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Abstract. We report the development of a chemical sensor based on a Co(ll) phthalocyanine acrylate polymer
(Co(I)Pc-AP) for perchlorate anion detection. We have used two types of transducers, silicon nitride (SizN4) and
hafnium oxide (HfO7). The adhesion of the Co(Il)Pc-AP on different transducers and their surface qualities have
been studied by contact angle measurements. We have studied the pH effect on Al/Si/SiO,/HfO,/electrolyte ca-
pacitance values for different phosphate buffer solutions (PBS). This optimization step has allowed a sensitivity
value of about 44 mV decade~! towards H* ions. The fabricated sensors based on SizN4 and HfO, transducers
functionalized with a Co(ll)Pc-AP membrane have been characterized by C(V) measurements for different per-
chlorate concentrations (from 10~7 to 10~2 M). The sensor developed with the HfO, transducer shows better
performances compared to that based on Si3Ny: a larger detection range (10~7 to 102 and 103 to 102 M, re-
spectively) and lower detection limits (10~7 and 10~2 M). The specificities of our perchlorate sensor have been
tested for some interfering ions (nitrate, sulfate and carbonate).

1 Introduction

Sensors are widely used in various technological applications
and have become basic enabling technologies in many fields,
including safety-related areas, diagnostic and drug discovery,
environmental monitoring and the food industry. However, it
is a frequent task of many analytical laboratories to develop
chemical sensors to detect many toxic ions that present an en-
vironmental health risk to humans. Perchlorate can present a
danger to the thyroid gland, as it interferes with its iodine
uptake and is associated with the disruption of its function.
The perchlorate can be taken up in place of the iodide ion
through the mammalian thyroid gland, and affects the hor-

mone production. In this way, perchlorate causes abnormal-
ities in child development and the thyroid development of
cancer. Chemical sensors are based on two important param-
eters, namely transducers and membranes. Cobalt phthalo-
cyanines are well known, with good chemical and thermal
stabilities. Relatively important attention has been paid to the
potential utility of these compounds as active sensing mate-
rials, molecular recognition species or a promising class of
ionophores (Kumar et al., 2012). Another important compo-
nent in the chemical sensor is the transducer. In the literature,
many chemical sensors are based on an insulator substrate in
which the latter plays an important role as a chemical bar-
rier. Silicon dioxide or silica was the most widely used in
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sensor devices (Wang, 2006; Castellarnau et al., 2007; Gus-
tavsson et al., 2008). However, some inherent disadvantages
reduce its effectiveness for passivation, and its high perme-
ability toward water and other impurities (Chu et al., 1967).
To overcome these problems, the use of other insulators has
a larger permittivity and is more thermodynamically stable
in contact with a silicon like aluminum oxide (Al,03), tan-
talum pentoxide (Ta2Os), titanium dioxide (TiOy), or zirco-
nium dioxide (ZrO,), and hafnium dioxide (HfO3) is neces-
sary to obtain a stable sensor (Campabadal et al., 2011; Park
et al., 2010). These important properties can favor the de-
velopment of bio/chemical sensors; for example, improved
thermal stability creates a good interface for electrical per-
formance.

In this work, we have developed two perchlorate sensors
based on two types of transducers, silicon nitride (SisNg)
and hafnium dioxide (HfO,) and Co(Il)Pc-AP as a sensing
molecule. The sensor responses were studied by capacitance
voltage (C(V)) measurements in a phosphate buffer solution
(10mM, pH =7). The sensor developed with a HfO, trans-
ducer shows better performances compared to that based on
SigNg. HfO,/Co(ll)Pc-AP shows a detection range between
107 and 10~2M, larger than that of SisN4/Co(Il)Pc-AP
from 10~* to 10~2 M and with a lower detection limit of
10~" M. The specificities of the developed sensors to per-
chlorate have been studied for some interfering ions: nitrate
(NO3), sulfate (SO3™) and carbonate (CO3).

2 Experimental details

2.1 Materials

All the chemicals used were of an analytical reagent grade.
Deionized distilled water was used throughout. Tetrahy-
drofuran (THF), lithium perchlorate (LiClO4) and pi-
ranha (1/3 hydrogen peroxyde (H20) + 2/3 sulfuric acid
(H2S04)) have been purchased from Aldrich. The new cobalt
phthalocyanine-C-monoamido-butyl acrylate carboxyl acid
(Co(IPc-AP) molecules (Fig. 1a) used in this work have
been synthesized and purified according to the method de-
scribed in the reference (Abbas et al., 2011). The phosphate
buffer saline (PBS) solution ischaracterized by a concentra-
tion of 0.01 M and pH=7.

2.2 Sensor development

The studied sensors are based on the EIS
(electrolyte/insulator/semi-conductor)  structure  func-
tionalized with Co(Il)Pc-AP.

2.2.1 Substrate fabrication

Silicon nitride: the studied Al/Si/SiO,/SizN4 (made at the
Institute of Microtechnology of the University of Neuchatel
(Switzerland)) structures were based on a p-type silicon sub-
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Figure 1. (a) Cobalt phthalocyanine-C-mono amido-butyl acrylate
carboxyl acid. (b) Scheme of the developed perchlorate sensors:
Al/Si/SiO5/SigN4 or HfO,/Co(ll)Pc-AP.

strate, 400 um thickness, with a resistivity of 10 2 cm, cov-
ered with a 50 nm layer of thermally grown silicon dioxide
and a 100 nm layer of silicon nitride prepared using the low-
pressure chemical vapor deposition (LPCVD) technique at
750 °C. The ohmic contact was obtained using deposition of
an indium/gallium alloy on the silicon unpolished face.

Hafnium dioxide (HfO2) substrate was fabricated by the
atomic layer deposition (ALD) technique. This technique al-
lows the deposition of very thin layers by sequential self-
terminating gas—solid reactions (Campabadal et al., 2011,
Hausmann and Gordon, 2003). The sample structures were
made on 100 mm diameter oriented p-type silicon wafers
(1 0 0), with a resistivity of 4-40<Qcm. We have used
the Savannah-200 ALD system set up at IMB-CNM (Cam-
pabadal et al., 2011), which consists of a thermal ALD sys-
tem at a controlled temperature and under vacuum. The sys-
tem uses deionized H,O as the oxygen precursor, together
with tetrakis(dimethylamido)-hafnium for HfO, deposition
and N2 as the carrier/purging gas. Deposition of the HfO»
layer was carried out at a temperature of 225 °C and at a base
pressure of 300 mTorr using 100 ALD cycles. A first estima-
tion of the deposited HfO, layer thickness was carried out by
means of ellipsometry, obtaining a thickness of 10.7 nm hav-
ing fixed the refractive index to 2.07. Finally, a 500 nm thick
aluminum layer was deposited on the back of the wafers for
electrically contacting the silicon substrate.

2.2.2 Sensors fabrication

Silicon nitride and hafnium dioxide transducers were cleaned
for 15 min with acetone in ultrasonic, and then rinsed with
ultra-pure water and dried under nitrogen flow. Afterwards,
we spent time activating these surfaces:
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Figure 2. Contact angle histogram for Al/Si/SiO2/HfO, and
Al/Si/SiO5/SizNy electrodes.

— the electrode based on hafnium was put in a UV-ozone
cleaner for 30 min;

— the nitride electrode has been activated by piranha solu-
tion for 3 min and then rinsed with UPW and dried with
N2.

Using the spin coating technique, we have deposited 50 uL
of a Co(ll)Pc-AP solution with a concentration of 4 mg into
1mL of THF on the surface transducers. Finally, the thin
films were dried at room temperature for 24 h to evaporate
the solvent. The developed sensors are shown in Fig. 1b.

2.3 Instrumentation

Contact angle measurements were performed with a model
contact instrument (Digidrop) form GBX (Romans, France)
in order to verify the presence of the deposited thin film.
First, we applied 5 UL of deionized water to the thin film sur-
face. Afterward, the water droplet behavior obtained on the
surface was acquired with a digital camera and analyzed.

All electrochemical experiments were conducted at 25+
3°C inside a Faraday cage. The measurement window of the
working electrode was calculated with an effective surface
of 0.3cm?. Measurements were made with a platinum plate
counter electrode, and an Ag/AgCl reference electrode (Ra-
diometer Analytical, France). All measurements were made
with a 5 mL freshly prepared PBS solution (10 mM and pH =
7) in order to fill the electrochemical cell, while the analysis
was performed using a VMP3 Bio-Logic Science Instrument,
France. Capacitance-voltage C(V) measurements were car-
ried out at a DC voltage that was swept from —1 to 1.5V,
and an AC voltage was superposed with a fixed frequency of
10 kHz.
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Figure 3. C(V) characteristics of Al/Si/SiO2/SigNy4 before and af-
ter functionalization with Co(ll)Pc-AP.

3 Results and discussion

3.1 Surfaces study

To investigate the hafnium and nitride surface quality, a wet-
tability study was performed. Before and after thin film de-
position, the surfaces were analyzed with water as the liquid
probe. Figure 2 shows the evolution of the contact angle as a
function of the treatments performed on the transducer sur-
faces. A contact angle of 76.3° was measured, showing the
slightly hydrophilic nature of the HfO, surface. Upon surface
activation with UV/ozone, HfO, became highly hydrophilic,
with a contact angle value of about 13.1°. The k value of
HfO, is 25 (Wilk et al., 2001) and thus highly polar. As
shown in accordance with the k value of HfO,, upon activa-
tion, this surface increased in polarity. For SigN4 we notice
an increase in the hydrophilic character of the surface from
67.5 to 30.6° after piranha activation. This is attributed to the
presence of silanol (Si—-OH) and silylamine (Si-NH) groups
(Hajji et al., 2000) on the silicon nitride surface, which leads
to a good adhesion of the membrane. The contact angle of
the Co(Il)Pc-AP surface was measured and given a value of
about 87.6°. This clearly demonstrates that the Co(Il)Pc-AP
molecule has been deposited on the transducer surfaces, and
it indicates that the surface has decreased in its hydrophilic
properties.

3.2 Sensor performance study
3.2.1 Si/SiO,/SizN4/Co(ll)Pc-AP sensor structure

Figure 3 shows the measured C(V) characteristics before
and after functionalization of the transducer with the sensing
molecule. A typical set of C(V) curves was obtained and a
decrease in the capacitance in the accumulation regime was
observed. This is due to the membrane deposited onto the

J. Sens. Sens. Syst., 4, 17-23, 2015




20

—=—10"MCIO,
—+—10"MCIO;
—+—10°MCIO;
—v—10"MCIO,
—<—10"MClIO,

Capacitance (nF)
-
1

>~ 10" M CIO,

1.0 4 fi;/
| F
> 4

0.9 A‘*M j;i?"

T T T T T T T T
-1 0 1 2 3 4

Potential (V)

Figure 4. Variation of capacitance versus potential for the
Al/Si/SiO2/Si3N4/Co(ll)Pc-AP structure for various perchlorate
ion concentrations. Test solution PBS 10 mM and pH =7.

0.14 o

Linear fit
Linear fit

0.12 4 !\

Slope 2 = 47 mV/dec
0.10

N\

0.08 o
Slope 1 =17 mV/dec

0.06 H
] R*=0.9913

0.04 \.\

AV (V)

0.02 4 \\.\
0.00 T
T T T T T T
2 3 4 5 6 7
-Log ([CIO]))

Figure 5. \Variation of the flat band potential of the
Al/Si/SiO2/SigN4/Co(Il)Pc-AP  structure  versus  perchlorate
anion concentrations.

SigNy surface. Indeed, the insulator thickness increases in
the EIS structure induce a decrease in the capacitance, which
is given by

ES
C=—,

e
where C is the capacitance, ¢ is the insulator dielectric per-
mittivity, S the surface area of the work electrode, and e is
the insulator thickness.

Figure 4  shows  the  response  of  the
Al/Si/SiO2/SigN4/Co(I1)Pc-AP  structure versus differ-
ent perchlorate concentrations from 10~ to 102 M. We
note a low evolution in the C(V) curves as a function of
perchlorate concentrations. When charges are adsorbed
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Figure 6. Evolution of the C(V) characteristics of Al/Si/SiO2/HfO»
as function pH; inset: flat band potential variation versus pH.

at a pH-sensitive insulator-semiconductor (IS) transducer
surface, the C(V) curves shift along the potential axis. The
flat-band potential varies with perchlorate concentrations
in a bulk solution. The sensor sensitivity is determined by
the slope of the curve, giving AVeg as a function of the
perchlorate concentrations. We note in Fig. 5 the presence of
two slopes: slope (1) of about 17 mV decade™? indicates a
very low detection of perchlorate in low concentrations and
slope (2) of about 47 mV decade~! indicates sub-Nernstian
sensitivity in high concentrations. Also, we notice a very
low decrease in the capacitance in the accumulation regime.
Viewing the poor performances of the sensor based on a
nitride transducer, we have thought to change the nitride
with the hafnium, which is characterized by a high dielectric
constant.

3.2.2  Si/SiO,/HfO,/Co(ll)Pc-AP sensor structure

To study the pH sensitivity of the Al/Si/SiO2/HfO, structure,
the capacitance voltage of the EIS structure was measured in
various standard pH buffer solutions ranging from pH =3 to
pH =11. As shown in Fig. 6, we notice that the C(V) charac-
teristics exhibit a hysteresis behavior significant charge trap-
ping in the SiO,/Si interface (Fan et al., 2012). We note a
variation in the flat band voltage (AVgg) as a function of pH
values. The pH sensitivity was calculated from the slope of
flat band voltage, which is obtained from the C(V) curves.
The dependences of the calculated pH sensitivity and linear-
ity of the Al/Si/SiO,/HfO, structures are exhibited in the in-
set of Fig. 6. The pH sensitivity obtained is about 44 mV/pH;
this value is close to the values reported in the literature for
HfO, deposited by the ALD technique (Lu etal., 2011; Wang
etal., 2012).

The functionalization of the hafnium transducers has
been followed by C(V) measurements, as indicated in
Fig. 7. To characterize the response of the developed
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Figure 7. C(V) characteristics of Al/Si/SiO2/HfO, before and after
functionalization with Co(ll1)Pc-AP. Test solution PBS 10 mM and
pH=7.
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Figure 8. Variation of capacitance various potential for the
Al/Si/SiO2/HfO,/Co(ll)Pc-AP structure for different perchlorate
anion concentrations. Test solution PBS 10 mM and pH=7.

Al/Si/SiO/HfO,/Co(Il)Pc-AP structure to perchlorate an-
ions, we have measured the C(V) as a function of perchlorate
concentration. We notice an important decrease in the capac-
ity in the accumulation regime and a low shift of the flat-band
potential (Vgg), as shown in Fig. 8. The calculated sensitivity
from Fig. 9 is about 12 mV decade—?, which is close to the
slope obtained for SisN4 (17 mV decade—1). Furthermore, an
important variation in the capacitance in the accumulation
regime was observed as a function of perchlorate concen-
tration. This means that we have a change in the thickness
of the recognition membrane, which can be attributed to the
perchlorate detection by Co(ll)Pc-AP. The response of the
HfO2/Co(l1)Pc-AP sensor for some anions is believed to be
due to coordination of the perchlorate anion as an axial lig-
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Figure 9. Variation of the flat band potential of the
Al/Si/SiO2/HfO2/Co(Il)Pc-AP  structure  versus  perchlorate
concentrations.
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Figure 10. Evolution of the accumulation capacitance for

Al/Si/SiO5/SizNy4 Co(ll)Pc-AP and Al/Si/SiO»/HfO,/Co(Il)Pc-AP
structures versus perchlorate anion concentrations. Test solution
PBS 10mM and pH=7.

and to the metal center of the carrier molecule (Said et al.,
1999; Eman et al., 2009).

Figure 10 shows a linear capacitance variation as a func-
tion of perchlorate concentration in the accumulation regime.
We can notice that the capacitance variation for the HfO,-
based structure is larger than that of the SizN4-based one.
This behavior can be assigned to better thermal stability on
silicon (by using the ALD technique), and a higher dielectric
constant of the HfO, transducer when compared with SigNg
(Wilk et al., 2001). We have also determined the metrologi-
cal parameters of the HfO,-based sensor characterized by an
important linear detection range from 10~ to 1072 M and a
low detection limit of about 10~7 M.
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Figure 11. Evolution of the accumulation capacitance as a function
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and pH=7.

Table 1. Metrological parameters of the studied sensors based on
SigNg and HfO,.

Sensor Detection  Detection
limit (M)  range (M)

Al/Si/SiO2/Si3N4/Co(11)Pc-AP 103 10~2t0 103

Al/Si/SiO2/HfO2/Co(Il)Pc-AP 10~ 102 to 10~/

The specificity of the Al/Si/SiO2/HfO,/Co(ll)Pc-AP sen-
sor has been studied towards some interfering anions NO3/,
SO;~, and CO5 ™. Figure 11 shows the accumulation capaci-
tance variation as a function of the interfering anion concen-
trations. We note an important variation in the capacitance
for perchlorate concentration compared with that of the other
anions.

4 Conclusions

In this work, we have developed two capacitance sensors
based on Al/Si/SiO2/SisN4 and Al/Si/SiO,/HfO, transduc-
ers for detection of perchlorate anions. The latter shows a
better sensing performance, with a detection range (10~7
to 1072M) and a low detection limit of 10~7 M. These
improved performances have been explained by the phys-
ical properties (thermal stability and high dielectric con-
stant) of the HfO, transducer. The specificity of the
Al/Si/SiO/HfO,/Co(Il)Pc-AP sensor has been studied to-
wards some interfering anions (NO3, SO3~, and CO3 7).

J. Sens. Sens. Syst., 4, 17-23, 2015

M. Braik et al.: Development of a capacitive chemical sensor

Acknowledgements. This work was partially supported by
FP7-PEOPLE-2012-IRSES no. 318053: SMARTCANCERSENS
and NATO Science for Peace (CBP.NUKR.SFP 984173) FP7-
PEOPLE-2012-IRSES no. 318053: SMARTCANCERSENS.

Edited by: M. Penza
Reviewed by: two anonymous referees

References

Abbas, M. N., Radwan, A. A., Biihimann, P., and Abd El Ghaffar,
M. A.: Solid-Contact Perchlorate Sensor with Nanomolar De-
tection Limit Based on Cobalt Phthalocyanine lonophores Cova-
lently Attached to Polyacrylamide, Am. J. Anal. Chem., 2, 820—
831, 2011.

Campabadal, F., Rafi, J. M., Zabala, M., and Beldarrain, O.: Elec-
trical characteristics of metal-insulator-semiconductor structures
with atomic layer deposited Al,03, HfO2, and nanolaminates
on different silicon substrates, J. Vacuum Sci. Technol. B, 23,
01AA07, doi:10.1116/1.3532544, 2011.

Castellarnau, M., Zine, N., Bausells, J., Madrid, C., Juarez, A.,
Samitier, J., and Errachid, A.: Integrated cell positioning and
cell-based ISFET biosensors, Sensors and Actuators B, 120,
615-620, 2007.

Chu, T. L., Szedon, J. R., and Lee, C. H.: The preparation and
C-V characteristics of Si-SigNy4, and Si-SiO»-Si3zNy, structures,
Solid-State Electron., 10, 897-905, 1967.

Eman, M. N., Nahla, M. B., and Saad, S. M. H.: Cobalt phthalo-
cyanine as a novel molecular recognition reagent for batch and
flow injection potentiometric and spectrophotometric determina-
tion of anionic surfactants, Talanta, 78, 723-729, 2009.

Fan, J., Liu, H., Kuang, Q., Gao, B., Ma, F., and Hao, Y.: Physical
properties and electrical characteristics of HyO-based and O3-
based HfO, Ims deposited by ALD, Microelectr. Reliability, 52,
1043-1049, 2012.

Gustavsson, J., Altankov, G., Errachid, A., Samitier, J., Planell, J.,
and Engel, E.: Surface modifications of silicon nitride for cellular
biosensor applications, J. Materials Sci. Mat. Med., 19, 1839-
1850, 2008.

Hajji, B., Temple-Boyer, P., Launay, J., do Conto, T., and Martinez,
A.: pH, pK and pNa detection properties of SiO2/SigNg ISFET
chemical sensors, Microelectr. Reability, 40, 783-786, 2000.

Hausmann, D. M. and Gordon, R. G.: Surface morphology and crys-
tallinity control in the atomic layer deposition (ALD) of hafnium
and zirconium oxide thin Ims, J. Cryst. Growth, 249, 251-261,
2003.

Kumar, R., Kumar, S., Singh, P., Hundal, G., Hundal, M. S., and Ku-
mar, S.: A fluorescent chemosensor for detection of perchlorate
ions in water, Analyst, 137, 4913-4916, 2012.

Lu, T. F, Chuang, H., Wang, J., Yang, C., Kuo, P., and Lai, C.:
Effects of Thickness Effect and Rapid Thermal Annealing on
pH Sensing Characteristics of Thin HfO, Films Formed by
Atomic Layer Deposition, Jpn. J. Appl. Phys., 50, 10PGO03,
d0i:10.1143/JJAP.50.10PG03, 2011.

Park, T. J., Kim, J. H,, Jang, J. H., Lee, C. K,, Na, K. D, Lee, S.
Y., Jung, H.-S., Kim, M., Han, S., and Hwang, C. S.: Reduction
of electrical defects in atomic layer deposited HfO2 films by Al
doping, Chem. Materials, 22, 4175-4184, 2010.

WWW.j-Sens-sens-syst.net/4/17/2015/


http://dx.doi.org/10.1116/1.3532544
http://dx.doi.org/10.1143/JJAP.50.10PG03

M. Braik et al.: Development of a capacitive chemical sensor

Said, S., Mohammad, K. A., Kolagar, S., and Tangestaninejad,
S.: Coated-Graphite Electrode Based on Poly(vinyl chloride)—
Aluminum Phthalocyanine Membrane for Determination of Sal-
icylate, Microchemical J., 63, 302-310, 1999.

Wang, I, Lin, Y., Huang, C., Lu, T., Lue, C., Yang, P., Pijanswska,
D. G, Yang, C., Wang, J., Yu, J., Chang, Y., Chou, C., and
Lai, C.: Immobilization of enzyme and antibody on ALD-HfO,-
EIS structure by NH3 plasma treatment, Nanoscale Res. Lett., 7,
179-185, 2012.

WWW.j-sens-sens-syst.net/4/17/2015/

23

Wang, J.: Electrochemical biosensors: towards point-of-care cancer
diagnostics, Biosensors Bioelectronics, 21, 1887-1892, 2006.
Wilk, G. D., Wallace, R. M., and Anthony, J. M.: High-k gate di-
electrics: current status and materials properties considerations,

J. Appl. Phys., 89, 5243-5275, 2001.

J. Sens. Sens. Syst., 4, 17-23, 2015




	Abstract
	Introduction
	Experimental details
	Materials
	Sensor development
	Substrate fabrication
	Sensors fabrication

	Instrumentation

	Results and discussion
	Surfaces study
	Sensor performance study
	Si/SiO2/Si3N4/Co(II)Pc-AP sensor structure
	Si/SiO2/HfO2/Co(II)Pc-AP sensor structure


	Conclusions
	Acknowledgements
	References

