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Abstract: The article offers a comparison thfe sensitivitiesfor vapour trace detection of
Trinitrotoluene (TNT) explosives of two different sensor systems: a chemechanical
sensor based on chemically modifidtbmic Force Microscop€AFM) cantileversbased
on Micro Electro Mechanical SysterMEMS) technologywith optical detectioCMO),
anda miniature systa based on capacitive detection of chemically functionalptaedar
capacitors with irdrdigitated electrodes witha comblike structure with electronic
detection (CE) In both casegeither CMO or CE), the sensor surfaces are chentical
functionalizedwith a layer ofAPhS (trimethoxyphenylsilane) moleculaeshich give the
strongest sensor resporise TNT. The construction and calibration alvapour generator
is also presentedrhe measurementd the sensor response to TNie performed under
equal caditions for both systemand the results show th@E system with ultrasensitive
electronicsis far superior to optical detection using MEMS. UsiGi{1O systemwe can
detect 300 molecules of TNT in 6 molecules of M carrier gas, wheredke CE system
can detecthreemolecules of TNT in 132 molecules otarrierNs.
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1. Introduction

Detecting apaur traces of explosivesand other materialsn the atmosphere is a potentially
powerful method to reveal thegsence of explosive devices and other materials like togiosThe
principle of the detection method is based on the factainadstany material including explosives,
emits a rather small, but detectable number of ddéf@ molecules constitutinthe target material
Numerous detection techniques have been deseéltyat are capabtd detecting explosive devicgs],
but their common limitations arrather large sezand weight high power consumption, unreliable
detection with false alarms, insufficient sensitivity and/or chemical selectivity, and-$gpsitivty to
mechanicalnoise associated witha very high price. There is a need for miniatusensitiveand
chemically selective sensor systems, typically capable of detecting one target molecule aftfong 10
molecules of atmosphere in real time.

Chemicallysurface modifiedMicro Electro Mechanical Syste(MEMS) sensorg2i 4] arecurrently
the most promising and most popular candidates for the ultrasensitive detedtiencohcentratios
of targetmolecules in the atmosphere. The detection method is basepticalmeasurement ahe
deflection of the sensing micantilever, which is caused by the adsorptiothetarget molecules on
one of thesurfaca of the cantilevef5,6]. An alternative tahe optical detection method is to measure
the change in # @apacitance or the resistanoé the cantilever{7] or a MEMS device. A very
sensitive detection is possible by this method, Bmaitrotoluene(TNT) vapaur concentrations in N
of the order of 1:10 have been reportd8]. However, in all cases, there are several severe problems
that limit the application of MEMS ira real environment. Theneasuremenbdbf the cantilever
deflection requires precise optical systenand thedetectionapparatus is bulky when precision optics
with a long optical pathhas to be used for the precision required. Furthermore, the measurement of
cantilever bending is very sensitive to environment influences like vibrationsameghshockand
accelerationBecause the cros®ction of the sensintantilever is usually asymmetai¢ the cantilevers
act as bimetal devices and are highly sensitive to the temperature changes. This makes chemically
functionalized cantilevers very impractical for sensing vapour traces of hazardous chemicals.

An alternaive to MEMS is touse Complementary Metal Oxide Semiconduct@MOS) capacitive
sensors with micronetersize or submicro-metersize electrodes, which were developed recently for
variouslab-on-chip and biesensing applications. Here the surfaces ofcidugacitoés electrodes are
chemically modified in order to enhance the surface adsorption of target moleesldting in a
slight change ofhe capacitance of that capacitor. The capacitive method has obvious advantages over
the MEMS methodbecausét is not sensitive tétemperature changes and mechanical vibrations, and
is also fully compatible with the CMOS production process. While the sensitivity of this method has
been reported for labn-chip [9] andbio-sensing applicationd 0], there is no availablé&eraturedata
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on the comparison of theensitivity of combcapacitive sensorwith respect to the MEMS optical
detection system.

In this study, we reporbn the sensitivitycomparisonof two explosive vapar trace detection
systens developed by usChemo Mechanical sensor witlOptical detection(CMO) and Comb
Capacitive sensors witklectronic detection(CE). Both systems were testéak TNT andHexogen
(RDX) explosivesersitivity in the N> carrier gasandin the air We found that the sensitivity abur
CMO system is in theange ofapproxmately 300 molecule®f TNT in 10"*2 molecules of M gas,
while the sensitivity ofour CE system iof the order of 3 molecules of TNT in 6 molecules of
carriergasN,. The sensitivityof the CE systenis more than two orders of magnitude bettean the
sensitivity ofthe CMO system|It should be noted that the degree of the electronic integration of our
CE system is much higher than the integrattdnour CMO system, which is built Wi discrete
electronics.Even if we try to integrate the electronics for the CMO systiens very difficult to
integratethelaser and to reduce the optical path without lo$imther sensitivity.

The article is organized as followSection 2describes the principgeof the operation ofthe
chemaemechanical sensor with optical detection, the structure of the cantilever with chemical
modificationof the sensing surfacthe optical detection principl@and an estimation of th&ignal to
Noise @N) ratio supported byour measuremest Section 3 examines thepacitive sensorwith
electronic detectionand describe the principle ® operation the capacitive sensor designthe
fabrication and modification, the architecture die electronic detd¢ion system together with the
estimatesof achievable SN ratio or detection sensitivity the implementation of a complete
demonstratqr and our measurementghat support thedetection sensitivity estimates. estion 4
describes vapour generator, used in testilgs e n s or s § whilee Sqtian rbspeesentshe
sensitivity comparisonf both detection systemSection 6 concludes the article.

2. Chemo-Mechanical Sensingvith Optical Detection
2.1.Principles ofOperation

The invention of the Atomic Force Microscope (AFIM1] has triggered great interest in using
micromechanical devices (MEMS) for quick and reliable detection of small concentrations of target
molecules in air and solutions. AFM cantilever® pmmarily used for surface imaging, where an
atomically sharp tipsenseghe tipsurface interaction at the smlanenewton level. Besides surface
imaging, the AFM cantilevers gren principle very sensitive force sensotisat are able todetect
forces inthe 10'*? Newton (pN) range andwe canmeasurehe cantilever deflectionselownm. This
makesit possible to measure single molecular forces, and the forces due to the molecules adsorbed ol
functionalized surface of the cantileyéag).

For thispurpose, commercially availablmicro fabricated silicon cantiers, which are typically
100/ 350 um long, 2025 um wide, and 0.51 pm thick (Figure B) andwith force constants ranging
from 0.03 to 1.75 N/mare functionalized on one of the two sideshwdt thin molecular layer that
showsan affinity to the target molecules present in the environment. The surface coverage of the
functionalized surface by target molecules is increased in the continuous process of surface adsorptiot
and desorptiorand geneates either compressive or tensile surface stress which eventually results in a
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bending of the cantilever. This small bending can be measured either optically or electrically. In
optical detection, a focused laser beam is reflected from the cantileveheaméntilever bending
causes a deflection of the reflected befd®]. This deflection is measured very precisely using a
guadrant photodiode detection scheniégire b), a principle invented for thé\tomic Force
Microscope (AFM) microscope [11]. Anothepossibility is to measure a change the resonant
frequency of the cantil@r due to the mass loading [13].

Figure 1. (a) Tipples Si rectangularAtomic Force MicroscopgAFM) cantileversof
different length I), width (W), and thicknessT), with force constants ranging from 0.03 to
1.75 N/m are used asa base for sensitivedetection (b) The pinciple of
chemoemechanical sensing of vapotrace detectiorusesa focused laser beam and a
position sensitive photodiode for optical readout of bendingabfeanicallyfunctionalized

AFM cantilever.
b)
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The detection sensitivity of chemically functionalized MEMS is in taege of 1:10"°, which
makes MEMS devicesxtremely interesting for the realization of the electronic nose. However, it is
difficult to miniaturize their optical detection system, as they inherently need e datgal path to
obtain suchhigh deflectionsensitivity. MEMS are also extremely sugtible to the environmedts
mechanical noise and very sensitive to temperature changes because of the thin iayptiohldy
reflective metal, applied to one side of the cantilever, which therefore formsnaetai. In our
cantilevers, a thin layer ohu was deposited on one side, which was used as a binding surface for
receptor molecules, using getliol-chemistry.Later, to avoid very high sensitivityf the cantilevers
to the temperature changes and thus complicated and time consuming temperature stabilization
procedures, we developeshd useda technique to chemidgl functionalizethe surface of a silicon
cantilever directly, without the need of a metal coating.

2.2.ChemicalFunctionalization

The surfacemodification of cantilevers was performed according to stanpiarcedureg15]. The
cantilevers were cleaned in acetone and then in ethanol, followed by a deionized ashterior to
the modification. A degased etharsalution of 4mercaptobenzoic acié;mercaptonicotinic acidor
2-aminoethanethiol6 x 103 (seeFigure 3 were prepared in glass vesseespectively, which were
previously cleaned with piranha solution (3:254/H,0;) (Caution! Piranha solution carreact
violently with organic compounds and should be handled with)cdrkee clean gold-coated
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cantilevers were immersed in the thiol solutions for 24 h aft@5After the completion of the
modification the cantilevers were rinsed with absolute ethanol and blown dry with argon bsfore

The X-Ray Photoelectron SpectroscopyPS or Electron Spectroscopy for Chemical Analysis
(ESCA) analyses were carried out on the PHHA XPS spectrometeproduced by Rysical
Electronics, Inc(ChanhasseMN, USA). The analysed area was.® mm in diameter and the anadys
depth was abouti® nm. Sample surfaces were excited byaX radiation froma monochromatic Al
source. The surface composition was quantified froRSXpeak intensities considering the relative
sensitivity factors provided bghe instrument manufactutefwo different locations were anabd on
each sample, and the data were averagéd. surface composition and chemical bonding of the
modified surfaces were characterized by the XPS techniggere 3 shows typical survey XPS
spectra from the Au surface modified withmercaptobenzoic acid.h& peaks of carbon, oxygen,
sulphur, and gotl were identified in the acquired XPS spectra.

Figure 2. Chemical modification of goldoated cantilever surface with:
(@ 4-mercaptobenzoicacid (MBA), (b) 6-mercaptonicotinic acid (MNA), and
(c) 2-aminoethanethialAET).

COQH COZH
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Figure 3. The representativE-Ray Photoelectron Spectroscopy (XRBBgctraanalysis of
thesurfaces of theantileves modifiedwith 4-mercaptobenzoic acid (MBA).
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In accordance with the molecular structures eamercaptobenzoic acidhe C and O peak
increased andhe Au peak decreased comparedthe unmodified Au surface; in addition S peaks
appeared after the modification. These results confirmed successful bonding to the Au $hdace.
inserted spectrum inFigure 3 is highenergyresolution S 2p XPS spectrum. Aspexted for the
spinorbit splitting of the S 2p signal we identified a doublet;nd 2p/,) with an intensity ratio 2:1,
respectively. The main S Zpsignal at 162.4 eV is in the energy range expected for thiolate bonded to
the god surface

2.3. Optical Detection System

The deflection of a cantilever sensor can be detected by various techfilgiedhe most
frequently used method is beam deflection reatlguhe fibeam bounce method17]. The method is
relatively simple and is used to obtasantilever deflection with very high accura¢y schematic
representation of our system is giverFigure 4). A collimated light from a 5 mW laser die with
wavelengthe-= 635 nmpasses througasmall aperture (diamet around 1 mm) and is focusedtbe
backside of a cantilever usifige 50 mm spherical lens. The reflected beam is directed onto a position
sensitivefour-quadranphotodiode (PSD) usinghaadjustablenirror. The PSD consistof four closely
spaced segmentand the photocurrent from easlegment is proportional to themount of light
impingingon that segment from the cantilev@hus the changes in position of the reflected light can
be precisely determined by measuring the difference in photocurrents frorpheztodiodesegment
using a differential amplifier.Cantilever displacements of the order of 0.1 nm are easily detected
in this way Another optical method for precisely detecting cantilever bendinghes qtical
interferometric method [161t is much more sensitive, but requiaselaborate optical setp.

The electrical methods of detection of cantilever bending include the Scanning Tunnelling
Microscope principle of operation. gharp conductive tips positionedn close proximity to thdack
side of the AFMconducting cantilever antthe tunnelling current between the tip and the cantileser
measurd. This method was used in the first AFM experiment by Binnig and Quidte In
comparisorto thebeamdeflection system it isnuch more sasitive, but is alsoquite complicated to
set up and relatively bulky and thus rarely us@ther electrical methodf detection of cantilever
bendinginclude piezoesistive and capacitive detectifB,19]. While thepiezo resistive method is
quite handy the force sensitivity is nearly two orders of magnitude lower compared to the optical
detection20,21] and thus impractical for high sensitivity sensor devices.

The complete optical detection system is showhigure 4. The outer part of the systaammade
out of stainless steel and serves as a carrier for mirrorgslétSDs and cantilever holders. This part
has to be as rigid as possible to minimize any vibration between components of the measuring system
It is mounted on a vibratioisolated @tical table. The inner part is made out of polished and gold
plated copper and serves as a temperature stabilization cage. Itsatenepis stabilized bg2 Peltier
elements to a temperature within 1 mK. The copper cage is mounted onto a stainlesgestpalt by
only four Teflon holders in order to minimizke heat transfer between the two parts. All light beams
enter and exit the inner part through thin glass windows. The testing gas enters the system from one
side and exits the system on the othe
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The system consists of two mirror layouts for beam deflection reaualtuses two different
cantilevers for the operatiofred and blue paths ifrigure 4). Simultaneous and independent
measurementf the deflection oboth cantilevers is possible. Thap mirrors are mounted using tilt
mirror mounts and used to direct the beams from the laser diodes onto the cantilever ends. The lase
light enters the system throughsmall aperture and is focused usiagpherical lens witha focal
length off = 50 mm The reflected light is directed out of the inner copper part by mirrors, mounted on
rotatable holders. The exact position of the reflected beam relative to the PSD is adjusted by translatior
mounts which hold the PSD. Each of the two cantilevers is radwrt a holder with a flat spring, and
the distance between them in the system is about 1 mm. Next to the cantilevers is a miniature
Pt100 Resistance Temperature Detect®®TD) sensor, which measures the temperature of the
atmosphere in the vicinity of both cantilevers with mflélvin accuracy. The testing gas enters the
system on one side and exits on the other.

Figure 4. Optical detection principleand implementatian(a) A collimated diode laser

| i g h=t635(nm, 5 mMW) (A) passes through small aperture (B) and is focused at the
backside of a cantilever (D) usihg 50 mm spherical lens (C). The reflected beam is directed
onto a position sensitive photodiode (F) using atattie mirror (E). Distances d1,,dhd d3

are 48 mm, 34 mmand 608 mm, respectively(b) The optical detection system used for a
precise detection of a functionalized (blue bé&afy) and a reference (red beadnB)
cantilever bending. The outer (géay) parts of the system are made of stainktesl and
designed to be as rigid as possible. The inner (y8ll®)temperatureontrolledchamber

is made of goleplated opper,andthermally stabilized by severakRer elements with an
accuracy of a few mK

a)

\ d3
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2.4. Measurementef theCantilever Responge TNTVapours

The cantilevers with standard Au reflective coatswgface modified according tBection 2.2.
showed huge response even to pugevithich was due the temperature induced bending. Even small
variations of the temperature of the incoming gas caasemtable PSD signal. It was shown a long
time ago that standard Azpated AFM cantilevers, such as STMAGAU (Park ScientificSunnyvale,

CA, USA), are very sensitive thermometers and bend-@#° for 1 K temperature difference2].
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The temperature sensitivity of thedeflection of the cantilevetip is estimatedto ~0.1 nm/1 mK,
which is indeed the order of magnitude, observed in our experiments. Because of such high
temperature sensitivity, Abackcoated AFM cantilevers were abandoned in further experiments and
cantilevers without any coating were us@&tie bestresults wereacquired by using uMasch CSC12
tipless Si catilevers(Innovative Solutions Ltd Sofia, Bulgariawith no coatings on tier side of tkb
cantilever After being chemically functionalizeagdescribed irSection3.2.2.) the bottom side of the
cantilevers was ion sputteredan ultra-high vacuum with Ations (15 minat 500 eV ion energy and
ion current of 1 pA/cni). The sputtering process destroys and partially removes the emtieeular
layer, as checked bthe XPS analysis of clean, functionalizexhd sputtered surfase

All measurements were performed using a homemadeuva@merator described iBection 4.1.
This vapourgenerator shows excellent temperature stability of outpytggesl control of gas flows
and mixture ratiosand is vital for reliable measuremeni&ior to measuremerthe vapar generator
and the measuring system were extensively purged with clean nitb@equélity) for several hours.
The concentration of targeted moleculeshiacarier gas was regularly checked by usangold trap
and doing NMR and gravimetric analysis.

Figure 5 showsthe response of a CSC12 cantilever wikh= 0.03 N/m and functionalized with
3-trimethoxysilytpropanl-amine (APS) moleculeson switching between a clean, jas and a
50% saturated vapeo pressure of TNTat room temperature. The maxinm response from PSD of
approxmately 30 mV is achieved in abodlhreeminutes. The cantilever shows stable responses on
TNT molecules over sevarhours of operation. In the same figure the temperature measured close to
the cantilevers is plotted. The temperature is stable to about 1 mK during the time of the experiment
and shows no change duringitching between the two gases.

Figure 5. Measured responses of CSC12 cantilevers functionalized with APS molecules
(red)on switching betweepure N and mixture of N and 50%vapaur pressuref TNT at

room temperaturtelTemperature changes in the system (blue) due to switching between the
two ga®s are below 1 mK
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To verify that the cantilever bending is indeed the consequence of the surface adsorption of target
molecules with the APS active layer and not dua bametal effect or some other temperatustated
change in the measuring systeme, changed the temperaturetiogé clean N gas by a few tens of mK.
Figure 6 shows the response of the same cantilever on switching between a,djganaNd a 50%
saturated vapour pressure of TNT. The measured temperature changes of the gesram of the
order of 30 mK, while the functionalized cantilever response remains almost unchanged at about 32 mV.

Figure 6. Measured responses of CSC12 cantilevers functionalized with APS molecules
(red) on switching between pure;ldnda mixture of N and 50%vapaur pressuref TNT

at room temperaturdn this measurementhe temperature changes in the system (blue)
due to switching between the two gases are deliberately set to approximately 30 mK.
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The sensitivityof the chememechanical sensing with optical detection can be estinfededthe
measured resul{&igure § usingEquation (1):

050( ar l‘IQMO 3 030-0 10
SrNT,CMO @ o = 1
DNTNT,CMO\/B\N:MO VHZz @

where the parameteesetaken from the results of the measurements presentédure 6 They are
X... =107 is the estimated density of TNT molecules in the carrier gas atwagpessureand room

temperatureli.,,, =2 MV is a standard deviation of the readingfter the response is stabilized,
DNoyromo B30 MV is the step size of the average respoasd BW,,,, =01 Hz is the Nyquist

targ

bandwidth of the readingheacronymCMO stands for Chemblechanical sensavith Optical detection.
3. Capacitive Sensingwith Electronic Detection
3.1. Principleof Operation

The essentiapart of the electronic detection measurement system asmodified differential
capacitive senspishown n Figure 7 It is composed of tw plamar capacitors with intedigitated
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electrodes with combke structure (COMB),covered witha thin layer of silicon dioxide:C, is
chemically modified, whileC, is not. Both capacitors ameareach otherso on averagean equal
numberof target molecules ipresent inie atmospherabove capacitorsAs one of the sensors is
chemically modified with a molecular monolayer enhancing the surface adsorption of target molecules
when compared to the nefunctionalized capacitor, the average surface coverage of targeted
molecules is increased time modified capacitor.

Figure 7. Principle of vapar traces detection of target molecules using a pair of
differently functionalisedcomb capacitors. The chemical asymmetry of the capaditors
electrodes results in tresymmetry of the capacitance duetlte preferenial adsorption of
target molecules on functionalized electrodes.
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The timeaverage capacitance of the capaci@r(Figure 7) is increasedbecause of adsorbed
molecules to the functionalized plates of that capacitor; the plates are now partially coverad with
extra monolayer of targeted molecules, which have a dielectric constant larger tharthtbairofThe
capacitances of the two aaptors in a differential pair are now slightly different, whican in
principle be measuredsing appropriate low noise electronics. A rather straightforward calculation
using Equations(2) and(3) shows thathe detection of small number of adsorbedy&irmolecules is
possible if the measurements are performed wittemely low noise electronics.

3.2. Capacitive Sens@esign and Fabrication
3.2.1 CombSensor

Figure 8 shows thescanning electron microscogd8EM) micrographof an implementedcomb
sensor using modified 1pm MEMS process. Poly silicomombfingers are 1 pyn apart and 2.5 pm
high; they are posted onto a thick layer of silicon dioxide and covered with approximatehy @D
silicon dioxide. One capaoit consists of 51 fingers witlength of approximately 350 um. They are
interconnected using Al metal lines forming a capacitor with approximately 0.5 pF capacitance. In the
process follawwing MEMS fabrications, both capacitors of each differential pairfast chemically
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functionalizedwith TNT receptor molecules (s&absectior3.2.2. The functionalization layer on one
capacitor is later removed using selective laser erosiorS(gesectior3.2.3 to obtain two chemically
different capacitorsifter processing, the capacitors donathe exactly t he s ame
statistical variation othe matding accuracy can reach up to #0 therefore, the initiatlifference
might be as big as 5fF. The difference is reduced during automatic calibration procedure at the
beginning of he measurement cydlseeSubsection 3.3.3.

Figure 8. Scanning electron microscof®@EM) micrograpls of acombdifferential sensor.
A pair of capacitors, forminghe differential sensors shownon the left andhe detail of
onecombcapacitor is showon the right
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3.2.2.SurfaceFunctionalizatiorby Silane Sensing Monolayers

In our experiments, we selected a surface modification usiagniBopropyltrimethoxysilane to
recognisei NO, containing explosives trough the hydrogen bond interactions bettheeNH and
T NO; functionalgroups[22], as shown in Figure.Moreover, the partial charged complex pairs are
not excluded, resulting in enhanced sensitivities in the sensing of TNT molg3jleBurthermore,
the modified surface also provides a unigtereo selectivity to the metatroaromatics.

Figure 9. Schematic diagram, representing the surface modified with
3-aminopropyltrimethoxysilane and its sensitive binding mechanism to TNT molecules.

MNO2
Me . ,,/t:tt:
J_L
ON NO,

H Huy H H H

The surfacepsed for molecular sensing, is a Si€urface covered with layer of coxyalkylamino
and trialcoxyarylamino silanes. Generally, the modification of the surface was carried out by dipping
the sensors inta diluted solution of the corresponding silane in the organic solvent for an appropriate
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period of time at room temperature. It was found that different procedures had to be applied for
successful modification, with regards to the silane uBegli{e 10. Depending on the silane, solvents
with different polarity were used to assure its solupiltor the modification using APS organosilane
(3-(trimethoxysilytpropanl-amine)), a 10 mL of 3mM dimethylformamide solution of the
corresponding silane was prepared in dry-attomed glassware under argon atmosphere. Thg SiO
surface of the substrates was firgtated with oxygen plasma, and then the substrates were immersed
in the corresponding solution. The modification process was carried out for a period of 6 h at room
temperature. Upon completion, the modified SEDMB sensors were removed from the solution and
rinsed several times with dimethfdrmamide and methanol to remove any organic residunally,

the sensors were thoroughly dried undeargon stream. The surface modification of the sensors with
APhS (trimetloxyphenylsilane) and UPS organosilanes3{tiethoxysilylpropylurea) was identical;

the only difference was the use of dry toluene as a solgureé 10. The XPS measurements
confirmed the presence ahamino group on the SKBCOMB sensor surfaces fonose conforming to
successful modification witthe listed orgnosilanes e Figure 1), which shows XPS results far
freshly prepared sampla,one montkold sampleanda three montkold sample. The analysis results
prove the stability of our modifation process.

Figure 10. Chemical modification of Si@surface with(a) 3-trimethoxysilytpropanl-amine
(APYS); (b) 3-triethoxysilylpropyluredUPS); and(c) trimethoxyphenylsilanéAPhS).

(Me0)sSi” >""NH,  (Me0)sSi~” > “NHCONH, (Meo)3SiONH2
(a, APS) (b, UPS) (c. APhS)

Figure 11 The result of XPS analysis of the APS modified Ss0rface:(a) XPS ofi NH,
group of a freshly prepared sample) XPS of ai NH, group of 1 montlold sample and
(c) XPS of ai NH, group of three monthsld sample
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3.2.3 Surfacade-Functionalizatiorby Laser Erosion

Since bothcomb capacitors of one sensor are covered with a monolayer of sensing molecules
during the functionalization process wisilanes, one of the sensors has to bdudetionalized in
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order to obtain a differential response. The removal of suddserbed silanenolecules has to be
localized and well controlledas the surface of the active functionalized area is only 250 bg 360

and theseparatiob et ween two capacitors that Wedevelopecha di f
laserassistedorocess of remang the silane monolayer based on controlled surface illumination with
focused AF laser light with a wavelength of 514.5 nm. The surface of the sensor was positioned in the
focal plane of a 60 objective, focusing th&50 mW laser light to aiffraction-limited spotof ~1 nm
diameter During a 10s illumination, the local temperature of the sensor surfmoeeased to
approximately 80100 €. The sensor was moved in a regular manserthat the illumination spot
gradually scanned the wholdasie functionalized surface of the seleatednbcapacitor. The effects

of laserassisted erosion were clearly observedhmtest surfaces by the XP3he results indicate

that afive second illumination with #ully focusedpowerof 750 mWis sufficientto decompose and
remove different silane modification monolayerstio@SiO, surface of silicon.

3.3. Electronidetection System
3.3.1 TheArchitecture

The detailed architecture, principle of operati@alculation ofSignal to Noise ¥N) ratio and
system level aspects of the electronic detection systesapletely presented in thegplementary
information file. The electronic detection system is based on extremely low noise integradéted
lock-in amplifier architecture and circuit, whick optmised for the array of sensoend which is able
to processsignals from four differential sensotkat aregenerally differently functionalised. Each
sensor isdriven with excitation signal having different frequency, and thus the response from the
wholear ray coul d be extr acHgerell2shaows gpsanpldidd Ibleck diagram fi r €
of a signal processing electronics implemented in 0.28Bpolar CMOSDouble diffused Metal Oxide
SemiconductoBCD) process used to extraictformation from four sensors. It is essential that the
electronics and the sensors are carefoiifmised to each other because only in that way it is possible
to reach the extreme detection level.

Figure 12 Signal processing block diagraof the low nase electronic measurement
systenthat can process signals frdaur differently modified sensors
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The signad at the outpwg of bothcharge amplifies Venop and Venen include information on the
capacitance differences afl the sensorsconnected tdhe particular amplifiey each sensor response
appears at different frequency. Theompletesignal is amplified usinga fully-differential and
programmable lownoise banepass amplifier. The resultasignal level is well abovéhe thermal
noise levelof the following blocks The composed and amplified signamsced with a squarewave
signal with frequency, in a precisionpassive mixef24,25. The amplitule of the corresponding
spectral componens proportionalto the excitation signal amplitudéasumed to be constant during
the measurementgnd correspondingapacitance differencef the sensqrwhich is caused byhe
adsorbed target moleculesto the modified capacitoiThe signal levels afhe spectral components
carrying the information are well above the quantization and thermal noise level Ahahey to
Digital Converter ADC), while remaining higher harmonidall outside the band of intereahdare
attenuated witha digital decimationifter implemented in the DSFurther signal processing is digital
and consists of digital mixerand LP digital filters. Digital mixerdranslatethe signals from
fox (x:1,2, »,4) down to DC inafour separate digital channelBhe remaining spectral components

arefurther attenuatedn digital low-pass filtersThe DSP output rate epproximatelyl4 samples per
second withthe word-length of 32 bits. The results are transferred to the PC via USB interface, where
furthersignalprocessingdveraging, storage and presentation are taking place

3.3.2.Generation oExcitation Sensor Signals

Excitation sensor signals amgeneratd in the Field Programmable Gate ArrayrRGA) and
transferred to theApplication Specific IntegratedCircuit (ASIC), where further shaping and
amplification takes place. The amplitudes and the DC levels of each excitation signal can be adjusted
They areconnected to theorrespondingensod sapacitors ang@rovidethe possibility of transfering
the information from slowly varying sensor capacitances to the-irapedance charge atiffer at a
high frequencywell above the flicker noise corner frequentie whole measurement system looks
like a modified lockin amplifier [26,27, using doublemixing architecture to sensend amplifyat
high frequencyabovethe 1/f noise corneof the CMOS charge amplifieEach spectral component is
not immediately reduced to tHeC because, in that case, thé ridise and the offset voltage of the
ADC would influence the results. The amplitudB€ levet, and frequenciesf excitation signalsre
programmableand we caradapt each excitatiogenerator to a particular sensAt.the moment up to
four differential sens@are connectetb one meagement channedccording td-igure 12 Each sensor
is drivenwith a squarewave excitation signal with slightlgifferent frequencys, where all the signals
are coherent [28]One measurement channel can process the signédairodlifferential sensorsThe
i D& s ipgeessing happens only in the DR thus all DC drifts and flhoise problems of the
analogueelectronic module are removeds a resultthe noise properties are improved

3.3.3.Calibration

Matching properties of the sensors aadditional modification monolayer on one capacitor may
causethe initial capacitance differenseof up to 106, which woulddrive themeasurement channel
into saturationat high gainand thus redu@ the sensitivity.Programmable capacitors atteerefore
implemented orthec hi p ; they are connected iand lgveaavallel e |
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from 1fF up toapproximately64 fF in steps ofl fF. During calibrationin a neutral atmospherehe
capacitance difference of each differential sensanéssured, the results are storadd thetotal
capacitance differender each sensas brought close to zerd@.he calibratiorprocedure is especially
important if more sensors are connected to one measurement channel because in this case, mar
spectralcomponents are present in the measurement channel at the sapantithe intrinsic sgnal

in the channetan be very big

3.3.4.Sensitivity and Noise Considerations

The charge amplifier (see amplifseon Figure 12 is built of a high gain singleended folded
cascae lownoiseoperationabmplifier with feedback impedance formed by parallel connectid® of
andR:. The time constant is selected in such a wayttl@®N at the output is optimaThe resistance
R: must bevery high, i.e, in a range of several telw$§ GW in order to implement low pole frequency
at small capacito€; [29]. One charge amplifieprocessscharges from two differential sensors that
are driven by excitation signaf¥ sy, Vsi) and(Vsyp, Veon) with different frequencies

The decisive parameter regardititge detection sensitivity of a measurement system isitpeal to
noiseratio at the output of the charge amplifi@) in 1 Hz bandwidth aroundhe corresponding
spectral line The details of those calculations are given in SupplementaryTiile.SN ratio is
proportional to the excitation signal amplitudg and the ratiaiC, / C; and inversely proportional to
noise of the amplifieMnq0p @and the parasiticapacitance gain ratio given lﬁg&é_ Cos /Cf ) These

considerations instruct us about the optimum charactergdtib® senseelectronic pair

uc
V. oox
S g Y VR,
N T 8 2
¢ Vacno \F é‘/ndop % a CVG 8

The minimum detectable capacitance difference of sensor x cealddated usindequation(3),
taking into consideration that the signal power must be at least three titaegess the noise power
in the specified band The charge amplifier is designed with the following parameters:

Voo (¥x) € 7.5 0° V S€, V=5V, C, =2pFand § C,; =2 pF. The reduction of th&N ratio

caused byanalogueand digital mixers is negligibldecause each mixing contributaésproximately
J2, if designedproperly[30,31:

Y/ . e F
iC @\/2-22(c @6 108 ——
Ve, ( ra QIG) % 3
For a combcapacitive sensawith the separatiobetween two comb fingers af, @em, andthe
initial capacitance o&pproximatelyC, =0.5pF, it is possible to estimatthe minimum detectable

distancechangen platesi, between twdingers due taheadsorptioraccording tdequation(4) and it

is approximately80 fm thatis well below the thickness of one layer of adsorbed target molecules
estimatedo 0.5 nm[32] for the TNT. This fact can be used to measure the densitgrgeétmolecules

in the atmosphere around the senstre fact thatl, is much smaller than the size of the target
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molecule makes the measurements possible even icdh®@ capacitor surfacdas not @vered
completely and the density of target molecules is smaller than the number of target molecules at
vapaur pressure

d, dic

R CEC R @

3.3.5. Systenhevel Verification

To verify the concept, sensitivityand functionality the sensors and the whole electronic
measurement system wengoddled on a high hierahical level using Matlatsimulink; the most
important nondeal effects othe Integrated CircuitIC) analoguemeasurement patiere taken into
consideratior{33] aswell asa bit-true model of the complet@igital Signal ProcessindDSP [34].
Thesystem levesimulation results are very close to #stimates, to the circusimulation resultsand
to the measurements difie real circuit. The detailed results of thgystem level simulatiaare
presentedn the Supplementary information.

3.4.Response @ CE Demonstratoito TNTVapour

Figure 13ashowsour demonstratqmwhich isbuilt of the following modules:

(a) Complete demonstrator with all electronics, batteigzoelectric pumps, and tubing

(b) ThePrinted Circuit BoardRCB) with ASIC, FPGA and all electronic components and the sensors

(c) Small PCB with some external passive compon&ystem in Packag&iP) built of the ASIC
and the sensors

(d) SEM micrograph of one differential sensor

(e) Micrograph of the ASIC in 0.2&m BCD technology

Figure 13. The demonstrator(a) The complete demonstratqb) Complete electroni¢s
(c) System in Package (Simjith low-noise ASIC in 0.25mm BDC technologyand two
differently modifiedsensors(d) One differential senspand(e) Layout of the ASIC.
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The lownoise analogue from@nd electronics of one measurement channel is integrated into the ASIC
together with the excitation signal generators for feemsors. It performs the low noise analog signal
processing of a composite signal from four sensors and a high resalodog to digital conversion.

Further signal processing is executed in the DSP, which is currently implemented on the FPGA. For a
comparison of physical sizes, the one Euro cent coin is shown in Figure 13c. In reality, the package
is covered and the gas with target molecules is delivered via Teflors tabd exhausted
through anothentube.

3.5.Response dheElectronic Detection Sysinto TNTand RDXVapaurs

The measurements were performedha controlledaboratory environment using a gas generator
as described idection4.1, as well asn a real environment. Theamplinggas was pumped to the
sensor using miniature piezoelectric pumps &ifftow rate of 15 mL/min. For laboratory experiments,
the gas input was switched between dpyghls andhe N, contaminated with target molecules in equal
proportion.At room temperaturethe vapar pressure of the TNT 8 x 10 * Pg which means that the
densityof targetTNT molecules relative to the Nnolecules is athe vapaur pressure in a range of
X... =107 [32]. Figure 14 shows the response of one channel togh® switched between pure N

and N contaminated with TNT in equal proportiolgom the difference between the two readjngs
DN,y e 2000, the standard deviatioh.. =30 and the bandwidtBW.. =14 Hz and taking into
accounthe fact that the signal must be at leastetimes adargeas the background noise (CE stands
for Capacitive sensing witklectronic detection), one can estimate the normalized sensitivity of the
sensor and measurement systemliNT target molecules usirigquation(5):

0.5, Q- 3 B3A0™
@ targ E =
SFNT‘CE I:]‘\ITNT,CE\I BV\/CE N HZ (5)

The digital responsat the output of the DSR,,; is dimensionless and can be estimated using
Equation (6) which is derived from the eqtions given in the Supplementdnformation:

targ

VSx VCx ~
Nout @\/_ bcf_ Gpeb (6)

ref

Here V,is the excitation signal amplitud¥,, is the reference voltage of the ADG, is the gain

of complete analogue measurement path including the gain of the ADC aGd thehe gain of the
DSP part of the signal processinghe offset on the yaxis n Figure 14is proportional to the
remaining intrinsic difference betweéhe capaciors Cp andC,, (DC =C, € ) of onedifferential

sensor after the calibration, whilbe change due tdhe adsorbed molecules is proportional to
DNy cove- Rather long measurement times are a consequenasloW flow of the samplinggas

through the piezoelectric diaphragm pumps used (gas flel® mL/min) and not because any
electronic measurement delay and averaging. Similar laboratory measurements were performed fol
other target molecules.
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Figure 14. Measured response ofGE (Comb capacitive sensawith Electronicdetection)
surfacefunctionalized with APS moleculesy the gasswitched between pure;Nind N

contaminated with 50%apaur pressure of TNTat room temperatureThe normalized
sensitiviyy of the sensor and the measurement system to thenap®dNT is approximately

3 x10'*% The RESPONSHSs dimensionless and represents the number at the output of the
DSP that is proportional therelativechange othe capacitancéC, / C .
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Figure 15 shows the concentration dependencehefresponse of CE measurement system, using
the comb sensor that was surfafenctionalized with APS molecules. Pan@) shows the time
dependence of GEBPS response to the gaswitched between pure,Nand N with added TNT
molecules in controlled concentration. During the measurement, the concentration of TNT molecules
was increased in steps 00% of the vapour pressure of TNTThe amplitude of the response of
CE-APS measureent system to various TNT concentrations is shown in Fighlve 1

Figure 15 Response of a CE measurement systaming comb sensors,
surfacefunctionalized with APFCE-APS), to various concentrations of TNT vapours in

the carrier gas N (a) Time-dependence of the GEPS response to the gas, switched
between pure Nand N with added TNT vapours of different concentrations. The
concentration of TNT was first increased in steps of 20% and then decreased back. Black
symbols represent ranath,red symbols are 2000 poiateraged datgb) Signal of the
CE-APSmeasurement system as a function of peak concentration of TNiI in N



