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Abstract

A new microfabricated physical sensor for elemental gaseous mercufy @dterminations has been developed and experimentally
tested by the authors. Fgepresents 90-99% of atmospheric mercury forms. The sensor is based on the technique of resistivity variation
of thin gold film, characterised by high selectivity and absence of optical parts. The sensor consists of four identical thin gold film resistors
mounted in Wheatstone bridge configuration. Two resistors work as sensitive elements and the others as reference, in order to minimis
the influence of temperature variation. The absorption dt btythe gold film produces a change in the resistivity of the amalgam. Far
from the saturation, this change is proportional to the amount of the absorfed Igadsorption behaviour of the sensor deposited by
sputtering on two different substrates (glass and Printed Circuit Board (PCB)) have been investigated. The sensors showed to work in
large range of linearity and need a low power during the regeneration process. Sensors on glass and PCB substrates underwent numer:
regeneration cycles without inflicting any mechanical or electrical damages to the resistors. The presented experimental results descrik
the features of both sensors pointing out advantages and drawbacks of the used substrates. The PCB substrate seems to have more suit
characteristics for developing a new mercury ‘smart’ sensor.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction The described work is carried out within the on-going

EU-project EMECAP (European Mercury Emissions from
Mercury represents one of the main environmental pollu- Chlor-Alkali Plants; Contract No. QLK4-CT-2000-00489).

tants of our planet. A significant amount of research indicates

that natural and anthropogenic sources can redistribute this

element in the atmosphere, soil and water systems through &. Design

complex combination of transport and transformation. Stud-

ies on risk assessment and effects caused by mercury or2.1. Resistivity variation working principle

human health, drive the scientists and decision makers to

consider this metal as a global pollutdi#3]. The work of The gaseous mercury sensor presented in this paper is

the Authors has, as final goal, the development of a low cost based on the resistivity changes of thin gold films. The sen-

mini-analyser able to work in cooperative way, thus forming sor consists of four identical thin gold film resistors mounted

monitoring networks, which produce an enhanced knowl- in the Wheatstone bridge configuration. In order to min-

edge of the dispersion of a pollutant, and which can be ulti- imise the influence of temperature variation, two resistors

mately integrated in the health-oriented monitoring system. work as sensitive elements while the others work as refer-

In particular, in the present work, a new microfabricated ence. The absorption of mercury on the gold film produces

sensor based on the resistivity variation of thin gold film, a change in the resistivity of the film itself. The resistance

is described. This sensor is designed to measure elementancrease, due to a partial mercury overlay on gold, is pro-

gaseous mercury (Hyconcentrations, which represents 90 duced by the change in the surface scattering of the elec-

to 99% of atmospheric mercury fornfi3]. trons[4-7]. Far from the saturation, this change is propor-
tional to the amount of mercury absorbed. After calibration,
the signal outgoing from the Wheatstone bridge can be di-

* Corresponding author. Tel:39-050-883414; fax:-39-050-883402.  rectly related to the concentration of mercury in air. For high
E-mail addressh.mazzolai@mail-arts.sssup.it (B. Mazzolai). mercury concentration in air, the resistance of the sensitive
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elements approaches the saturation, i.e. the variation of re- 18
sistivity becomes asymptotically zero. In order to reuse a 93

saturated mercury sensor, a regeneration step is required. To

move the equilibrium versus the desorption process a direct
heating of gold resistors over 10Q is applied.

2.2. Fabrication é
0.3
[—

The deposition of thin gold films is performed by sput-

tering deposition. The used sputtering machine is a radio
frequency model (Sputtering Sistec, model DCC 150) op-

0.2

erating at a constant pressure of 1Pa, using a gold target

(purity 99.999%). Pure Argon (purity 99.999%) was used as

sputtering gas. The thickness of the gold film (200 nm) was

measured using a sputtering crystal sensor and the film sur- ‘m.lmm.”.m_mb
face morphology of the substrates was studied with Atomic
Farce Microscopy (AFM). After dePOSItI.On’. th.e sensorwas Fig. 1. Footprint of the four resistances linked in a Wheatstone bridge
annealed for 2h _at 13T 1o rel_ease the mtl_’mSIC stress due_ configuration. All dimensions are in millimeters. The thickness and ex-
to the thermal mismatch. Particular attention has been paidposed surface of gold film are about 200 nm and 25.4nmespectively.

to the choice of the substrate. Since the sensor is designed
to operate in a cheap and miniaturised device, the substrate(
must assure quality of adhesion as well as a low cost and
possibility of batch fabrication. The four resistances have
been deposited onto two types of substrate, thus fabricat—3_2_ The first version of the sensor
ing two series of sensors. The first sensors’ generation has

been realised on glass (thicknes9.1 mm), with a super-
ficial roughness of about 80 nm, while the second one on
Printed Circuit Board (PCB) (thickness 1.6 mm), charac-
terised by a superficial roughness of about 300 nm. The over-
all dimensions of the glass and PCB sensors are 12mm
12mmx 0.10mm and 285 mmx 20.80 mmx 1.60 mm,
respectively. The main advantages of using glass as substrat
for developing the mercury sensor are its high thermal sta-
bility, surface smoothness and low cost, while PCB offers
the possibility to easily obtain the electronic contacts and
integrate the conditioning electronics on board.

he turn-off of the pump in order to allow the recovery of
thermal equilibrium, perturbed by massive air flow rate.

The footprint of the first version of the sensors on both
PCB and glass substrates is representedrijm 1 The
sensor presents an exposed surface of about 25% Exn
periments have been carried out to test the linearity of the
sensorsFig. 2 shows the results of a comparative experi-
ment carried out on a glass and a PCB sensor. The outcome
fension from the Wheatstone bridge was plotted as a func-
tion of the quantity of mercury injected into the fluidic cir-
cuit. The experimental data and the relative graph obtained
show a high readout variation and a manifestly linear trend.

- 3000
3- EXpe”mental reSUItS é" 2500 - 4GClass Sensor £ |
g = PCB Sensor
3.1. Experimental set-up 9 .
% B e S
The set-up used in the experimental activities is described.  » 3 =
The fluidic circuit includes an air filter, a chamber contain- _'!3 & e I =
ing the mercury sensor, and an air pump (KNF, NMP 05M; ﬁ < G
0.5Imin~!, 500 mbar in aspiration). The circuit is in as- €= 1000 reverremyfereres TR
piration to reduce the pollution of mechanical components % » ~
continuously exposed to air. The components are connected 2 200 T AT mmmmmmm———
by silicon tubes. A National Instruments DAQ Card (model = § /w

6024E) and a dedicate software was used to control the ex-
citation parameters of the sensor and to acquire the exper-
imental data. A 50Q.1 sample of mercury saturated air is ng Hg

sucked from a thermos kept at controlled temperature and

m]eCted into the aspiration air using a precision manual Sy- function of the amount of mercury saturated air injected in air circuit. The

ringe. A sampling flow rate 0.5 mirt and a sampling time potential used for the Wheatstone bridge excitation is 1V. The average
of 30s were used. The readout was made after 30S fromresistance is for both sensors about 400

0 20 40 60 80 100

Fig. 2. Signals obtained from glass and a PCB sensors plotted as a
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The average sensitivity of the glass and PCB sensors is — 2500 q------oomommmmmmroeoroiie oo
about 481V V! and 200V Vg!lng™! of injected mercury, ¢

respectively. On the basis of these results, the detection limit £ 2000 {--------ooommm Koo
can be estimate around 100 pg of mercury. The change in £

sensitivity between glass and PCB sensors is related to the 2 1500 4o
different film morphology. In particular, the film response ]

to mercury depends strongly on the film properties such as T3
surface defects, crystallite structure, grain boundaries and §

film thickness; in the process of physical vapour deposition § spgd-----ooooooooooo X
of a thin film these proprieties are closely related to the § %

substrate morphologfB]. A dedicated series of compara- 0.0 , , , , , ;
tive saturation test was also performed in order to assess 90 100 110 120 130 140 150
the linear response of sensors and their saturation limits. Temperature (°C)

In these tests, an increased amount of mercury saturated air_ _ f . 4 qold il et
was injected in the air circuit until saturation. The exper- "'9- 3 Desorption rate of mercury for saturated gold films as a function
. . .. of regeneration temperature.

iment results showed that the sensor linear response limit

(similar in both sensors) is around 300 ng of injected mer- 160 v
cury and the saturation limit is around 5000 ng of injected 140 fnvevmmnnnnnnnnnnnnanns O R
— g
mercury. o 120 A --cmrmm e G AT
) o 100 feeseieia x---‘-g -------- B
3.3. The regeneration 5 X0 A
§ 80 "SK S
. . . [\ SO SN B
Different techniques can be used to heat the resistors. In g X <><><j§> a
order to reduce the power consumption, the most efficient € 4 IR R G ZS‘?;S
way is to use Joule effect self-heating, by short-circuiting the CUR SAAEA “NewPCB
two passive resistances and supplying a regeneration voltage 0 - ' - - - -
to the bridge. 0 10 20 30 40 50 60
Some tests were carried out in order to evaluate the ‘sen- Regeneration Current (mA)

sor endur?nce, to reger_leratmn, i.e.the mlmmu_m numbe_r of Fig. 4. Temperature measured on regenerated resistors as a function of
regeneration cycles which can be performed without inflict- current applied to the bridge for the fist version of sensor (glass and PCB
ing any mechanical or electrical damage to the resistors. Un-substrates) and for the new version.

used sensors on glass and PCB substrates underwent numer-

ous regeneration cycles after each of which the resistance; 4 The Jast version

variation was measured. After more than 1300 regeneration

cycles_ no damage was observed. In ordgr to investigate t_he Fig. 5 reports the footprint of the PCB new sensor. The
behaviour of glass and PCB sensors during the regenerationy ,sirate thickness has been reduced to 0.8 mm in order to

process, the sensors were contaminated by mercury until 104 crease the thermal inertia of the support. Furthermore,
achieve the non linear adsorption limit area. During the test

phase, only one of the four resistances was regenerated and

the sensor temperature was monitored tkythermocouple 01 -
(15wm diameter) located on the film surface. The experi- '
mental results are showedHig. 3 a resistance temperature
above 100C is necessary to obtain a significant sensor re-
generation. IrFig. 4 the curves “glass” and “PCB” report,
respectively the temperature obtained at different regenera-
tion currents for the two types of sensors. The PCB sensor
requires a higher regeneration current to obtain the same
temperature used for the glass sensor, because of its higher
thermal inertia. To solve this problem a thinner PCB board
was used and a new gold film design with a small exposed
surface was fabricated and tested. The results of the men-
tioned design and microfabrication changes are represented
by the “new PCB” curve irFig. 4. As suggested by exper-
imental and simulation results, this new sensor is charac- Fig. 5. Footprint of “new PCB” sensor. All dimensions are in millimeters.

terised by a lower power consumption respect to the glassthe thickness and exposed surface of gold film are about 200 nm thick
sensor. and 6.4 mrA, respectively.
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i R O e S to produce a more stable film morphology with a higher
i | s T degree of recrystallization and a consequent loss in sen-
’ x Absorption After a Regeneration R SItIVIty
| oR .
x g
- | o B _S _____________________ 3.5. The chemical-physic behaviour of the sensor
= &
E Y- 1 SR b,b,é ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, The comprehension of the chemical-physic mechanisms
35’ > > related to the mercury collection and adsorption at the gold
Rl i A interface and the factors affecting the efficiency is crucial for
o1 . ?&,2{ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, obtaining significant and reliable results from experimen-
a ] tal tests. Data reported in literatuf@ shows that for thin
0 . . ‘ gold film exposed to gaseous metallic mercury the adsorp-
0.00 50.00 100.00 150.00 200.00 tion rate is dependent on the mercury concentration in the
ng Hg air flow. This behaviour can be explained considering two

different processes involved in the mercury gold interaction:
(1) mass transport of mercury at the deposition zone from
the bulk gas; (2) adsorption and reaction of mercury on the
interface. The transport in the gas phase takes place through
the gold exposed adsorption surface has been quartered t@jffusion, proportional to the diffusivity of the gas and the

reduce the thermal dissipation and the power consumption. concentration gradient across the boundary layer (Fick’s first
Some trials were performed to test the behaviour of the |5):

new sensor, in particular to confirm the linear response and
evaluate the saturation limit. IRigs. 6 and 7the outcome

tension from the Wheatstone bridge was plotted as a func-
tion of the quantity of mercury injected into the fluidic cir- . L
cuit. In order to evaluate whether reiterated regeneration Wher€NHg is the mercury flow ratej the diffusivity of the

steps can perturb the capacity of the gold film to trap mer- gas andatHg is the mercury concentraﬂ_on in the air flow. The
cury, absorption measurements were performed after thel©MPerature and mercury concentration regulate the absorp-
sensor regeneration. The results of two trials performed ontion rate at the interface. The mathematical relation can be

the PCB sensor in the same operative conditions before andfXPressed by Langmuir isotherm equation (type 1):

Fig. 6. Atomic mercury adsorption in the “new PCB” sensor before and
after a regeneration cycles. The average resistance is abo. 320

dCHg
dx

1)

Hg =4

after a regeneration process (déig. 6) demonstrate that ] OCsat
no change occurs in sensor adsorption capacity. The aver-ZHg = Qsat1+ OCsat @)

age sensitivity of the new sensor is aboyt\7V 5l. Com-

pared to the old sensors, the new sensor showed a biggewhereQpg is the mercury amount on solid pha€gsy the

linear response limit (about 800 ng of mercury injected) and mercury amount on solid phase at saturaticg; the con-

a comparable saturation limit (s€@g. 7). The sensor be-  centration of saturated mercury vapour and a parameter.

haviour change in the range of linear adsorption compared For low mercury concentration in the air flow, the absorption

to the old sensor on the same substrate is related to the morgrocess proceed faster than the rate at which mercury is sup-

drastic thermal annealing on working sensors due to reduc-plied at the interface by diffusion: the process is limited by

tion of thermal resistances. The thermal stress has the effectiffusion and an increase of the film resistance proportional

to the mercury concentration is expected. For high mercury

B T T T concentration in the air flow, the rate-limiting step becomes

T ——— the surface absorption: mercury supplied at the surface by
= S ah diffusion cannot be consumed with a resulting flatting of
o the gradient concentration at the boundary layer. In the lat-
T S - it ter case, the film resistance variation becomes independent
;—i A e Ll seeneesenneenns from the mercury concentration just depending from the ab-
E g e sorption capability of the sensor. This explains the behaviour
= S observed irFig. 8 which reports the sensor response to the
2 mercury concentration in the air flow. The suitable mercury

VI s concentration in the flow air was obtained through injection

0 # . a of a known amount of saturated vapour mercury into a con-

0 1000 2000 3000 4000 5000 stant volume of sucked air in the fluidic circuit. The exper-
ng Hg imental results show a sensor response proportional to the

Fig. 7. Saturation curve. The test was performed on the same sensor of MErcuUry concentration for low values and independent for
Fig. 6. high ones.
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