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An organic film/S10, /St heterostructure as a novel biological interface of a
light-addressable potentiometric sensor.
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A light-addressable potentiometric sensor (LAPS) with Poly-L-Omithine with Laminin (PLOL)-coated SiO, layer as the only insulating
material on the bulk Si in SiO,/Si structure, is investigated as a possible biological interface. Comparing with the conventional structure
(SN/S104/S1) of the LAPS, much steeper photocurrent respohse was observed for the PLOL-coated SiO,/Si structure, which shows higher
surface potential sensitivity and pH resolution. PLOL-coated SiO, layer is kept soaked with the electrolyte for ten days and no appreciable
change in the surface potential sensitivity was noticed. The pH sensitivity of the sensor was investigated in the pH range of pH4 to pH10, and a

nearly Nernstian sensitivity was observed.
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1. Introduction:

Since the first report of Hafeman on the light-addressable
‘ potentiometric sensors (LAPS) in 1988 [1], LAPS has found its
application in many chemical and biochemical fields. Mainly, the
applications of LAPS has been limited to the sensing of the
chemical elements that modifies directly or indirectly the surface
potential due to the charge bound at the electrolyte-insulator and

insulator-semiconductor interfaces [2-6]. Despite the unique

feature of light addressable ability in responding to any potential in
series with the external bias circuit [7] LAPS has been rarely [8]
mvestigated as a biological interface for bi-directional and
noninvasive transfer of information in the form of electrical
potentials from the biological system. This is may be due to the
present Surface Potential Sensitivity (SPS), and spatial resolution
of the conventional LAPS to sense the very low extracellular
potentials, e.g., extracellular transients of the electrical action
potential of the neuron cells [9, 10]. The highest slope at the nearly
linear region of the photocurrent response, which we define as the
Transduction Factor (IF), determines the sensitivity of the LAPS
to detect the tiny change in surface potential. The SPS is higher for
the higher TF. The photocurrent response is obtained when the
bias is scanned on the insulating surface to switch the LAPS from
accumulation to inversion, with a modulated light shone at the
bulk Si. The ionic sensitivity of LAPS is determined from the shift
of the photocurrent response and is principally related to the ionic
sensitivity of the top most layer, e.g., Si;N,, Al,O,, Ta,Os [11] etc.,
for pH-sensitive LAPS. The slope of the photocurrent response
[12] also determines the ionic resolution of the LAPS ie., how
small change in ionic concentration LAPS can detect.
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The TF of the LAPS characteristic depends on many parameters,
and mainly, on the doping level of the semiconductor, thickness of
the semiconductor layer, thickness of the insulating layer, density
of the interface state [13] etc, and accordingly, thinning the
insulator layer should increase the TF of the LAPS. We
investigated a thin layer of polymer (Poly-L-Ornithin with
Laminin (PLOL))-coated SiO, layer on the bulk Si as a LAPS
structure for a novel biological interface [14]. The PLOL-coating,
which is very thin (1.5 - 2nm) [15], eliminates the necessity of
using Si;N, or other top insulators on SiO, layer, and thereby
increases the TF. As a biological interface, the LAPS is expected
to remain in contact with the electrolyte (cell-culture medium) that
contains various ions, for long time i.e., the cell-culturing and
recovering period. In this article, after theoretically analyzing the
TF of the LAPS, the long-time study of TF in contact with the cell-
culture medium is presented. The pH response of the novel LAPS
in the range of pH 4 - pH 10 is also discussed.

2. Theoretical consideration and
preparation:

sensor

Theoretically it appears that the optimization of LAPS
heterostructure of Si;N,/SiO,/Si might provide the steeper
photocurrent response and thereby provide higher resolution of the
LAPS. The electrical equivalent circuit of the LAPS [16] is shown
in figure 1. Where,

L, = Light induced minority carriers

I = Measured photocurrent .

C; = Depletion capacitance

C; = Insulator capacitance
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Figure 1. AC eduivalent circuit of LAPS device

The meaéured current is given by
JoC:R
I=1, ——*t )

The term [ZﬁR(Ci + Cd)J'" is defined as the cutoff frequency for
the LAPS. The measured current, at a frequency below the cutoff,

is given by

I~joCiRI, @
and at above the cutoft frequency

=S, ©)

The equation (2) and (3) shows that, at a frequency below or
above the cutoff frequency, the measured current can be increased
by increasing the insulator capacitance C; (=e/d), and hence
decreasing the thickness of the insulating layer. Conventionally the
insulating layer of LAPS is a combination SiO, and Si;N,, and
insulator capacitance of

Cysion >> Cisiorrsisng

Therefore, using only SiO, as the insulating layer, the measured
current and hence the TF can be increased. Regarding pH response,
for various reasons, such as hydration, hysteresis, drift, and
insulating properties, SiO, or Si;N, alone cannot be used as
insulating layer of LAPS [17]. But, SiO, alone can be used if it is
prevented from getting hydrated in contact with the electrolytic
solution. An organic polymer film on SiO, can do this job and we
chose Poly-L-Ornithine with Laminin (PLOL) as the organic film
for the following reason (15).

1) The coated layer can be made very thin e.g., 1.5 - 2nm.

2) Being a polymer, PLOL prevents leaking of water through its
membrane and thus prevents hydration of the SiO, surface.
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3) The attachment of the biological cells to the surface is very
strong due to the negative surface charge of PLOL layer.

The LAPS is prepared as a heterostructure of thermally grown
SiO, layer of 30nm thick as the insulating layer on the 225pm
thick phosphorous-doped (n-type) Si <100> having resistivity of 1-
10Q-cm. The performance of this novel structure is compared
with conventional type, i.e., Si;N, + SiO, insulator layer-based
LAPS. Both the SiO, and Si;N, + SiO,-based sensors are
processed on the wafers of same physical specifications. After
30nm thick SiO, is thermaily grown in a batch process, few
sensors are separated and 100nm-thick layer of Si;N, is deposited
by LPCVD on the SiO, layer to form conventional LAPS sensor.
PLOL is chosen for the coating of the SiO, surface.

The experimental setup is shown in figure 2, in which 830nm
unfocused IR-LASER is used for illuminating the back surface of
Si. The intensity of the LASER is modulated at frequency of
10kHz. The bias is applied through a DC power supply by an
Ag/AgCl 1od electrode and the photocurrent is converted to
voltage by a pre-amplifier with a factor of 10° Volt/Ampere. A PC
collects the data through a lock-in amplifier. PLOL-coated SiO,
surface is sealed with silicone rubber sheet with only a circular
opening ($=8mm) just above the back-illuminated point, through
which the surface contacts the electrolyte. The wafers were
bought and processed from the Silicon Sense Inc., Nashua, USA.
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Figure 2. Experimental setup for the LAPS measurement



3. Experimental results and discussion:

The long-term TF is first studied for the novel LAPS response to
cell-cuiture medium that contains 40.0mM NaCl, 1.7mM KCI,
41mM CaCl,, 1.5mM MgCl,, 50mM glicose, SOunit/ml
penicillin, SOunit/m| streptomyein. The pH value of the medium is
adjusted to 7.9-8.1 by HEPES buffer solution. The photocurrent
response of the sensors is observed for two situation; just after
applying the culture medium on the sensor and after keeping few
days soaked with the culture medium, imitating the total culture
and recovery period of biological cells. The response of novel
(PLOL-coated SO,) and conventional (Si;N, + SiO;) LAPS are
given in figure 3, for the culture medium (pH 7.9). As the theory
predicts the amplitude of the photocumrent and the TF of the
response characteristics for the SiO,-based LAPS are much higher
than the SiOy+Si;N-based LAPS.
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Figure 3. Comparative photocurrent response of the LAPS.

Figﬁre 4 shows the LAPS response of the PLOL-coated SiO,
sensor measured several times during ten days of observation with
culture medium. Here we can see that the amplitude of the
photocurrent did not change appreciably during the ten days in
contact with the culture medium. This is may be due to the PLLOL
layer, which prevents leaking of the water and ions into the SiO,
and thereby keeping the dielectric property intact.

The TF for the LAPS can be defined as the change of photocurrent
for the unit change in surface potential, at the linear region of the
photocurrent response characteristics. Since in our experimental
setup, we convert the current into voltage by a factor of 10°V/A,
we define the TF as the change of output voltage for the unit
change of bias potential at the linear region of the LAPS

characteristics.

o

with fresh
electrolyte

i o after 3 days
T, ; o after 5 days
0.8 [ b X after 7 days [~
{ 50000089900 + after 10 days
: +
| 0000000006 ,0 H "
< ooPono0geosre | :
| %X : H [ ]
3 £ 00K Rt R
=
[
|
A
=2
Q
<]
2
o
£
o

-0 4 -0.2 0 0.2 0.4 0.8 0.8
Bias/V '
Figure 4. Response of PLOL-modified SiO,-based LAPS in
contact with the electrolyte

The average TF of the novel LAPS response for several times ‘
measurement during its ten days period in contact with cell-culture
medium is shown in figure 5. The TF decreases until 3™ day, then
increases with time, and, finally shows a saturation tendency at the
tenth day in contact with the cell-culture medium. This variation
with time was not clearly understood, but it may be due to the
complex diffusion mechanism of various ions in the cell-culture
medium through the PLOL layer. Though the TF varies from 3 to
3.5 in ten days period, still, it is much higher than that of
conventional LAPS, the average value of which is 0.65.
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Figure 5. Variation of sensitivity of the PLOL-coated LAPS.

The temporal shift of the novel LAPS output signal is analyzed to

study the long-term behavior in contact with the electrolytic
solution that shows the electrochemical stability of the sensor.
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Figure 6. Drift nature of the PLOL~-coated SiO, -based LAPS

Figure 6 shows the shift of the sensor signal at pH 7.9 over the
measurement period of ten days. The high drift of the sensor
represents the diffusion of ions from the electrolyte to the oxide
layer as well as to the oxide-semiconductor interface. This is also
confirmed by the LAPS characteristics at the tenth day (Figure 4)

in contact with the electrolyte where it shows some DC leakage.
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Fig 7. PLOL-coated LAPS response to various pH buffers

The pH response of the sensor is investigated for the pH buffer in
the range of pH 4 to pH 10 and their photocurrent response is
shown in figure 7. The inflexion points, which are the zero
crossing potentials of second derivative of the LAPS response for
various buffers, are plotted against their pH value to see the pH
sensitivity and are shown in figure 8. The average pH sensitivity is
found to be 5833mV/pH, which is quite near to the Nemstian
value of about 59m V/pH, in the experimented pH range.

The total system noise, after converting the photocurrent to voltage
by a factor of 10° using a pre-amplifier, is found to be 2mV,,.
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Considering an average TF of 3.3, the sensor is sensitive to a series
potential change of 600V with the present noise level. With the
average pH sensitivity of 58.33mV/pH for this sensor, 600V
change in surface potential corresponds to a pH change of 10mpH.
Therefore, a pH resolution of 10mpH is possible. Decreasing the
average noise level and thinning the SiO, as well as the bulk
silicon can further increase this sensitivity.
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Fig. 8 Calibration curve for the PLOL-~coated Si0,-based LAPS

4. Conclusion:

In this article a novel light-addressable potentiometric sensor
structure containing a thin layer of Poly-L-Ornithine with
Laminin-coated SiO, as the only insulating layer on Si is
investigated. Using PLOL-coated SiO, we tried to enhance the
Transduction Factor of the LAPS response so that higher Surface
Potential Sensitivity in the measurement of tiny change of surface
potential as well as resolution in the ionic concentration
measurement is achieved. Complying with the theoretical
consideration, experimentally we also obtained much higher TF
over the conventional LAPS. The pH response of the novel LAPS
is also high. Despite the high drift, the experimental result shows a
very good promise for the PLOL-coated SiO,/Si structure as a
LAPS with the ability to be a novel biological interface.

S. Acknowledgement:

The authors would like to thank the New Energy and Industrial
Technology Development Organization (NEDO), Ministry for
International Trade and Industries (MITT), Japan, for supporting
this work (contract no. 98818-001). The authors express their
gratitude to Mr. H. Sugihara and T. Yukimasa of Health Care
Development Office, Matsushita Electric Co., Ltd., Japan, for their

active hélp in the surface modification.

(Manuscript received June 27, 2000, revised Sep. 4, 2000)



Reference:

1 D. Hafeman, W. Parce and H. McConnell, " Light-Addressable
. Potentiometric Sensor for biochemical system", Science, 247
(1988) 1182-1185

2. M. Nakao, S. Inoue, R. Oishi, T. Yoshinobu and H. Iwasaki ,
"Observation of Microorganism Colonies Using a Scanning-Laser-
Beam pH-Sensing Microscope”, Journal of Fermentation and
Bioengineering, 79 (1995) pp.163-166.

3 T. Yoshinobu, H. Iwasaki, M. Nakao, S. Nomura, T. Nakanishi,
S. Takamatsu and K. Tomita, "Visualization of pH change of E.
Coli with a novel pH imaging microscope”, Bioimages, 5 (1997)
143-147

4. K. Dill et al., " Rapid, sensitive and specific detection of whole
cells and spores using light-addressable potentiometric sensor”,
Biochem. Biophys. Methods, 34 ( 1997) 161-166.

5. A. G. Gehring et al., " Use of light- addressable potentiometric
sensor for the detection of Escheria Eoli O 157:H7!, Anal.
Biochemistry, 258 (1998) 293-298.

6 K. A. Uithoven, J. C. Schmidt, and M. E. Ballman, " Rapid
identification of biological warfare agents using an instrument
employing a light addressable potentiometric sensor and a flow-
through immunofiltration-enzyme assay system", Biosensors &
Bioelectronics, 14 (2000) 761-770.

7 W. J. Parak et al., "Lateral resolution of light-addressable
potentiometric  sensors: an experimental and theoretical
investigations", Sensors and Actuators A, 63 (1997)47-57.

8 H Tanaka, T. Yoshinobu and H. Iwasaki, "Application of
Chemical Imaging Sensor to Electrophysiological Measurement of
aNeural Cell", Sensors & Actuators B, 59 (1999) pp. 21-25.

9 P. Fromherz et al., " A neuron-silicon junction: a Retzius cell of
the leach on an insulated gate field-effect transistor", Science, 252
(1991) 1290.

10 S. Vassanelli and P. Fromherz, " Transistor records of excilable
neurons from rat brain", Applied Physics A, 66 (1998) 459-463.

11 A. B. M. Ismail et al., " Investigation on Light-addressable
potentiometric sensors for the possible noninvasive measurement
of electrical activity of biological cells", (submitted)

98

- 12. T. Gabusjan et al., " Improved ion-conducting layer replacing

the insulator in a capacitive chemical semiconductor sensors",
Sensors and Materials, 10 (1998) 263-273.

I3 E. H. Nicollian and J. R. Brews, MOS physics and Technology",
J. Wiley & Sons, New York, 1982.

14 A. B. M. Ismail et al., " Investigation of Pulsed Laser-Deposited
Al O, as a high pH-sensitive layer for LAPS-based biosensing
applications”, Sensors and Actuators B, 69 (2000), (in press)

15 I Hirata et al., " Surface modification of the Light-Addressable
Potentiometric Sensor for the measurement of electrical activity of

nerve cell”, (submitted)

16. L. Bousse et. al., " Investigation of carrier transport through
silicon wafers by photocurrent measurement. J. Appl. Phys., 75
(1994) 4000-4008

17 R. M Cohen et al., " An study of insulator materials used in
ISFET", Thin Solid Films, 53 (1978) 69. ‘

Biography:

Abu Bakar Md. Ismail (Non-member) was boin in Rajshahi

» srvy Bangladesh, on May 5, 1963. He received his
Bachellors with Honors, and, Masters degree
in Applied Physics and Electronics from the
Rajshahi University, Bangladesh. In 1998 he
* received his Ph.D. degree in Advanced
¢ Instrumentation from the Saga University,

Japan. He has been serving as an Assistant
Professor in the Department of Applied Physics and Electronics,
Rajshahi University, Bangladesh. At present he is engaged in
imaging of electrical activity of living cells in the Department of
Quantum Molecular Devices, The Institute of Scientific and
Industrial Research, Osaka University, Japan.

Tatsuo Yoshinobu (Non-member) — was born in Kyoto, Japan,

u L on November 4, 1964. He received BE., ME.,
) and PhD. degrees in electrical engineering
.- from Kyoto University in 1987, 1989, and
5 1992, respectively, for his study on gas source

molecular beam epitaxy of silicon carbide.
Since April 1992, he has been engaged in
development of the scanning chemical
microscope at The Institute of Scientific and

Industrial Research, Osaka University.

T.IEE Japan, Vol. 121-E, No. 2, 2001



Biological Interface of the Light-Addressable Potentiometric Sensor

Hiroshi Iwasaki (Member)  was born on February 1, 1945 in
- Japan. He received the B.S. and M.S. degrees
and the Ph.D. degree in electronic engineering
from Osaka University, Japan, in 1967, 1969,
and 1975, respectively. From 1971 to 1986, he
worked on surface physics including oxidation

of silicon as a member of the faculty of Osaka
University, and from 1983 to 1984, he worked
at the University of Maryland as a Visiting
Assistant Professor. From 1986 to 1991, he
worked on ULSI's for Matsushita Electric
Industrial Co., Ltd., Osaka, Japan. Since April
1991, he has been working at The Institute of
Scientific and Industrial Research, Osaka
University as a Professor.

EYHE, 21528, FRI3E 99



