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bstract

This paper demonstrates the fabrication and characterization of a pH sensor based on a layer-by-layer (LBL) self-assembly technique. This pH
ensor is based on an ion-sensitive field-effect transistor (ISFET). Two types of self-assembled polyelectrolyte/nanoparticle multilayer films work
s the critical components for the transistor. One multilayer film embedded with nanoparticles is PSS/In2O3 which operates as the channel, and
he other multilayer film is PDDA/SiO which serves as the gate dielectric. The mobility of the ISFET is 35.68 cm2/V s at room temperature. The
2

rain current decreases distinctly with increasing pH values in a solution. The temperature effect on the mobility of the ISFET is also investigated
n this research. Results show increasing temperature can greatly enhance the carrier mobility. The results introduce a new approach employing a
ow-cost layer-by-layer nano self-assembly technique to fabricate pH sensors with a high sensitivity and a good reproducibility.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Since the pioneer work by Decher [1], there has been grow-
ng interest in polyelectrolyte multilayer films based on layer-
y-layer (LBL) nano self-assembly. This technique involves
abrication of multilayer films through physical adsorption of
ppositely charged layers. The process is very inexpensive and
nvironmental friendly using only wet benches. It is easy to con-
rol surface properties of existing objects and devices through
urface functionality of the built-up films. Initially, the LBL
echnique was used for the assembly of oppositely charged poly-
lectrolyte and proteins [2]. Later, it has been extended to a
ide variety of other interesting materials such as light emit-

ing polymers [3], enzymes [4], nanotubes [5], nanoparticles
6], etc.

Nanoparticles represent an interesting class of materials that
ridge the gap between individual molecules and bulk materials.

hey have been intensely studied recently due to the recognition

hat nanoparticles exhibit electronic, catalytic and optical prop-
rties that differ from the bulk material. Nanoparticle can also
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oparticle multilayers

mprove the mechanical properties of bulk or composite materi-
ls. For example, the presence of silica-sol nanoparticles in the
olymer matrix can lead to an increase of both Young modulus
nd impact strength [7]. Nanoparticles have large surface-area-
o-volume ratio, which is very important and makes them very
nteresting as catalysts and biolabels [8]. Layer-by-layer self-
ssembled polyelectrolyte/nanoparticle multilayer thin films
re nanoparticle-polymer hybrids. These hybrids combine the
nique mechanical properties of nanoparticles and polymers
ncluding flexibility and tensile strength. Many applications
ave been found for these polyelectrolyte/nanoparticle multi-
ayer thin films. For example, Kotov and coworkers reported
ight emitting from films of self-assembled luminescent CdTe
anoparticles [9]. Recently, our group has demonstrated a fully
perational field-effect transistor fabricated from semiconduct-
ng and dielectric nanoparticles thin films [10]. Layer-by-layer
lectrostatic assembly of electrically charged materials is prov-
ng to be an increasingly useful and versatile technique for the
ormation of multilayered thin films with a wide range of elec-
rical, magnetic, optical properties, etc.
Monitoring the concentration of hydrogen ions in solutions is
ery important in many industrial processes. Precise monitoring
f pH values is necessary in order to reduce costs and improve
ields. For example, in many chemical processes some materi-
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ig. 1. The schematic diagram of the nanoparticle thin film based ISFET.

ls have to be immersed in acids or strong caustic solutions at
specific pH for a specified period of time. In pharmaceutical

nd food processing, measurement systems have to meet spe-
ific hygienic designs, and must withstand many sterility cycles
hile providing traceability for validation purposes. Compared

o the pH strips, the pH sensor is one of the most useful tools
o monitor the pH value in these applications. Depending on
he principle of operation, a pH sensor could be based on opti-
al fibers [11], microcantilevers [12], ion-sensitive field-effect
ransistors (ISFET) [13], etc.

In this paper, the fabrication and characterization of a
H sensor based on ISFET using LBL self-assembled poly-
lectrolyte/nanoparticles as building blocks is presented. The
eneral site-bending model is used to explain the pH sen-
itive behavior. The effect of temperature on the character-
stics of the transistor is also investigated and discussed in
etail.

. Experiment

A cross section of the polyelectrolyte/nanoparticle based
SFET is shown as Fig. 1. The fabrication of the ISFET

egan with a standard 4 in. silicon wafer. A layer of wet ther-
al SiO2 300 nm thick was grown on the surface. Chromium

Cr) 100 nm thick and gold 200 nm thick were deposited on
he oxidized wafer using e-beam evaporation. Gold (Au) is

m
t
s
n

Fig. 2. The SEM image of the self-assembled nanoparticle thin films:
tors B 123 (2007) 148–152 149

sed as the source/drain electrodes of the ISFET. Chromium
erved as the adhesive material between the gold and the
nsulating substrate. Following metal deposition, a layer of
hotoresist (type 1813 from Shipley Corporation) was spin-
oated on the wafer and patterned by optical UV lithogra-
hy. Next, the Cr/Au electrodes were formed by etching the
nprotected metals. The channel width and channel length
etween the source/drain electrodes were 1000 um and 10 um,
espectively. After the dry etching, the second lithography
as performed to pattern another layer of spin-coated pho-

oresist. This was to protect the testing pads as well as to
pen a window above the channel region for the self-assembly
f nanoparticle thin films. The wafer was then alternately
mmersed in aqueous poly(dimethyldiallyl- ammonium chlo-
ide) (PDDA) (MW 200 K and 300 K, from Sigma–Aldrich
orp.) and poly(styrenesulfonate) (PSS) (MW 70 K, from
igma–Aldrich Corp.) solutions, in a sequence of [PDDA
10 min) + PSS (10 min)]3. The three bi-layers of PDDA/PSS
erved as the precursor layers to enhance the subsequent adsorp-
ion of nanoparticle layers. PDDA and PSS also functioned
s the sandwich layer between two neighboring nanoparti-
le layers, forming the polyelectrolyte/nanoparticle multilay-
rs. Between the immersions in polyelectrolyte or nanoparti-
le solutions, there was intermediate rinsing using deionized
ater for 1 min to remove the residues from the deposition
f previous layers. Following the deposition of precursor lay-
rs, the In2O3 and SiO2 nanoparticle dispersions were coated
n the entire surface of the wafer in a sequence of [In2O3
14 min) + PSS (10 min)]5 + [PDDA (10 min) + SiO2 (4 min)]6
o produce an organized “sandwich” of the semiconducting
n2O3 thin film and the insulating SiO2 thin film. The SiO2
anoparticle dispersion was obtained through Nissan Chem-
cal Corporation, and In2O3 nanoparticles came from Sigma
orp. All chemicals used in the fabrication process were at the

eagent grade, and were used without further purification. Fol-
owing the layer-by-layer nano self-assembly process, the wafer
as cut into small pieces using a dicing saw for the measure-

ent. Scanning electron microscopy (SEM) was used to inves-

igate the self-assembled nanoparticle thin films. Fig. 2a and b
hows images of self-assembled In2O3 nanoparticles and SiO2
anoparticles.

(a) In2O3 nanoparticle thin film; (b) SiO2 nanoparticle thin film.
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gate current is also dependent on the gate voltage. Fig. 4 shows
the gate current with respect to the gate voltage at a drain voltage
of 1 V. It is observed that the gate current is relatively high (about
1/9 of the drain current) when gate voltage is 2.0 V, but decrease
ig. 3. (a) The output characteristic of the ISFET; (b) the transfer characteristic
f the ISFET.

. Results and discussion

The self-assembled polyelectrolyte/nanoparticle ISFET was
haracterized using a HP 4156B semiconductor parameter ana-
yzer. Fig. 3a and b shows the output and transfer characteristics
f the ISFET immersed in a buffer solution (KH2PO4: K2HPO4)
ith a pH value of 5 at room temperature. An Ag/AgCl reference

lectrode serves as the gate electrode. From Fig. 3a, it is apparent
hat the ISFET behaves very similarly to a traditional metal-
xide-semiconductor field-effect transistor (MOSFET). With an
ncrease of the drain voltage, the drain current increases linearly
rst until saturation is reached. At higher positive gate voltages,

he drain current is higher, indicating that the In2O3 nanoparticle
hin film is an n-type semiconductor.

The operating principles of the ISFET within the pH solution
an be explained based on the site binding theory [14]. The
urface of the SiO2 nanoparticle thin film contains hydroxyl
roups in the form of SiOH. These groups may donate or accept
proton from the solution, leaving a negatively charged or a
ositively charged surface group, respectively. The oxide surface
harge can be described by the following equilibrium reactions
etween amphoteric SiOH surface sites and the H+ ions in the

F
fi

tors B 123 (2007) 148–152

olution [15]:

iOH ⇔ SiO− + H+ (1)

iOH2
+ ⇔ SiOH + H+ (2)

The potential difference Ψ between the surface of the SiO2
anoparticle surface and the bulk electrolyte solution can be
xpressed as [16]:

= Q0 + QS

CH
+ 2kT

q
sinh−1

(
Q0 + QS√

8εkTc

)
(3)

here CH is the Helmholtz capacitance, c the solution concen-
ration, ε the dielectric constant, T the temperature, and Q0 and

S are the charge densities of the insulator and the semicon-
uctor surface, respectively. The I–V characteristic of a typical
SFET can be described based on the general MOSFET theory
s in the following expressions [17]:

In the saturation region,

d = μCinW

2L
(Vg − VT)2 (4)

In the linear region,

d = μCinW

L

(
Vg − VT − 1

2
Vd

)
Vd (5)

n these expressions, Id is the drain current, Vg is the gate voltage,
d is the drain voltage, μ is the carrier mobility, W is the chan-
el width and L is the channel length, respectively. From Eqs.
3)–(5), we can see the drain current of the ISFET is dependent
n both the pH value and temperature of the solution.

For the ISFET under investigation, the saturation mobility at
oom temperature based on Eq. (4) is 35.68 cm2/V s. This mobil-
ty is very close to that of undoped In2O3 thin films prepared
y reactive evaporation [18]. We have also measured the gate
urrent–voltage characteristic of the ISFET, and found that the
ig. 4. The gate current with respect to the gate voltage when drain voltage is
xed.
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self-assembled ISFETs have a linear sensitivity to pH values at
an acid environment with a good reproducibility, compared to
the previous results.
Fig. 5. The pH response of the ISFET.

apidly when the gate voltage reaches zero. This implies that
here are hydrogen ions passing through the gate dielectric lay-
rs and participating in the charge transport at a positive gate
ias. Since the diameter of the hydrogen ion is less than 0.3 nm,
t may easily penetrate the small spaces among the SiO2 nanopar-
icles (diameters of 40–60 nm). Since polyions (PDDA and PSS)
ithin the multilayer films are also conductive in solution, the

otal charge carriers in the channel should include hydrogen ions,
lectrons from the gate-affected In2O3 semiconductor thin film
nd the polyions between the nanoparticle thin films. These car-
iers greatly increase the channel’s conductivity as well as the
harge transport ability. Therefore, the calculated mobility based
n Eq. (4) should be an “equivalent mobility” that considered
ll the charge carriers. This mobility of the ISFET in liquid is
uch larger than our previous field-effect transistor in atmo-

phere using layer-by-layer self-assembled In2O3 nanoparticle
hin films as the channel [10]. Similar behavior is also observed
y Henrik et al. in an all-polymer field-effect transistor, which
lso has an abnormal high mobility in a humid environment
19].

Fig. 5 shows the relationship between the drain current of the
SFET and the pH value of different buffer solutions at a gate
oltage of 2 V and a drain voltage of 1 V. When the pH value of
he solution is less than 7, the concentration of hydrogen ions is
arger than that of hydroxide ions. The drain current decreases
inearly with respect to the pH value. When the pH value of
he solution is higher than 7, more hydroxide ions exist in the
olution than hydrogen ions. The drain current decreases further,
ut with a very flat slope. This phenomenon indicates that many
ydrogen ions have participated in the charge transport within
he channel region, and played a key role in the relative high
harge carrier mobility.

The effect of the buffer solution temperature on the ISFET
haracteristic, especially on the carrier mobility, has also been
nvestigated. Fig. 6 shows the carrier mobility of the ISFET

t temperatures ranging from 25 ◦C to 65 ◦C. It is evident that
he carrier mobility increases rapidly with the increasing tem-
erature. This is due to the stronger Brownian motion of the F
Fig. 6. The effect of temperature on the mobility of the ISFET.

ons (both hydrogen ions and the polyions) at higher tempera-
ures. The increased movement of the ions at higher temperature
ncreases the total equivalent mobility of the device. Eq. (3) also
ndicates the effect of the temperature on the output character-
stic of the ISFET. At higher temperature, the surface potential
ifference Ψ will also be elevated. This surface potential dif-
erence will add to the gate voltage, and hence promote more
harge carriers to the charge transport process.

In order to reduce the gate leakage current, we have spin-
oated a thin layer of insulating polymer, polymethyl methacry-
ate (PMMA), on top of SiO2 nanoparticle thin film of the ISFET.

easurement of the gate leakage current of this ISFET shows
hat the gate leakage current is reduced by three orders. Fig. 7
hows the pH response of the ISFET to the drain current. It is
bserved that the drain current also tends to linearly decrease
hen the pH value increases from 5 to 7, but decreases smaller
hen the pH value further increases to 9. This indicates that the
ig. 7. The pH response of the ISFET with a thin layer of PMMA on the surface.
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. Conclusion

The fabrication and characterization of a pH sensitive ISFET
sing self-assembled polyelectrolyte/nanoparticles as build-
ng blocks has been demonstrated. Multilayers of polyelec-
rolyte/nanoparticles, PSS/In2O3 and PDDA/SiO2, serve as the
hannel and gate dielectric, respectively. The drain current of
he ISFET is more sensitive in an acid solution (pH <7) than in
he base solution (pH >7). The temperature effect on the charac-
eristic of the ISFET was also investigated and discussed. A site
inding model could be used to explain the pH sensitivity and the
emperature dependence. The results introduce a new approach
mploying a low-cost layer-by-layer nano self-assembly tech-
ique to fabricate pH sensors with a high sensitivity and a good
eproducibility. This may open a new way for biosensing appli-
ations based on this promising nano self-assembly technique
ith further research in the future.
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