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Summary

At t€e Prins Maurits Laboratory TNO, work on surface acoustic wave (SAW) chemical sensors is

being performed. Up to now the main subjects have been: implementation of SAW technology on a

silicon chip, the development of a SAW sensor for NO2 and the development of a SAW sensor for

chemical warbr agents.

This third progress report deals with the on-goLng work on a SAW sensor for NO2 including

immobilization of the chemical interface, silicor-based SAW sensors f(r NO2 with and without the

application of silicon nitride passivarion layers, preliminary results of the development of a SAW

sensor for CO2 and a chapter dealing with an automated SAW tesdg system developed at TNO-

PML Most of the chapters have been published in the literature.

Samenvstting

Op het Print Maur.!ts Laborstorium TNO wardt reeds geruime did gewert san surface acoustic

wave (SAW) chemische sensoren. Tot op heden betrof dit de implementade van SAW tecdnologie op

een sflicium chip en de ontwikkeling van een SAW chemische sensor voor NO 2 en voor chemische

Dese derde vooraprtguapportage omvet, in hct kader van bet werk aan de ontwikkelilg van een

sensor voor NO2 , de immobilisaoe van her chemiesch interfce en onde-zoek &an eon SAW NO2

sensor op silicium, waarbij wel en niet gebruik werdl gemaakt van eon siliclum nitride passiverings-

[sag. Voor, handelt het rapport over inleideade exerimenten *an een SAW sensor voor CO2 en

etn beichrijhing van bet in dit laboratorium ontwik*elde automadsche testsytteem. De meeste

hoofdscukken nin gepubliceerd in de Uteratuur.
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INTRODUCTION

In chemical sensors, chemical signals are transduced into the appropriate electrical signals. These

sensors are required to control preset process conditions or are needed for the protection of mankind,

fauna and flora by measuring the concentrations of explosive, corosive or toxic compounds or by

warning when pre-selected concentrations are exceeded. A very important link in the automation

process is the development of small, robust and inexpensive, yet reliable chemical micmonsos.
In contrast to physical signals there is always a variety of chemical signal present at the spot to be

monitored. As a consequence, sensor requirements as to selectivity are very important. If one uses a

(bio)chemical interface, these requirements can often be met. This interface interacts exclusively

with the analyse as selectively as possible, thereby modulating the flow of physical signals in the

sensor device.

Sometimes a special (bio)chemical interface is not required as the sensor material acts as a chemical

interfacr, e.g. the metal oxide materials used in semiconductors.
The above-mentioned flow of physical signals is changed to electrical signals by using transducers

that convert non-electrical signals into electrical signals. In fact, a (bio)chemical interface is a

transducer as well. It transfers signals from the chemical signal domain to the physical or the

electrical signal domain.

In recent years, many technologies have been investigated to develop (bio)chemical mkrosensors

[1-3]. Sensors employing electrochemical transduction are most widely studied (4,5]. This category

consists of both amperometric and voltammetric sensors. A special example of very small electro-
chemical senscrs is the chemical field effect transistor (6]. In the case of chemiresistors, the

resistivity of materials is influenced by the presence of the analyte (7M.

Another sensor principle is applied in optical sensors 18,91. With these sensors, the presence of the

analyse brings about a change in optical phenomena. Measurement of light absorption or

transmission is often used in combination with waveguides for signal transmission.

As phenomena at the (bio)chemical interface on a microsensor occur in a more or less two-

dimensional space, ordinary absorption or transmission techniques are not suitable. Nevertheless,

two optical techniques are available at the moment: the evanescent wave technique and surface

plasmon resonance.

One of the acoustical sensor principles employs surface acoustic waves (SAW), which has the

potential to be applied on a surface rather than in a three-dimensional space. As a result, this

technique is very compatible with planar silicon technology, thereby openirdg possibilities for

applying both tne sensor and the electronics on a single device: a silicon smart sensor chip [10-12].
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The first gas sensor based on a SAW oscillator was reported by Wohltjen and Dessy (13-151 in

1979. The gas sensor consists of a delay-line (one transmitter and one receiver IDT and the free

propagation path in between) covered with a polymer [16].

M81177
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Figure 1 Quantitative development of SAW chemical sensor outrva after WohitJen's first paper
in 1979

After Wohitjen's first papers, research on SAW chemical sensors exploded as is depicted in Figure 1.

Vetelino's group (17,181 reported a SAW dual delsy-line structure as a gas sensor. One delay-line is

occupied with the (bio)chemical interface and the other, which lies parallel to the first delay-line,

acts as a reference.

D'Amico, Palms and Verona (19] reported on a three-transducer-tyre delay-line (three transducers

and two wave paths) again with one free propagation path occupied with the (bio)chemicad interface.

With these structures, an improved temperature stability was demonstrated.

Where a SAW delay-line sensor employs surface waves travelling between two transducers, a SAW

resonator employs standing waves. The sensor shows one or two IDTs which are located between

two acoustically reflecting mirrors. The distance between the mirrors allows constructive interference

between successive reflections being maximal for one frequency. The first use of a gas sensor based

on a SAW resonator was -eported by the group of Martin [20-22].
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At the Prins Maurits Laboratory TNO, work on SAW chemical sensors was performed in close

co-operation with Delft University of Technology, Faculty of Electrical Engineering. Up to now the

main subjects have been:

The implementation of SAW technology on a silicon chip, the development of a SAW sensor for

N02 and the development of a SAW sensor for chemical warfare agents. The results have been

published in the open literature (23-331, some patents [34), two progress remarts (35,361, one report

dealing with biochemical interfaces for chemical warfare agents [371 and three reports dealing with a

chemical interface for chemical warfare agents [38-401.

This third progress report dears with the on-going work on a SAW sensor for NO2 including

immobilization of the chemical interface (Chapter 2) (411, silicon-based SAW sensors for NO2

(Chapters 3, 4 and 5) [42-44], preliminary results of the development of a SAW sensor for CO 2

(Chapter 6) [451 and a paper dealing with the SAW testing system developed at TNO-PML (46).

All chapters have been rublished ý,-eviously.

2 A SAW GAS SENSOR FOR NO 2 . CHEMICALLY IMMOBILIZED

PHTHALOCYANINES AS CHEMICAL INTERFACE

2.1 Introduction

Surface Acoustic Wave (SAW) devices are attractive for chemical microsensor applications because

of their small size, low cost, high sensitivity and good reliability. In previous papers [25,29,30,311

we reported on St. Yl chemical sensor research in our laboratory which was concentrated on the

development of a SAW gas sensor for NO2 using metallo phthalocyanines (applied by sub-

limation) as so-called chemical interfaces because these compounds show strong interactions with

electronegative compounds like NO 2 . However, these physically attached chemical interfaces

showed drawbacks with respect to response time and stability. Therefore, we introduced the concept

of chemical interfaces covalently bonded to the sensor (29,34] using a two-step procedure with a so-

called spacer molecule. This spacer molecule (3-aminopropyl triethoxysilane) has at one end a

sufficiently reactive group to react with the oxidic detector surface (triethoxysilyl group). At the other

end the spacer molecule has an amino group which reacts with the chemical interface molecule (in

this case Cu phthalocyanine 4,4',4",4"-tetracarbonylchloride).

Two main advantages of this spacer concept may be mentioned. Firstly, the reactivity of the surface

is enhanced by introducing an amino group which can easily react with carboxylic groups in the

phthalocyanine derivative. Secondly, the attainability of the surface is increased by the spacer

molecules rising out of the surface.
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Although the attainability of such monomolecular interfaces for gases to be measured will be easy

(i.e. short response times are to be expected), the sensitivity will be low compared with the thick

layers. This problem of reduced sensitivity may be overcome by applying higher frequencies by

which higher sensitivities are obtained.

2.2 Results and discussion

In Table I the results for NO 2 are listed for both sensor A containing a layer of immobilized

tetracarboxy Cu phthalocyanine, and for sensor B on which a 0.45 Jim layer of Cu phthalocyanine

was applied by sublimation.

Table I Sensitivity to NO 2 and response time of 52 MHz SAW gas sensors with an
immobilized (A) and sublimated (B) CuPC layer (thickness 0.45 pini) at 70 and
150 °C

T Layer Sensitivity Response time Recovery time
(OC) (Hz/ppm) (min) (min)

70 A 1.5 7 50

70 B 69.1 107 156

150 A 0.3 1 6

150 B 19.8 3 63

It is clear that response times as well as recovery times of sensor A (with the immobilized layer) are

smaller both at 70 °C and at 150 °C. At both temperatures it can also be observed that the

sensitivity of sensor A is much smaller than that of sensor B, due to the larger amount of

adsorptive sites of the sublimated layer on the latter.
In order to use these sensors for automotive applications, however, the response times are still too

long. Electron microscopic analysis showed that the spacer does not consist of a monolayer: a layer

of polymeric grains is observed. This will affect response times because of diffusion phenomena.

In Table 2 the relative responses (NO 2 = 100) of a number of potentially interfering gases are listed

for both sensors at 70 and 150 0C.
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Table 2 Relative sensitivities to NO2 and some other gases of 52 MHz SAW& g:a sensors
with an immobilized layer (A) compared with a sublimated layer (B) at 70 and
150 °C

T Layer Gas: NO 2  CO 2  CO CH4  toluene NH 3  H2 0 SO 2
("C))

70 A 100 0 0 0 0 +1451 3 0

70 B 100 0 0 0 0 -41 0.1 0

150 A 100 0 0 0 0 -2001 1 0

150 B 100 0 0 0 0 41 0 0j
I initial response was taken (partial irrevers;b'ility)

It can be concluded that only ammonia and water interfere. The relative response for ammonia of

the immobilized layer is very high. This might be due to the polymerization phenomena. The ratio

polymeric silane/phthalocyanine is high as a result of this polymerization. Possibly, ammonia

strongly interacts with the silane by hydrogen-bridge formation.

The temperature effect on ammonia response is interesting because at 70 °C its sign changes. This,

gain 125,29,30,3 11, indicates that SAW responses are not only caused by mass changes but also by

conductivity changes and changes in elasticity of the chemical interface layer.

It is to be expected that true monolayers will further improve response times as well as selectivity.

Therefore extensive studies to obtain monolayers, using other spacers and/or reaction conditions are

in progress, together with the application of higher sensor frequencies.

2.3 Experimenta!

Reagents. Cu phthalocyanine 4,4',4",4"-ter'acarbonyl-chloride was synthesized according to Shirai et

al. (47,481 and its purity was controlled using NMR and IR spectroscopy as well as elemental

analysis. All other chemical were obtained commercially and were used without further purification.

Chemical immobilization. An STX quartz substrate (14x16 mm) containing two identical

aluminiurn delay-lines in a parallel configuration was immersed in fuming nitric acid for 3 min,

washed with water several times and dried at room temperature. Subsequently, the substrate was

immersed in 100 ml 10% 3-aminopropyl triethoxysilane in toluene and heated at 120 °C for 2 h.

After washing with toluene and drying, scanning electron microscopy (SEM) revealed a granular

polymeric layer on top of the quartz. Then the substrate was heated at 50 °C for 50 h in 70 ml of

chloroform containing 200 mg of Cu phthalocyanine 4,4',4",4"-tetracarbonyl-chloride and 2 ml of

triethylamine. After washing with chloroform and drying, the substrate showed a faint blue colour,
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while SEM did not show significant changes in morphology. UV spectroscopy with non-treated

quartz as the reference showed two peaks at 213 and 620 nm, while in water (pH = 10) the

tetracarboxy Cu phthalocyanine showed three peaks at 219, 326 and 600 nm (pt = 4.41, 4.17 and

4.18, respectively).

Measurement. The 52 MHz SAW sensors were tested according to the methods and with the

equipment described in (30,311.

3 PRELIMINARY RESULTS WITH A SILICON-BASED SURFACE ACOUSTIC

WAVE CHEMICAL SENSOR FOR NO 2

3.1 Introduction

Surface Acoustic Wave (SAW) devices are attractive for chemical microsensor applications because

of their small size, low cost, high sensitivity and good reliability.

For the measurement of the concentration of a specific gas in a mixture of gases, one delay-line of a

dual delay-line SAW device must be coated with an appropriate chemical interface, whereas the

other delay-line acts as a reference. Physico-chemical interactions occurring at the surface or in the

bulk of the chemical interface are responsible for the overall performance characteristics of the gas

sensor such as selectivity, sensitivity, reversibility and response time (291.

The physical-electronic system ccnsists of a SAW dual delay-line oscillator implemented in silicon

(27]. This requires the application of a piezo-electric zinc oxide (ZnO) layer. In this way, mono-

lithic integration of the sensor and the electronic system on a single chip is possible (281.

In previous papers (30,3 11 a SAW sensor for nitrogen dioxide (NO2 ) based on piezo-electric STX-

cut quartz has been studied intensively. Copper phthalocyanine (CuC) was preferred as the

chemical interface for its selectivity and its response time. In these studies CuPC was applied by

Physical Vapour Deposition (PVD). Later on, it was found that chemical immobilization of a

CuPC derivative with the help of a spacer molecule, resulting in real chemical bonds between the

surface and the chemical interface, is to be preferred because of the increased stability and shorter

response time [41].

In this paper, the first results are pretented dealing with our studies of the above-described silicon-

based SAW sensor with CuPC. The results are compared with the experimental data obtained

previously [30,31,411. It should be noted that during the preparation of this paper, Caliendo et al.

(491 also reported on a silicon-based SAW sensor. They used a .,alladium layer on top of the ZnO-

SiO 2-S,-layered structure as the chemical interface for the detection of hydrogen.
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3.2 Experimental part

The configuration of the silicon- and quartz-based SAW devices and dual delay-line oscillator

electronics have been published in detail in (25,27).

The starting material for dte fabrication of the sensors was 1-10 Ohm.cm (100) cut Si (300 gm

thick) with a thermally grown Si0 2 layer (2 ,im thick). The acoustic propagation direction on the

Si was (0011. ZnO layers (about 20 jm thick) were fabricated by DC sputtering at 7 mTort using

100% 02 in a Varian 3119 R&D sputter station. The tarqet to substrate distance was 9 cm and the

substrate temperature 400 T.

CuPC layers were applied by PVD at 10-5 Torf in a balzers Union MED 010 system using a

stainless steel mask. The source to substrate distance was 8.5 cm, the source temperature was

sufficient for a 0.02 jn/min growth rate.

Layer thicknesses of both ZnO and CuPC layers were determined by Scanning Electron Micro-

scopy. In Figure 2, SEM photographs reveal the layered structure as well as the relative dimensions

of the layers.
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Fig~ure 2 S,.anning Eeccrcn MicrV graphs o" he silicon - silicon oxide - zinc oxide -
Cu phthalocyanine layered struc-,ure.
T'op- full picture. Bottomr: detail of top layer

The eiectronic sys em consisted of two insulated identical oscillato~rs. The output signals of both

delay-tine" were measured separately and Jhe difference calculated by s computer.

In Table 3 the different sen~sors tested are listed a% well 14s their frequency, layer thickness of CuPC,

medium-tertm dril't and prak to-peak noise. The silicon-based system was coated with CuPC using

PVT) Two configurations nave been investigated; a lay,-r was applied both on the wavepath in

between the emitting and receiving transducer of one delay-line ',sensor code: CuPCI134) or on the

delay-line a% a whole (%ensor code: CuPC 135). With the quartz sensers, CuPC was applied in the

same way in between the transducers (sensor code:CuPC65) or on the delay-line as a whole (sensor

code: CuPC76) Also quartz with a chemically immobilized CuPC layer has been studied (sensor

code: CuPCIR7).
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Table 3 Description of different sensor 'ypes in which mask = ?VD in between transducers,
all = PVD on the whole delay-line, CI = chemically immobilized CuPC,
h = thickness of PC-layer, D = drift and N = peak-to-peak noise

Code Type Frequency PC layer h D N
(MHz) (jm) (Hz/m)in) (Hz)

* CuPC134 ZnO-SiO2 -Si 70 mask 1.1 -2.1 110

CuPC135 ZnO-SiO 2 -Si 70 all 1.0 -71.0 200

ZnO ZnO-SiO 2 -Si 70 -9.2 180

CuPC65 quartz 52 mask 0.45 0.8 7

CuPC76 quartz 80 all 0.40 .0.3 22

CuPC187 quartz 52 C -1.9 10

quartz quartz 80 - -1.4 40

In Figure 3, schematic views of the different sensor configurations studied are shown.

A description of the experimental test system and definitions of response, response time and

sensitivity have been published previously (30,311.

IIIfIII I I IIIIIII
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Sol1,7

! CuPC 65

¢uPC76

... 1

CuPC1I87

CuPC 13S

Figure 3 Schematic pictures of the different sensors studied. Sensor codes refer to details Oven
in Table 3

3.3 Results and discussion

In Table 4, the responses ore shown for the sensors described in Table 3. In the table, previous

results with the quartz-based systtm are also presented. For the sake of reference here also the

responses of the reference ZnO and quartz delay-lines are given.

The sensitivity of a SAW sensor is related to the frequency of the device. This implies that the

results given cannot be easily compared. In Table 4, calculated results are included normalized at a

frequency of 70 MH2 using a relationship between the sensitivity and frequency squared.
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Table 4 Sensitivity (S) and sensitivity normalized to 70 MHz (between brackets) and 80 %
response times (RT) of the different sensor types for N02, NH3 and H 2 0 at
150 *C. The ZnO-SiO 2 -Si results ar single delay-line measurements

Code Frequency NO 2  NH3  H 2 0
S RT S

(MM) Hz/ppn) (mn) WP ) alppm)

CU 'C1341  70 200.0 10 -10 0.0

CuPC135, 70 920.0 7 -5.2 0.0
ZnO, 70 40.0 10 -0.7 -0.1

CUCOS 52 19.8 (35.1) 3 -1.6 (-2.9) 0.0

CuPC76 s0 -74.0 (6.7) 7 3.7 (2.8) 0.0

CuPCS7 52 0.3 (0.5) 1 -0.6 (-1.) 0.003
' so 80 0.0 . 0.0 0.0
I slgle delay-ine measurements

With the quartz sensors, two points of hiterest were noticed. The response time of the sensor with
the immobilized layer proved to be rhorer du to less diffusion of NO 2 into the monolayer.

Moreover the sensitivity of this sent.or was much smaller than that of the other sensors. This is
m o probably due to the smaller ariount o(adsorptive sites.

Surprisinsgy, in the quartz system application of a CuPC layer on the delay-line as a whole caused

a change in the sign of the response as well as an increased absolute value. Work is in progess to

find an exr4anation for this behaviour.

All experiments carried out with the silicon-based senson were performed with the occupied single

delary-line instead of a dual delay-line configuration. This was done because the refrence delay-ine

also showed a zesponse for NO 2, which is partly irreversible with an initial response of 40 Hx/ppm.

This ZnO reference delay-line also reseonded with a negative sign to the presence of water or

ammonia. These observations are in contrast with the wcxg' o Martin et aW. (211 concerning water

adsorption at 24 "C by a 109 MM silicon-based resonator. The results of the silicon-based sensors
can easily be compared with quartz dual deay-line results as the quar rerence delay-line does not
respond at all to the pgs tested.

As bare ZnO is not able to play the role as rteerence delay-line in forthcoming ti-eriment% the

ZnO has to be coated with a passivation layer in order to prevent the interaction betweeu ZnO and

the analres or interferences. Work is in propes* to find a sWtable passivation layer. Vellekoop et al.

(501 have already reported on prevkiu results.
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In Table 4, the results are listed for both CuPC in between the transducers and all over the sensor.

It is shown that the sign of the response of the latter sensor is positive in contrast with that of a

similar quartz sensor. This is possibly due to the fact that in the quartz system CuPC contacts the

aluminium transducers which is not the case in the silicon-based system. At the moment there is no

clear picture of the background of the phenomena observed. Work, both theoretical and experi-

mental, is in progress in order to get a better insight.

It has also been observed that the sensitivity of the silicon-based sensor is lary-r than the quartz-

based sensor even when compensated for differences in layer thickness and frequency. These results

are in accordance with the work of Caliendo et al. (49). They studied a palladium layer for the

detection of hydrogen on ZnO-SiO 2-Si, quartz and lithium niobate.

Figure 4 shows the response of sensor CuPC 134 versus the NO 2 concentration in the 20-100 ppm

range. The curve shows the same saturation behaviour as the curves for the quartz-based sensors

presented previously [301, which indicates that similar physico-chemicil processes play a role.

In Table 4, responses for the interferences ammonia and water are also listed. In previous studies

(30,31,41), these gases proved to show some response at 150 *C. With the immobilized CuPC layer

on the quartz sensor, an extremely strong interference of ammonia was observed. This is probably

due to interaction with the spacer (3-aminopropyl triethoxy silane), which partly polymerizes [41].

Furthermore, it was noticed that both the silicon- and quartz-based sensors with CuPC show a

negative response for ammonia along with a partly irreversible and fatiguing effect.
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Figure 4 Response of the silicon-based sensor CuPCl34 as a function of the NO,
concentration at 150 *C

It can be cleatly observed that response times, as well as recovery times, of sensor A (with the

immobilized layer) are smaller both at 70 °C and at 150 °C. At both temperatures it can also be

seen that the sensitivity of sensor A is much smaller than that of sensor B, due to the larger

amount of adsorptive sites of the sublimated layer on the latter.

In order to use these sensors for automotive applications, however, the response times are still too

long. Electron microscopic analysis showed that the spacer does not consist of a monolayer: a layer

of polymeric grains is observed. This will affect response times because of diffusion phenomena.

In Table 5, the relative responses (NO2 = 100) of a number of potentially interfering gases are

listed for both sensors at 70 and 150 *C.
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Table 5 Relative sensitivities to NO2 and some other gases of 52 MIHz SAW gas sensors
with an immobilized layer (A) compared with a sublimated layer (B) at 70 and
150 °C

T Layer Gas: NO 2  CO 2  CO CH4  toluene NH 3  H 2 0 S02

A (oC)

70 A 100 0 0 0 0 +1451 3 0

70 B 100 0 0 0 0 -11 0.1 0

150 A 100 0 0 0 0 -2001 1 0

150 B 100 0 0 0 0 -81 0 0

initial response was taken (partial irreversibility)

It can be concluded that only ammonia and water interfere. The relative response of the immobilized

layer for ammonia is very high. This might be due to the polymerization phenomena. The ratio

polymeric silanelphthalocyanine is high as a result of this polymerization. Possibly, ammonia

strongly iliteracts with the silane by hydrogen-bridg: formation.

The temperature effect on ammonia response is interesting because at 70 *C its sign changes. This,

again [25, 29, 30, 311 indicates that SAW responses are not only caused by mass changes but also

by conductivity changes and changes in elasticity of the chemical interface layer.

It is to be expected that true monolayers will further improve response times as well as selectivity.

Therefore extensive studies to obtain monolayn.,i using other spacers and/or reaction conditions are

in progress, together with the application of higher sensor frequencies.

3.4 Conclusions

Preliminary result3 show the feasibility of a silicon-based SAW sensor system with a ZnO-SiO 2 -Si-

layered structure as a chemical sensor. The sensitivity of an NO 2 sensor of this type using

Cu phthaiocyanine as the chemical interface is much higher than the quartz-based system.

Dual delay-line measurements with the silicon-based sensors to improve temperature stability and

other common mode effects can only be performed when a passivation layer has been applied, as

ZnO interacts with all kinds of gases to give considerable responses of the reference delay-lines.
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4 A SILICON-BASED SAW NO 2 SENSOR USING A SILICON NITRIDE

PASSIVATION LAYER

4.1 Introduction

Surface Acoustic Waves (SAW) devices are attractive for many gas sensor applications [10]. The

response mechanism is a combination of the effect of changes of mass, conductivity and elasticity of

a thin coating applied on the SAW device: the chemical interface.

In a previous paper [42] we reported on an Si-Si0 2 -ZnO-layered dual delay-line SAW sensor for

NO 2 employing copper phthalocyanine (CuPC) as the chemical interface. The (non-occupied)

reference delay-line of this ,rensor showed undesirable responses to various gases due to thoeir

interaction with the ZnO.

Upon the appLcation of a silicon nitride passivation layer on top of the ZnO, a positive effect on the

reference delay-line (smaller responses by a factor 1.3 to 130) was found [511.

The present paper describes the effect of silicon nitride passivation on the properties of the Si-SiO 2-

ZnO-layered device as a sensor for NO 2 . More detailed description of the work will be presented in

[44].

4.2 Experimental part

Detailed information on the production of the silicon-based sensors with silicon nitride layers

(42,44,511 and CuPC layers, a3 well as on the experimental test system [30,1 can be found in the

literature.

In Table 6, the CuPC layer thickness, frequency, medium-term drift and peak-to-peak noise of both

sensors are listed. The passivated sensors showed less drift but noise levels were comparable.

Furthermore the sensitivity to NO 2 (normalized to the CuPC thickness) and the relative sensitivity

of both sensors to NH 3 and H20 at 30 °C and 150 'C are listed in Table 6. In the case of H2 0,

very high concentrations had to be applied in order to obtain measurable responses.
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Table 6 Sensitivity to NO2 (normalized to the CuPC thickness) and relative sensitivity of

both sensors to NH3 and H 2 0 at 30 *C and 150 *C

SSi-SiO2-ZnO-CuPC Si-SiO2 -ZnO-nitride-CuPC

Thickness CuPC (It)1.0 0.5

Temperature (0C) 30 150 30 150

Frequency (MHz) 70.20 70.71 72.41 72.23

Drift (Hz/min) 0.6 8.5 0.5 1.5

Noise (Hz) 20 110 20 70

S NO2  (Hz/ppm jim) 1  92 124 2402 16

S NH3 S NO2  (%) -10 -4 0.2 -9

S H 2 0/S NO2  (%) -0.12 -0.02 -0.06 -0.13

I S = sensitivity

2 very slow response and independent of concentration

4.3 Results and discussion

With respect to the senirsviy to NO 2 , the passivated sensor showed peculiar behaviour at 30 *C.

The response became slow and independent of the NO2 concentration. No explanation can be given

for this phenomenon.

In the case of the pgssivated sensor, the conductivity effect on the response can be neglected as a

result of the presence of the silicon nitride layer. Therefore the sensitivity to NO2 at elevated

temperatures decreases due to decreasing adsorption of NO2 (mass effect).

Without a silicon nitride layer the conductivity effect cannot be neglected any longer. The effect of

temperature on the sensitivity to NO 2 is due to a combination of the effect of temperature on

conductivity changes and on mass changes. The former effect probably dominates resulting in a

higher sensitivity at elevared temperatures. At 150 0C, passivation yielded a lower sensitivity to

NO 2 (Figure 5).

Upon pussivation, sdekciviry with respect to ammcnia and water is negatively affected at 150 °C

(Table 6). As a result of the different response mechanisms already mentioned above, the relative

sensitivi to ammonia and water diffas for the two sensors and the two temperatures. The effect of

penetration of small molecules through the silicon nitride layer cannot be totaly excluded.

At 150 °C, non-passivated delay-fines are preferable to passivated delay-lines with respect to both

sensitivity and selectivity to NO2.
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Figure 5 Response curves for NO2 of both a passivated and a non-passivated sensor

4A Conclusions

Silicon nitride has been applied as a passivation layer to prevent gases from interacting with the

ZnO of the Si-SiO 2 -ZnO SAW sensor system. On such a sensor, conductivity changes hardly

affect SAW responses.

Sensitivity to N02 decreases as a result of passivation while selectivity with respect to water and

ammonia becomes worse.

A good compromise between these results may be a sensor with a passivated reference delay-line and

a measuring delay-line completely covered with the chemical interface. Work is in progress to study

this compromise.
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5 A SILICON-BASED SAW CHEMICAL SENSOR FOR NO 2 BY APPLYING A

SIUCON NITRIDE PASSIVATION LAYER

5.1 Introduction

Surface Acoustic Waves (SAW) devices are attractive for chemical gas sensor applications because of

their sm.ll size, low cost, high sensitivity and good reliability [10,12]. To measure the concentra-

tion of a specific gas in a mixture, the measuring delay-line of a dual delay-line SAW device must

be coated with an appropriate chemical interface. The other delay-line acts as a reference.

In previous papers [25-27,29-31,411 we reported on a quartz-based S^W sensor for NO 2

employing mecallo phthalocyanines, mostly copper phthalocyanine (CuPC), as the chemical

interface. After the introduction of silicon-based SAW sensors by other groups [21,521 we also

introduced [421 a physical-electronic system consisting of a dual delay-line oscillator implemented in

silicon. This required the application of a piezo-electric zinc oxide (ZnO) layer. In this way,

monolithic integration of the sensor and the electronics on a single silicon chip was possible.

The first experimental results dealing with silicon-based SAW chemical sensors were presented

employing the Si-SiO 2 -ZnO-CuPC layered structure as a sensor for NO 2 . All experiments were

performed with single delay-lines instead of a dual delay-line configuration. This was done because

the reference delay-line also showed responses for various gases, e.g. an initial response of

44 Hz/ppm was observed for NO 2 . In fcrthcoming experiments, the sensor would have to be coated

with a passivation layer in order to prevent reference delay-line responses.

T•his present paper deals with the application of silicon nitride as a passivation layer on the sensor,

yielding an Si-Si0 2-ZnO-nitride layered structure. The effect of passivation with the nitride was

illustrated in two ways. Firstly, the effect on the response of the reference delay-line was measured.

Secondly, a sensor coated with CuPC was studied as a gas sensor for NO 2 . The CuPC was applied

by physical vapour deposition (PVD) in two different ways: in between the two interdigital

transducers and on the sensor as a whole.

5.2 Experimental part

The gases were obtained from Matheson: NO2 (>99.5%), and HoekLoos: anhydrous NH 3

(>99.96%), N2 , 02 and H2 (all >99%). Water vapour was generated by evaporating pure liquid.

The generated primary stream of vapours and gases was diluted with pressurized air (10% relative
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humidity) which was purified over a charcoal bed. CuPC was obtained from Fluka A.G. and

purified by vacuum sublimation at 0.05 mbar and 500 0C.

The starting material for the production of the silicon-based sensors was 1-10 Ohm.cm (100)[001]

Si (300 prn thick) with a thermally grown SiO 2 layer (2 pim thick).

ZnO layers (about 20 jim thick) were fabricated by DC sputtering at 7 mTorr using 100% 02 in

a Varian 3119 R&D sputter station. The target-to-substrate distance was 9 cm and the substrate

temperature 400 0 C.

A 0.5 ;lm silicon nitride layer was applied by plasma-enhanced chemical vapour deposition starting

from N2 , NH3 and SiH 4 (330:3:1) at a rate of 26 nm/min at I Torr and 350 *C and an RF

power density of 0.1 W/cm 2 at 100 kHz.

Evaporated CuPC layers were applied by physical vapour deposition at 10-5 Tort in a Balzers

Union MED 010 system using an aluminium mask. The source-to-substrate distance was 8.5 cm,

the source temperature was sufficient for a growth rate of 0.02 pm/min.

Table 7 Description of different sensor types: the frequency (f 0), drift (D) and peak-to-peak
noise (N) at 150 OC as well as the "layer thickness" (d) of the CuPC layers

Sensor configuration 1  Code f0 D N d

(MHz) (Hz/min) (Hz) (kHz)

Si-Si0 2 -ZnO CuPC135a 70 -5.6 90 -

Si-SiO 2 -ZnO-PCPVD CuPC134 70 -2.1 110 118

Si-SiO 2-ZnO-PCPVDA CuPC135 70 -71.0 200 97

Si-Si0 2-ZnO-PCPVDA PC153b 71 -8.5 110 107

Si-Si0 2 -ZnO-nitride SMN150 72 -0.2 20 -

Si-Si0 2 -ZnO-nitride-PCPVDA CPC154 72 -1.5 70 57

quartz CuPC76a 80 -1.4 40 -

quartz-PCPVD CuPC65 52 0.8 10 27

quartz-PCPVDA CuPC76 80 -0.3 20 56

1 PCPVD CuPC layer applied in between IDTs,

PCM'DA = CuPC layer applied on sensor as a whole.

In Table 7 the different sensors studied are listed with their frequency, medium-term drift and peak-

to-peak noise. The layer thickness can be expressed in terms of the sensor frequency shift due to the

application of the layer. This value is included in Table 7.

.0-'



j ThO:•opofl

PML 118461268 NP

A description of the experimental test system and definitions of response, response time and

sensitivity have been previously published [30,311 or will be published in detail (46].

5.3 Results and Discussion

In Table 8, the sensitivities are shown for Si-SiO2 -ZnO-based sensors. For the sake of reference

here, the sensitivities of the reference ZnO and quar= delay-lines are also given.

Table 8 Sensitivity normalized to 70 MHz of the different sensor types for NO2 , NH3 and
H 2 0 at 150 *C

Seusor configuration Code Freq. NO2  NH 3  H 2 0

(MMz) (-Wppm)

Si-SiO2 -ZnO-PCPVD CuPC134 70 200 -1.0 0.0

Si-SiO 2 -ZnO-PCPVDA CuPC135 70 920 -5.2 0.0

Si-SiO2 -ZnO CuPC135a 70 40 -0.7 -0.1

quartz-PCPVD CuPC65 52 361 -2.91 0.0

quar=-PCPVDA CuPC76 80 -571 2.8 0.0

quartz CuPC76a 80 0 0.01 0.0

I normalized to a 70 MHz base frequency (see text).

The sensitivity of a SAW sensor is related to the frequenr of the device. This implies that the

results given cannot be easily compared. In Table 8, calculated results are shown normalized to a

frequency of 70 MHz using the theoretical relationship between the sensitivity and frequency

squared.

It is observed that the sensitivity of the silicon-based sensor to NO2 is larger than the quartz-based

sensor even when compensated for differences in layer thickness and frequency. These results are in

accordance with the work of Caliendo et al. [491. They st,2died a palladium layer for the detection of

hydrogen on Si-SiO 2 -ZnO, quartz and lithium niobate and found comparable differences in

response for the three types of sensors.

In Table 8, the results are listed for both CuPC in between the transducers and all over the sensor.

Surprisingly, in the quartz system, application of a CuPC layer on the delay-line as a whole caused

a change in the response sign as well as an increased absolute value, while in the case of the silicon-

based sensor, the same configuration showed a higher response with the same sign.
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The reference ZnO delay-line showed a response for NO 2 , which Is partly irreversible with Un

iniial value of 40 Hz/ppm. A similar delay-line made out of quartm did not shown any response to

NO2 . The ZnO reference delay-line also responded to water and ammonis.

As apparently bare ZnO is not able to play a satisfactory role as reference delay-line, in later

experiments the ZnO was coated with a silicon nitride passivation layer in order to prevent the

interaction between the ZnO and the analyte NO2 or interferences. The passvated sensors 5howed

less drift and noise when compared with the non-passivated slicon-based sensors (Table 7).

The SAW response mechanism is a combination of changes in mass, conductivity and elasticity

and some other minor effects, as has already been postulated by several authors (24,53-56). In this

case, elasticity effects, like the other minor eflects, are neglected because adsorption of a gas only

slightly changes the elasticit coefcient of the materials involved: copper phthalocyanine, zinc oxide

and silicon nitride.

The net mass change is due to adsorption of the analyte and/or the desorpdon of other compounds

present at the surface (such as oxygen or water) which as a result can be positive or negative. If the

man change is a predominant factor, the resulting freueucy reesponse can be negative or positive.

When both mass and conductivity changes determine the response, these effects work in the same or

the opposite direction. In the case of an insulating silicon nitride layer on top of the semiconducting

ZnO, the contribution to the SAW response of a changing conductivity resulting from the

adsorpton and/or desorption process may be neglected (58,591. In this type of layered structure, the

strength of the electric potential associated with the acoustic field decreases rapidly with the distance

f'om the surface and may no longer play a role when the insulating layer is sufficiently thick.

Venema et al. [581 are presently srudying these phenomena in detail.

The effects of the presence of different gases on the reference ddqay-ilna of both the non-passivated

and the passivated sensors at 150 *C are shown in Table 9.
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Table 9 Responses to various gases of the non-passivated (PC 135a) and passvated (SIN150)
reference delay-lines at 150 °C

es f gas Conc. RpoMe

Noa-pessvated Passivated

NO 2  air 44 1750 -30

NH3  air 250 -180 -25

H2 0 air 12500 -1250 -300

02 air 400000 -480 -360

H2  N2  500000 -23000 -12500

air N2 - -1450 -190

In general, the passivated season showed smaller resposes to the different pses, especially in the

case of NO2 , suggesting that in the case of the non-passivated sensors, the conductivity and mass

changes work in the same directkm with respect to the SAW respone. Responses to othar pses w

small, and high coacentirions had to be applied to observe any response at all. With these pses,

the differences between non-pussted and pasaited sensos were leas pronounced than in the cawe

of NO 2, but significant improvements were observed. In the case of H2 0 and 02 in air and H2 in

ethe disappointing effect of paosivation may be caused by the diffusion of the pgses thogh

the silicon nitride layer into the ZnO layer.

With respect to the measuwst dday-ixae, the sensitivity at 150 *C of both peasivated and non-

passv•ated delay-lines is shown in Table 10. Upon passivation, a decreased sensitivity to NO2 was

observed. Again this suggests that in the case of the non-pessuvted sensors, the conductivity and

mass changes work in the same direction with respect to the SAW response.

Table 10 Response at 150 *C to 50 ppm of NO2 of a delay-line pessivated with silicon nitride
and nor-passivated delay-line

Sensor Configuration Code Response to 50 ppro NO 2

Si-SiO2-ZnO-PCPVDA PC153b 6200

Si-SiO 2 -ZnO-nitride-PCPVDA CPC154 400
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The relative responses (expressed as Hz/ppm divided by HIz/00 ppm NO2 times 100) of the

different sensors to ammonia and water are listed in Table 11. Again, very high concernrations had

to be applied in order to obtain reliable results, especially in the case of water. Pauivation caused

higher relative responses to ammonia and water. As a result, non-passivated delay-lines at 150 OC

seem to be 6avourable with respect to celectivity.

Table 11 Relative response (RR) at 150 *C to NH 3 (at 250 ppw' and H2 0 (at 12,500 ppm)
of diffrent sensor configurations

Sensor configuration Code RR (NO2 = 100)

NH3  H 2 0

quaru-PCPVDA CuPC65 -5 0

Si-SiO 2 -ZnO-PCPVDA PC 153b 4 -0.02

Si-SiO2 -ZnO-nrde-PCPVDA CPC 154 -9 -0.13

5.4 Conclusions

Research on surface acoustic wave chemical sensors deals with the development of suitable chemical

interfaces that transduce signals fom the chemical domain to the physical domain as selectively as

bm'ble.

Preliminary results show the feasibility of a silicon-based SAW sensor system with an Si-Si0 2 -

ZnO-layered structure as a chemical sensor. The sensitivity of an N0 2 sensor of this type
employing copper phthalocyanine as the chemical interhce is higher than that of@ similar system

based on piezo-elecuic quarm

Dual delay-line measurements with the silicon-based sensors to improve temperature stability and

other common mode effects could only be performed when a passivation layer was applied, as bare
ZnO interacts with all kinds of pses to give considerable responses from the r@wmew ddas.hoe.

For that purpose a silicon nitride layer was applied.

Application of the insulating silicon nitride layers caused different SAW responsd on die refeetrnce

delay-line not only as a result of the passivating effect, but also because ths c-inducivtr' pair o! the

SAW response mechanism may play a smaller role, yieldin5 mass c&34ges as the ;reiomlatant

effect. Upon passivation on the measuvirg delay-Ai'w, the senitivity v? "'O2 decrease. which -nay
also be caused by the different SAW response mechanism. Selev.dvty was also badll' eafected by

pastivstion.

A good compromise between the positive effects on the refercnce ,elsy-kine amd di. nep ie eM.cCs on

the measuring delay-line may be the following configuration: an SI-SiO2-ZnO SASW senser with P
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passivated reference delay-line and a non-pagsivated measuring delay-line completely covered with

the chemical interface. In this way the chemical interface itself acts as a "passivation layer". Work is

t a in progress to study this compromise.

6 A SAW GAS SENSOR FOR CARBON DIOXIDE AND WATER.

PRELIMINARY EXPERIMENTS.

6.1 Introduction

Surface Acoustic Wave (SAW) devices are attractive for chemical microsensor applications because

of their small size, low co,.t, high sensitivity and good reliability. Furthtrmore, SAW technology is

compatible with planar integrated circuit technology.

,The first ;-,as iensor using SAW was reported by Wohltjen et al. [31,60). For the adequate

measurement of # specific gas in a mixture of pses the delay-line of the SAW device must b-! coated

with an appropriate chemical interface. The interactions occurring at the interface together with the

basic structure behaviour are responsible for the performance characteristics of the gas sensor such

sa selectivity, sensitivity, reversibility and response time (291.

Much interest exists nowadays for a carbon dioxide (C0 2 ) gas sensor. There is in fkct a need for an

alternative for the infriared CO 2 detectors, which are currently in use, as these systems are large,

expensive and require much maintenance.

Especially two main fields of application are in view: A CO 2 sensor to be applied in biotechnology,

, i.e. in fermentors for process control purposes, and a CO 2 sensor for biomedical applications to

monitor the exholed breath during surgical treatment and irtentive care. For both categories a

concentration range up to 100/ vol. is required. In biotechnological applications, the sensor shouldI be insensitive to oxygen, ammonia, organic acids and alcohol, whereas in a biomedical application

t the senscr should be insensitive to oxygen, nitrogen, water, nitrous oxide and other anaesthetic
L I

gases.

In order to deve!op a SAW gas sensor for C0 2 , the search for a chemical Interface which shows a

selective and reversible interaction with CO2 is of prime importance. In cases like this, one has to

learn from the litierature about interactions between CO 2 and chemical compounds. As a start,

irreversible interactions have to also be included because sometimes irreversibility can be overcome

by npplying higher temperatures or temperature cycles.

Ile literaturs: search :-evealcd that all kinds of amines and imines, as well as zeolites, are used for a

sr.l -ctive ;'iteraction %ith CO 2. Zeolites are crystalline inorganic compounds showing networks of

.iio) 4 :*rd A10 4 g'ou;r with different metal ions as counter ion. These compounds ate often used in
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CO 2 gas adsorption. However, the main problem with these compounds is their adhesion to the

sensor surface. Therefore our prime interest was to apply amines or amines as the chemical

interface. This article describes some preliminary experiments with poly(ethyleneimine): PEI.

6.2 Experimental part

The configuration of the quartz-based SAW devices and dual delay-line oscillator electronics to

obtain a stable frequency signal is described in [25). The experimental test sysrem and definitions of

response, response time and sensitivity are described in [30,31).

The PE solution was applied on the SAW device as a dried drop or by an airbrush technique. With

the dried drop method a small drop of the solution was put on the wave path of one delay-line and

the solvent, in this case water, was allowed to evaporate. With airbrushing, a fine mist of the
solution was sprayed on the surface of the sensor. In an attempt to produce a uniform coating on
various senson, the following method was applied: A solution of 1% by weight of PEI was sprayed
with a Devilbiss Aerograph Sprite Major usirg nitrogen at I bar as propellant. The aerograph was
mounted perpendicularly to the sensor surface in such a way that the distance between spray-nozzle

and surface was 15 cm. One delay-line was covered with a mask (made out of paper) and the
costing was applied on the other delay-line (both on the transducers and the wave path in between).
The SAW frequency ihift was monitored on a frequency counter while the temperature was kept at
70 *C. Several bursts of the spray resulted in a coating which produced a frequency shift of

approximately -8000 Hz on a 40 Mliz sensor, from which an average thickness of 37 nm was
calculated, assuming a density of I g/cm 3 and a homogeneous coverge.

By spray-coating in the way described above, the thickness of the films are not equal, resulting in

different responses. Practically, the responses of the various sensors may be compared dividing by
the mass of the coating calculated from the frequency shift. In this calculation a linear relation
between frequency change and mass change is assumed [13,60) although the limited validity of this

assumption was learned from former experiments [30).
The pofy(ethylenelmine) used in these studies was obtained from Hicol (Polymin P) as a 500/
solution in water. From pH measurements, a dissociaton constant pKb of3.41 was calculated.

6.3 Results and discussion

RespoRis¢ wo C0 2 : In the initial experiments, the response of a 40 MHz sensor to CO 2 was observed

at different temperatures. The delay-line with about I lAg of PEI showed an increase of the frequency

signal upon exposure to '.C/, (volume per volume) of CO 2 in pressurized air with a relative
humidity (RH) of 10%. At 30 *C no response was found; at 50 OC a slow positive response was
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found which was larger at 70 *C, whereas at 90 *C again no response was observed. When going

from 90 *C back to 70 *C and lower, the response to CO 2 had disappeared illustrating the

destructive effect of heat or CO2 on the response. It was also found that successive samplings at

70 *C caused the response to decrease illustrating CO2 itself to be responsible for this insensitivity.

Response times were about 4 min, whereas recovery times could not be determined due to the

baseline drift occurring after exposure to CO 2 . Therefore in Figure 6 only the initial responses of

freshly prepared 40 MHz sensors with about I jig of PEI to a number of different CO 2

concentrations are depicted. The figure clearly ilustrates that PEI shows an interesting interaction

with CO2.

880659

600 /

400 0

0.0

200

0 0.
* 0 5 10

CO2 1% v0l)

Figure 6 The initial response of different sensors with freshly prepared PE! layer, to varying
CO 2 concentrations at 70 °C
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Figure 7 Relative decrease of sensitivity towards CO 2 with time in air and in a nitrogen

atmosphere at 70 "C

Effect of oxygen on the response to C0 2 : In Figure 7, the relative decrease of the CO 2 sensitivity

with time is Impresented for most of the rEI sensors tested. In this figure the decrease of the

sensitivity towards C0 2 in an N 2 itmosphere is also given. It can be seen that there are no great

differences in the fatiguing rate of the various PEI sensors, except for the sensor measured in an N2

atmosphere.

It was found that when the sensor was tested in air after being tested in an N2 atmosphere a fast

decrease in sensitivity towards CO 2 occurred immediately. The baseline drift increased when the

purge gas was changed from N 2 to air. This could be explained by a certain loss of the PEI mass,

although also a possible change in conductivity may play a role [29,60).

The conclusion from these results is that oxygen is responsible for the fatiguing processes of the PEI

sensor's sensitivity to CO 2 .
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Figure 8 Relative decrease of sensitivity towards CO 2 at 70 °C in time during storage of two
BPEI solutions

Effect of the pH of the PE! solution on the sensitivity towards C0 2 : It was noticed that coatings

successively obtained from a stock solution containing PEI gave rise to a decreasing initial

sensitivity towards CO 2 . This effect is shown in Figure 8. Two solutions, prepared in the same

way were stored in glass flasks at room temperature. It is concluded that the solutions have to be

freshly prepared just before applying them to the sensor.

Because the interaction between PEI and CO 2 is assumed to be an acid-base interaction as is

illustrated in Figure 9, the pH of the solution might affect the sensitivity towards CO 2 of the PEI

sensor prepared from this solution.

PEI solutions of different pH values, obtained by adding 2 M NaOH or 100%/6 acetic acid, were used

to prepare different PEI sensors. These were tested on their sensitivity with the results given in

Table 12.

2 R2 NH*C0 2 =R 2 NCO0" * R2 NH2 *

Figure 9 Scheme describing the interaction between PEI and CO 2
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Table 12 Response to CO 2 at 70 0C and 10% RH for sensors obtained by applying PEI

solutions with different pH

pH PEI solution Response
(Hz-lzg PEI)

5.0 10

7.9 230

10.8 555

12.0 325

13.0 20

Results show that every pH change of the PEI solution from the initial pH value of 10.8 has a

Snegative effect on the sensitivity towards CO 2. The -.ffect of the pH on the possible degradation of

* the PEI interface cannot be explained at the moment because of the lack of data.

8806,57

030 IC

o 700C
-2000 0-

0
4 CL

ta

-1000

0

-/ -

0 10 20 30 40 50 60 70
odditionol R H I%)

Figure 10 The response to 10%/0 CO 2 of a 40 MHz sensor with PEI at 30, 50 and 70 °C as a
function of relative humidity
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Effect of weer on the respm e to C02 : Because oi the assumed acid-base interaction of CO2 with

PBI, CO2 responses were affected by the presence of H 2 0. In order to understand this kind of

interaction, measurements of the CO 2 sensitivity were also carried out in dry air (<1% RH).

Surprisingly, here a negative initial response to 101/0 of CO 2 was observed: -830 Hz per ;Lg PEI

compared to +550 Hz per pg PBM at 10% 0RH This indicates a different interaction at the chemical

interface or a different response mechanism. Afterwards, the response to CO2 was measured in air

with 10% RH resulting in a positive response again.

880AS5
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Figre 11 Relative decrease of H 20 sensitivity with tine in air at 50 *C

11r4 10 shows the response to H2 0 (in air containing ambient CO 2 ) of a 40 MHz sensor with

1.35 jig PB! at 30, 50 and 70 °C using a reference air flow containing 104/, RH. It was found that

the respense time was around I min and that water has little influence on the baseline drift.

Figure 11 shows the relative decrease of the sensitivity towards H 20 versus time, at 50 *C. From

this figure, a half-Mife time of about 200 hours can be derived compared to a half-life time of about

100 minutes for the CO 2 response at 70 °C.

Ianfeiaesw. In Table 13 the results obtained so far are summarized showing the interferences from

H2 0 and 02 on the response to CO 2 , which make the sensor less suitable for CO 2. On the other

hand, the high sensitivity observed for H2 0 makes the system more suitable for a relative humidity

rather than a CO 2 sensor. These considerations add to the research work on SAW sensors for

relative humidity published so far [62-66] in which polymers have also been used as chemical

interface applied both on quartz and on lithium niobate.
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Table 13 Summary of the results obtained with the PEI sensors

Gas RH Temperature Sensitivity
(%l) (OC) 0•W99.°/o)

Cb 2 10 30 0

C02 10 50 71

C02 10 70 55

C02 10 90 0

,O2<I 70 -83

C02

CO2
2  10 70 -22

H2 0 30 -1420

H2 0 50 -395

, H 2 0 70 -220

EtOH 10 50 0
NH3  10 50 -2353

I response time 15 min.

2 in nitrogen atmosphere.

3 measured in the 0-0.1% range.

In the table the interferences of both ethanol and ammonia are also presented. The NH 3 response is

measured at only 0. 1%. As generally the response curves tend to become less steep at higher

concentrations, the interference in the same concentration range as water or CO 2 is less dramatic.

6.4 Conclusions

Upon applying poly(amines) as a chemical interface indeed a response for CO 2 was observed.

However, degradation phenomena wliich are, up to now, not well understood occur when applying

poly(ethyleneimine) as chemical interface. The degradation phenomena as well as the strong

interference from water vapour renders the sensor not encouraging at the moment for CO 2 but

might lead to the development of a SAW sensor for relative humidity. It depends on the application

of such an RH sensor whether CO 2 will interfere.

Much work on the development of a SAW sensor for CO 2 needs to be done in order to obtain a

sensor for application in biotechnology and biomedical technology. From this point, two pathways

seem possible: one in which other polymers containing amines can be tried in order to obtain more

stable responses towards CO 2 and less interference fr.m water and other chemical species. Another

AI



TNOaripott

PML 118488268

pathway would employ crystalline aluminosilicates (zeolites) as potential chemical interfaces. One

of the most important problems is the applicability of the crystallites to the surface of the SAW

device with reliability and reproducibility.

7 AN AUTOMATED SYSTEM FOR TESTING SURFACE ACOUSTIC WAVE

GAS SENSORS

7.1 Introduction

In chemical sensors, chemical signals are transduced into the appropriate electrical signals. In

contrast to physical signals there is always a variety of chemical signals present. As a consequence,

selectivity is very important. If one uses a (bio)chemical interface, these requirements can often be

met. The interface interacts with the analyte as selectively as possible, thereby modulating the flow

of physical or electrical signals in the sensor device.

Surface Acoustic Wave (SAW) devices are attractive for chemical sensor applications because of

their small size, low cost, sensitivity and reliability (10,121. In these devices, acoustic wave

phenomena occurring at the (bio)chemical interface are influenced by the presence of an analyte.

SAW sensor technology as a whole has the potential of being applied on a surface rather than in a

three-dimensional space. As a result, this technique is very compatible with planar silicon

technology, thereby opening possibilities for applying both the sensor and the electronics on a single

silicon-based device: a so-called smart sensor chip.

At our laboratory (bio)chemical interfaces are developed, applied to the SAW sensor surface in

several ways and tested. When (bio)chemical interfaces are to be selected and in a next stage

completely tested for selectivity, response time, reversibility, reproducibility, reliability, ageing and

shelf-life, an extensive testing programme has to be performed.

In a number of papers (23-26,30,31,41,42,451 we have already reported on our SAW chemical

sensor research concentrating on the development of a SAW gas sensor for NO 2 . Metallo

phthalocyanines wee applied as the chemical interface.

In this paper, we describe our SAW testing system including an automated gas or vapour generation

system (simply called gas generation system) and data acquisition system.

In the literature [67-73] many papers deal with the generation of test atmospheres for testing all

kinds of systems including chemical sensos. Especially Grate et al. [721 describe a testing system

for SAW chemical sensors. Our approach is significantly different. In building the system, we

especially aimed at a highly efficient way of testing by utilizing the time after office hours by

unmanned operation, even when testing the sensor with highly toxic compounds. As in one of our
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research programmes to develop a SAW gas sensor for chemical warfare agents to be used as a

warning or monitoring device by the military forces, special attention was paid to safety.

7.2 System description

GeevaW: To test many different (bio)chemical interfaces applied to SAW sensor devices, a variety of

vapours and gases have to be generated in a large range of concentrations. Often the sensors must

be characterized at different operating temperatures or relative humidities. A universal gas genera-

don system was designed to dilute gases or to generate vapours from liquid compounds.

The efficiency of testing sensors at different parameters was improved by both controlling all the

functions of the gas generation system and the sensor system, as well as data acquisition of the

sensor output and other relevant parameters, by a computer.

These features make unattended operation possible by programming the testing parameters such as

the operating temperature of the sensor, the duration of the test, the analyte concentrations, the time

of exposure of the sensor, and the relative humidity.

Sysum daign: The material from which the gas generation system had been built up was chosen to

be a combination of glass and stainless steel. Glass is attractive because of its inertness as some of
the analytes are very corrosive compounds. Moreover the low adsorption properties of glass, its

transparency (some kinds of contamination of the system can easily be observed) and its relatively

low costs are of interest. Stainless stej tubing was used in those parts of the system which have to

resist increased pressure. Connections between glass and stainless steel were made by means of

Teflon frrules adapted to standard Swagelock fittings.

Mass Flow Controllers (MFCs) were used for the accurate measurement and control of gas flows.

Independent from the supply pressure and the temperature, these instruments pass through a fixed

mass of gas adjustable by the electronic setpoint of the controller. An MFC consists of a flow sensor

and an integrated control valve. The flow sensor contains a capillary tube provided with two

temperature sensors. The difference in temperature sensed by the two sensors depends on the heat

transfer properties of the gas flow. The heat transfer is determined by the mass of the gas flow and

the specific heat and density of the gas. The difference between the output signal of the flow sensor

and the setpoint signal is used to control the valve. Thc setpoint signal is determined by a

potentiometer on the MFC central control unit, incorporating a digital read-out module, or by a

remote setpoint from a computer. When using a gas with a specific heat and/or density different

from air, the output reading must be corrected with the conversion factor stated by the

manufacturer. For proper operation, the MFC requires a pressure difference of 0.2-0.5 bar between

the suoply and back pressure to force the gas into the capillary tube. The MFCs used in our

laberstory are calibrated by a qualified institute every two years under standard conditions on air.

7,I
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Generation of vapours from liquid compounds at room temperature can be dent by uing bubblers,

permeation tubes or evaporators. Vapours of very volatile liquids are generated by using

membranes, capillary tubes or at low temperatures using a cryostat. In our system an evaporator is

used in most cases, see Figure 12.

U82S.12

3 -

Figure 12 Vapour generator. The numbers refer to the text

A small glass bottle (1) containing the liquid to be evaporated is placed in an evaporation vessel

made of glass (2) provided with Teflon taps. This vessel is placed in a stainless steel heating

jacket (3) supplied with a heating coil. The temperature is controlled by a Eurotherm 810 heating

unit in combination with a NiCr/NiAI thermocouple. A safety switch (4) prevents temperatures

exceeding 90 *C.
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Fipre 13 Schematic representation of the complete experimental system. The solid lines
represent the tubing, while the dotted lines represent the data and control lines. The
numbersuletters refer to die text

In Figure 13 a. :dhematic representation of the complete experimental system is depicted. Pressurized

air or another gas flow (a) is cleaned b~y an ultra-fine particle filter (Atlas Copco PD 7) (b) and a

charcoal filter Cc). This flow is used as the carrier and the dilution gas. For monitoring the supply

pressure, a pressure gauge is moun,.ed. From the wpour generator (d and Figure 12) or a gas bottle

(e), a primary gas flow, controlled by a Hi.Tec F201-BA MFC (fl) is diluted in a mixing vessel

(gi) with the gas flow from another MFC (13). A part of the resulting gas flow is forced into the

second mixing vessel (g2) controlled by MFC (a2). To force ti gas flow and to obtain die pressure

difference over this MFC (12), required for correct operation, the pressure in the first dilution stage

is increased and controlled by a back pressure regulaltoi" (Veriflo BPR30) (hi) and monitored by a

pressure gauge. In the second dilution stage, the gas flow from MFC (12) is diluted with a second

diluting gas flow. This gas flow is a mixture of dry carrier gas controlled by MFC (f4) and a gas

flow containing water vapour from a bubbler (i), controlled by MFC (f5). Both gas flows are

previously mixed in mixing vessel (g3). The relative humidity is controLled by she ratio of

MPC (f4) and MFC (If) and measured by a capacitive relative humidity meter (Novasina

TR-9) 0"). If single stage dilution is needed, the evaporator (d) is connected directly to the second

d l
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mixdng vessel (g2). From the resulting gas flow from vessel (g2), a gas flow of 10 IA is drawn

into the SAW metsuring cell (k) via a six port pneumatically controlled stainless steel valve (Valco

Instuments Co. Inc.) (1) upon the start of a measurement. This flow is controlled by MFC (f6),

whose required presaure difference is obtained by a vacuum system (m). The final gas flow is

monitored by a specific gas concentration monitor (n). Two types of monitors are used. Depending

on the type of gas, an infrared monitor (Foxboro MAN IA CVF) at an approptiate wavelength or

a flame photometric phosphorusulphur detector (Meloy Labs Inc.) is used. The monitors are

calibrated in a number of ways. In the case of generating vapours, the mass decrease of the liquid

a - in a certain period of time is used to calculate gas concentrations. In the case of diluting pure

Ises, the calibrated gas flows from the MFCt are used to calculate the gas concentrations. In some

cases the gas or vapour Is sampled by way of entrapment into impinges and analyzed by GC-

analysis.

Waste gas flows afe blown into the fume hood after being filtered by charcoal (c).

"The SAW measuring cell, a milled brass box, contains the sensor device bonded to a ceramic

substrate. The beck of the substrate is provided with a thick film resistor for heating the sensor. The

temperature of the sensor is measured by 2 temperature sensor (Analog Devices; two-terminal IC

temperature transducer AD59OL-F). The temperature sensor as well as the SAW device are fed by a

12 V D". power supply.

TIh SAW output bequency signals are measured with a frequency counter (Hewlett-Packard HP

5335A) (o). The analogue signals firm the temperature sensor, the gas concentration monitor, the

relative humidity meter and other signals are fed into a multiplexer and measured by a multimeter

(HP 3478A) which serves as a multiple A/D converter (p). The MFCa are operated by the MFC

centrtl control unit (q). Remote setpoints for this control unit are generated by the central computer

system ( 86 B) (s) using D/A converters (r). The computer system is equipped with a disc drive
unit (HP 9121) and a plotter (HP 7470A). High power D/A converters (t) are used as a

progammable power supply for heating the sensor and switching the control valve to activate the

pneumatically controlled valve ().

The data acquisition system collects the number of the measurement, the frequency signals cr both

delsy-lines of the SAW sensor, the dual delay-line signal being equal to the difference between both

frequencies, the tignal from the temperature sensor, the signal from the gas concentration monitor

and the point of time of the measurement. These signals are stcred on a floppy disc in blocks of

30 measurements, preventing loss of data by failures of the elecuticity or the computer system.

Stored data can be retrieved for presentation on screen or plotter for further analysis.
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Software: The software for performing the SAW sensor measurements and controlling the
instrumentation and gas generation system was developed using the HP-BASIC language peculiar

to HP 85/86 computers. Part of the software concerns the regulation of the generated gas

concentrations. The calibration curves of the gas concentration monitors are mathematically fitted

into an equation and integrated into the software. The output signal trom the gas concentration

monitor is converted to a concentration value using those calibration curves and is compared with

the desired concentration. A proportional integral differential (PM) regulator calculates the new

concentration output. Upon this concentration output the setpoints of the MPCa are calculated

based on a minimum stochastic error in the resulting concentratkn. In this way a feedback of the

concentration signal is realized. Similar regulating systems are present for thermostating the sensor

device in the range 20-1500C and controlling the relative humidity in the range from 10-100%.

Accuacy and precisim of the gas generation ystew: The accuracy of the MFCs used amounts to 1%

fAll scale. As a result, most stable concentrations are obtained using all MFCs at setpoints as high

as possible to reach the desired concentrations, The noise of the output signal of the gas

concentration monitor is a measure for the accuracy of the concentration. The precision of the

concentration is determined by the calibration procedure. Accuracy and precision of the generated

concentrations depend largely on the type of gas or vapour.
S44 , wnmnasw: As many compounds are used which are hsrmul to the environment, especially to

human health, the complete gas generation system Is placed In a continuously ventilated fume

hood. The ventilation system is provided with two safety measures. Firstly, a flow sensor verifies the

operation of the ventilation system. Secondly, a gas monitor system is placed into the &ume hood

close to the gas generation system. When ventilation stops or when the alarm level of the gas
monitor is exceeded, an alarm system is activated, which in turn switches off the complete

experimental system. By this action the generation is stopped, so the exhaust of gas fomn the system

is minimized.

7.3 Evaluation and performance of the gas generatio system

CoNceNtraim rangr. Because of the possibil ry of choosing one- or two-stage dilution, a large range

of concentrations can be reached. When diluting a pure gas the concentiation range is

0.5-200,000 ppm, assuming 5% of the maximum capacity of i MFC to be the minimum

setpoint. Vapours can be generated at lower concentrations depending on the physical properties of

the compound.
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Temperature stabiray: The feedback control of the temperature of a SAW sensor device described

above results in the rapid heating of the device with very little overshoot and a very stable

temperature within ± 0.02 °C of the desired temperature. Figure 14a shows the heating of a sensor

up to 150 °C taking 10 minutes and the change of the frequency signal of the sensor. Figure 14b is

a magnification of a part of Figure 14a, showing the stability of the temperature of the sensor and

the frequency signal.

Figur 14a 'Me temperature and frequency signal of a SAW device at heating tip to 150 IC

*1 --

l -t

, " t. -a . *

Figure 14b Megnification of a pare of Figura ofa SAWie 1stabilhti of temperature 1 C

frequency output

Reiponse ratty: The overall response time of the sensor is defined as the time from opening the
sample 21bve until the establishment of a stable sensor signal. Thhis overall responsete tis
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composed of the time needed for the sample gas to reach the sensor, i.e. the dead time, the time

needed to reach a homogeneous concentration inside the measuring cell and the response time of the

sensor itself. The latter consists of the time needed for the gas molecules to diffuse (in)to the active

sites of the chemical interface of the sensor, the time needed for interaction of the gas with the
chemical interface, ranging from adsorption to chemisorption, and the time needed for transduction
of the chemical signal via a physical signal into an electrical signal.

The dead time and the time needed to reach a homogeneous concentration are determined by the

dead volume of the system from the sample valve to the sensor as well as by the flow rate of the

sample gas to the sensor. The dead volume, including the measuring cell, amounts to 16.5 cm 3 . At

a flow rate of 10 LAh in our system it takes 6 secords to fill the measuring cell with the sampled

gas. An homogeneous concentration is assumed after flushing the cell seven times taking

42 seconds. However, the first sensor response can be induced by the first gas molecule reaching the

sensor taking only 0.15 seconds, as the tubing between valve and cell is 24 cm in length and

0.15 cm in internal diameter.

The flow rate of 10 Lib is chosen from experiments with a variable value using a fast responding

sensor, i.e. our most rapidly responding sensor obtained until now. So, the response time of the

sensor does not completely determine the overall response time, not masking the dead time ard time

to reach a homogeneous concentration.

The above-mentioned experiments were performed with a 52 MHz SAW device applied with

poly(ethyleneunine) at the chemical interface. This sensor was exposed to water vapour with a

relative humidity of 50% with regard to 7% of the reference air flow.

gume

Figure 15 Responses of a SAW sensor to water vapour at three different gas flow rates.
(1). sampling on. (2). sampling off. (3). flow rate 0.6 /h. (4). flow rate 2.0 L/h.
(5) flow rate 13.0 Uih.
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Figure 15 shows the sensor response at three different flow rates of the sample gas, 0.6, 2.0 and

13.0 hdh, respectively. When the flow rate was reduced, the overall response time increased, caused

by an increase of the dead time, the time needed to reach a homogeneous concentration and possibly

the diffusion time. At the slow flow rate of 0.6 L/h, the response increased as well, indicating

anotner equilibrium state between the gas and the chemical interface. Possibly, the equilibrium has

been shifted by a change in the pressure caused by the changing flow rate.

0

"wa

us as

* 2 6 0 Is 1

Figure 16 The influence of the flow rate of the gas on the overall response time and the SAW
sensor response

Figure 16 represents the influence of the flow rate on the overall response time and the response. At

flow rates above 6 Lib, ,he overall response time and the response are independent of the flow rate.

In a number of cases, Guilbault et al. (74-77], the flow rate also affects the response of acoustic

sensors. AT-cut crystals (bulk acoustic wave devices) were used with different coatings. When

methyltrioctylphosphonium dimethylphosphate was used as a coating the response to phosgene

decreased upon an increasing flow rate. This effect was explained by the weak adsorption of

phosgene, causing easy desorption from the substrate at high flow rates 174). When mononitro-

toluenes were detected with a coating of Carbowax 1000, a maximum response was found at a flow

rate of 1.8 I/h. This observation was explained as follows. Above this flow rate the adsorption is

incomplete, while below this flow rate the diffusion of the analyte causes the lower response [75]. A

similar mauimum was observed in tle detection of acetoin using semicarbazide as a coating. The

maximum appeared at 6 LUh in dry nitrogen and at 12 LUh in air with a relative humidity

of 58% [76). When using tetrakis(hydroxy-ethyl)ethylenediamine as a coating for CO 2 the

response decreased below a flow rate of 3.6 LMs and was nearly constant above this value 1771. All
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explanations suggested by Guilbault et al. raise questions. Further studies have to be performed in

order to obtain a good view on the effect of flow rates on the SAW sensor response. For instance, a

lower pressure at higher flow rates may affect the adsorption (and therefore the response) which is

not isobaric any longer.

Owpw: An exampie of the output of the experimental system is given by Figure 17, showing the

result of more than 20 hours unattended operation. A SAW sensor applied with a layer of copper

phthalocyanine as the chemical interface was exposed seven times to different concentrations of

NO2 ranging from 50 to 300 ppm at an operating temperature of 150C. The concentration of

NO2 was measured by the infrared monitor and stored on a floppy disc. The concentration signal

and the frequency signal of the sensor are combined in one plot.

mit
4=, m|

- .

Figure 17 Output of the experimental system after exposing a SAW sensor to different
concentrations of NO 2 at an operating temperature of 150 OC

From such a plot, a response versus concentration graph is made, accounting for the drift and the

not yet reached equilibrium. Figure 18 represents the relation of the sensor response with the gas

concentration deduced from Figure 17.
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Figure 18 Response versus concentration curve deduced from Figure 17

7.4 Conclusions

In our laboratory, an automated, reliable, and safe system for testing SAW gas sensors has been

developed. The system includes the possibility to generate and/or dilute almost any gas or vapour

and can easily be adapted for testing sensors or equipment other than SAW sensors.

A highly efficient way of testing has been realized by unattended operation in a safe way. A large

range of concentrations is achievable by the option of single stage or two-stage dilution.

The reliability of the gas generation system is guaranteed by the continuous monitoring of the

concentration of the gas generated by using Mass Flow Controllers. Both monitors a;.id Mass Flow

Controllers are periodically calibrated.

A-specific sampling effects on the sensor response are excluded by using the same flow for dilution

md reference gas flow.



PML II148826 Pap

One of the limitations of the system is the fixed concentration range during one test after one has

chosen single stage or two-stage dilution. Another restriction at the moment is that only one type of

gas or vapour can be generated during one test. This can easily be overcome by extending the system

in the future. Moreover, the possibility exists to change the system to enable the generation of

mixtures of gases/vapours along with the simultaneous testing of more than one sensor device.

A futue development will be the modification of the measuring celU and the sampling system in

order to reduce the dead volume. This will be important for testing ft responding sensors (respore

time below one minute).

S8 CONCLUSIONS

This third progress rep-rt deals with the on-going work at the Pins Maurits Laboratory TNO on
Surface Acoustic Wave (SAW) chemical sensors. This report is in addition to the four reports
dealing with the work on the development of a SAW sensor for chemical warfare agents (37-40].

Achievements in the field of acoustics and the developments of new device configurations, studies on

existing chemical interfaces and the development of new chemical interfmes, as well as the develop-
ment of an experimental test systemi, are presented in the different chapters which all have appeared

or will appear in the scientific literature.

lmmaobiiw•,o chemiral interfacea. It was clearly observed in the case of an immobilized copper

phthalocyanine derivative used as a chemical interface for NO2 , that response times, recovery times

and sensitivity of such a sensor are smaller due to the much thitner interface layer. For several

applications, response times are still too long mainly resulng from polymerizition of the spacer
molecule. It is to be expected that true monoiayers will further improve response times as well as

selectivity. Therefore extensive studies to obtain monolayers, using other spacers and/or reaction

c::nditions are in progress, together with the application of higher sensor frequenc..s and with the

help of advanced surface analysis tools.

Silo-b44sed SAW senson. Preliminary results showed the feasibility of a silicon-based SAW sensor
lysem with A ZnO-SiO2 -Si-layered sensor configurstion. The sensitivity of an NO2 sensor of this

type using copp'r phthalocyanine as the chemical interface was much higher than the quartz-based

system. Dual delay-line measurements with the silicon-based sensors to improve temperature

i.sbility and other common mode effects could only be performed when a silicon nitride patsivation
layer was applied, as bare ZnO interacts with all kinds of gases to give considerable responses of the

rv•ference delay-lines. Experimemts proved the passivating effect on the reference delay-line. Upon

passivqtion the sensitivity to NO2 of the raeasuring delay-line decreased and selectivity wit badly
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affected as well. A good compromise between the positive effects on the reference delay-line and the
negative effects on the measuring delay-line may be the following configuration: an Si-SiO2-ZnO

SAW sensor with a passivated reference delay-line and a non-passivared measuring delay-line

completely covered with the chemical interface. In this way the chemical interface itself acts as a

"passivation layer". Work is in progress to study this compromise.

SAW' sensorfor CO2 . Upon applying poly(ethyleneimine) as a chemical interface, a response for

CO 2 was indeed observed. However, degradation phenomena occurred which are not well

understood up to now. These degradation phenomena as well as the strong interference from water

vapour renders the sensor not encouraging at the moment for CO 2 but might lead to the

development of a SAW sensor to measure the relative humidity.

Much work on the development of an alternative chemical interface needs to be done. Other

polymers containing amines may be tried in order to obtain more stable responses towards CO 2

and less interference from water. Another pathway would employ crystalline aluminosilicates

(zeolites).

Automated SAW sensor test system. In our laboratory, an automated, reliable, and safe system for

testing SAW gas sensors has been developcd. The system includes the possibility to generate and/or

dilute almost any gas or vapour and can easily be adapted for testing sensors or equipment other

than SAW sensors. A highly efficient way of testing has been realized by unattended operation in a

safe way. A large range of concentrations is achievable by the option of single stage or two-stage

dilution.
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