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ABSTRACT

We have further developed and demonstrated the novel ORNL micro-calorimetric spectroscopy technique
for the detections and characterization of toxic organic substances. In this technique target molecules were
allowed to adsorb on the surface of sub-femtojoule sensitive micromechanical thermal detectors. The
adsorption of molecules on the thermal detector surface causes a differential surface stress resulting in an
initial “trigger”. By exposing the thermal detector microstructure elements to different photon wavelengths,
an extremely sensitive and unique photothermal signature response was obtained. We adsorbed
sub-monolayer levels of target chemicals onto the bi-material detector surfaces. We obtained infrared
photothermal spectra for trace concentrations of several organics such as diisopropyl methylphosphonate
(DIMP), and trinitrotoluene (TNT) over the wavelength region 2.5 to 14.5 pm. We found that in the
wavelength region 2.5 to 14.5 pm the photothermal spectra of DIMP and TNT exhibit a number of peaks and
are in excellent agreement with traditional infrared absorption spectra found in the literature. Chemical
detectors based on micro-calorimetric spectroscopy can be used to sensitively sense arelatively small number
of molecules adsorbed on a thermal detector surface. This photothermal signature resulting from photon
irradiation and subsequent theram transfer can be used for improved chemical characterization.

STATEMENT OF OBJECTIVES

The objective of this project was to use the unique ORNL collection of resources to collaborate on the further
development of the CalSpec chemical detection technique. The feasibility of this technique has previously
been demonstrated at ORNL with mercaptoethanol. These micro-devices are intended to ultimately be
employed as sensor platforms responding to various chemical stimuli. To meet this objective, an
experimental design was required to be generated. Next the actual micro-fabrication was to be performed
using the ORNL tools of focused and broad ion-beam processing. Finally the results were to be evaluated
during testing and ultimately transmitted to EEG, Inc.

BENEFIT TO FUNDING DOE OFFICE

This work was not funded by DOE. The ORNL effort was funded entirely by the Industrial Partner. The
Industrial Partner’s funds were not from the Department of Energy. However this type of novel and
advanced sensor technology development would obviously be beneficial to various DOE offices and
missions. This work has laid the foundation for increased utility of MEMS based chemical sensor
technology for extremely challenging detection scenarios.

TECHNICAL DISCUSSION
INTRODUCTION

The detection and disposal of toxic and explosive organic compounds is a complex and difficult
problem [1]. Technologies aimed at the detection of surface or near-subsurface contamination are based on
sensors that sense either the effects of the chemistry on its surrounding environment, or the packaged objects
themselves (such as mines or unexploded ordnance (UXQ)). For example, chemical sensors are based on
the detection of the presence of explosive vapors or other chemicals in the vicinity of the buried mine. On
the other hand, physical sensors can either sense the mine itself (metal detectors) or as in the case of thermal



imaging sensors sense the disturbed thermal signature of the soil where the mine is buried. The fundamental
limitation of all presently available technologies is the false alarm rate and the ability to classify targets.
Presently, the false alarm rates for sensors detecting UXO are often too high. Understandably, the false
alarm issue becomes of primary importance since additional resources need to be expended to determine
whether actually a threat is present.

Today, there are a number of available UXO detection technologies. Metal detectors, thermal
imaging systems, ground penetrating radar, biological detectors, and trace chemical sensors represent some
of the better known technologies [1]. However, all of them posses inherent advantages and, unfortunately,
shortcomings. It is widely accepted that no single technology exists which will solve the UXO problem
satisfactorily. Although discrete and partial solutions may be adequate for narrowly defined missions, search
is still ongoing for UXO detection approaches that do not have the shortcomings that plague presently
available technologies.

In this document we will report on a micro-calorimetric spectroscopy technique that has the potential
of sensing and identifying extremely small concentrations of target molecules; detection of substantially sub-
ppb concentrations may be possible. This technique is a temperature based spectroscopy that relies on
measurement of minute temperature differences, as a function of wavelength, on micro-mechanical thermal
detector arrays containing adsorbed target molecules. A unique photothermal signature spectrum (signal
as a function of wavelength) is obtained for submonolayer target chemical coverage.

Chemical detection based on micro-calorimetric spectroscopy is capable of detecting and identifying
chemical analytes present at both very low and very high concentrations. The target chemicals can have low-
vapor pressure (such as explosives, chemical warfare agents, and drugs) or relatively high vapor pressure
such as volatile organic compounds (VOCs) [2]. We have applied this technique to the detection of trace
guantities of DIMP (a chemical warfare agent simulant), and TNT.

MICRO-CALORIMETRIC SPECTROSCOPY DETECTION

The chemical detection approach presented in
this work is based on micro-calorimetric spectroscopy
shown in Figure 1. Below, we briefly describe the
basic steps. The detection of the presence and identity
of molecules using micro-calorimetric spectroscopy
can be broken down into two main steps. In the first
step the sample is allowed to interact with the surface Adeorbed
of a femtojoule sensitive thermal detector that is coated  rget moleculese ==\ To Read Out
with an appropriate chemical layer selective to the
family of the target chemicals. Depending on the
choice of thermal detector, the initial molecular
adsorption can induce surface stress changes that Figure 1. CalSpec concept schematic.
provide a kind of “trigger”. However, the chemical
selectivity is primarily a consequence of the photothermal “signature”, and therefore only moderately
selective chemical layers are needed such as those customarily used to coat GC columns. In the second step,
a photothermal spectrum is obtained for the molecules adsorbed on the detector surface, by scanning a
broadband wavelength region with the aid of a monochromator. The temperature changes of those particular
detector elements is proportional to the number of photons absorbed which, in turn, is proportional to the
number of molecules adsorbed on the detector surface. Because different detector elements will be exposed
to different wavelengths, a sensitive photothermal signature response can be obtained. Photothermal spectra
are very similar to conventional infrared spectra and can be used to uniquely identify the adsorbed molecules.

Monochromator

Broadband
Light Source

Detector Array



MICROCANTILEVER THERMAL DETECTOR

The selection of the infrared (IR) thermal detector plays an important role in the ultimate sensitivity
of the micro-calorimetric spectroscopy technique. Presently, there is a number of families of commercially
available IR detectors, including thermopiles, bolometers, pyroelectrics, and various solid state detectors [3-
12]. In this work, we employed inexpensive micromechanical IR thermal detectors; microcantilever
technology is used which is based on the bending of a microcantilever as a result of absorption of IR energy
[9-10]. When a microcantilever is exposed to IR radiation, its temperature rises due to absorption of this
energy.

Bimaterial microcantilevers are constructed from materials exhibiting dissimilar thermal expansion
properties; for example, microcantilevers made from silicon nitride (or silicon) coated with a thin film of
gold or platinum can be used. The bimaterial effect causes the microcantilever to bend in response to this
temperature variation. The extent of bending is directly proportional to the radiation intensity. Previous
work has shown that microcantilever bending can be detected with extremely high sensitivity [9-16]. For
example, metal-coated microcantilevers that are commonly employed in atomic force microscopy (AFM)
allow sub-Angstrom (< 107'° m) sensitivity to be routinely obtained. Recent studies have reported [13-16]
the use of microcantilever bending for calorimetric detection of chemical reactions with energies as low as
afew pJ. It was demonstrated [16] that a similar microcantilever thermal detector had an observed sensitivity
of 100 pW corresponding to an energy of 150 fJ and use of the sensor as a femtojoule calorimeter was
proposed. An estimate of the minimum detectable power level was on the order of 10 pW, corresponding
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to a detectable energy of 10 fJ and a temperature sensitivity 10° K. However, using an optimally designed
microcantilever, the sensitivity may be improved even further. Hence, in chemical detection based on micro-
calorimetric spectroscopy, microcantilevers can be coated with an appropriate layer providing the bimaterial
effect, and a moderate chemical selectivity.

The bending of a rectangular bimaterial microcantilever is proportional to the absorbed energy. The
maximum deflection, z,,,, due to differential stress is given by [9,13]

where | and w are, the length and width of the microcantilever, respectively, t, and t, are the thicknesses of
the two layers, K,, K,; o,, 0,; E,, E, are the thermal conductivities; thermal expansion coefficients and
Young’s moduli of elasticity of the two layers; ndQ/dT is the fraction of the IR radiation power absorbed.
In order to increase the IR detection sensitivity of a microcantilever, z,,,. should be maximized and is strongly
dependent on the geometry and thermal properties of the two layers.

EXPERIMENTAL
The chemical detection technique investigated in the present work relies on the adsorption of

analytes on the surface of a sensitive thermal detector. The IR detector used in our studies was a
microcantilever thermal detector [9-16]. The bending of microcantilevers can be readily determined by a



number of means, including optical, capacitive, electron
tunneling, and piezoresistive methods. In this work, we used
an optical readout technique for observing microcantilever
bending due to photothermal heating. A laser was used ina  ampiifier
probe configuration to monitor the microcantilever bending.
A diode laser (delivering 1 mW at 670 nm) was focused onto
the tip of the microcantilever using a 20x microscope Lock-in Amplifier
objective. In order to minimize heating of the tip by the probe
laser, optical power was reduced by placing a neutral density

filter with an optical density of 1.0 between the probe laser and
the objective. A quad-element (A,B,C,D) photodiode detector E: Monochromator
.
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was used to collect the reflected probe beam. The current 1]
output (iypcp) of the photodiode depends linearly on the thermal
bending of the microcantilever. A high narrow bandpass petector(s) Modulator
optical filter is 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, i, 5 ¢, [= (ixTip) - (icHip) / (i Hig + icHp)], is monitored and
recorded using a digital oscilloscope (TDS 780, Tektronix) or sent to a lock-in amplifier (SR850, Stanford
Research Systems) for signal extraction and averaging.

The experimental setup used in the present studies is shown schematically in Figure 2. The
microcantilevers used were triangular silicon nitride or silicon microcantilevers. Each was 0.6 pm thick and
had either a 50 nm thick gold/chromium film(for DIMP) or a 50 nm platinum film (for TNT) uniformly
covering one side. Optical read-out was used to measure the bending of the microcantilever thermal detector
due to photothermal response of molecules adsorbed on its surface. Since the quad element photodiode was
blind to IR no additional filtering was needed for the read-out circuit.

For the micro-calorimetric studies, the microcantilever thermal detectors were exposed to IR
radiation from the spectrometer prior to any exposure to chemicals and their thermal response was recorded
as a function of photon wavelength. The wavelength region (2.5 to 14.5 um) attainable with our
spectrometer (Foxboro Miran-80 IR spectrometer) was divided into three regions: (i) 2.5 to 4.5 um, (ii) 4.5
to 8.0 um, and (iii) 8.0 to 14.5 um. The thermal detectors were exposed to chemical analytes and a new
thermal response was recorded as a function of photon wavelength. The increase in thermal response of the
detector at particular wavelengths was attributed to the absorption of photons by the molecules adsorbed on
the thermal detector surface. All measurements were conducted at ambient temperature and atmospheric
conditions.

Figure 2. Experimental CalSpec set-up.

RESULTS
Thermal Detector Measurements

In order to optimize the thermal detectors used in our micro-calorimetric technique, we investigated
the response of microcantilevers to IR radiation. A HeNe laser was used to thermally excite gold coated
microcantilevers. The bending of the microcantilever was determined using an optical read-out scheme as
described earlier. The signal was digitized and stored, or sent to a lock-in amplifier. Assuming a uniform
heat dissipation over the entire length, I, of the microcantilever (of thickness t) the change in temperature at
the tip, AT (= I*/2)t dQ/dt), depends on geometrical factors such as | and t. A temperature change of AT =
10* K leads to deflections of ~1 nm.

Assuming a spatially uniform incident power, dQ/dt, onto a bimaterial microcantilever the maximum
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deflection, z,,,, depends on the temperature rise [17] and is
proportional to the incident power [10]. The thermally induced
deflection of the microcantilever is caused by the bimaterial 2, =0.15 (mnW)x P,,
effect which arises due to the difference in the thermal
properties of the metal layer, and the native body of the 15k i
microcantilever. In Figure 3 we plotted the maximum bending
Z,..x @s a function of the absorbed power P, and it can be seen
that it increases linearly with increasing power; the reflectivity

2.0

DEFLECTION, z,,, (nm)

of the gold film is >0.99. From the slope of the line in Figure 10r 1
3 we obtained a deflection sensitivity of ~0.15 nm/nW. Using
a Stanford Research Systems SR 540 chopper to modulate the
IR radiation at a frequency of 30 Hz, we calculated a noise ol |

equivalent power (NEP) of ~ 520 pW/Hz'">. J
The microcantilever thermal detector was found to
exhibit two distinct thermal response times due to the incoming
IR radiation; a time t,,' < 1 ms and a time T,,” that is somewhat 0.0
longer (~10 ms). The fast thermal response is attributed to
thermal equilibrium between the top (exposed to the IR
radiation) and the bottom surfaces, while the longer thermal Figure 3. Thermal detector deflection as a
response results from the heat flow (along the body of the function of absorbed power.
microcantilever) to the supporting base.

4 6 8 10 12
POWER, P, (nW)

Chemical Detection Measurements

Our chemical detection studies were performed by using micro-calorimetric spectroscopy to obtain
photothermal spectra of molecules adsorbed on a micromechanical thermal detector surface. In order to
determine an upper limit on the number of the adsorbed molecules we measured the resonance frequency
shift of the microcantilever before and after exposure to chemicals.

For a microcantilever of length I, width w, and thickness t that has analytes uniformly adsorbed on
its surface, the fractional change in resonance frequency, Af / f,, is given by

Af Am
T, om, @

0 c

where f, is the resonance frequency and m, is the microcantilever mass and m is the additional mass
deposited. Measurement of the resonance frequency shift Af allowed us to estimate the surface coverage
due to molecular adsorption [18-20].

DIMP

Diisopropyl methylphosphonate (DIMP) is a phosphorous containing organic chemical and is used
as a model for chemical warfare agents. A number of gravimetric based transducers have been used as
platforms for detecting phosphorous containing organic compounds. An earlier study [18] has used a SAW
device with self-assembled monolayers to derive selectivity and reversibility. In the present studies we
exposed DIMP directly to gold-coated microcantilevers both for simplicity and because gold reflects most
of the incoming IR energy minimizing direct heating of the substrate. In Figure 4 we plotted the thermal
response of a microcantilever thermal detector from 8.0 to 14.5 pm with DIMP molecules adsorbed on its
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surface (solid curve). The microcalorimetric 0.16
(photothermal) spectrum was obtained with about one
monolayer of coverage. Also plotted in Figure 4 is the
infrared absorption spectrum [19] of DIMP between 8.0
and 145 pm (dashed curve). The peaks in the
photothermal spectrum of DIMP shown in Figure 4
correspond well with the absorption peaks in the IR
spectrum of DIMP (Figure 4, dashed curve). The change
in the resonance frequency of the microcantilever was <
0.1 Hz and therefore the adsorbed upper limit on the mass
of DIMP was < 2x10™ g which corresponds to roughly
less than one monolayer of DIMP.

Since DIMP molecules absorb photons at these
wavelengths, their internal energy increases as molecules ~ *%g
populated higher vibrational levels. The internal energy of WAVELENGTH, A (um)
each DIMP molecule is dissipated either by radiation,
convection or conduction to the gold substrate. It is the
heat of conduction from the “hot” molecules to the gold substrate of the microcantilever that increases the
temperature of the microcantilever causing it to bend. Our present results demonstrate that it is possible to
detect less than submonolayer of DIMP coverage using micro-calorimetric spectroscopy. In addition, the
photothermal spectrum can provide a unique identification “fingerprint” of DIMP adsorbed on the thermal
detector surface.

—— RESPONSE
——— ABSORPTION

o
[
N}

0.08

RESPONSE (mV)
ABSORPTION (%)

0.04

Figure 4. Photothermal spectra for DIMP.

TNT

TNT is solid at room temperature, has very low vapor pressure (10 Torr) and its detection under
ambient conditions presents a challenge. We studied the thermal response of microcantilever thermal
detectors with TNT molecules adsorbed on their surface. TNT was placed in a chamber containing a
platinum coated microcantilever thermal detector allowing TNT molecules to adsorb on the microcantilever
surface. TNT was subsequently removed from the chamber and the microcantilever was exposed to IR
radiation. InFigure 5 we plotted the thermal response of
the microcantilever thermal detector (exposed to TNT o7
vapor) from 2.5 to 14.5 pum with TNT molecules
adsorbed on the microcantilever surface. As it can be
seen from Figure 5, the photothermal spectrum of the
adsorbed TNT exhibits a number of peaks in this
wavelength region. These peaks correspond to infrared
absorption peaks of TNT vapor.

In order to estimate the number of TNT
molecules adsorbed on the microcantilever surface, we
measured its resonance frequency prior to exposure to 02
TNT. We found that initially the resonance frequency
was f, = 7.521 kHz. After TNT molecules adsorbed on ~ °*
the microcantilever surface the resonance frequency

T T T T 100
—— RESPONSE

——— ABSORBANCE
0.6

o It
IS 3

RESPONSE (mV)
o
w

ABSORBANCE (%)

shift was < 0.1 Hz. This places an upper limit on the 3 4 5 6 7 8 9 10 11 12 13 14
adsorbed mass of TNT of less than 10*° g or fewer than WAVELENGTH, A (m)
3x10" molecules. Figure 5. Photothermal spectra for TNT.



DISCUSSION

The results of the present study demonstrate that micro-calorimetric spectroscopy can provide a
powerful analytical tool that can be used to develop multichemical sensors that exhibit both increased
sensitivity and selectivity. Using micro-calorimetric spectroscopy it is possible to distinguish many target
molecules based on their photothermal spectra. Moderately chemically specific (surface modification)
coatings can be used to enhance the adsorption of target molecules. However, unlike gravimetric type
devices the selectivity of micro-calorimetric spectroscopy is not a consequence of a highly selective coating
but comes from the unique photothermal signature for each target chemical [20-26]. In addition regeneration
can also be accomplished. The thermal detector can be easily heated and therefore regenerated with a
number of heat cycles, each cycle lasting less than 1 s.

A chemical detection approach based on infrared microcalorimetric spectroscopy can provide unique
photothermal signatures for the specific target molecule allowing not only its detection but also rapid
identification as well. Moreover, the chemical sensitivity can be further improved (at least an order of
magnitude) by increasing the sensitivity of the thermal detector; we have demonstrated that by merely
decreasing the thickness of the thermal detector substantially improved response can be achieved [27].

It may also be possible to use micro-calorimetric spectroscopy in conjunction with other trace
chemical detection technologies. For example, gravimetric, photo-induced stress and resonance frequency
changes can all provide complementary information.
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INVENTIONS

There were no invention disclosure associated with the execution of this CRADA by either party.

COMMERCIALIZATION POSSIBILITIES

There hasbeenanincreasing interest in developing MEMS (micro-electro-mechanical systems) and MOEMS
(micro-opto-electro-mechanical systems) for a variety of chemical sensing applications. The total monetary
investment in MEMS development is reflected by a world market that is well over $1 billion and may
approach $10 billion in another decade: These types of devices are traditionally made using micro-
fabrication techniques and processes derived from microelectronics integrated circuit (IC) fabrication. As
a result, the material used almost exclusively is silicon since it has been studied and implemented
extensively.  Although silicon has acceptable mechanical, thermal, and electrical properties for most



applications, the next generation of advanced MEMS and MOEMS will greatly benefit from the flexibility
of using different material systems. High thermal isolation is required for the type of thermal detector used
for CalSpec applications. Materials such as amorphous SiC, or SiNx have superior properties for thermal
detector employment. Thus simple and inexpensive optimization schemes can be employed to successfully
implement and integrate the mechanical, electrical, and optical functions which will provide the required
commercial viability. Although much of this fundamental work has been completed, there is considerable
applied work that remains.

CONCLUSIONS

The results presented in this CRADA report demonstrate that micro-calorimetric spectroscopy can detect the
presence of small number of organic molecules on the surface of sensitive micromechanical thermal
detectors. In addition, the photothermal spectra obtained can be used to uniquely identify the chemical
analytes. Micro-calorimetric spectroscopy represents a novel form of spectroscopy that can negate the effect
of unwanted contaminant or interfering substances. In the search for toxic and explosive organic detection
technologies, several issues have to be addressed and resolved regarding the potential utility of CasSpec as
a field-ready technology. This chemical detection technique is still relatively immature compared to other
technologies, however the feasibility for these families of molecules has been more than demonstrated.
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