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In this study, light addressable potentiometric sensors (LAPSs) that have devices with
Si;N,/SIO,/Si and Ta,Os/SIO,/Si structures were fabricated. We investigated the response
characteristics of penicillin and evaluated the possibile application to a bioimage sensor
using the fabricated LAPSs. Penicillinase wasimmobilized on the devicesto hydrolyze the
penicillin using the self-assembled monolayer (SAM) method. Then, the response charac-
teristics according to the concentration of the penicillin were measured and compared. The
measuring system made up of parts such as a potentiostat, signal processing parts, and an
Xyz stage controlling part was simplified using LabVIEW. As aresult of the enzyme
reaction, the sensitivity of the sensor that has a Si;N, surface was 60 mV/decade and 74
mV/decade which has a Ta,Os surface in the penicillin concentration range of 0.1-10 mM.
Also, we could obtain an image of with aresolution of 128 x 128 pixelswithinal x 1 cm
sensing area.

1. Introduction

Since the enzymefield effect transistor (EnFET)® and capacitive el ectrolyte-insul ator-
semiconductor (EIS) sensors were introduced, there has been alot of progressive research
on semiconductor—type biosensors that use the discernible ability of active moleculesin
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an organism. Recently, the light addressable potentiometric sensor (LAPS)@ system has
represented arelatively new type of a sensor with an EIS structure. The characteristics of
this sensor include a fast response, high accuracy, and an easy fabrication using a
semiconductor process.

In particular, the LAPS system can detect potential changes at the interface between
electrolytes and an insulator, and has several advantages including high electrochemical
stability and the ability to measure various materials by local light illumination without any
additional processes. The LAPS system has awide range of analytic applications, ranging
from the detection of microcells such as pathogenic microorganisms, to macromolecules
such as biologic toxin elements, protein hormones, and E. coli colonies, and as bioimage
sensors.

Nonetheless, the sensing membrane of most LAPS devices uses a L PCV D-deposited
SisN, film owing to the films with good long-term stability and excellent roughness.
However, this Si;N, film has the disadvantages of drift and slow response.® In the case of
biomaterial measurement using the LAPS system, sensitivity and stability are affected by
the method used to immobilized the biomaterials.

Previously reported polymer matrices such as PVC,(" gelatin,® photo-curable poly-
mers,® are used to immobilize biomaterials. They have disadvantages, for example, the
adhesion is not adequate for the sensor surface and activity can be restrained during a
catalytic reaction.

In this study, to solve such problemsrelated to the sensitivity and the immobilization of
biomaterials, we fabricated a LAPS device with a Ta,Os/SIO,/Si structure and devel oped
an immobilization method of biomaterial using the self-assembled monolayer (SAM)
method. We compared the sensing characteristics of the fabricated LAPS device for
penicillin with those of SisN, and Ta,Os films. Also, we investigated the possibile
application to a bioimage sensor using the fabricated LAPS.

2. Sensing Principle of LAPS

An important family of chemical sensors on silicon consists of an electrolyte/insulator/
silicon (EIS) structure.® Figure 1(a) showsa schematic diagram of LAPS with an EIS
structure. An alternative light of 10 kHz frequency is illuminated onto the LAPS device
and aDC voltageis applied to the electrolytes. Aninversion layer isturned by aDC bias
inthe LAPS device and then the chargesin the inversion and insulator layers are modul ated
by the electron hole pair to make an AC photocurrent.®® In the accumulation state, thereis
no photocurrent because there is no electric field on the surface of silicon. Therefore, a
curve of AC photocurrent vs DC bias voltage shows large changes between the accumula-
tion state with no photocurrent and the inversion state with the maximum photocurrent.?
The photocurrent curve of the potential change on the interface between the sensing
membrane and the electrolytes tends to shift along the hias voltage axis, and it can be
realized by calculating an inflection point on the curve as shown in Fig. 1(b). That is, v, is
the surface potential of silicon at the inflection point and second differential point, and the
voltage (V,) a the inflection point given by eq. (1).4%

A\ 2£squo 1/1
Vp=VFB+1,Up+—C Pt (1)
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Fig. 1. Schematic diagram of detecting system and graph of photocurrent vs bias voltage. (a)
Schematic diagram of LAPS system. (b) Relationship of photocurrent vs bias voltage.

Here, C,isthe capacitance of theinsulator, Ng, isthe doping concentration of the silicon,
and ¢ isthedielectric constant of silicon. In other words, Vs makes V, change because ),
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isconstant. Flat-band voltage (Vgs) in EIS structures depends on the surface potential on
the interface between the electrolytes and the insulator. Consequently, the photocurrent
curve tends to shift along the bias voltage axis according to the changes in ion concentra-
tion, and it is expressed by the changesin voltage at the inflection point of the photocurrent
curve. Therefore, the sensitivity of the ion is defined by the eg. (2).

a1, (lon concentration) N,
d lon concentration d lon concentration

2

Equation (2) shows the sensitivity and potential difference to changesin ion concentration
on the interface between the electrolytes and the sensing membrane, and is very important
because it influences signal amplitude and operational characteristicsin LAPS.

3.  Experiment

3.1 Device fabrication and measurement system

Figure 2 shows the fabrication process for the LAPS devices. First, to get the LAPS
devices with SisN,/SiO,/Si and Ta,05/SiO,/Si structures, oxide (500 A) and Si;N, layers
were grown by thermal oxidation and the LPCVD method on a p-type silicon wafer,
respectively. The back side of the LAPS device was etched to 250 um thickness using the
silicon anisotropic etching (TMAH etching) method. After silicon anisotropic etching, the
SisN/SIO, layer was removed. Then, two different sensing membranes were deposited on
the oxidelayer (300 A), namely, is SisN, (by LPCVD, 800 A), and Ta,0s (by RF sputtering,
800 A). Finally, gold was evaporated onto the back side of the electrode of the devices
except for the region illuminated by alight source.

The measuring system consisted of a potentiostat, a light source, a reactive chamber
and signal detection parts, such as an xyz stage control. An 830-nm laser diode was used
asamodulated light source (1-10 kHz), and a bias voltage was applied in the range from—-2to 2 V.
The measuring system was simplified using LabVIEW software to handle the complex
signal processing.

3.2 Fabrication of sensing membrane

Penicillinase was immobilized on the sensing membrane using the SAM method.
Figure 3 shows a schematic diagram of the reaction. First, to clean and produce a
hydroxide layer on the sensing surfaces of the LAPS devices, the surfaces were immersed
in a piranha solution (H,S0O,4:H,0,=7:3), rinsed with H,O, and immersed in 0.5 M NaOH
followed by 0.1 M HCI to neutralize the surface.*¥ Then, the sensing surfaces were
immersed in a 2.5% (v/v) APTMS solution that was made using unhydrous ethanol, to
make a stable coupling layer, for 30 min in an N, chamber. As the result, the amine
terminal substrate coupled with the GA on the basis of an amidereaction. Then, the amine-
terminated substrate wasimmersed in a0.3 M-GA methanol solution with 0.1 M NHS and
0.4 M EDC for 3h. Thesereactions created an active surface with carboxylic acid terminal
groups. For acarboxylic acid terminal substrate, the substrate was immersed in an agueous
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Fig. 2. Fabrication process of LAPS devices.
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solution with 0.1 M NHS and 0.4 M EDC for 2 h, and rinsed with H,O. Finally, the
substrate was immersed in a 0.5 mg/ml penicillinase PBS buffer (pH 7.4) for 15 h.
Penicillin G solution was made by adding penicillin G (potassium salt, 1600 unit/mg,

Aldrich) to a Tris buffer solution, pH 7.
4. Resultsand Discussion

4.1 pH response of LAPSdevice

The curves of the photocurrent characteristic according to pH changes in the fabricated
LAPS devices using SisN, and Ta,Os sensing membranes are shown in Fig. 4. Asthe
potential of the sensing surfaces changed with avariation inion concentration, the applied



120 Sensors and Materials, Vol. 18, No. 3 (2006)

NH,
Sensing membrane a

. 0
(SisNjor Ta;05) P0G onon owon omomon  APTNS_ - o & X \g,mxr?
SEERRNES SR o i (i ] I 1 :

Penicillinase

four Fou
é—; =0 Penicillinase 0 o o

Gli-cOoH immobilizatign
[GA] O~ 0 & oo
9790 99

?’%?9? | 99 99

LN
T

=

Fig. 3. Schematic diagram of penicillinase immobilization.

DC hias voltage was also changed to maintain the same electric field in the semiconduc-
tors. Consequently, the photocurrent curve moved along the bias voltage axis, as shownin
Fig. 4. The sensitivities of the fabricated L APS devices with SisN, and Ta,Os films were
+54 mV/pH and £59 mV/pH, respectively.

4.2 Response characteristicsto penicillin and image detection

We could confirm the immobilization state of penicillinase on the sensing membrane
using AFM images. Figures5and 6 show 1 x 1 wum AFM imagesfor each state of the SAM
onthe Si;N, and Ta,Os surfaces. In Figs. 5 and 6, the RM S roughnesses of the SAMswith
penicillinase were higher than those with—NH2, -COOH. Therefore, we can recognize the
immobilization of a penicillin-sensing membrane on Si;N, and Ta,Os surfaces.

Figure 7 shows the photocurrent curves of the LAPS devices with the SisN, and Ta,Os
sensing membranes resulting from the enzyme reaction. The change in the concentration
of hydrogen ions created by the enzyme reaction induced a variation in surface potential.
Therefore, the photocurrent curves shifted according to an increase in the penicillin
concentration in the range from 0.1 to 10 mM. Then, the characteristic responses of the
LAPSs with the Si;N, and Ta,Os sensing membranes were compared. The measured
sensitivity of the sensor that had a Si;N, surface was 60 mV/decade and that of the sensor
that hatd a Ta,Os surface was 74 mV/decade, as seen in Fig. 8.

In the case of a LAPS bioimage sensor, an image is detected by scanning light pixel by
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Fig. 4. pH vsphotocurrent curves (a) SisN, membrane, (b) Ta,Os membrane.

pixel on the back side of the sensor. If laser light and afixed DC bias voltage are applied
to the sensor, a photocurrent, including light position information, is generated.® There-
fore, the visual image is represented by the composition of the photocurrent at each pixel.
In order to obtain a high resolution image, we etched the back side of the LAPS device. To
define the image pattern, a pattern should be formed on Ta,0s surface using a photoresist.
A standard pH solution was used as an electrolyte supply. Figure 9 shows an obtained
image that took 10 min to measure 128 x 128 pixelsover al x 1 cm area.

5. Conclusions
In this study, we fabricated penicillin-sensitive LAPS devices with SisN, and Ta,0s

films and investigated their possible application to a bioimage sensor. Penicillinase was
immobilized on SisN, and Ta,Os surfaces by the SAM method. Then, we compared the
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Fig. 5. AFM images of immobilized penicillinase on SizN, thin film. (8) Piranha-treated SizN,. (b)
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Fig. 6. AFM images of immobilized penicillinase on Ta,0s thin film. (a) Piranha-treated Ta,0s (b)
APTMS monolayer on Ta,0s (c) GA monolayer on APTMS. (d) Immobilized penicillinase on GA.
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Fig. 8. Characteristic graphs of LAPSs with Si;N, and Ta,05 sensing membranes.

characteristic responses according to the penicillin concentrations of the penicillin-sensi-
tive LAPS devices with SizN, and Ta,Os films. The measured sensitivity of the sensor that
had a Si;N, surface was 60 mV/decade and that of the sensor that had a Ta,Os surface was
74 mV/decade. Asaresult, it was confirmed that the sensitivity of the Ta,Os sensing
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Fig. 9. Image characteristic of the LAPS devices using etched wafers.

surface is better than that of the SizN, surface. Also, we detected an image with aresolution
of 128 x 128 pixelsover al x 1 cm area.

Therefore, the proposed L APS-type sensor is expected to have useful applicationsin
biochemical, environmental, military and other various fields.
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