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ABSTRACT

“Enhanced Sengtivity of Micro Mechanica Chemica Sensors through
Structurd Variation” Jugtin Clay Harris (The Ohio State Universty,
Marion, Ohio 43302-5695) Panos G. Datskos (Oak Ridge National
Laboratory, Oak Ridge, Tennessee 37831-8039).

Chemicd detection devices ae vey effective however, ther
bulkiness makes them undesrable for portable gpplications. The next
generation of chemicd detectors is microscopic mechanicd  devices
cgpable of measuring trace amounts of chemicd vapor within the
environment. The chemicas do not react directly with the detector,
ingead intermolecular forces cause chemicas to adhere to the surface.
This surface adheson of the chemica crestes surface dress on the
detectors leading to measurable movement. Modifications to the structurd
desgn of these microgtructures have resulted in sgnd enhancement to
over seven hundred percent.

Research Category
ERULF: Physics, Chemidiry, and Engineering

School Author Attends: The Ohio State University
DOE National Laboratory Attended:  Oak Ridge Nationd L aboratory

Mentor's Name Dr. Panos G. Datskos
Phone: 865-574-6205
e-mal: pgd@ornl.gov

Author’'sName:  Judtin Clay Harris
Mailing Address. 833 Wyandot Road
City/State/Zip:  Bucyrus OH 44820
Phone: 419-562-0812
e-mal Address  harris.594@osu.edu

Isthis being submitted for publication?. Yes
Doe Program: ERULF




Table of Contents
Abstract
Introduction
Experimenta Setup
Sensor Fabrication
Procedure
Results
Discusson and Conclusons
Acknowledgements
References

Figures

10

10-11

11-12

13

14-21



Introduction

The fidd of Micro Electro Mechanicd Sysems (MEMS) is multi-disciplinary,
encompassing nearly dl aspects of sciencee. MEMS are a derivative of Micro Electronic
Sysems (MES), used to miniaurize eectrica circuitry. Electronic sensors  ad
mechanicd actuators are the man emphess in the diverse world of MEMS.  For
example, MEMS devices smadl enough to be placed on the head of a pen, but powerful
enough to sense a change in accderation and trigger an arbag exploson, saving lives.
Millions of pivoting mirrors controlled by a computer system are now being used in some
top of the line high definition teevisons. Thexe tdevisons ae much lighter and thinner
than the traditiond picture tube style. The benefits of these micro dectro mechanica
systems may be easy to see, but development of it is more difficult than first glances may
show.

Differences between our world and the micro world cause scientists, working on
this levd, to live in a sort of “dream world.” Thinking about objects that are barely seen
by the best eyes and working with imperceptible forces can give even the best scholars
trouble. For example, in the macroscopic world, ignored intermolecular forces are not of
maor consequence and gravitational forces are the focus. In the microscopic world
however, just the oppodte is true. Intermolecular forces cause dudt, sometimes haf the
gze of the device, to dick to surfaces making them difficult to work with. These forces
aso cause devices to “dick” to nearby surfaces leaving movement nearly impossble
Although micro-szed devices sound extremdy difficult to work with, many benefits
accompany the solvable difficulties. For example, MEMS have a smdl enough meass that

even large accderation changes result in very litle momentum change.  This dlows these



microdructures to withgand hundreds of times gravitationa accderaion. They ae
therefore virtualy indestructible when placed away from physcad contact. This among
many other differences resulted in increased rdiability, accuracy, and speed as well as
decreased size, expense, and power consumption.

One group of MEMS dectronic sensors currently in development is chemica
detectors.  These MEMS sensors could hep to monitor trace amounts of chemica
exposure to any number of various vgpors. Individuds using vaious pin-on detectors
could work cose to hazardous chemicads without the worry of coming in contact with
problematic amounts of vapor. These detectors could warn when various vapors are
present within the surrounding ar, working as a sort of atifica nose. They could “sniff”
out drugs or explosves for police, and be more cost effective than training and
maintaining a squadron of dogs. A perfect gpplication of this technology would be for
detection of chemica warfare agents, protecting soldiers from deeth or disorder.

Chemica adsorption onto surfaces, currently under research a Oak Ridge
Nationd Laboratories (ORNL), is a phenomenon that could be the basis for micro
chemica detection devices. Using this method, chemicas adsorb onto the surface of a
cantilevered beam acting as the detector. This cantilevered beam is a smdl bi-materid
dructure, cdled a micro cantilever, that preferentidly adsorbs chemicd on one Sde,
resulting in cantilever bending.  “The micro cantilever bending results from unbaanced
adsorptiortinduced differentid surface dress”  (Datskos e d., 1999) In the pes,
rescarchers were only cgpable of working with macro-sized objects, where differentid

surface dress from chemicd adsorption would not have caused measurable movement.



Now that microscopic cantilevers are being mass-produced, it makes adsorption a vigble
chemical detection method.

The chemicd adsorption technique has dready been tested and shown to work by
Datskos et d in 1999. (Datskos et d., 1999) In his method, a triangular micro cantilever
typically used by an atomic force microscope (AFM) became the detector. This detector
was primaily dlicon nitride with a thin uniform layer of gold one sde. Because 2-
mercaptoethanol preferentially adsorbs to gold, a stress occurred and the cantilever bent a
measurable amount.

The ORNL researchers origind goa was to prove that the chemica adsorption
technique worked. Now that scientists accept demica adsorption as a possible bass for
chemica detectors, optimizing sgnd drength must occur to develop a useful device
Cantilevers, designed for use by the atomic force microscope and purchased from Park
Scientific  Indruments, became the primary focus of device optimization.  These
cantilevers, illusrated in Fgure 1, were chosen do to therr avallability, low cog, and
miniscule Sze tolerances.  Cantilever C, the darting point for development, has the most
sengtivity to chemicds, because it is much longer than the other cantilevers. Ealier
atempts a increesng sendtivity have induded cuts made by focused ion beam milling
(AB) to effectivey triple to quintuple the effective leg length and thinning of the legs
with the FIB. Figure 2 shows a cantilever with an effectively tripled leg length.

This study uses cantilever C in Fgure 1 in an atempt to optimize the chemicd
absorption signa  through geometricad  dterations.  Chemicad adsorbed primarily to one
surface of the cantilever makes it deflect. A laser and a quad cdl postion detector

measured the cantilever deflection. These experimentd results, as wel as results from



previous dterations, will lead researchers to develop a minute, accurate, and trustworthy

chemica sensor.

Experimental Setup

The experimenta setup congsts of a cantilever used as the sensor, the gas flow
system discussed later, and the devices used to measure cantilever deflection, shown in
Figure 3. To measure cantilever deflection, a laser reflects off the head of a cantilever
into a quad cell detector. This sounds smple, but is a bit more complicated. A 5 mW
diode laser with a circular gperture is focused down using a lens into a 5 pm pinhole.
After the beam comes through the pinhole it is collimated with another lens and then
focused onto the cantilever head with yet a third lens. Placed in a certain pogtion, the
cantilever reflects the laser beam away from the previous lens and into another lens. This
last lens focused the reflected laser beam to a mirror and into the quad cell detector.

“The quad cell detector is a four-channe postionsensing detector capable of sub-
nanometer resolution.” (Datskos et d. 1997) Because of the way the cantilever is
mounted, horizontal movement is measured. The detection part of the quad cdl uses a %2
inch diameter glicon chip that changes voltage output as light intendty changes. Since
the chip is divided into four sections, see Figure 4, it can easly detect movement. As
shown in Equation 1, channels 1 and 3 are added together as well as 2 and 4. The results

are subtracted and then divided by anormalizing sum of 1, 2, 3, and 4.



V. = (Vl +V3) - (Vz +V4)
“ Av M

i=1

where Vh isthe horizonta voltage
Vi is voltage from quadrant one
Vo is voltage from quadrant two
V3 is voltage from quadrant three
V4 is voltage from quadrant four

Initidly the laser beam is centered, but as the cantilever bends horizontaly, the
quad cdl dectronicadly computes the above formula and outputs a Sgnd. This dgnd is
receved in an oilloscope and a lock in amplifier.  In this experiment, the lock in
amplifier amply records data The oscilloscope is required to initidly center the laser
beam accurately, and as a tota voltage meter. By keeping the totd voltage at 6.8 valts,
well within the quad cel detectors optimum range, normdizaion of resulting data was
not necessary.

To understand the way the detector works and to make any geometrica
modifications to a cantilever, knowledge of Sructure is important. The cantilever used in
al experiments is the triangular cantilever C in Fgure 1, purchased from Park Scientific
Insruments.  This cantilever has an overdl length of 320 um, a width of 22 ym, and a
thickness of 0.6 um. The cantilever is a bi-materid made of glicon nitride with a 60 nm
coating of gold on one sde. This bi-materid cantilever dlows preferentia adsorption of

the chemical causing surface tenson and the bending effect.



The find pat of the experimenta sgtup is the gas flow sysem shown in Fgures
6, 7, and 8. Nitrogen flows into the gas flow system through a mass flow controller.
Since chemicd concentrations depend upon this controller, cdibration was necessary and
the procedure went as follows. A graduated cylinder filled with water was inverted into a
besker of water. Then the nitrogen was adlowed to bubble up into the graduated cylinder
for one minute. The amount of gas, which escaped for each mass controller setting, was
recorded and formulated into a calibration curve shown in Figure 5.

The flow sysem is desgned for three different parts of the experiment. Fird,
nitrogen must be drawn into the syringe pump. Second, chemica vapor is pumped
draght to the wade line while nitrogen is flowed over the cantilever in an enclosed
vesd. Findly, chemicd vapor is pumped into the flow of nitrogen, where it mixes with
nitrogen and flows to the cantilever. These are shown in Figures 6, 7, and 8 respectively.
Nitrogen is represented by blue, chemicd liquid and vapor by ydlow, and the mixture by
green. Vave postions are green and red, which stand for open and closed respectively.
As the most important part of the experimenta setup, the micro cantilever must aso be

discussed.

Sensor Fabrication

As mentioned earlier, the purchased cantilever used in the experiment came from
Park Scientific Insruments, see Figure 1. By making geometrical variations to cantilever
C with a focused ion beam mill (FIB), different sensors were fabricated. Four different
dructures were used:  un-modified, notched, grooved, and re-grooved. All geometrica

modifications were cuts into the cantilever legs atempting to make them more sendtive.



Cuts were made on the sde of which the cantilever bends toward. This would decrease
the need to compress that Sde as the cantilever bends. To find the direction in which
bending occurred, a heat source was brought near to the cantilever. The signa from heat
showed the cantilever bending in one direction. When the same cantilever was later
exposed to chemical, the cantilever sgnd shows it bending in the opposite direction. To
redize which direction the cantilever bends dfter the addition of chemicd vapor, the
materid properties must be dudied. By previous sudies of materids, it is known tha
gold expands more than dlicon nitride when heasted. From this, it is safe to deduce that
the cantilever is bending toward the dlicon nitride when heated, and as described above it
bends opposite to that when chemicd is added. For this reason, cuts were aways made
into the gold sde of the cantilever. A description of the exact modifications to each
cantilever is asfollows.

For the control group of the experiment, the chip, shown in Fgure 1, from Park
Scientific Insruments was used. Cantilever C would have the greatest response because
of its larger leg surface area and overdl length. A decison was made to make it the
cantilever of choice for the control group. It became the starting point for al geometricd
modifications.

Before notches can be made, the sputter rate must be measured. To do this, a 10
pm by 10 um hole was milled by the FIB through the 0.6 um slicon nitride and gold of
another cantilever. The end point was visudly detected. By using Equation 2.1, the sze
of the hole, the time measured to mill the hole, and the current setting on the FIB, the

Sputter rate was calculated.



The firg of the modifications to cantilevers were notches cut into the legs. Into
eech leg, five notches, see Figure 9, were made on the gold sde of the cantilever with a
focused ion beam mill (FIB). These notches were 25 um by 25 um by 0.3 um deep. To
cdculate a specific amount of time for milling the notches Equation 2.2, a rearrangement

of Equation 2.1, was used.

V=t |’ S (2.1)
Vv
CTe 22
where V isvolume (um®)
t istime (s)
I is current (nA)

S is sputter rate ?ﬁg

nC g
For the third and fourth cantilevers, thin grooves were milled into the legs. These
grooves were 25 um by 0.1um by 0.3 um deep. Again, equation 2.2 was used, and it was
verified by milling an equivdent line completdy through a neighboring cantilever.  The
third, grooved cantilever, had five grooves milled into each leg, see Figure 10, and the
fourth was the same cantilever with five more grooves milled into eech leg in between

the first, see Figure 11.



Procedure

Before testing any cantilevers for their response, trid runs were completed with
only nitrogen flowing. Because nitrogen flowed in from outdde of the temperature
controlled room and from the syringe pump, located within the room, a variance was
inevitable. Remember that these cantilevers are a bi-materid; any dight temperature
change causes a dight bending. All testing occurred when trid runs showed a near flat
temperature induced sgnad between the outdoor nitrogen flow and the indoor nitrogen
flow, see Figure 12. Since some tedts were up to ninety minutes in length, during which a
ggnificant outdoor temperature change could occur, a smple subtraction between the
trid and the tet signads became impracticd. This would adso have been the largest
reason for any experimenta error within the data.

For each cantilever, four tests and the above trids were completed. For the first
and second test, the cantilever was exposed to ethanol vapor forced out of a vid and
caried by nitrogen a 0.5 mL/min. This nitrogen/ethanol mixture was turned on and off
before it mixed with a dream of nitrogen flowing a 2 mL/min. The find dream of
nitrogen carrying ethanol reaches the cantilever, adsorbs, and causes it to bend. Two
testes were carried out to show the repeatability. The other two tests were completed
with the same procedure, except with aniline and a a primary flow of 1 mL/min. This
flowed into the 2 mL/min stream and was carried to the cantilever. Again, two tests were
completed to show repeatability. Different times were needed for adsorption to take
place, but there was dways a ten minute time period, a the beginning, where only the
secondary nitrogen flowed a 2 mL/min. This alowed the setup to show its dability. In

al graphs, the sudden drop shows where the chemica was turned on and the sudden rise



indicates the time a which the chemica was turned off. Figures 13 and 14 show this
phenomenon, but they aso show the ease a determining whether the chemica is aniline
or ethanal. It obvioudy is not a precise maich among dl chemicds, but it shows that a

chemicd isin the cantilever’ s environment.

Results

As a basdine for dl teds, an unmodified cantilever was tested. Upon the
completion of this test, a 50 mV deflection was noticed for both aniline and nitrogen.
Within the surrounding noise, this signd was barely detectable, see Figure 15. The
catilever with the five notches soared to a 350 mV dgnd, a 700% increase from the
base line. This dteration did not increase the ambient noise levd dther, therefore, the
sgnd to noise ratio increased by 700% as well. For the cantilever with five grooves, the
ggnd reeched 170 mV, a 240% increase from the basdine. When five more grooves
were added, the sgnd dropped 30 mV to a signd of 140 mV, this left only a 180%

increase from the basdine. See Figure 16 for cantilever comparison.

Discussion and Conclusions

From data collected during this project, it is worth noting that the notched
cantilever had a response seven times that of the unmodified cantilever. This is most
likely due to the decrease in tenson while bending. However, tenson while bending is
not the only variable in making cantilevers that are more sengitive.

The cantilever with five grooves responded better than the cantilever with ten

grooves. At fird glance this does not make sense, but with more careful thought it
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becomes quite apparent. The mechaniam that origindly caused the cantilever to bend is
the preferentid adsorption to the dlicon nitride Sde.  Remember that the milling was
done on the gold dde thus exposng the underlying glicon nitride for chemicd
adsorption.  In turn, this adsorption causes the cantilever to push agang the preferred
bending. As a result, the cantilever bends toward the gold side, but with less deflection
than the cantilever with five grooves  There will definitdy be a point of maximum
deflection, depending upon the surface area of silicon nitride exposed.

According to this very concept, it is safe to say that a gold coating could increase
the sgnd even more. An aomicdly thin layer of gold could be placed upon those
surface aress exposed by the milling process. This layer would stop the adsorption in
those areas, again lessening the forces againg the desired motion.  Since the surface area
exposed on the notched cantilever is nearly hdf of the desred sde's surface area, the
cantilever deflection should double after agold coating.

Sgnd enhancement by geometricd dteration was the primary god of this
project. The data collected shows that this god has been met but needs to be explored in

much further detall.
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Figurel. 1 Existing cantilever design (Microlevers 2000)

Figure2 Geometrically altered cantilever resultingin triple effective leg length



Figure 3 Optical setup

Figure4 Quad cell detector face (Martin 2000)
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Figure9 Notched cantilever
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Figure 13 Responsefrom ethanol with notched cantilever

0.4

0.3

0.2

0.1
—Test 16 offset by .1
0
-0.1
-0.2
-0.3
-0.4
0 5 10 15 20 25 30 35 40 45
Time (min)
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Figure 16 Comparison of cantilever responses
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