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Abstract

We have developed a new method for fabricating quantum well microcantilever arrays that can be used in a variety of
sensing applications. Microcantilevers with quantum wells allow real-time manipulation of energy states using external
stress thus providing photon wavelength tunability. For example, this can result in an effective and rapid change in
electron energy levels in photon detection devices. We applied this microfabrication technique to develop InSb
microcantilevers and small arrays of GaAs/GaAlAs microcantilever quantum wells. Such arrays can be useful in the
detection of infrared (IR) radiation at room temperature. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Photonics is important to a large number of applications both commercial and military. In particular,
detection and imaging of infrared (IR) radiation has extensive medical, industrial, military, and commercial
applications. IR radiation is loosely defined as photons with wavelengths from 0.7 to 50 pm. IR radiation is
the second most intense radiation source in our environment and can pass through many crystalline, plastic
and gaseous materials including the earth’s atmosphere. Most IR detectors take advantage of two
atmospheric transmission “windows’’: the 3—5 pm window and the 8—14 um window (see Fig. 1(a)). Most of
the IR radiation emitted from objects at room temperature is in the 8§—-14 pm region (see Fig. 1(b)). IR
detection applications range from thermal imaging, astronomy, biomedical diagnostics, and IR spectro-
scopy to name a few. A limiting factor to imaging in the IR spectrum has been the high cost of IR cameras.
Infrared radiation detectors [1-4] can be classified broadly as either quantum (electro-optic/photon)
detectors [5] or thermal detectors such as pyroelectric [6], thermoelectric, resistive microbolometers [7-10],
and micromechanical thermal detectors [11-18].

Electro-optic detectors are based on the conversion of electromagnetic energy to electronic excitation in
semiconductor crystals. Traditionally, such electronic excitation is detected as a change in the electrical
conductivity of the material. Electro-optic IR detectors exhibit fast response times and high detectivities,
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Fig. I. Atmospheric transmission windows for IR radiation: (a) Transmission as a function of photon wavelength. Most IR detectors
take advantage of the windows of transmission from 3 to 5pum and from 8 to 14 pm. (b) blackbody radiation as a function of photon
wavelength for an object at 300 K. Most of the IR radiation emitted is in the 8—14 um window (wavelength region between the two
vertical dotted lines.).

D*, but require the devices to be kept at a reduced temperature to minimize the effects of internal thermal
noise that varies as exp(—e&g/kT); ¢, is the band-gap energy, k is Boltzmann’s constant and 7 is the
temperature. On the other hand, thermal detectors have a very broadband response, since they are based
upon thermal conversion of the absorbed energy. The thermoresistive microbolometer [9,10,19,20] detector
and electric field enhanced pyroelectric detectors [6,21] have demonstrated a noise equivalent temperature
difference (NETD) of less than 50 mK. For a 320 x 340 array with 50 um x 50 pm pixel size an NETD of
<20mK was demonstrated [19]. Recently, a new type of thermal detector based on micromechanical
structures was developed [14,16-18,22,23] with a reported NEDT ranging from 5K [17] to 5mK [16,23] and
D*~ 108 cm Hz!> W~! [14]. However, these thermal detectors generally have slow response times (> ms),
low detectivities, and are limited by the fundamental temperature coefficient of resistance (for resistive
bolometers), the pyroelectric coefficient (for pyroelectric detectors) and thermal bending sensitivity (for
micromechanical systems). Hence fundamentally new detection techniques are required for the
development of compact, light-weight, broadband, highly-sensitive, and low-power consumption IR
imaging sensors.

More recently we have developed a new approach for producing compact, light-weight, highly sensitive
micromechanical photon detectors that are based on micro-electro-mechanical systems (MEMS). These
new types of semiconductor micromechanical detectors operate as photon detectors based on the photo-
induced stress in semiconductors [24-27]. The operation relies on the interaction of photons directly with
the semiconductor material, semiconductor/metal interface, or microcantilever quantum wells resulting in
photo-induced stress. The photo-induced stress is then detected as a change in the radius of curvature of the
micromechanical system. Earlier work has shown that microcantilever bending can readily be determined
by a number of means, including optical, piezoresistive, capacitive, and electron tunneling with extremely
high sensitivity [28,29]. For example, the metal-coated microcantilevers that are commonly employed in
atomic force microscopy (AFM) allow sub-Angstrom (< 10~'"m) sensitivity to be routinely obtained.

In the present work we discuss a new microfabrication process for both thermal and photonic
microstructures with quantum wells. When micromechanical structures 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 the transduction mechanism relies on mechanical stress we first
discuss the thermally induced and photo-induced stress in semiconductor and quantum well
microcantilevers. We then address the issue of the fundamental noise sources in these systems and finally
we discuss our microfabrication approach.
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2. Thermally induced stress

Bimaterial microcantilevers undergo bending due to differential stress in the microcantilever. The change
in the radius of curvature, R, due to differential stress, As, can be written as [14,30]

1_ 6(1+ (11/12)%) As 0
R It +6)B+0/0) + (1 + 0E/6E)(#/5+ hE /0 E)] EY

where f; and #, are the thickness of the coating and microcantilever substrate, / is the microcantilever
length, E£; and E, are the Young’s moduli of the coating and microcantilever, and E* is the effective
Young’s modulus of the coated microcantilever. Note that E* = E|F,/(E; + E»). Bending resulting from
differential stress in such a microstructure can be detected with sub-nanometer sensitivities. The bending
Zmax 1S Telated to the radius of curvature R by zmax = /2/(2R) which can be rewritten as

31 1+ (11/6)° As
h+n3(1+0/6)+ (1 + E/uE) (B2 + nE/nE)| EY

(2)

Zmax =

Previous work has shown that silicon nitride microcantilevers with a thin gold film on one side undergo
measurable bending due to temperature changes as small as 10~° K. This bending is due to the differential
stress created by dissimilar thermal expansion of the microcantilever substrate and the gold coating (or the
bimaterial effect). The differential stress due to thermal expansion of these materials can be approximated
as [14]

As =~ (E\o — Ero0)IAT, (3)

where AT is the temperature change and «; and o, are the coefficients of thermal expansion for the
materials composing the bimaterial strip. By measuring the bending distance zp.x, the change in
temperature can be determined by

32 1+ (l]/tz)z Ejo — Eron
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This assumes the ideal case where the microcantilever and its base are at the same temperature. We have
also assumed that all incident radiation is absorbed by the microcantilever and the base, resulting in a
uniform temperature change. The fundamental limits to the performance of these micromechanical
structures are established by the properties of the microcantilevers themselves and also depend on the
readout means. When an optical readout scheme is used in certain cases, the influence of the optical readout
can be negligible. The fundamental limits i.e., background fluctuation noise limit and temperature
fluctuation noise limit depend on the inherent properties of the microcantilever (see later section). An ideal,
noiseless readout would amplify and display the signal and noise inherent to the microstructures without
adding any excess noise. It turns out that the optical readout investigated in this work is very close to this
ideal case [31,32].

3. Photo-induced electronic stress

Microcantilevers exposed to photons undergo bending due to the differential surface stress [24,33]
(As = 51 — 5p) created by transient expansions; the top (photon exposed) side expands sooner than the
bottom (unexposed) side thus creating a differential surface stress. When the structure is bimaterial (see
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Fig. 2. Schematic diagram showing the bending process of a semiconductor microcantilever exposed to photons. Surface stresses s;
and s, are balanced at equilibrium. Also depicted is the accompanied contraction of the silicon lattice following the generation of
electron—hole pairs.

Fig. 2) the bending is primarily due to the differentiated response of the two materials. 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 [34,35]. 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 [36,37].
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 [35,38].

In a semiconductor structure of thickness ¢ and energy bandgap ¢, the change in total surface stress due
to photogenerated change in the charge carrier density, An will be given by [24,36,37,39]

As = Aspi = (%%An) E, (5)

where, de;/dP is the pressure dependence of the energy bandgap, and E is the Young’s modulus of the
semiconductor structure. When de,/d P 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. The deflection sensitivity can
be enhanced by coating the microcantilever with a layer of another material. For a rectangular bimaterial
bar (Fig. 2) of length /, width w, and total thickness ¢, the reciprocal of the radius of curvature is given again
by

(6)

1 2(1+ (11/0)%) (%An) E|
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Materials with large differences in E will offer better deflection sensitivity. However, the larger the
difference between the Young’s moduli the more difficult it becomes to deposit a bimaterial layer and not
produce ‘“‘curled” microcantilevers [16,40]. The deposition of metal layers on thin microcantilevers to
produce unstressed structures with no bending is difficult and requires extremely high thermal stability.
Bimaterial microcantilevers with no noticeable bending have been produced when care was taken to avoid
any temperature rises during the bimaterial deposition process [40]. In those studies the investigators broke
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down the complete deposition process into 20 steps in order to avoid the temperature of the microcantilever
rising during the deposition.

The reciprocal of the radius of curvature is approximately equal to dzz/ dy? [41]. Then, using Eq. (6) the
maximum displacement z,x of the microcantilever is given by

P L+ (1/6) Eidey
n+0\3(1+04/6) + (1 + 0 E /6E) /G + 6E/tE) ) E* dP

(7)

Zmax —

The overall change in zpy,x will depend on several physical and mechanical properties of the
semiconductor. In fact, for the same input power a Si microcantilever exhibits a photo-induced bending
that is about four times larger than that due to thermal induced stress [24].

Assuming that an incident radiant power, @,, in asemiconductor microcantilever generates a number
density of excess charge carriers, An, we get

A TL
AnM=np——— @ 8

"= e w(ty + 1) ®)
where 7 is the quantum efficiency, h(= 6.626 x 10>*J's) is Planck’s constant, ¢(=3 x 10*ms~!) is the
speed of light, and 7y is the lifetime of the carriers in the semiconductor. Then the maximum displacement
Zmax Can be rewritten as

! 1+ (1/1)° Ey 2 de
Zmax = 5 5 ( 1/ 2) 272 l;/]——y‘EL(I)e. (9)
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We can define the deflection responsivity R = z/®,, viz.,
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R = ; . (11/12) — Lyl (10)
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Since the charge carriers can be generated in a very short time, the photo-induced stress can manifest itself
much faster than thermal stress.

In Fig. 3 we calculated the photo-induced responsivity as a function of photon wavelength for a number
of different semiconductor materials using Eq. (10) and the material properties found in Table 1 [4,42,43].
In these calculations we assumed the microcantilevers had length / = 100 um, width w = 20 um, and total
thickness 7 = 0.5pum. The bending due to photo-generated charges increases linearly with increasing
wavelength up to the cutoff 4.

4. Microfabrication method
4.1. Microfabrication process flow

The process for the fabrication of these novel microcantilevers includes the following major steps: (i)
substrate preparation, (ii) molecular beam epitaxy of the quantum wells, (iii) single-point diamond turning,
(iv) broad ion beam thinning, (v) focused ion beam patterning, and (vi) pulsed laser deposition
metalization. The traditional silicon-based microelectronic integrated circuit fabrication processes typically
involve substantial wet and dry chemistry to create microstructures of interest. However, such processes are
not well understood for many alternate semiconductor materials and therefore it is rather difficult to apply
these processes to the fabrication of microcantilevers. Furthermore, microstructures often collapse due to
liquid surface tension effects at the release stage. Even when dry processing, such as reactive ion etching, is
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Fig. 3. Calculated responsivity, R, for semiconductor microcantilevers as a function of photon wavelength, for different materials.

Table 1
Properties of semiconductor materials that can be used as microcantilever photon detectors
Semiconductor material & (€V) deg/dP (1072 cm?) E (GPa) G (Wm'K™
GaAs 1.35% —13.67° 85.5 55
Si 1.12* —3.14¢ 130.91 163
Ge 0.67* 11.52°¢ 102.66 59
InSb 0.16* 23.61° 42.79 36
“From Ref. [4].

®From Ref. [48].
°From Ref. [43].

extensively employed the fabrication will be highly material dependent. Therefore, assuming it is chemically
possible, new process parameters will be required for every material system. As a result we have chosen an
essentially material independent and dry novel fabrication and hybridization approach. In the fabrication
of microcantilevers there are basically two options, precision material deposition and/or removal. We have
employed a number of tools for both approaches that have been used in novel ways to directly fabricate
microdevices from material substrates of interest. The rapid device prototyping technique shown in Fig. 4 is
amenable to most group I1I-V and II-VI semiconductors.

4.2. Molecular beam epitaxy
The epitaxial process chosen for this quantum well work was molecular beam epitaxy (MBE) since we

required considerable heterostructure interface control. This technique has long been known to produce
high-quality material with ~0.3 nm compositional control at the expense of growth speed (~ monolayer per
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Fig. 4. Process flow for the advanced microfabrication technique used for rapid device prototyping.
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Fig. 5. Cross-sectional image of MBE grown quantum well layers.

Table 2
Parameters of the quantum well material used in the present study
Layer® Material Thickness (nm) First repeat Second repeat
Quantum well GaAs 6.0 —
. b
Quantum barrier GaAlAs;_, 4.3 } « 10 % 40
Quantum well GaAs 1.1
Quantum barrier GaAl,As,_,° 4.3 —

#Made available from Sanders a Lockheed Martin company, with absorption wavelength at 8.6 um.
b
x=0.3.

second). However this shortcoming is acceptable due to the very large substrate growth areas and
monolayer compositional control that are possible with MBE. Commercial 75mm diameter GaAs
substrate surfaces are of insufficient quality for precise heterostructure interface control, and therefore the
following process was chosen for our project. First an n-doped GaAs buffer layer with a thickness of 1.8 ym
was grown with MBE. This was followed by the growth of approximately 400 wells and barriers to a total
thickness of ~2.75um (see Fig. 5). Finally, a GaAs cap layer with a thickness of 1.45 um was grown. In
further processing the substrate and both the buffer and cap layers are completely removed to form the fully
released microcantilevers which are only ~1 um thick. The details of the quantum well structures are shown
in Table 2. The basic GaAlAs/GaAs barrier/well cell is repeated 10 times. Each of these cells is encapsulated
between a GaAs/GaAlAs well/barrier. This super cell is then repeated 40 times to form the entire multiple
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Fig. 6. Example of a 2mm diameter, < 10 um thickness conical semiconductor depression (diaphragm) during single-point diamond
turning.

quantum well (MQW) region. In all cases the Al content was 30%. This MQW layer produced an
equivalent energy band structure for a wide photon absorption region which peaked at 8.6 um.

4.3. Single point diamond turning (SPDT)

Since the goal in our fabrication scheme was to maximize material independence of the process, it was
important in the material removal mode of this approach to remove the maximum amount of material
before proceeding to the next more material-dependent fabrication step, if required. Unlike conventional
etching processes, precision direct write techniques can be used to rapidly and precisely remove material
without many of the problems associated with traditional photolithography-based etching processes used
to create silicon features. Even though there is some inherent material dependence associated with almost
every process, these effects were negated since almost 99% of the material removal was accomplished with
precision SPDT. This created a diaphragm, as can be seen in Fig. 6, that is amenable to further direct write
fabrication techniques. Furthermore, eliminating or substantially reducing dependence on etchants will
substantially decrease the time consuming step of matching a specific etching agent to the target binary,
ternary, or quaternary material.

Using our diamond turning facility we were able to explore many “‘exotic”’ semiconductor material
systems. Two diamond turning machines were available for this project: (i) the prototype of the Nanoform
600 class machine, that can diamond turn parts with diameters of 0.6 m with a positioning resolution of
1.25nm; and (ii) the Precitech Optimum 2800 that was particularly amenable to semiconductor
micromachining.

The micromachining conditions used for all materials in the final surface passes were: rotational speed of
2000 rpm; feed rate of 500 pm/min.; cut depth of 0.5 pum; and diamond tool radius of 0.508 mm. However,
the roughing cut parameters varied according to the individual material properties. The quality of the
micromachined surfaces was critical since these thin diaphragm surfaces serve as the substrates for the
eventual microdevices. All of the non-silicon starting substrate wafers were polished on the vacuum fixture
side and lapped on the diamond tool side. Thus the final microdevices have a polished side and a diamond
turned/ion milled side. An atomic force microscope image of a silicon micromachined surface is depicted in
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Fig. 7. AFM image after SPDT of semiconductor surface [(1 00) silicon]. Most alternate materials (II-VI and I111-V) show superior
results compared to this hard/brittle material.

Fig. 7. Although at first glance this silicon surface appears highly textured, the scale indicates the extreme
exaggeration of the vertical (z-axis) dimension in this image. The peak to valley deviation is approximately
5nm. Two distinct periods can be seen. The larger period of approximately 300 um corresponds to the
expected values given the feed rate, rotational speed, and depth-of-cut. However, the other pattern has a
higher frequency component induced by vibration. Fortunately, most of the important group II-VI and
III-V semiconductors are even more amenable, to varying degrees, than silicon to this fabrication process.
InSb- and GaAs-based material systems were of particular interest in this study.

4.4. Ion beam milling

In our studies we extensively employed both broad and focused ion beam material removal techniques.
The SPDT process produced well-controlled ~10um thick semiconductor diaphragms. However,
mechanical micromachining material removal processes introduce subsurface damage on the order of the
depth of cut. Thus under the machining conditions used in the SPDT final cut, a maximum ~5um of
subsurface damage would be produced. This damage can be removed, and the semiconductor diaphragm
further thinned, with broad ion beam milling. However, compound single crystal semiconductors typically
roughen under ion beam bombardment due to preferential sputtering one constituent in the crystal
compared to the others. We have developed a technique to mitigate this effect and even provide smoothing
in many cases. The substrate was rotated and the ion beam impinged at angles as high as 70° from the
surface normal. The process conditions involved a 3 cm argon ion beam at 500 V and 20 mA. This technique
both removed the SPDT induced subsurface damage and thinned the diaphragm to the required thickness
for focused ion beam patterning. All crystalline compound semiconductors are susceptible to ion beam
roughening to different degrees, with InSb showing the most severe damage compared to moderate
roughening produced in GaAs/GaAlAs.
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Fig. 8. FIB patterning of individual micromechanical quantum well detector element.

B 100 um

Fig. 9. FIB milling of InSb diaphragm that produces an InSb microcantilever device used for subsequent IR response studies.

4.5. Focused ion beam milling

We also used in our studies a focused ion beam (FIB) milling system (FEI 200) to pattern our devices.
The FIB system uses a Ga ion source to produce an energetic ion beam focused onto the working surface
[44-46]. The beam energy was 30keV and the beam current varied (1 pA to 11.5nA), depending on the
focused beam diameter (25-600nm). The system utilizes secondary electron emission produced by the
scanning ion beam to image the surface in a manner similar to an electron microscope. This allows the
region of the surface being modified to be observed before and during the ion milling process.
Magnifications achievable are similar to electron microscopes, ranging from 190 to over 100,000. This FIB
system was used to direct write a pattern, such as the ones shown in Figs. 8 and 9, by rastering the ion beam
over a user-defined area on the thinned semiconductor surface.

5. Experimental

In the present work we studied microcantilever structures that were made from single crystal InSb and
GaAs/GaAlAs quantum wells using the process described earlier. In Fig. 9 we show an example of an InSb
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Fig. 10. Micromachined arrays of micromechanical quantum well devices.
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Fig. 11. Schematic of the experimental setup and the optical readout scheme used in the present studies.

microcantilever and in Fig. 10 we show a small 4 x4 array of microstructures made from GaAs and
GaAlAs quantum wells Although bending of such microcantilevers can readily be determined by a number
of means (optical, capacitive, electron tunneling, and piezoresistive methods), in this work we concentrated
on optical readout techniques. It turns out that the optical readout technique adds negligible noise in the
detector system [31,32]. The optical readout approach used in the present studies was adapted from atomic
force microscopy imaging systems [47] and is shown in Fig. 11. Microcantilevers were mounted in a chip
holder which, in turn, was mounted on a three-axis translation stage to facilitate fine adjustment of the
microcantilever relative to the rest of the experimental apparatus. A mechanical chopper was used to
modulate the incoming photon radiation.

A diode laser was used in a probe configuration to monitor bending. A laser beam was focused onto the
tip of the microcantilever using a 10 X microscope objective; in order to minimize heating of the tip by the
probe laser, optical power was reduced by using a neutral density filter. A quad-element (A,B,C,D)
photodiode detector was used to collect the reflected probe beam. The current output (ipc,p) of the
photodiode depends linearly on the bending of the microcantilever. A high narrow bandpass optical filter is
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Fig. 12. Deflection [curve (a)] of a InSb microcantilever due to photo-induced stress when exposed to photons from a blackbody
source. The dashed curve (b) represents the signal from the modulator and shows the amount of time the microcantilever was exposed
to photons.

placed in front of the photodiode allowing the laser beam to be detected while preventing other wavelengths
from reaching the photodiode. The amplified differential current signal from the quad cell photodiode,
iagcp|= (ia+ iB) — (ic +ip)/ (ia + ig + ic + ip)], is monitored and recorded using a digital oscilloscope
or sent to a lock-in amplifier for signal extraction and averaging. This configuration provided a flexible,
easily controlled test system for quantifying microcantilever response to optical energy. All measurements
were conducted at ambient temperature and atmospheric conditions.

6. Results and discussion

We used the fabrication method described earlier in Section 4 to develop InSb microcantilevers and
GaAs/GaAlAs quantum well microstructures. The InSb microcantilever shown in Fig. 9 was a 500 um long
micromechanical structure and was patterned in the middle of a 6 pum thick InSb diaphragm using FIB. The
missing material simply dropped out once the pattern was complete, leaving released microcantilevers. The
deflection response of this microdevice due to exposure to energy from a 500°C blackbody source is shown
in Fig. 12. A Si window was used to allow only photons with wavelengths 4 > 1.1 um. The experimental
setup used for these measurements was discussed in the previous section. We found that the single crystal
InSb microcantilever IR detector used exhibited enhanced deflection response (both magnitude and
frequency) due to photo-induced compared to simple thermomechanical (bimaterial) movement due to
thermal stress in the lattice [24]. The measured response shown in Fig. 12 corresponds to a bending of 55 nm
when the measured signal was 93 mV which corresponds to a sensitivity of 0.59 nm/mV.

The micromechanical quantum well devices shown in Fig. 10 were designed to be used as elements of a
larger IR imaging array. The geometry was chosen to represent a square “pixel”” in such an imaging array.
Using quantum well structures to detect photons possess a number of advantages. As can be seen from
Table 1 the choice of materials for photon detection depends on the cut-off wavelength which is fixed for
single or binary materials. However, the band-gap energy can be engineered using quantum well devices for
a specific wavelength or a band of wavelengths. Furthermore, when quantum wells are part of a
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Fig. 13. Modulation of energy levels in a micromechanical quantum well device using external stress.

microstructure the band-gap energy can also be tuned by stressing the microstructure (see Fig. 13 and later
in this section); expanding the quantum well leads to a lowering of the energy level in the well.

The GaAs/GaAlAs quantum well microcantilever shown in Fig. 8 was a 50 pm x 50 um pixel with a
thickness of about 3.5 um. Cantilevers were fabricated in the middle of a GaAs/GaAlAs quantum well
diaphragm using the FIB techniques described above. We measured the deflection response of this
microdevice when exposed to photons from an IR source; the IR source was a calibrated blackbody and its
temperature was set at 900°C. In Fig. 14 we plot the bending response to modulated incoming photons as a
function of time. In this experiment, photons from the IR source passed through a 10 mm in diameter
circular aperture and a mechanical chopper was used to modulate the IR photons; the width of the opening
in the blades of the chopper wheel was about twice the aperture diameter of the IR source. Since light from
the entire aperture illuminates the microcantilever device, it takes about one quarter of the period of the
chopper to fully expose or block the energy from the IR source. This affects the apparent time constant of
the device as can be seen in Fig. 14. We found that it takes about one-fourth of the modulation period for
the microcantilever to reach its maximum response, and then another quarter period for the response to
relax back to zero. The actual time response of the IR microcantilever is much faster than shown in this
observation, and at a maximum modulation speed of about 450 Hz, the shape of the response appeared
unchanged. The motion of the device was calibrated by rotating the device in a precision rotation stage
(part of the experimental set-up) and measuring the change in output voltage from the detector as a
function of rotation angle. Since the deflection of the cantilever is a function of this rotation angle, a
deflection calibration of 0.25 nm/mV was obtained. The response shown in Fig. 14 corresponds to a device
deflection of about 15nm.

We also investigated the tunability of micromechanical quantum wells using mechanical stress. The
energy levels in the quantum wells are sensitive to applied external mechanical stresses. There are a number
of ways one can study the effect of external mechanical stresses. For example, if a thin layer of magnetic
material is deposited on the microcantilever surface, an applied external magnetic field will cause the
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Fig. 14. Deflection of a GaAs/GaAlAs quantum well microstructure when exposed to photons from a blackbody source. The dashed
curve (a) represents the signal from the modulator and shows the amount of time the microcantilever was exposed to photons. The
linear appearance of the rise and fall portions of the response (b) is due to the opening and closing of the mechanical chopper and is
therefore not representative of the device response time.
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Fig. 15. Temporal response of micromechanical quantum wells to IR radiation. Curve (a) shows the response of the microcantilever
when no external stress is applied and curve (b) represents the response when acoustic excitation of the microstructure is present. The
photons from the IR source were modulated at 100 Hz [curve (¢)].

microcantilever to bend. We used a somewhat simpler approach by exposing the microcantilever to an
acoustic excitation source with frequencies over two orders of magnitude higher that the modulation
frequency of the IR source. In Fig. 15 we plotted the response of the micromechanical quantum wells to IR
radiation. In curve (a) we show the response when no external stress is applied while in curve (b) we plotted
the response when the quantum well microstructure is acoustically excited. Photons from the IR source
were modulated at 100 Hz [curve (c)]. We attributed the observed increase in the measured signal when
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acoustic excitation is present to the broadening of the quantum well energy levels which occurs as a
consequence of the applied mechanical stress. Although more studies of this effect are underway, our
present results represent the first attempts to study energy level shifts in suspended two-dimensional
electron gas (2DEG) systems.

7. Conclusions

We developed a microfabrication technique that can be applied to almost any material system. We used
this technique to develop micromechanical quantum detectors made from InSb microcantilevers and GaAs/
GaAlAs quantum well microstructures. Although SPDT and FIB are traditionally used for other purposes,
these processes can readily be applied to the fabrication of microcantilevers from single-crystal materials
and quantum wells. In our present studies semiconductor wafers with starting thicknesses of approximately
0.5 mm were rapidly thinned to less than 10 um, producing diaphragms over a central region of the wafers
approximately 2 mm in diameter. These diaphragms were subsequently ion-milled using a broad ion beam
and a focused ion beam to produce within the diaphragm fully released microstructures and small arrays of
microstructures. The microfabrication techniques employed were aimed to demonstrate micromechanical
IR devices made from InSb and GaAs quantum wells. Microdevices that can be fabricated from silicon will
always enjoy a substantial cost advantage over the techniques discussed above. However, for applications
where particular silicon material parameters are not suitable, the present device prototype microfabrication
approach is essentially a straightforward and relatively low-cost alternative.
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