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bstract

This paper reports on the design, simulation, fabrication and performance of 6.65 mm × 6.65 mm micromachined vapor preconcentrator devices.
he devices are composed of sorbent-coated dual serpentine platinum heaters supported by a 6 �m thick layer of polyimide suspended over a silicon

rame. The preconcentrators are designed to allow analyte flow normal to the surface through a 10 × 23 array of 375 �m × 125 �m perforations in
he polyimide heater support. This facilitates relatively large airflow through the device while providing intimate contact with the sorbent layer with

ow pressure drop. In preliminary experiments, the device is demonstrated by interfacing to the front end of a commercial ion mobility spectrometer
or trace explosives detection. Samples of 2,4,6-trinitrotoluene from a NESTT (non-hazardous explosives for security training and testing) source
ere collected on the preconcentrator for 15 min at a concentration adjusted to be just above the detector’s noise floor. The results show at least an
rder of magnitude signal enhancement.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Trace detection of illicit materials is an area of increasing
mportance for survey operations to monitor for the presence
f explosives, narcotics, chemical or biological agents, or toxic
ndustrial chemicals. There is a general trend to miniaturize trace
etection technologies to allow for their wider utility through
ossible performance gains (e.g. sensitivity, selectivity, and
ower requirements), cost benefits, or by opening application
reas as a result of the reductions in system size [1–3].

In this work we present the development of a micromachined
reconcentrator device. The preconcentrator device is an impor-

ant subsystem of a trace detector, which can be used to collect
nd concentrate analyte of interest. After collection, a ther-
al desorption stage provides a concentrated release of analyte
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or preconcentrator; Ion mobility spectroscopy (IMS)

hich can substantially improve the signal to noise ratio at the
etector.

A common trace detection system used in bench top and
and-held configurations is the ion mobility spectrometer (IMS)
4–6] (Fig. 1). These devices operate by drawing an air sample
nto an ionization region where the ionized analyte is accelerated
ransverse to the source by a uniform electric field in a drift
ube. The species are detected as a current generated at the end
f the drift region by a Faraday cup. Specific analytes are then
dentified according to their time-of-flight along the drift tube.

. Design

In this work, the design of the chemical preconcentrator
akes the form of a microfabricated, perforated hotplate that

s coated with a sorbent polymer to trap analytes of interest
t or near room temperature during the collection phase. At
.65 mm × 6.65 mm, the dimensions of the heated area are rel-
tively large for MEMS preconcentrators [7–11] to allow for

mailto:michael.martin@louisville.edu
dx.doi.org/10.1016/j.snb.2007.03.040
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Fig. 1. Basic operating principles for ion mobility spectroscopy.

igh flow rate collections and to easily interface to the explo-
ives detector used. These devices differ from the work of Tian
nd Ruiz [8–11] in that their preconcentrators are designed for
uantitative analysis of a broad spectrum of analytes whereas a
ingle CASPAR device is intended only to enhance the detection
hreshold of a narrow class of analytes; namely organophos-
hates and nitro-aromatic compounds. Therefore, issues such as
reakthrough volume and breadth of analytes are secondary to
imply delivering an analyte pulse that is above the detector’s
oise floor.

The analytes of interest for this work are explosives, and
or these preliminary studies the test analyte chosen was
,4,6-trinitrotoluene (TNT). For TNT, a suitable complimen-
ary functionalized carbosilane sorbent polymer was selected as
he preconcentrator coating. The sorbent polymer is a hyper-
ranched carbosilane with hexafluoroisopropanol functional

roups (designated HC), and has been previously demonstrated
s a useful sorbent material for hydrogen bond basic analytes
uch as organophosphates and nitro-aromatics, when used as a
oating on chemical sensors [12].

s
T
(
1

Fig. 2. Basic preconc
ators B 126 (2007) 447–454

In order to minimize both power consumption and the thermal
ime constant the heater traces are supported by a thin membrane.
everal approaches to heater support were investigated; a 2 �m

hick silicon nitride membrane, a 2 �m thick heavily doped p++
ilicon layer, and a 6 �m thick polyimide layer. Designs were ini-
ially evaluated with a CoventorWareTM finite element analysis
FEA) software package to simulate operational characteristics.
he FEA indicated that the highly doped silicon device had the

east temperature variation (<1%) but would consume 2.7 W in
rder to achieve 120 ◦C, the silicon nitride device with platinum
eaters would have a temperature variation of <3% while con-
uming 0.5 W to achieve 120 ◦C, and that the polyimide device
ith platinum heaters would have a temperature variation of
50% and consume 0.12 W to achieve 120 ◦C. In addition, the

ime required for each design to reach a steady state tempera-
ure of 120 ◦C was evaluated. The doped silicon model required
p to 1 s, the silicon nitride required only 10 ms, and the poly-
mide model required 0.25 s to reach a steady state temperature
f 120 ◦C. Then, fabrication approaches were evaluated for the
hree designs. Both the silicon nitride and p++ devices were
ound to be quite difficult to fabricate and very fragile to handle.

e therefore report on only the polyimide membrane design in
his paper.

A number of design constraints are imposed on the precon-
entrator by this application. The foremost of these are typical
onsiderations for portable sensing, including: low power con-

umption, small physical footprint, and mechanical robustness.
he preconcentrator must also have a short thermal time constant

10–100 ms) while reaching a desorption temperature between
00 ◦C and 200 ◦C. By minimizing the thermal time constant,

entrator design.
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he analyte desorbed from the preconcentrator arrives at the
etector at higher concentrations, effectively enhancing the trace
etector system sensitivity. The basic design reported here is
epicted in Fig. 2. It features two serpentine platinum heaters
hat are 35 �m wide and defines an active heated region that is
.65 mm × 6.65 mm. The platinum heaters are supported by a
�m thick layer of polyimide which is perforated by an array
f 375 �m × 125 �m rectangular openings to produce a ∼42%
pen area fraction within the active region. Relatively large aper-
ures around the outside of the active area serve to thermally
solate it from the cool silicon frame.

. Fabrication

Devices are fabricated on 525 �m thick 〈1 0 0〉 4 in. silicon
afers on which a 0.45 �m thick thermal oxide is grown. The
xide acts as both a masking layer on the back of the devices and
s a stop layer at the front for deep reactive ion etching (DRIE).
sing VM651 as an adhesion promoter, PI2611 polyimide (both

rom HD Microsystems, Parlin, NJ) is spin deposited at a spread
peed of 500 rpm for 2 s and a spin speed of 3000 rpm for 20 s.
fter spin coating, the polyimide is first cured on a hotplate in

ir from 50 ◦C to 200 ◦C at a ramp rate of 2 ◦C/min. Curing
s completed in a nitrogen purged tube furnace from 200 ◦C to
00 ◦C at the same ramp rate. Samples are held at 400 ◦C for
h after which they are allowed to cool to room temperature at
◦C/min. The final polyimide thickness is 5.6 ± 0.2 �m.

Aluminum is sputtered on the cured polyimide and pat-
erned to act as a masking layer for oxygen plasma etching.
he etch step introduces the perforations in the polyimide. After

emoving the aluminum, photoresist is spin coated and pat-
erned to define the heaters via the lift-off process and a Cr/Pt
0.05 ± 0.025 �m and 0.16 ± 0.03 �m thick, respectively) layer
s sputter deposited. The resist is then solvated in acetone to

emove metal from the unpatterned regions of the devices. The
olished side of the wafer is coated in 7 �m thick positive resist
SPR220 from Shiply, Inc.) in preparation for backside process-
ng and subsequent dicing.

t
o
s
p

Fig. 3. Micrograph of a 7 mm × 7 mm prototype with 35 �m wide hea
ators B 126 (2007) 447–454 449

Bulk etch windows for DRIE are opened on the back by
pin coating with a 10 �m thick negative resist, OCG SC from
CG Microelectronic Materials, Inc. The resist is exposed after
back to front alignment to produce 8 mm × 8 mm openings at

he back of each die. The exposed oxide is removed in a buffered
xide etch. Before DRIE, the wafer is diced into individual die.
he hotplates are plasma etched in groups of up to 16 in order to
inimize etch rate variations caused by the large exposed silicon

rea on the back. This step reduces the time the oxide etch stop
s exposed to the plasma.

Each group of die is affixed to a handle wafer that is coated
ith a 10 �m thick OCG SC-900 negative photoresist. They are

ttached using silver loaded vacuum grease so that good thermal
ontact is maintained with the backside helium thermal chuck.

hile the presence of the photoresist on the top of the handle
afer and downward face of the die impedes cooling of the die
uring processing, the etch dimensions are large enough that
eviations from a 90◦ wall angle are insignificant.

DRIE is performed in a multiplex ICP (inductively coupled
lasma) Etcher from Surface Technology Systems, Plc. for ∼4 h
sing three platen biases in separate steps. Once the oxide stop
ayer is exposed, the samples are removed from the DRIE and
re post-processed. This is a critical step and can have significant
mpact on the overall device yield.

Devices are post-processed after DRIE by removing the resist
n the back along with the residual Teflon-like coating result-
ng from the Bosch process. This is achieved in an oxygen
lasma generated by a March Plasma Systems, Inc. CS-1701,
apacitively coupled reactive ion etcher at 300 mTorr and 400 W
or ∼15 min. This step allows buffered oxide etchant to effec-
ively wet the stop layer for its removal. Next, the dies are
emoved from the handle wafer by solvating the positive resist
nd the thermal vacuum grease on the front with acetone. The
evices are frequently contaminated with silver particles from

he grease and are therefore cleaned further in an ultrasonic bath
f methanol. Once cleaned, the prototype preconcentrator sub-
trates are checked for continuity and mounted in flat pack style
ackages with a 7 mm diameter hole machined through for ana-

ters. The exploded area shows the device structure more clearly.
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Fig. 6. The temperature over the hotplate surface can be seen to
vary by as much as 50 ◦C from the center of heater traces to the
polyimide surface between them.
50 M. Martin et al. / Sensors and

yte flow. Fig. 3 is a photograph of a finished 6.65 mm × 6.65 mm
rototype before packaging. The overall yield for these devices
as ∼60%.
Before testing, the sorbent polymer is selectively deposited

n the active area using an ink-jet printer. All hotplate chips were
rst cleaned with chloroform before coating. The ink-jet depo-
ition method uses an ink-jet coating system (Seacoast Science,
nc.). The chip is moved in an incremental fashion using an X–Y
tage while 0.11% (w/w) solution of polymer HC in chloroform
s deposited onto the surface by a computer controlled ink-jet
ead with an 80 �m orifice. The solvent evaporates leaving a
oating of the polymer. This method delivers relatively uniform
oatings, allows for accurate control of coating thickness on the
otplate and the ability to coat one or both sides of the hotplate.
y examining the films under a light microscope, the coating

hickness was determined to be less than 1 �m.

. Simulation

The finite element analysis (FEA) software, Coventor-
areTM, was used to model the behavior of the polyimide hot-

lates. It allows simulation of Joule heating within an electrode
nd calculation, in three dimensions, of either the transient or
teady state thermal distribution.

Simulations are performed by first producing a three-
imensional “solid” model directly from the mask designs. Then
aterial properties are applied to the various volumes. Table 1

ummarizes those properties. Given that thin film properties vary
ignificantly from their bulk values, the temperature coefficient
f resistance (TCR) for the sputtered platinum heater was mea-
ured for 22 separate heaters, averaged together and incorporated
s a look-up table in the FEA. Fig. 4 illustrates the TCR along
ith the corresponding conductivity actually used in the model

s a function of temperature.
The simulated geometry is similar to that shown in Fig. 3. It

onsists of polyimide in light grey and two platinum electrodes
n dark grey. The bond pads are not directly incorporated in the

odel. The geometry has a 35 �m wide heater and a perforation
ensity that produces a 42% open area. The platinum thickness
s 0.18 �m and the polyimide is 5.6 �m.

The outside edges of the polyimide are set at 300 K, modeling
he heat sink effect of the silicon frame. Effects of convection
re modeled in the FEA using a linear convection coefficient.

hat is, the thermal power (Qs) flowing from a hotplate surface
lement to an adjacent air mass, is given by Eq. (1):

s = h(Ts − Ta) (1)

able 1
ist of material properties used in the FEA model

aterial Platinum Polyimide
[14]

Silicon
(1 0 0)

ensity (kg/m3) 2.14 × 104 1.40 × 103 2.5 × 103

hermal conductivity (W/m K) 71.6 0.105 148
pecific heat (J/kg K) 133 1089 712
lectric conductivity (S/m) See Fig. 5 10−14 NA F

i

ig. 4. Empirical TCR and corresponding conductivity as a function temperature
s used in the simulation.

here h is the convection coefficient in W/m2 K, Ts the temper-
ture of a surface element and Ta is the ambient temperature of
he surrounding fluid. For this analysis the convection coefficient
or the top surface was set to 125 W/m2 K and for the bottom
0 W/m2 K [13]. It should be noted that the simulation reflects
he situation where the device is heated without flow. Voltages
ere applied to the end of the heaters.
The peak preconcentrator operating temperature as a function

f voltage was investigated from 5 V to 35 V in 5 V increments
nd compared to experimentally determined values. The data
re plotted in Fig. 5. The plot shows good agreement up to 15 V
nd a slight increasing divergence at higher voltages.

At an operating voltage of 30 V (175 mW), the corresponding
verage heater temperature was ∼120 ◦C, essentially the target
alue for the NRL sorbent polymer. The modeled temperature
istribution over the hotplate surface at this voltage is shown in
ig. 5. Graph comparing simulated average temperature in the heater to exper-
mental values as a function of voltage.
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ig. 6. Simulated two-dimensional temperature distribution for a preconcentra-
or at 30 V (175 mW) and a peak temperature of 120 ◦C.

The transient thermal response at 30 V was explored in the
odel and is presented in Fig. 7 along with the measured tran-

ient response. The time constant was determined by fitting the
ata to an exponential decay given (Eq. (2)):

= Tf + A1 e−t/t′ (2)

here T is the temperature as a function of time, Tf the steady
tate temperature, A1 a fitting constant and t′ is the time con-
tant. The simulation data yields a time constant of 41 ms
hile the experimental yields 121 m. Due to limitations in the
oventorWareTM package the simulated transient data were gen-
rated by using the three-dimensional current density from the
teady state solution at 30 V in the transient model. The current

nd voltage in the transient solution are then treated as constants
ndependent of temperature.

ig. 7. Simulated and experimental transient response of the preconcentrator
fter application of 30 V.

b
u
v

F
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b

ig. 8. Calculated temperature verses applied power for six heaters. The R/L
esignation indicates right or left heater on a given sample.

. Device electrical performance

Prototypes were initially characterized by measuring resis-
ance as a function of temperature. The resistance measurements
ere taken with a Keithley 2400 Source Meter and DCP
50 R Precision DC probes in a Summit 11651-6 Ther-
al Probe Station equipped with a Micro-Chamber. The

robes, Micro-Chamber and probe station were from Cascade
icrotechnology, Inc. The current for the resistance measure-
ent was fixed to 10 �A to avoid heating the hotplate. The

hip was mounted on a thermal chuck (Temptronic Co., Model
P03000A) and the temperature was varied from 25 ◦C to 200 ◦C
ith a Temptronic’s thermal controller.
The temperature versus resistance data were used to deter-

ine the temperature coefficient of resistance (TCR) (see Fig. 4).
hese data were also used as a calibration so that temperature
ersus power, voltage and time could be found.

Measurements of temperature versus voltage were performed

y recording the steady state current of three unpackaged devices
sing the source meter. The resistance at a given voltage was con-
erted to temperature values using the TCR data. The averaged

ig. 9. Vapor Tracer II TNT signal (in arbitrary units) during desorption of
6.65 mm × 6.65 mm preconcentrator. TNT vapor was collected for 15 min

efore heating the device.
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Fig. 10. Individual IMS spectra taken after 10

ata for a total of six heaters (two on each device) is presented
n Fig. 5. These data were also used to calculate temperature as
function of power in Fig. 8. The individual heater curves are

hown to give a sense of manufacturing uniformity.
Empirical determination of the thermal time constant, see

ig. 7, was performed using a Keithley 2400 Source Meter set to
ource voltage at 30 V. Triggering and data collection were con-
rolled using a LabViewTM program. Using an oscilloscope, the
ource meter output was found to stabilize within 4 ms and was
apable of recording data points every 5 ms. Measurements were
erformed on a packaged device isolated in a small enclosed vol-
me. A total of 10 measurements were averaged to produce the
xperimental transient data.

. TNT detection enhancement

Experiments with a commercial ion mobility spectrometer
xplosives and narcotics detector (VaporTracer 2, GE Iontrack,
ilmington, MA) were performed to demonstrate the potential

f the device for enhancing vapor phase detection of explosives.
n these experiments, TNT vapor was generated at a constant
but uncalibrated) concentration, near saturated vapor pressure,
sing non-hazardous explosives for security training and testing
NESTT) material, Van Aken International, Los Angeles, CA
92% fused silica, 8% 2,4,6-TNT) packed in a thermostated col-
mn. Nitrogen flow rate and column temperature control allowed
or the variation of the TNT vapor concentration.

Experiments involved setting the vapor concentration to a
alue near the noise floor of the detector then observing changes
n the relative intensities of the reactant ions and TNT product
ons when the analyte was desorbed from the preconcentrator.
NT vapor was generated with the column temperature below
mbient at 18 ◦C in order to minimize the affects of conden-

ation. Vapors were collected on the device at a flow rate of
00 ml/min for 15 min. This flow rate was chosen so that the
NT concentration was near the noise floor of the detector. Thus

n Fig. 9, a 10 s air sample was then drawn into the detector

i
c

t

in, 5 min and 30 min of TNT collection time.

hile the preconcentrator was desorbed producing a TNT peak
ith at least an order of magnitude increase in peak height.
he product ion associated with TNT at a drift time of about
.0 ms increases dramatically in intensity directly after heating
he preconcentrator to desorb analyte with a concomitant loss in
eactant ion intensity (drift time approximately 3.5 ms). Observ-
ng the TNT product ion over the 10 s detector sample period, the
etector response to background TNT from the vapor generator
s initially relatively low. It is not until the preconcentrator is
esorbed and delivers the collected TNT vapor that a significant
ignal enhancement is achieved. It should also be noted that the
NT product ion intensity does not return to baseline after the
esorption step. The incomplete clear-out of the analyte after
esorbing in Fig. 9 likely resulted from cool surfaces within the
ow path downstream of the preconcentrator. Unheated surfaces
uch as the chip package, the mounting chuck or regions on the
reconcentrator may be responsible.

Fig. 10 illustrates the affect of varying the collection time
f TNT vapor onto CASPAR. A single IMS spectrum is shown
or the different collection times (10 s, 1 min, 5 min, 30 min).
ach spectrum shows the maximum TNT product ion intensity
bserved when analyte is desorbed. As collection time increases
o TNT product ion intensity increases on desorption. It is inter-
sting to note the loss of proportionality between TNT peak
eight and time in the 5 min and 30 min spectra. Further tests
ndicated full saturation after ∼13 min of collection suggesting
ither complete depletion of reactive ions or HC polymer film
aturation.

. Conclusions

Using a basic preconcentrator design, three heater support
chemes were investigated; p++ silicon, silicon nitride and poly-

mide. Only the polyimide design proved to be both robust and
apable of being produced with a reasonable yield.

A single preconcentrator plate was used with a Vapor Tracer II
race explosives detector to demonstrate a significant sensitivity
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nhancement for direct TNT vapor detection. The determina-
ion of the actual sensitivity enhancement is complicated by the
erformance of the preconcentrator, which resulted in a signal
esponse at or beyond the dynamic range of the detector. Given
he dynamic range, in general, of IMS technology the sensitiv-
ty enhancement observed was at least one order of magnitude.
he prototype preconcentrator achieved a temperature of 120 ◦C
t ∼30 V in 200 ms while consuming 175 mW in a dc drive
ode.
Simulation of the average heater operating temperature as

unction of voltage indicates a maximum of 7% deviation from
xperiment. This error is barely statistically significant given the
rror bars on the measurement; however the simulation might
e improved by refinement of the convection coefficients. Inves-
igating the preconcentrator’s performance in vacuum where
here are no convective losses can further elucidate these
onstants.

The relatively large deviation between experimental (121 ms)
nd simulated (41 ms) thermal time constants might be attributed
o two shortcomings in the model. First, the power input to
he hotplate is a constant in the model given that the cur-
ent flowing through the heater is taken from the steady state
olution. This treatment effectively reduces the average power
nput in the simulation during the transient period as com-
ared to experiment. One would expect this to result in a
onger modeled time constant. Second, the convection coef-
cients in the model are treated as constants independent
f temperature and therefore time. In reality, the develop-
ent of convective cells is a strong function of the device’s

urface temperature. This variable can be elucidated by com-
aring model and experiment in vacuum without convective
osses.

Direct measurements of the two-dimensional thermal distri-
ution has yet to be performed due to difficulties associated
ith the low emissivity of the thin polyimide membrane. How-

ver, simulation indicates up to 50 ◦C variation in temperature
ver the hotplate surface at the operating voltage of 30 V and a
eater temperature of 120 ◦C. This problem is caused by the rel-
tively low thermal conductivity of the polyimide layer. Future
esigns will incorporate a metal thermal distribution plate sput-
ered onto the back of the preconcentrators. A second problem
s the relatively long thermal time constant indicated by the
ransient measurements. Future prototypes will be produced
rom thinner polyimide layers in an effort to reduce the ther-
al mass and compensate for addition of a thermal distribution

late.
Further, by stacking together multiple devices the dynamic

ange and collection efficiency will be improved.
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