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GaN Thin Film Based Light Addressable Potentiometric Sensor for pH Sensing Application
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Gallium nitride (GaN) is a material with remarkable properties, including wide band gap, direct light emission and excellent chemical stability. In
this study, a GaN-based light addressable potentiometric sensor (LAPS) with SisN4 ~50 nm as a sensing membrane is fabricated. By modulated
optical excitation from an ultraviolet 365 nm light-emitting diode, the photoresponse characteristic and related pH sensitivity of the fabricated GaN-
based LAPS is investigated. A Nernstian-like pH response with pH sensitivity of 52.29 mV /pH and linearity of 99.13% is obtained. These results of
the GaN-based LAPS show great promise and it could be used as a single chemical sensor or integrated optoelectronic chemical sensor array for
biomedical research with high spatial resolution. © 2013 The Japan Society of Applied Physics

emiconductor-based solid state detection devices

are increasingly important for biosensor technology.

Semiconductors provide a number of advantages
such as high sensitivity, low power requirements, durability,
multiplicity of measurement sites and the capability for
miniaturization.” Semiconductor-based sensors can be
fabricated using mature fabrication technology of Si devices.
Silicon-based sensors are still dominant due to their low
cost, and reproducible and controllable electronic response.
However, these sensors are not suitable for operation in
extreme environments, for instance, in high temperature,
high energy radiation condition, high pressure, or corrosive
ambients. Wide band gap GaN-based material systems inten-
sively studied over the last few decades’™ are alternative
options to overcome the above mentioned limitations be-
cause of GaN’s remarkable properties including excellent
chemical stability and biocompatibility.” Silicon-based ion-
sensitive field effect transistors (ISFETs) sensors, electro-
lyte—insulator—semiconductor (EIS) capacitive sensors®™
and I1I-V nitride-based ion sensitive sensors'®'? have been
widely studied. Among the variants of ISFET sensors, the
measured ion concentration is an average over the entire
sensing surface in contact with the whole solution. As an
alternative sensing tool, a light addressable potentiometric
sensor (LAPS) was first introduced by Hafeman et al. in
1988'> by combining the scanned light pulse technique
(SLPT)'¥ with an EIS capacitor-based sensor. The unique
feature of LAPS'>!® is its addressing capability of an
individual sensing site by utilizing a modulated light beam.
The LAPS is also the basis of the chemical imaging'”
in which a focused laser beam scans the sensing area to
visualize the two-dimensional distribution of the ion con-
centration. Most LAPS devices are Si based and are used for
biosensing application. In this study, a thin-film GaN-based
LAPS device is epitaxilly grown and fabricated; its pH
sensing performance is investigated by addressing with
an ultraviolet 365nm light-emitting diode operated at a
frequency of 5kHz.

An epitaxial GaN layer of 4 um thickness with an n-type
doping of 1.6 x 10" cm™ was grown by metal organic
chemical vapor deposition on a 2-in. c-plane sapphire sub-
strate. Samples of 1 cm x 1cm size were cut from an epi-
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wafer for sensor chip fabrication. After removing the native
oxide from the GaN surface, a Ti/Al metal stack was
deposited in a ring shaped outer region by electron beam
evaporation using a shadow mask. This was followed by a
subsequent rapid thermal annealing at 700 °C in N, ambient
for ohmic contact formation. A 50-nm-thick layer of a SizNy
sensing membrane was then deposited in the inside region
of the Ti/Al ring by electron beam evaporation from 99.99%
pure Si3Ny granules under 2 x 1076 Torr chamber pressure.
Finally, a poly(dimethylsiloxane) (PDMS) side wall was
fabricated as a buffer solution container.

The pH value is of special importance in biological study,
food technology, and medicine. For example, the pH value is
used in the diagnosis of certain diseases and in determining
the level of maturity in food. Figure 1(a) shows a schematic
illustration of the layered structure of the fabricated LAPS
device and the corresponding measurement setup. To
measure the response of hydrogen ions (HT), commercially
available pH buffer solutions from pH 2 to pH 12 are used.
Prior to the measurement, the SizNy4 surface is activated by
1% HF solution for 10s. A commercially available Ag/AgCl
reference electrode is also used in the measurement. The
generated photocurrent is detected by using a lock-in-
amplifier (Stanford Research Systems SR510). The bias
voltage sweep was provided through a data acquisition card
(DAQ). The resulting photocurrent from the sensor chip is
then recorded with a 16-bit DAQ card by a LABVIEW-
based program on a PC. The original AC photocurrent
signal is amplified and converted to photovoltage by a
pre-amplifier with a conversion factor of 10*V-A~'. All
the measurements are carried out in a black box to avoid
room light interference. To test the performance of our GaN-
based LAPS chips, an external 365 nm light-emitting diode
modulated with a frequency of 5kHz is used.

Also, as proposed and shown in Fig. 1(b), based on
GaN the LAPS structure, further integration is possible by a
double-side GaN thin film epitaxy followed by the back
side LED fabrication or micro-LED'® array fabrication. By
grown this way, no external light source is needed and much
more compact size LAPS devices can be obtained.

Figure 2(a) shows the original AC photocurrent signal
and corresponding converted photovoltage as a function of
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Fig. 1. (a) Schematic illustration of GaN-based LAPS structure and
measurement setup. A positive value of bias potential indicates that the
reference electrode (Ag/AgCl electrode) is biased positively with respect to
GaN. An ultraviolet 365 nm light-emitting diode operated at 5 kHz
frequency is used as a modulated optical excitation. (b) Proposed
configuration to incorporate an LED array directly on the back side of the
GaN-based LAPS device in the future.

reference bias potential in pH value of 7. Figure 2(b) shows
the response of the GaN-based LAPS to different pH values
from pH 2 to pH 12. The lower voltage of the reference
bias corresponds to the depletion condition for n-GaN at
the Si3Ny interface. Various biases correspond to different
depletion conditions at the GaN-SizN, interface of our
fabricated LAPS devices. The electron-hole pairs (EHPs)
created by modulating optical excitation in n-GaN are
separated in the electric field at the depletion region, and an
alternating photocurrent is then generated and synchronized
to the modulation frequency of the LED light source. In
addition, the depletion width is also a function of surface
potential or surface charge. Therefore, the depletion
capacitance will vary with the surface potential. Of course,
with a fixed resistance, photocurrent can be transformed into
photovoltage. The normalized photovoltage-reference bias
curve shifts along the voltage axis because of the change of
surface potential at the interface of the sensing membrane
(SisNy) and solution with different concentrations of H
present in pH buffer solution. As shown in Fig. 2(b), the
normalized curves of the photovoltage versus reference bias
shift along the bias axis are obtained clearly.

To calculate the pH sensitivity and linearity of the fabri-
cated LAPS devices, the bias voltages corresponding to the
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Fig. 2. (a) Measured AC photocurrent and corresponding converted
photovoltage as a function of reference bias potential in pH 7.

(b) Normalized photovoltage as a function of reference bias potential for
different pH values is demonstrated. The lower voltage (to the left)
corresponds to the depletion condition for the semiconductor at the insulator
interface.
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Fig. 3. Sensitivity and linearity characteristics of GaN/Si3N4 LAPS chip
in the measured pH buffer solution are shown. A Nernstian-like pH response
with pH sensitivity of 52.29mV /pH and linearity of 99.13% is obtained.

inflection point of each curve in Fig. 2(b) are calculated and
plotted in Fig. 3 as a function of the pH value. The resulting
pH sensitivity and linearity are calculated and values as high
as 52.29mV/pH and 99.13% are obtained, respectively.
These LAPS devices with an e-beam-deposited SizNy layer
on top of the GaN semiconductor sensing structure show a
nearly ideal Nernstian pH sensitivity, which is comparable to
that of the traditional silicon-based LAPS device.'”

The LAPS pH detection is operated mainly by constant
current detection mode,”” which monitors the change of
inflection point voltage. Owing to some disadvantages of

© 2013 The Japan Society of Applied Physics
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Fig. 4. Photovoltage is recorded with time at a constant reference bias
voltage of 1.15V during changes of pH value of the buffer solution
(pH 2 — pH 12).

constant current mode measurement,zn constant Voltage

mode LAPS is adopted in this work, which is more suitable
for pH detection in practical application. Dynamic constant
voltage mode measurement data are depicted in Fig. 4,
which are obtained for characterizing our fabricated LAPS
devices. In Fig. 4, the photovoltage is recorded as a function
of time, at a constant reference bias voltage of 1.15V and
variation of buffer solution (pH 2 — pH 12). As shown in
the Fig. 4, the fabricated GaN LAPS devices exhibit good
response to the buffer solution variations.

An anion selective single-layer GaN potentiometric sensor
was reported previously?? where Ga-polar GaN exhibited a
Nernstian response to anions (SO;~ and OH™). In contrast,
N-polar GaN exhibited a pH selective potentiometric
response in a Nernstian manner for pH values from 2 to
10> This differences in the single-layer potentiometric
structure behavior can be avoided in our GaN/Si;N4 LAPS
structure due to its surface being covered with a dielectric
SizNy layer.

Furthermore, the spatial resolution of the LAPS is an
important factor for the chemical imaging application. It has
been demonstrated that the spatial resolution is determined
by beam size and lateral diffusion of photogenerated EHP in
the semiconductor substrate.*>> The lateral diffusion is
determined by the thickness of the semiconductor layer and
the diffusion length of the minority carrier. In the past, many
attempts have been made to improve the spatial resolution
of the LAPS device by thinning the Si substrate,”® using
a silicon on insulator (SOI) substrate,>” using a GaAs
substrate,”® and using an amorphous silicon thin film.>” In
this study, the thickness of the GaN epitaxially grown film
can be as small as 4um and the corresponding minority
carrier diffusion length is around 280nm.*® From the
concept of spatial resolution in case of a thin semiconductor
substrate,” the spatial resolution of present GaN thin film
LAPS is expected to be 4um or low depending on the
epitaxial layer thickness and exploiting proper optical setup.

The initial pH results of these grown LAPS devices have
usefully indicated the possibility of direct-band-gap GaN
as the base semiconductor material for thin-film LAPS
fabrication. Experiments to check their spatial resolution
by means of a focused laser beam to replace the single
external LED and some other aspect of sensors such as
the drift phenomenon for practical usability are under
progress.
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In conclusion, a GaN-based LAPS device has been pro-
posed, epitaxially grown, and fabricated. Its pH sensing prop-
erties have been demonstrated. A nearly ideal Nernstian pH
sensitivity of 52.29 mV/pH is obtained from the fabricated
GaN-based LAPS with a SizN,4 sensing membrane defined by
the e-beam evaporation. Good linearity of 99.13% is observ-
ed. The fabrication processes are compatible with LEDs and
can benefit their further integration. The thin-film-based
structure can limit the diffusion of photogenerated EHPs in an
epitaxially grown GaN layer and high spatial resolution for
future biomedical image research can be expected.
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