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Fabrication of Thin-Film LAPS with Amorphous Silicon
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Abstract: To improve the spatial resolution of the light-addressable potentiometric sensor
(LAPS), it is necessary to reduce the thickness of the semiconductor layer, which, however,
causes a problem of the mechanical strength of the sensor plate. In this study, a thin-film
LAPS was fabricated with amorphous silicon (a-Si) deposited on a transparent glass
substrate. The current-voltage characteristics and pH sensitivity of the fabricated a-Si LAPS
were investigated.
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Introduction

The light-addressable potentiometric sensor (LAPS) [1,2] is a semiconductor-based chemical sensor
with an electrolyte-insulator-semiconductor (EIS) structure as shown in Fig. 1. The principle of the
LAPS is similar to that of the EIS capacitance sensor, in which the capacitance of the EIS system is
measured to determine the ion concentration of the solution. In the case of the EIS capacitance sensor,
however, the obtained value of the ion concentration is an average over the whole sensing surface in
contact with the solution [3,4]. In contrast, the LAPS measurement is spatially resolved. The measured
area on the sensing surface is defined by illumination, which generates the ac photocurrent to be
measured.
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Figure 1. Schematic of the light-addressable potentiometric sensor (LAPS).

Because of this “light-addressability”, LAPS can be used as a basis of an integrated multisensor [5],
in which more than one measuring point on the sensing surface is individually accessed by the light.
The LAPS is also a basis of the chemical imaging [6,7], in which a focused laser beam scans the
sensing area to visualize the two-dimensional distribution of the ion concentration.

The spatial resolution of the LAPS is an important factor for both the multisensor application and
for the chemical imaging application. It limits the density of measuring points on the multisensor
surface and the smallest size of structures that can be visualized by the chemical imaging sensor. It has
been demonstrated both experimentally and theoretically [8-10] that the spatial resolution is
determined by the beam size and the lateral diffusion of photocarriers in the semiconductor substrate.
With appropriate focusing optics, the beam size can be reduced down to the scale of 1 um or the
wavelength of the light. The lateral diffusion is determined by the thickness of the semiconductor layer
as well as by the material parameters such as the diffusion length of minority carries and the
absorption coefficient of the light.

Within the last years, several attempts have been made to improve the spatial resolution of the
LAPS and the chemical imaging sensor by thinning the Si substrate [9], using a silicon-on-insulator
(SOI) substrate [11] and using a GaAs substrate [12].
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In this study, a thin-film LAPS was fabricated with amorphous silicon (a-Si) deposited on a
transparent glass substrate. Instead of thinning the sensor plate, the thickness of the semiconductor
layer can be defined by the deposition rate and deposition time from the gaseous phase. Recently, a-Si
has been successfully applied to other chemical sensors, which are based on field-effect structures [13-
17]. In the case of an a-Si ion-sensitive field-effect transistor (a-ISFET), pH sensitivities of 48 mV/pH
[13] and 46 mV/pH [14] are reported. With a K' ion-sensitive thin-film transistor (ISTFT) with a
valinomycin-doped PVC membrane, a K’ sensitivity of 63 mV/pK is reported. Because of the
feasibility of large-area thin films and the availability of the mature technologies, a-Si is expected to be
an ideal material for a high-resolution LAPS.
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Figure 2. Layer structure (left) and appearance (right) of the a-Si LAPS.

Preparation of a-Si LAPS

Figure 2 shows the layer structure of the fabricated a-Si LAPS device. Two different structures of
the a-Si LAPS have been prepared:

e glass/ZnO/n-type a-Si/undoped a-Si/Si0,/Si3Ny4 (type 1),
e ¢lass/ZnO/undoped a-Si/SiO,/Si3Ny (type II).

For each structure (type I, type II), three samples with different thickness of the undoped a-Si layer
(0.4, 0.7 and 1.2 pm) have been prepared. The a-Si thin films have been fabricated by the conventional
glow discharge method on Corning 1737 glass substrates with 500 nm of Al grids and 700 nm of
transparent ZnO layer as the backside contact. The deposition parameters for the n-type a-Si layer
(optional) and the undoped a-Si layer are summarized in Table 1. Phosphine (PH3) was used for the n-
type doping.

After the deposition of the a-Si layer(s), the insulating layers of SiO, and Si3N4 were prepared by
the plasma-enhanced chemical vapor deposition (PECVD) method. The thickness of the SiO, and
Si3Ny layer has been 30 nm and 50 nm, respectively. Prior to the measurement, the pH-sensitive
surface of Si3N4 was activated by a short dip in dilute HF (1%, for 10 sec.).



Sensors 2004, 4 166
Table 1. Parameters for the deposition of a-Si layers.
| substrate RF power | total pressure SiHy4 2% PH3/SiH,4
ayer
Y temperature (°C) (W) (mTorr) flow rate (sccm) | flow rate (sccm)
undoped 280 24 700 40 0
n-type 280 4.0 500 25 60

Characteristics of a-Si LAPS

The current-voltage characteristics of the fabricated sensors were measured in a cell shown in Fig. 3.
The measured area on the sensor surface was defined by the O-ring with an inner diameter of about
8 mm. Figure 4 shows the current-voltage characteristics of the a-Si LAPS with (type I) and without
(type 1I) the n-type layer for a pH7 buffer solution (Titrisol, Merck). In this experiment, the bias
voltage is defined as the voltage applied to the solution with respect to the Al grid on the glass
substrate.

For the a-Si LAPS with the n-type layer (type I), the obtained curves are similar to those of a
conventional n-type LAPS. In the present case, the photocarriers (electrons and holes) are separated by
the electric field in the undoped layer, whereas the separation of photocarriers in a conventional LAPS
is limited only inside the depletion layer. For the a-Si LAPS without the n-type layer (type II), the
polarity of the curve was opposite.
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Figure 3. Measurement cell for the
a-Si LAPS.

Figure 4. Current-voltage characteristics
of the a-S1 LAPS.

As for the dependence on the thickness of the semiconductor layer, the photocurrent increases as
the undoped a-Si layer becomes thicker. This can be explained as a result of the increased absorption
of the light. On the other hand, in the case of a conventional LAPS, which has a relatively thicker
substrate, the light is totally absorbed within the semiconductor layer and the generation of
photocarriers is no more dependent on the thickness of the substrate. In this case, the photocurrent
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decreases as the Si substrate becomes thicker, due to recombination of minority carriers in the
substrate.

Figure 5 shows the response of the a-Si LAPS with 0.4 um of undoped a-Si layer to different pH
values. In both cases, with (type I) and without (type II) the n-type layer, the current-voltage curve
shifts along the voltage axis depending on the pH value from 4 to 10. A linear relationship between the
respective pH value and the bias voltage was observed for all sensors, independent of the thickness of
the a-Si layer (0.4 pm /0.7 um/ 1.2 pm).

To calculate the pH sensitivity, the bias voltage corresponding to the inflection point of each curve
in Fig. 5 was calculated and plotted versus the pH value in Fig. 6. For the a-Si LAPS with the layer
thickness of 0.4 um, the pH sensitivity is calculated to be about 52 (type I) and 54 mV/pH (type 1),
respectively. Similar values were obtained also for the a-Si LAPS with the layer thickness of 0.7 um
and 1.2 um. These sensitivity values correspond very well to those, described in literature for Si3Ny as
pH-sensitive material, also deposited by means of the PECVD process [18].
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Figure 5. Current-voltage characteristics of a-Si LAPS with (type I, left) and without (type 11, right) n-
type layer for different pH values.
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Figure 6. Calibration plots of a-Si LAPS with (type I, left) and without (type II, right) n-type layer.
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The results indicate the possibility of a-Si as a semiconductor material for thin-film LAPS. In
addition to the high spatial resolution, the feasibility of large-area sensors and the low fabrication cost
are advantages of a-Si LAPS. It would be necessary, however, to test other aspects of the sensor such
as hysteresis and durability, to check the spatial resolution by means of a focused laser beam, and to
evaluate the usability of the a-Si LAPS in practical applications.

Summary

In this study, a-Si LAPS has been fabricated on a transparent glass substrate. Two different
structures: glass/ZnO/n-type a-Si/undoped a-Si/SiO,/Si3N4 (type 1) and glass/ZnO/undoped a-Si/
Si0,/SisNy (type II) were compared. The former structure of LAPS showed current-voltage
characteristics similar to those of LAPS with n-type semiconductor, while the latter showed an
opposite polarity. The a-Si LAPS possesses a nearly-Nernstian pH sensitivity, defined by the PECVD
Si3N4 layer on top of the sensor structure. In addition to the high spatial resolution of thin-film LAPS,
a-Si is also advantageous for its flexibility of application, as it can be easily deposited on a glass
substrate; for example, a-Si LAPS may be integrated as a sensing element in u-TAS or lab-on-a-chip
devices [19].
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