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ABSTRACT 

It is well known that the work function of metals decreases when they are placed in a nonpolar liquid. A similar decrease occurs 
when the metal is placed into contact with a semiconductor forming a Schotiy barrier. We report on a new method for 
detecting photons using the stress caused by photo-electrons emitted t?om a metal film surface in contact with a semiconductor 
microstmcmre. The photoelectrons diffuse into the microstructure and produce an electronic stress. The photon detection 
results from the measurement of the photo-induced bending of the microsbwture. Internal photoemission has been used in 
the past to detect photons, however, in those cases the detection WBS accomplished by measuring the current due to 
photoelectrons and not due to electronic stress. Small changes in position (displacement) of microstructures are routinely 
measured in atomic force microscopy (AFM) where atomic imaging of surfaces relies on the measurement of small changes 
(< lo” m) in the bending of microcantilevers. In the present work we studied the photon response of Si micmcantilevers coated 
with a thii film of Pt. ‘The Si microcantilevers wcrc 500 nm thick and had a 30 nm layer of Pt. Photons with sufficient energies 
produce electrons from the platinum-silicon interface which diffise into the Si and pmduce an electronic stress. Since the 
excess charge carriers cause the Si microcantilever to contract in length but not the Pt layer, the bimaterial microcantilever 
bends. In our present shidies we used the optical detection technique to measure the photometric response of Pt-Si 
microcantilevers as a function of photon energy. The charge carriers responsible for the photo-induced stress in Si, were 
produced via internal photoemission using a diode laser with wavelength A =I550 nm. 
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1. INTRODUCTION 

Photon detection and imaging has extensive medical, industrial, military, and commercial applications. The detection of 
infrared (IR) radiation, which is the second most intense radiation source in our environment, is very important for a variety 
of activities both commercial and miliUy. Developing detectors that can sense electromagnetic radiation, especially in the 
far-infrared region (8 to 14 pm), allows the detection of unilluminated objects that are at room temperature. Presently, there 
are several families of available photon detectors, including a number of various solid state photon detectors’. Photon 
detectors” arc in general classified as quantam detectors’ or thermal detectors such as pyroelectric’, thermoelccnic, resistive 
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microbolometers,6, ’ and microcantilever thermal detcctors.8”0 In photon detectors, incoming radiation is converted into 
electronic excitation; in thermal detectors, conversion of radiation into heat takes place, which is subsequently sensed as 
changes in the detector temperature. Among the various electromagnetic radiation detectors, the photon detector class has fast 
response times and high dctectivities, D’. Thermal detectors have a very broadband response, since they are based upon thermal 
conversion of the absorbed energy. Recently, a new type of thermal detector based on microcantilevers was developed *I0 with 
a reported9 0’ - IO” cm Hz’“W-I. More recently OUT group has developed a new approach for producing compacf light-weight, 
highly-sensitive micromechanical photon detectors that are based on MEMS (micro-electro-mechanical systems). It relies on 
the precise measurement of electronic stress produced due to internal photoemission io metal semiconductor micromechanical 
quantum detectors (MSMQD). When a MSMQD is exposed to photons (with energies above the Schottky barrier), the excess 
charge carriers generated induce an electronic stress, which causes the silicon microcantilever to deflect. This response is 
depicted schematically in Figure 1 for a MSMQD in the form of a microcantilever. Surface stresses s, and s) arc balanced at 
equilibrium, generating a radial force F, along the medial plane of the microcantilever. These stresses become unequal upon 
exposure to photons, producing a bending force, Fz, that displaces the tip of the microcantilever. Furthermore, since these 
MSMQDs are coated with a material that exhibits dissimilar thermal expansion properties than the semiconductor, the 
bimaterial effect will caose the device to bend in response to the electronic stress. The extent of bending is directly proportional 
to the radiation intensity. 

Earlier work has shown that microcantilever bending can readily be determined by a number of means, including optical, 
capacitive, piezorcsistive, and electron tunneling with extremely high sensitivity”. For example, the metal-coated 
microcantilevers that are commonly employed in AFM allow sob-Angstrom (<lo”’ meter) sensitivity to be routinely obtained. 
For example, Hansma “and Bionig I’ have demonstrated AFM sensitivities of lo‘” N, corresponding to bending magnitudes 

of approximately .5x10-” m. Recently, even smaller microcantilever deflections were measured with a resolution of 
-0.4~10~” m”,“. Standard AFM microcantilevers are typically 100-200 pm long, 0.3-3 pm thick and IO-30 pm wide, and can 
be fabricated from various dielectric or semiconducting materials. Microcantilevers made out of GaAs were also fabricated 
with a thickness of merely 100 mn16. When even thiier microcantilevers were used, measurements of lo”’ N have been 
reported. Microcantilevers cao be mass produced at relatively low cost using standard semiconductor manufacturing methods. 
When microcantilevers are used as photon detectors and not as thermal detectors, they have faster response times and higher 

performance than that of microcantilever thermal detectors. Since microcantilevers can be easily manufactured in one- and 
two-dimensional arrays having 500 or more individual microcantilevers on a single wafer, this technology may be practical 
for manufacturing sensitive photon detector arrays with spatial resolutions comparable to current CCD detectors. 

Si Cantilever 

Figure 1. Schematic diagram showing the bending process of a MSMQD 
exposed to photons. Surface stresses st and ~2 are balanced at equilibrium. Also 
depicted is the accompanied contraction of the semiconductor lattice following the 
injection of excess charge carriers. 



2. METAL-SEMICONDUCTOR PHOTO-INDUCED ELECTRONIC STRESS 

Microcantilevers (see Figure 1) undergo bending due to the differential surface stress I’ (AT+sJ created by transient 
expansions; the top (photon exposed) side expands sooner that the bottom (unexposed) side thus creating a differential surface 
stress. Earlier work has shown that the absorption of photons by a solid results in temperature changes and thermal expansion 
which in turn gives rise to acoustic waves at frequencies corresponding to the amplitude modulation of the incident photon 
beam.‘“, I9 It was also demonstmted that the elastic wave sttess amplitude can be larger than the radiation pressure amplitude.‘* 
Acoustic signals that result t?om thermoelastic coupling have been used to obtain photoacoustic images of thin metallic films~ 
It has been repotted earlier that photoacoustic generation in semiconductors is due prhnarily to photogenerated charge carrierszO 
and not to thermoelaatic effects”; of course the energy of the mcident photons has to be larger than the band gap energy of the 
semiconductor. It is well known that in a semiconductor the generation of ‘free” charge carriers (electrons and holes) via 
photon irradiation results in the development of a local mechanical strain. W ‘a This additional strain adds to other strains 
resulting from temperature changes of the semiconductor. When the photon flux is high enough to cause the semiconductor 
to heat, the subsequent expansion (or contraction) can be detected as acoustic 
waves with conventional photoacoustic techniques.‘9.ZI 

In a semiconductor stmcturc of thickness t and energy bandgap aa, the change in total surface stress due to a change in 
charge carriers, hn, will be given by the photo-induced stress, Aspi, via. ‘% 11.24 

where, dE&dP is the pressure dependence of the energy bandgap and E is the Young’s modulus. A hole (in the valence band) 
decreases the energy of covalent bonds while an electron adds to the bonding (or antibonding) energy. Therefore there is a 
competing effect between the thermal and me photo-induced stress. When da&IF is negative, the photo-induced stress is of 
opposite sign than that of the thermal stress and will tend to make the semiconductor crystal contract. 

For a rectangular bar (Figure 1) of length I, width w, and thickness t, the reciprocal of the radius of curvature, R, is given by 
Stoney’s relationship IJ 

I -= 6(1-v) 
R El 6SN 

where, u is the Poisson’s ratio. Using Eqn (1) the above equation cmi be rewritten as u 

(2) 

The reciprocal of the radius of curvature is approximately equal to &a/@?’ Then the maximum displacement I.., of the 
microcantilever is given by 

Lmu = I dP 
(4) 
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Figure 2. Calculated deflection of a Pt-Si quantum detector due to 
internal photo-emission strss as a function of photon wavelength for an 
absorbed power of I nW. The solid curve was calculated using Eqn (9). 

deflection sensitivity. However, the larger the difference between the Young’s moduli the more dift%ult it becomes to deposit 
a bimaterial layer and not produce ‘curled” micmcantilevers. I4 ” The deposition of metal layers on thin microcantilevers to 
produce unstressed stmcNres with no bending is difficult and requires extremely high thermal stability. Bimaterial 
microcantilevers with no fieticeable bending have been produced when care was taken to avoid any temperaNre rises during 
the bimaterial deposition process. ” In those sNdies, the investigators broke down the complete deposition process into 20 steps 
in order to avoid the temperature of the microcantilever rising during the deposition. 

Using values found in tbe literature ” for Si (&@?‘= -2.9~10’~ cm’, and El = 1.69~10~~ dyn/cm’) and for Pt (Ez = 
1.91~10” dye/cm’), we calculated from Eqn (9) the photo-induced deflection of a Pt-Si microcantilever photon detector as a 
fonction of photon wavelength; the absorbed power was assumed to be 1 nW. The Pt-Si micmcantilever photon detector was 
given a length I= 100 pNm, width w = 20 pm, thiclmess I = 500 nm end a 30 nm Pt coating. The overall bending due to internal 
photoemission is plotted in Figure 2 and CM be seen to decrease with increasing wavelength up to the cutoff wavelength of PtSi 
(X, =5.5 pm). 

3. EXPERIMENTAL 

Although bending of micromechanical devices can readily be determined by a number of means (optical, capacitive, 
electron tunneling, and piezoresistive methods), in the present work we used optical readout techniques. The approach used 
was adapted from standard AFM imaging systems, and is shown schematically in Figure 3. Pt-Si microcantilevers were 
mounted on a three-axis translation stage to facilitate fme adjustment of the microcantilever relative to the rest of the 
experimental apparatus. Collimated opticai radiation from a diode laser was used to evenly iiluminate the mounted 
microcantilever (pump wavelength of 1550 nm, centered on the Pt-Si micmcaotilever, which had an effective length of 100 
pm). A mechanical chopper was used to modulate the incoming photon radiation. This configuration provided a flexible, easily 





1.0 

-z 
5 0.8 

s 
NE 
$ 0.6 

5 
y 0.4 

0.2 

0.0 

I 1 I / I 

Pt-Si 
F=1120Hz 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 

TIME (ms) 

Figure 4. Deflection of a Pt-Si micmcantilever [curve (a)] due to internal photo- 
emission at the Pt-Si interface when exposed to photons with A=1550 am and an 
absorbed power of 20 nW. The dashed curves(b) and(c) go with the let? vertical axis. 
The dashed curve (b) represents the signal from the modulator and shows tbe amount 
of time the Pt-Si microcantilever was exposed to photons. The dashed curve (c) is the 
signal tium the quad cell photodiode and shows the time rsponse of our optical position 
measuring circuit 

silicide. These electrons can drift into Si and cause an electronic stress. We measured the deflection of R-Si micmcantilevers 
as a function of time and in Figure 4 plotted the temporal response when the absorbed optical power was 20 nW. ‘Ihe absorbed 
power was calculated using o&s = g, @aim A cI I A,* where alhl (= 0.01) is the photon absorptivity of Pt at 1550 ma, A, 
is the cantilever area and A,, (= 1.75 mmZ) is the area of the focused laser beam at the plane of the microcantilever. As can 
be seen from Figure 4, the F’t-Si microcantilever responds rapidly to incoming photons that generate photoelectrons from the 
Pt-Si surface which, in tom, cause a measurable mechanical bending. For similar stmchwes, thermal effects have been found 
to play a role in slower time scales with a time constants > 10-l s..9,= Since de&Y’ (-2.9~10~~ cm’) is negative for Si”, it excess 
electrons present- in the Si will caose Si to contract while the Pt layer will either expand or remain unaffected. It is thii 
bimaterial effect that makes the micromechanical saucnue to exhibit increased bending when exposed to infrared photons. We 
should point out that the temporal response ofthe Pt-Si microcantilever shown in Figure 4 (solid curve a) is limited by the time 
constant of optical read-out electronics. This obsewation is suppolted by the response of the read-out quad cell photodiode 
shown in Figure 4 (dashed curve c). It can be seen that the photodiode response is dramatically influenced by the time constant 
of the read-out circuit. 

We also exposed our R-Si microcantilever to varying input radiant power and measured the microcantilever bending due 
to electronic stress as a function of absorbed power. Again, we calculated the absorbed power using @,@s = Q,, @,inC A, 
I A,. In Figure 5 we plotted the measured bending of a F’t-Si microcantilever as a function of absorbed power using a diode 
laser source with wavelength X=1550 nm. The deflection of the pt-Si microcantilever was primarily due to electronic stress 
caused by internal photoemission and was found to increase linearly with increasing power with a deflection sensitivity 83 = 
0.0527 m/W. In our studies the smallest positional changes we measured were a fraction of a nanometer. However, much 





5. CONCLUSIONS 

The results of the present work demonstlilte that Pt-Si microstructures represenl. an important development in 
micromechanical photon detector technology, and can be expected to provide the basis for considerable further development. 
For example, vastly improved micromechanical photon detectors could be produced by making relatively simple changes in 
the materials and geometries used in MEMS fabrication. It is possible to design microstructures with much smaller force 
constants by varying their geometry, end in contrast to the devices used in this study, microstructures with force constants as 
small as 0.008 N/m can be produced. Since the timdamental mechanical resonance frequency of a microstructure is 
proportional to the square root of the spring constant, k’“, reductions in force constant can be used to bring resonance into 
ranges compatible with mechanical chopping frequencies. 

The micromechanical spectral response can be easily tailored through the application of specific antireflective coatings 
and choice of material for fabrication. This meaus that MEMS photon detectors can be fabricated using standard semiconductor 
methods and materials, and as a consequence could be mass produced at very low cost. Hence, two-dimensional cantilever 
arrays based on the technology described here, could become very attractive for a number of applications due to their inherent 
simplicity, high sensitivity, and rapid response to optical radiation. While the optical readout method is useful with single 
element designs, practical implementation of large micromechanical arrays may require the use of other readout methods, such 
as di%active, piezoresistance or capacitance. Fortunately, th6 MEMS technology’s compatibility with a variety of readout 
methods also affords tremendous flexibility to potential system designers. 
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