value as the thickness ratio changes. It can also be seen that the deflection 

largely depends on the thickness. This is a key factor to determine the sensitivity of the 
sensor. However, in this device, as for the actual thickness ratio, only from 5 to 10 is used, 
even though a maximum deflection can be achieved with a thickness ratio of less than one 
(t,/tNic, < 1 ), because of the difficulty of controlling film stress which influences the initial 
bending. We can see the expected sensitivity of the sensor is about 0.11 µm/°C from the 
above calculation when the designed thickness ratio (t,/tNic,) is 10 (in the case, tNiC, is 0.6 

µm). 
To achieve the maximum sensitivity of a thermal infrared sensor, the inicident 

radiation must be efficiently absorbed. The absorbing layer is used to transform the 
infrared radiation into heat. A high absorptivity, small heat capacity, and compatibility 
with mass production of the absorbing layer are also required. Generally as an IR 
absorbing layer, metal black such as gold black or platium black is used. However, as an 

W
z 

Fig. 2. Schematic illustration of a bimetallic cantilever. 
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Fig. 3. Calculated cantilever deflection vs bimetal thickness ratio m (ts/tNic,)-
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actual absorbing layer, metal black has drawbacks due to its weak adhesion and fragil­
ity.C9l For these reasons, instead of metal black, NiCr(80:20) metal film (>2000 A) is 
adopted in spite of its lower absorptivity compared with metal black layers from mid­
infrared to far-infrared (3 µm-15 µm). One of the merits of a NiCr absorbing layer is that 
the NiCr film can be used as a bimetallic film at the same time. 

We use electrostatic actuation to control the position of the cantilever. When the free 
end of the cantilever approaches the counter-electrode, the tunneling current generated 
between a pair of electrodes is expressed as follows:C6-10l 

I= Vexp(-a{¢s), (2) 

where </J is the effective height of the tunneling barrier, s is the distance between two 
electrodes, Vis the bias voltage (small compared with </J), and ais 1.025 (A-1ev-u2). From 
eq. (2), we can see the tunneling current varies exponentially according to the bending of 
the cantilever. Therefore, we can see the tunneling transducers have an extremely high 
sensitivity to displacement. 

To keep the tunneling current constant, the gap between the electrodes must be 
controlled precisely by electrostatic forces. By monitoring the feedback signals produced 
by the control circuit, we can detect the change in displacement. Figure 4 shows a 
schematic diagram of the feedback control system for the device. It allows the measure­
ment of small deflections with this simple circuit. 

First, the measured tunneling current is converted to a voltage by a low noise current 
preamplifier (I/V converter). For the tunneling, a 100 m V tunneling bias is applied to the 
cantilever, and the preamplifier (IN converter) gain is set to 107 V/A. Its output voltage 
from the I/V converter is compared with a reference voltage (V,et ) from a differential 
operational amplifier, generating an error signal. The reference voltage determines the 
amount of tunneling current. The resulting feedback signal is amplified by a high voltage 
booster amplifier and then applied to the actuation electrode on the glass. 
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Fig. 4. A schematic diagram of the measurement system. 

3. Fabrication

The structure is fabricated by a silicon micromachining technique as illustrated in Fig. 

5. Pyrex glass (1 mm thick) is etched.by buffered hydrofluoric acid (BHF) three times to

form the tip and a step (a, b). Pt/Ti is deposited to form both the actuation electrode and
the detection electrode on the Pyrex glass by sputtering and then is patterned by lift-off (c,
d). As for the silicon, only one side of the Si wafer is highly boron-doped to a depth of 5

µm (e, f). After boron diffusion, Pt/Ti is deposited on the wafer by sputtering, and the

electrode is produced on the cantilever by lift-off (f). The anodic bonding between the

Pyrex glass and the silicon wafer is carried out at 370°C in a vacuum chamber (g). Silicon

is etched in a solution of ethylene, diaminepyrocatechol and water (EPW) until a p++ Si
diaphragm (5 µm thick) remained as a result of an etch stop mechanism called the lost
wafer process (h). The bimetallic layer (0.6 µm thick) of NiCr is deposited by RF

magnetron sputtering (i). The absorptivity of the deposited Ni Cr (500 nm thick) measured

by Fourier transform infrared spectroscopy (FT-IR) was about 93% in the mid-to-far

infrared range. The residual thermal stress of the NiCr bimetallic layer is one of the key

factors in controlling the initial bending of the cantilever. Therefore, it is necessary to

optimize the NiCr film stress to keep the tunneling gap narrow. We had measured the

change in film stress under various sputtering conditions. As a result, we found that the Ar
pressure during sputtering is one of the important factors to control the NiCr film stress.
The measured NiCr film stress vs Ar pressure is plotted in Fig. 6. We must also be careful

about the stress of the boron diffused layer, because a Si wafer would be stressed by the

diffusion of boron atoms. Therefore, Ni Cr is deposited under conditions to minimize the

bending of the bimetallic cantilever. After NiCr i� sputtered, a Si membrane is patterned

by photolithography and the cantilever is fabricated from the diaphragm by reactive ion

etching (RIE) (j). Finally the sensor is packaged (k).

Figure 7 shows a SEM micrograph of a fabricated infrared sensor. The gap between 
the actuation electrode and the cantilever is 6 µm. The length, width and thickness of the 



Sensors and Materials, Vol. 12, No. 5 (2000) 

Si � Pyrex glass � Boron diffused layer
Pyrex Glass Process Silicon Process 

yrex glass,,,,,.',.,,.,,. Si(I00)
(e) P+ Si(I00) wafer cleaning 

(b) Pyrex glass etching with buffered HF � Pt/fi 
r::=:i , ..... 0.,..,.,.,.,.,.,..,..,. ... /\ p:-:::J r l!.] � \'., .... ' ' ... � Li:d �--------------------(c) Sand blasting for electric feed through (f) Highly Boron diffusion(5 11 m thick) 

307 

� &;3'.:i» �e's'� £J Pt/fi sputtering and lift-off(Pt/fi = 80/30 nm) 
. Pt� (d) Pt/ft sputtering and hft -off (Pt/f1 = 80/30 nm) 

/ 
Pyrex glass and Silicon Process 

(g) Anodic bonding of Si and Pyrex glass

(h) lost wafer EPW etching of Si 
,,,,,, 

"(i) NiCr infrared absorber sputtering and patterning 

(j) Cantilever beam fabrication by RIE 

(k) Package 

Fig. 5. Fabrication process for the infrared sensor. 



308 Sensors and Materials, Vol. 12, No. 5 (2000) 

s 1 o• .----.,.....--.,...--.,...---,----, 

. . 

10s • · • • 

( : , o·

........... T ........... r .. . ...... T ........... T ......... ...

i 
O 

........... r........... . ........... r ........... l ............
� 

u 
z . . . 

-2 10
8 

-4, o • 
1.5 

........... . .......... 
� 
·············

i
·············

i
·············

2 2.5 3 

Ar gas Pressure(Pa) 
3.5 
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Fig. 7. Fabricated infrared sensor. 

4 

fabricated Si cantilever are 450 µm, 100 µm and 5 µm, respectively. According to the 
design specifications, the thickness of the Si layer should be 6 µm to yield a thickness ratio 

of 10 between NiCr (0.6 µm thick) and Si. In the actual fabricated device, however, the 

thickness of the Si layer was 5 µm due to some difficulty of boron diffusing to Si. 

4. Results and Discussion

First, we measured the electrostatic actuation voltage vs displacement at three differ­
ent points on the cantilever. The experimental results are shown in Fig. 8. Figure 9 shows 
the three points measured on the cantilever. The displacement of the cantilever is 

measured by a heterodyne laser displacement sensor (NEO-ARK MLD-102). 

Because of the initial bending of the cantilever, the actuation gap became larger than 
the designed value shown in Fig. 10. The designed gap of actuation (D.) and that of 
detection (Dctct ) are 6 µm and 1.5 µm, respectively. These are designed to prevent the pull­
in phenomena mentioned previously. However, the fabricated cantilever was bent by the 
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Fig. 10. The effect of the initial bending of the cantilever. 
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built-in stress. If the fabricated detection gap (Ddr) is too large, the pull-in phenomena can 

not be prevented. 

The deflection of the cantilever vs substrate temperature is shown in Fig. 11. From 
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Fig. 11. Deflection of the cantilever vs temperature of substrate. 

Fig. 11, we can see the deflection of the cantilever over a temperature change of 80°C is 

about 11 µm. It is greater than the expected value (about 9 µm displacement over a 

temperature change of 80°C) based on a'sensitivity of 0.11 µm/°C as discussed with 

reference to Fig. 3. This large thermal deflection is attributed to a deposited NiCr film 
thicker than the designed thickness or to measurement error. The cantilever was bent 
initially at room temperature by the internal stress. Therefore it was not possible to 
measure the tunneling current at room temperature but only by the electrostatic actuation, 

because the gap distance was too large and the pull-in phenomena could occur before the 

tip of the cantilever reached the counter-electrode within the tunneling region. 

To overcome this problem, we heated the sensor substrate on a hot plate to reduce the 

gap between the two detection electrodes. The cantilever bends by bimetallic deflection 

as the temperature increases. The sensor was heated to 70°C and the cantilever was pulled 
down by the electrostatic force until the tunneling current was measured. All experiments 
for tunneling current measurement were performed in air. In the experiments, the 

tunneling current was set to 1 nA. Next, the temperature of the sensor substrate was 

decreased gradually to room temperature. As the temperature decreased, the feedback 

voltage increased to pull down the cantilever with stronger electrostatic force while 

keeping the tunneling current constant. Figure 12 shows the measured feedback voltage 

change plotted as a function of substrate temperature. As shown in Fig. 12, the sensitivity 
to the temperature change is 600 mV/0C. The sensitivity over 60°C could not be 
measured with good reliability because of a leakage current due to ion drift in the glass 

substrate. Figure 13 shows the voltage noise measured using a spectrum analyzer. The 

small noise signal at high frequencies is attributed to the characteristics of the low-pass 

filter in the circuit. The source of the noise in this device has not been experimentally 

determined. Perhaps it may be attributed to the migration of individual platinum atoms or 

the migration of adsorbed water molecules through the tunneling region.<3.tt) 

Its sensitivity to infrared was measured by exposing the sensor to an infrared lamp 
with a power of 150 mW/cm2

• The measurement setup is shown in Fig. 14. Originally the 
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device was designed with a vacuum-shielded structure for less noise (i.e., thermal noise 

reduction by-the thermal cut) and a more stable condition. In the actual measurement, 

however, it was necessary to measure not only the sensor performance due to the infrared 

absorption but also other characteristics such as the deflection of the cantilever by the 
electrostatic force and the change in glass substrate temperature. Therefore, the experi­

ment was performed without the vacuum shield, because data such as the deflection of the 
cantilever could not be measured using equipment like the laser Doppler in the presence 
of the vacuum shield. The feedback voltage change of an absorbed infrared power was 
500 mV. When this was measured, the feedback voltage was in the range of 140 V to 145 

V. In the electrostatic calculation, the actuation gap is supposed to be 4.9 µm from the
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Fig. 14. Measurement setup for infrared sensing. 

measurement of the laser displacement sensor. The calculated deflection as a function of 
applied voltage is shown in Fig. 15. It can be seen that the slope of the displacement curve 
is about 106 nm/V(530 A/500 mV) in the range of the stated feedback voltage. To 
compare the deflection by the infrared absorption with the deflection by the electrostatic 
force, first it is supposed that the absorbed infrared power is uniformly distributed over 
the entire cantilever as shown in Fig. 16. Under this assumption, the vertical deflection of 
the bimetallic cantilever is calculated by the eqs. (3) and (4):<11J 

(3) 

(4) 

where Z is the vertical deflection of the cantilever at the end point of its length L, t is the 
thickness of the layers, a is the thermal expansion coefficient and A is the thermal 
conductivity of the layers (A 1 = 12.6 WK- 1m -1 and Ai= 30 WK-1m-1) with the subscripts 
referring to two layers of the bimetal. That is, subscript I is NiCr and subscript 2 is Si. 
The term Pis the absorbed power. If it is assumed that the actual power absorbed by Ni Cr 
is 60% by considering the heat losses by conduction toward the Pyrex glass substrate as 
well as air convection and also some contamination on the NiCr layer, we can achieve a 
deflection of 53 nm by the incident infrared power. This value coincides well with the 
deflection for the measured feedback voltage change. Therefore, it can be seen that the 
deflection corresponds to 0.001 nm/nW when an infrared power of 50.7 µWis illuminated 

on the sensor area. Because the noise level is measured as 35 µ V /�Hz at 10 Hz, a 
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signal /noise ratio is calculated as 14.3xl03/ .,{ Hz at 10 Hz. Accordingly the noise 

equivalent power (NEP ) is given as 35x10-10 W/ .,[ Hz at 10 Hz and 24.4x10-10 W/ .,{ Hz 

at 30 Hz. The specific detectivity, D*, is equal to 6.lxl06 cm.,{Hz /Wat 10 Hz and 

8.7xl06 cm.,{ Hz/Wat 30 Hz, where D* = (A 112V,igoa1)/(V00iseP) = A 112 / NEP, A is the area
of the detector element and P is the incident optical power producing an observed signal, 
V,ignaJ· The minimum detectable temperature difference ( = L1T/SNR ) of the sensor is 
calculated as 58 mK. For high-performance infrared commercial sensors, D* is on the 
order of 10 8 cm.,{Hz /W. The specific detectivity (on the order of 106 cm.,{Hz /W) of 
this sensor, however, is lower than that of commercial sensors at both 10 Hz and 30 Hz. 
These differences may be attributed to the circuit noise, the thermomechanical noise and 
background mechanical vibration noise among others. These noise levels can be reduced 
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by optimal circuit design and by a more precisely fabricated cantilever without large 

initial bending at room temperature. 

Additionally, to see the robustness against surrounding vibrations, the resonant fre­

quency of the sensor was measured as 34.3 kHz. Because the resonant frequency is high 

enough, it is expected that the external vibration does not affect the measurement of the 

tunneling current. 

5. Conclusions

A novel infrared sensor using bimetallic displacement with tunneling current readout 

and electrostatic servo control is proposed, fabricated and evaluated. Feedback control by 
the tunneling current was successfully performed. It is expected that this sensor can have 

extremely high sensitivity using tunneling current readout if the signal/noise ratio is 

enhanced, and it shows a NEP of 35x10-10 WI� Hz at 10 Hz for infrared irradiation.
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