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Abstract: In a previous study, a thin In-Ga-Zn-oxide light addressable potentiometric sensor (IGZO
LAPS) was indicated to have the advantages of low interference from ambient light, a high pho-
tocurrent and transfer efficiency, and a low cost. However, illumination optimization to obtain
two-dimensional (2D) chemical images with better spatial resolutions has not been fully investigated.
The trigger current and AC-modulated frequency of a 405-nm laser used to illuminate the fabricated
IGZO LAPS were modified to check the photocurrent of the sensing area and SU8-2005 masking area,
obtaining spatial resolution-related functions for the first time. The trigger current of illumination was
adjusted from 0.020 to 0.030 A to compromise between an acceptable photocurrent and the integrity
of the SU8-2005 masking layer. The photocurrent (PC) and differential photocurrent (DPC) versus
scanning length (SL) controlled by an X-Y stage were used to check the resolved critical dimensions
(CDs). The difference between resolved CD and optically measured CD (e.g., delta CD) measured at
an AC frequency of 500 Hz revealed overall smaller values, supporting precise measurement in 2D
imaging. The signal-to-noise ratio (SNR) has an optimized range of 2.0 to 2.15 for a better resolution
for step spacings of both 10 and 2 pum in the scanning procedure to construct static 2D images. Under
illumination conditions with a trigger current of 0.025 A and at an AC frequency of 500 Hz, the spatial
resolution can be reduced to 10 pm from the pattern width of 6 um. This developed methodology
provides a quantitative evaluation with further optimization in spatial resolution without an extra
cost for applications requiring a high spatial resolution, such as single-cell activity.

Keywords: 2D image; IGZO; illumination; LAPS; spatial resolution; SNR

1. Introduction

Lab-on-a-chip systems, including microfluidic, miniature sensors and actuators, have
proven to be promising platforms for rapid screening and point-of-care testing (POCT)
applications in recent years [1-3]. To provide additional information, a sensor array with
the advantages of stability, a small volume and a low cost is preferred. However, the con-
ventional sensor array cannot be easily or flexibly integrated into the whole LOC system
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due to the volume limitation of microfluidics [4]. The individual sensor at a fixed posi-
tion defined by the manufacturer highly constrains the mass information availability and
sensing flexibility to match real applications, especially biomedical targets. For example,
detection targets with uncertain landing properties on the sensing surface could lead to
a very low capture rate and follow an undetectable signal such as single cell or very low
concentration antigen sensing applications [5]. Therefore, spatially resolved mapping of
the molecular species or cell-functionalized areas provided by sensor arrays could be a
target with which current limitations can be overcome. In the meantime, the stability and
reproducibility of the sensor array are generally considered as key requirements before
commercialization [5,6]. Therefore, field-effect sensors could be one of the most promis-
ing candidates due to their compatibility with the semiconductor industry and relative
advantages in fabrication and miniaturization [7,8]. As the most representative commercial
product (e.g., Ion Torrent, Thermo Fisher Scientific Inc., in the United States of America
(U.S.), a sensor array made by extended-gate field-effect transistors (EGFETs) with a specific
readout circuit are proposed for next-generation DNA sequencing [9,10]. The chips made
for Ion Torrent with a readout circuit induce an extra cost, which is a burden of disposable
applications. One of the promising field-effect sensors, named light-addressable poten-
tiometric sensors (LAPSs) [11], derived from electrolyte-insulator-semiconductor (EIS)
structures [12] and ion-sensitive field-effect transistors (ISFETs) [13,14], have natural merits
in array-like applications compared to EGFETSs, EIS structures, ISFETs and CMOS ion image
sensors [15], such as their simple fabrication and ability to handle two-dimensional (2D)
chemical images composed of light-addressed measurement pixels [11,12,16-18]. Once the
additional active area for AC modulated illumination is opened from the backside contact
metal layer from the EIS structure, the LAPS structure can be simply fabricated [12,16].
With illumination into LAPS, penetrated photons can be absorbed by the semiconductor
layer, and extra carriers (electron-hole pairs) are generated and diffused. At the same
time, an electrical field generated by the bias voltage is applied between the reference
electrode in the electrolyte and a backside contact to the semiconductor layer can drive
the generated electron-hole pair separation, especially when operated in the depletion
mode. In the general operation of LAPSs, illumination is turned on during the positive
half of the AC-modulation period, which can generate a gradient of carrier concentra-
tions (e.g., electrons) in the semiconductor, and the diffusion of extra carriers can induce
a transient current (e.g., AC photocurrent). Then, illumination is turned off during the
negative half of the AC-modulation period, and excess holes inside the depletion layer
are removed by recombination, resulting in a transient current in the reverse direction.
Under a given voltage bias, the level of the generated AC photocurrent is determined
by the operation mode of the LAPS, especially the relative field-effect-induced depletion
mode. This typical photocurrent versus bias voltage curve was observed with a parallel
shift due to surface-binding charges provided by the different pH or ion concentrations of
the electrolyte. A linear correlation between the bias voltage shift and the pH value of the
electrolyte is naturally found as a pH-sensing response [14,18]. Consequently, with this
common behavior, a fabricated LAPS can be considered a pH or ion concentration sensor in
practice. Furthermore, photocurrents aligned with their coordinates can also be collected by
systematic arrangement with illumination addressability in the LAPS readout instrument
to generate two-dimensional (2D) chemical imaging [18,19] or volume information of the
sensor array [20,21]. Compared to the conventional electrode/sensor array with a prede-
fined sensing location, LAPS based on the virtual electrode/sensor defined by scanning
has a high flexibility to modify measurement pixels, which is beneficial in real applications
such as the uncertain location in vivo measurement of cells. To have a multipixel sensor
array, EIS structures, ISFETs and complementary metal-oxide-semiconductor (CMOS)
ion sensors are not fully preferred in biomedical and microfluidic applications due to the
nonflat surface morphology and complicated isolation process between sensors. In contrast,
LAPSs have been proven to hold the following advantages: 2D chemical imaging, simple
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fabrication, flat surfaces, and low cost for applications in pH sensing [18,22], chemical
reactions in microfluidics [19,23,24] and cultured-cell activity monitoring [16,24-26].

To construct 2D chemical images with a high spatial resolution (e.g., the minimum
dimension can be resolved) based on a LAPS chip, the lateral diffusion of minority pho-
tocarriers out from of the illuminated area in the semiconductor layer can be considered
the most dominant factor [27-29], and this factor can be improved from two major fields,
the semiconductor substrate and illumination condition. In short, the lateral diffusion
distance strongly depends on the thickness and quality of the semiconductor layer. Various
modifications relative to semiconductor substrates, including thickness, high doping con-
centration [29,30] and new materials, have been widely studied for the spatial resolution
of LAPSs. To have a thinner semiconductor layer, a reduction in the thickness of the Si
substrate processed by wet etching [31,32] or dry etching [18], silicon on sapphire (SOS) [33]
or silicon on insulator (SOI) [34] was demonstrated to obtain a better spatial resolution,
but limitations such as complicated processes or high costs still exist in reality. On the
other hand, new materials, including amorphous silicon (a-5i) [35] and In-Ga-Zn-oxide
(IGZO) [36], can be used as thin semiconductor layers, and the LAPS can have a spatial
resolution down to a few tens of microns. Due to the superior properties of a thin IGZO
semiconductor layer, less interference from ambient light, high photocurrent and transfer
efficiency, and low cost for applications in LAPS have been verified [37]. Moreover, IGZO
also has the natural advantages of a high mobility, wide band gap, and low-temperature
process capability for flexible substrates and has been applied to commercial products [38].

In the case of easy integration with microfluidics and surface treatments, backside
illumination is the preferred practical setup for LAPS due to the interference immunity of
absorption and scattering in the electrolyte. Several approaches for illumination adjustment
to obtain better spatial resolutions have been proposed, such as a laser with a small spot
size [26,36], short wavelength [29,39], a new approach using hybrid illumination [40] and a
honeycomb meshed-shielding mask [41]. There is a physical limitation of the minimum di-
mension of the focused laser spot that relies on significant illumination intensity to generate
a photocurrent. The extra instrumentation of hybrid illumination and the complicated pro-
cess of honeycomb meshed-shielding masks could be some concerns for universal usages.
Based on previous studies, a 405-nm laser was recently proven to be used for 2D imaging
of IGZO LAPS; the resolved smallest patterns had dimensions of approximately 50 um [36].
Lasers have the advantage of a high power density and good beam directionality compared
to other light sources; thus, lasers could be further integrated with analog micromirrors to
achieve rapid imaging speeds in the chemical imaging of LAPS [42,43]. Therefore, illumi-
nation optimization, including trigger current and AC frequency, is further investigated
in this study; first, the spatial resolution of photolithography patterned structures and
their static 2D images are studied. In addition, the correlations among illumination, the
photoresponse and the spatial resolution are systematically illustrated and analyzed in this
study for the optimized resolution of 2D chemical images.

2. Materials and Methods

To investigate the spatial resolution of thin film semiconductors on glass substrates in
LAPS, an ITO/glass product (e.g., RLO-17) provided by Ruilong Inc. (Kaohsiung, Taiwan)
was selected to deposit IGZO after surface cleaning with acetone, methanol and deionized
(DI) water. Before IGZO deposition by radio frequency (rf) sputtering, vacuum tape was
used to protect the electrode contact area. An IGZO target with a purity of 99.9% and a
specific atomic ratio (e.g., In:Ga:Zn:O = 1:1:1:4) was purchased (2TIGZO433BSE, Summit-
Tech resource corp., Hsinchu, Taiwan). The process pressure was controlled at 8 mTorr
with a steady gas mixture (e.g., flow rates of Ar and O, were 24 and 1 sccm) by 2 mass
flow controllers. The rf power was set as 100 W, and the substrate temperature was heated
to 250 °C for IGZO deposition with a thickness of 300 nm by the time model controls
obtained in from previous experience with studying the deposition rate under the same
conditions. [36,37,44] Due to the consideration of a high photocurrent and acceptable
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process time, the thickness of IGZO layer was decided [44]. The calculated penetration
depth of this fabricated IGZO layer on ITO glass under illumination with wavelength
of 405 nm could be approximately 3.4 pm based on the optical absorption spectrum
from the ultraviolet/visible spectrophotometer (UV-vis) and Tauc method, as shown in
Figure S1 [45]. After IGZO deposition, a 35 nm-thick NbOx layer functions as the sensing
membrane and is controlled by the time mode, which was fabricated by rf sputtering with
a Nb target with a purity of 99.9% in the position of the second gun, fixed Ar and O, gas
flow rates (e.g., 20 and 5 sccm), a pressure of 8§ mTorr and an rf power of 200 W. Due to
the fact that the extra thermal budget may impact on IGZO and ITO/glass, no substrate
heating of the sputtering process and following post-anneal treatment can be performed to
this NbOx layer for a better sensing performance. Therefore, the thickness of the NbOx
layer is not suggested to be further decrease for the stability requirement. After the whole
deposition, the vacuum tape was removed with a wet clean of acetone, methanol and
deionized (DI) water to have the exposed ITO layer to collect the photocurrent of IGZO
LAPS. To investigate the static 2D chemical images and spatial resolution, in addition to
obtaining specific patterns, a photomask with different dimensions, shapes and characters
was manufactured on the NbOx surface by a photolithography process using an SU-8 2005
photosensitive epoxy purchased from Kayaku Advanced Materials Inc. (Westborough, MA,
USA). A container with polydimethylsiloxane (PDMS) formed by the self-designed mold
with a sensing area of 1 x 1 cm? was attached to the NbOx layer; this setting can be used as
the volume for electrolytes and a standard reference electrode for the sensing characteristics
measurement [18,36,37]. A picture of this fabricated IGZO LAPS with patterns defined by
the SU8-2005 layer with a thickness of approximately 5 um (e.g., checked by SEM image
and not shown here) is shown in Figure 1.

Clear (NbOXx)

«—
Width

783 490 489 195 195 95 96 46 46 17 17 7 6

Figure 1. The fabricated IGZO LAPS sample with SU8 photosensitive epoxy and PDMS encapsulation on the NbOx surface.
The ITO layer is exposed as the backside contact of IGZO LAPS. The clear and dark zones for PC-V curve measurement and
the scanning line of the spatial resolution check for the patterns with different widths are all marked in the picture captured

by an optical microscope.

To explore the fabricated IGZO LAPS with pH-sensing characteristics, including the
sensitivity and spatial resolution of 2D imaging measurements, an instrument setup with
3 key parts, including input signal generation, output signal processing, and scanning
control for data virtualization, was established [36]. The sensing environment was con-
structed in the container on the IGZO LAPS with an immersed standard Ag/AgCl reference
electrode (e.g., Fisherbrand accumet) provided by Fisher Scientific Inc. (Santa Clara, CA,
USA) and the standard pH buffer solution purchased from Merck Inc. (Darmstadt, Ger-
many). In the input signal generation part, the data acquisition (DAQ) card was used
to provide a gate bias voltage with a sweeping DC mode (e.g., —1.4 to 0.5 V with a step
voltage of 0.05 V) between the connections of the reference electrode and the exposed ITO
layer. For alternating current (AC)-modulated illumination from the glass side, functioning
as the major input signal of IGZO LAPS, different electrical input signals, including the
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settings of the frequency and trigger current, were supplied to a commercial 405 nm laser
(e.g., DL405T/200) purchased from Civil Laser Inc. (Zheijang, China) by the adjustments of
a function generator (33500B, Keysight, Trueform Series, Loveland, CO, USA). To check the
spatial resolution of static 2D chemical images, the dimensions of the laser spot were con-
trolled by the lens and focused to a minimum size of 12.3 x 12.4 um, as shown in Figure S2.
For output signal processing, a preamplifier (Model SR570, Stanford Research Systems,
Sunnyvale, CA, USA) was used to transfer the photocurrent generated by AC modulated
illumination by its impedance gain with frequency filtering to be transmitted to the DAQ
card to record in the LabVIEW program [36]. For scanning control in the data-virtualization
process, the LabVIEW program was used to control an X-Y stage (e.g., SHOT-702) provided
by Sigmakoki Inc. (Tokyo, Japan) for the movements of a customized stage fixed with
IGZO LAPS, which has the ability to adjust the direction, total length, step distance, and a
fixed time period for a predefined and automatic scanning procedure. The coordinates of
each pixel were collected and combined with the measured photocurrent for the complete
scanning procedure. Therefore, the 2D image can also be easily illustrated by the assistance
of the LabVIEW program. For less light and noise interference from the environment, the
IGZO LAPS sample, X-Y stage and laser were all shielded in a stainless dark box. Detailed
information on this LAPS measurement setup can be found in a previous report [36]. A
constant-voltage mode was applied to IGZO LAPS to collect the relative photocurrent of
each pixel for linear scanning and 2D imaging [17,32,36].

3. Results and Discussion
3.1. Basic Characterization of Photoresponse

The IGZO LAPS samples were fabricated with clear and dark zones of different
dimensions defined by SU8-2005 photosensitive epoxy and a standard photolithography
process, as shown in Figure 1. Following the definition of mask design, clear zones
represent the area of the bare NbOx layer on the IGZO layer, and dark zones represent an
SU8-2005 layer on the NbOx/IGZO layer. Thus, it was expected that the photocurrents
of clear zones would be higher than those of dark zones due to the thick SU8-2005 layer
(e.g., 5 um) functioning as the encapsulation between the sensing membrane and electrolyte.
As shown in Figure 1, the locations of the representative clear and dark zones for the
standard characteristic measurement are illustrated. Since the objective of this study is to
investigate the spatial resolution of the sample patterns, the ability to distinctly identify the
boundaries between clear and dark zones is fundamental to be investigated and improved.
The photocurrent of the dark zone, referred to as the background noise (N), and the
photocurrent of the light zone, referred to as the actual desired signal (S), are studied
in detail. On the basis of common parameters, including material, doping, thickness of
semiconductor layer and wavelength of light source published in conventional studies,
the improvement of spatial resolution is further studied upon the optimization of the
operating conditions of the photoillumination process in this study. The two selected
parameters are the frequency of the AC modulated input signal and the trigger current
applied to the laser source, which together induce different illumination intensities and
photocurrents of the LAPS. Additionally, to accurately distinguish zone boundaries, the
basic photoresponse of the IGZO LAPS, including a photocurrent versus bias voltage
(PC-V) characteristic curve and the signal-to-noise ratio (SNR), was studied. The SNR
was collected by the calculation of photocurrent obtained at the clear zones and the dark
zones separately by the measured PC-V curve at —1.4 V. First, the PC-V curves were
measured in a pH 7 buffer solution by fixing the AC modulation frequency at 500 Hz and
varying the trigger current of the laser in the clear and dark zones, as shown in Figure 2a.
Next, Figure 2b,c shows the results with the frequency modified to 1000 and 2000 Hz for
the same setting of trigger currents, respectively. For a fair parametric analysis, other
parameters were kept constant, such as the same pH 7 buffer solution, the same reference
electrode, and the sinusoidal laser input having the same following voltage parameters
(e.g., peak-to-peak voltage, Vpp =4 V and direct current voltage, Vpc =2 V). In the clear
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zone, the behavior of an n-type semiconductor was found to have a high photocurrent in
the negative bias region as LAPS operated in inversion mode. The photocurrent decreased
as the bias voltage increased because the depletion width decreases from the less revised
bias until operation changed to the pure accumulation mode. In the meantime, with the
lower trigger current of the laser, the lower intensity of photons supplied the IGZO layer, a
few electron-hole pair generations and followed a lower photocurrent. In the dark zone,
the photocurrent in the inversion layer was significantly lower than that in the clear zone,
matching expectations since the thick encapsulation layer fabricated by the SU8-2005 layer
induced a very weak depletion and follows a relatively low photocurrent under the same
illumination. In addition, the photocurrent in the accumulation region of the clear and dark
zones matched well, which can be considered the same level of background noise in the
LAPS measurement. The low-level noise could result from the photons passing through
IGZO and then scattering to other IGZO regions by reflection by the reference electrode
due to more than 70% transmittance of the IGZO layer, as shown in ultraviolet/visible
spectrophotometer (UV-Vis) results reported in previous literature [36]. In addition, the
pH-sensing performance and calculated pH sensitivity of the fabricated IGZO LAPS is
displayed in Figure S3a,b, and these results were obtained by measuring pH-dependent
PC-V curves. The performance is in agreement with the typical behavior reported in the
literature [36].

(a) 0.35 ' Da'rk Clear 4 (b) 0.35F ' ' Dalrk Clear 4 (C) 0.35}F ' I Dalrk Clear 4
g 0.020A—8— —O— | — 0.020A—8— —0—{ — 0.020 A —@— —O— 1
< 030 0.025A—b— ] <L 030f 0.025 A —d— =4 <T 030} 0.025 A —dhe— —A— -
= 0.030 A—8— —— % 0.030A—8 o] = 0.030 A —— ——
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Figure 2. PC-V curves of IGZO LAPS with clear and dark zones defined by the SU8-2005 layer measured in a pH 7 standard
buffer solution with various trigger currents, including 0.020, 0.025 and 0.030 A and 405 nm laser modulated with AC
frequencies of (a) 500, (b) 1000 and (c) 2000 Hz.

3.2. Correlation of Photocurrent and Signal-to-Noise Ratio

Having a low induced photocurrent and less lateral diffusion is beneficial to spatial
resolution; therefore, measuring 2D chemical images with low-intensity laser illumination
was designed for this objective. First, a higher AC modulation frequency is therefore desired
for a lower photocurrent. However, as evident from the PC-V curves in real measurements,
the photocurrent decreases with increasing frequency, limiting the feasible frequency range
choices. As a result, the maximum frequency for an acceptable photocurrent is obtained
at 2000 Hz from the combined effect of the laser source and IGZO LAPS sample. An
AC modulation frequency higher than 2000 Hz yields low-level photocurrents that are
practically infeasible for improving spatial resolution performance. Similarly, the limits
for the feasible set of trigger currents have been decided after extensive experimentation.
Based on the minimum acceptable photocurrent obtained by a criterion that can recognize
patterns from background noise, the minimum and maximum trigger currents for all three
AC modulation frequencies were decided to be 0.020 and 0.030 A, respectively. To further
compare the photoresponse, the photocurrent measured at the most negative bias voltage
(e.g., —1.4 V), which is the maximum value in these IGZO LAPS samples, was selected to
study the effect of different trigger conditions of illumination. As shown in Figure 3a, the
photocurrent increased as the trigger current increased and the AC frequency decreased in
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both the clear and dark zones. The measured photocurrent in the clear zone was always
higher than that in the dark zone. The low-level photocurrent in the dark zone, which can
be referred to as the background noise level, impacted the spatial resolution in this study.
Before discussing the behavior in detail, it should be mentioned that illuminating a LAPS
sample leads to two phenomena, including the generation of electron-hole pairs and their
time-dependent propagation to generate a photocurrent. At a higher frequency, less time
was available for electron-hole pairs to propagate between the on/off state of illumination,
and the minimum trigger current thus had to be higher (e.g., a higher laser intensity
was needed to generate more electron-hole pairs) to achieve the acceptable photocurrent.
Thus, this trend is the initial indicator of a possible tradeoff between lowering the laser
intensity and increasing the frequency to approach a better spatial resolution. However,
for lower frequencies, there is more time for electron-hole pair generation and propagation,
hence there is a leverage for lowering the minimum trigger current (e.g., the laser intensity
can be significantly lower to avoid electron-hole pair crowding) to obtain an acceptable
photocurrent. The maximum trigger current was set at 0.030 A with the following light
intensity of 13 mW, which is the maximum permissible intensity for illumination of the
sample while maintaining the surface integrity of the IGZO LAPS. Laser intensities higher
than 13 mW begin to damage the SU8-2005 layer due to the excessive heating effect of
the absorption of high-power illumination, as shown in Figure 54 in the Supplementary
Materials. To obtain a better understanding, the difference in photocurrent between the
clear and dark zones by the grouping of frequency and trigger current is redrawn with a bar
chart with different color groupings, as shown in Figure 3b. All white bars are presented
for the photocurrent of the dark zone in each group. The difference in photocurrent at
—1.4 V presented in different colorful bars in the total measured photocurrent of the clear
zone minus the photocurrent of the dark zone. It can be clearly seen that the photocurrent
in dark zones (e.g., background signal or noise, named as N), the photocurrent in clear
zones (e.g., signal, named as S) and the difference in the photocurrent current between
dark and clear zones (e.g., signal-noise) always increased or decreased simultaneously no
matter the groups of frequency or trigger current, indicating that the optimized condition
of a high signal and low noise together cannot be obtained by this illumination setting.
To illustrate the difference between the clear and dark zones with regard to the spatial
resolution, a new parameter, the signal-to-noise ratio, SNR, is created to check the potential
trend by calculating the ratio of photocurrent measured at —1.4 V of the clear zone over the
dark zone. As shown in Figure 3¢, the SNR at —1.4 V is drawn with all trigger parameters
of illumination. To better understand the exact power of illumination, the laser power of
each group is also provided, as shown on the Y2-axis of Figure 3c. The intensity increases
linearly with the trigger current. For a fixed frequency, the SNR decreases with the trigger
current of the laser for the group operated at 500 and 1000 Hz. Only at a frequency of
2000 Hz is a very low SNR found for the group with a trigger current of 0.020 A, which
could be due to the smallest intensity and the highest modulated frequency both causing
the photocurrent to not be generated and transported smoothly. For a higher SNR, a high
laser intensity is not always desired. A new concept presented in this study uses a new
parameter, SNR, to discuss the potential impact on the spatial resolution of LAPS for the
first time.
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Figure 3. Photocurrent at —1.4 V for the dark and clear zones under different trigger currents and AC frequencies: (a) scatter

plot with connection line and (b) bar chart with different colors. All values of the dark zone are marked in white. (c) The

signal-to-noise ratio and the intensity of laser illumination of different trigger currents and AC frequencies.

3.3. Conceptualizing and Formulating the Spatial Resolution

By definition, the spatial resolution describes how much detail in a photographic
image is visible by the human eye. The ability to “resolve,” or separate, the smallest
pixels is one way of describing what we can define as spatial resolution. However, for
practical purposes, this idea needs to be quantified into a measurable quantity for scientific
analysis. When the LAPS sample with fabricated patterns is subjected to line scanning of
illumination, the surfaces with thicker SU8-2005 layers compared to the features/patterns
that expose the bare NbOx layer could be used to investigate the difference in the measured
signal. These distinct regions show different responses in terms of two distinct levels of
photocurrents, as shown in Figure 2a. Therefore, the features/patterns exposing the bare
NbOx layer yield a higher photocurrent (e.g., signal) than the rest of the SU8-2005 masked
surface (e.g., noise). Then, a scanning process of the laser spot can be performed by the
sample movement controlled on a fixed Y-axis and gradual increases in the X coordinate
by an X-Y stage scheduled by the LabVIEW program, which is illustrated as marked in
the scanning line, as shown in Figure 1. In a line scanning process, the photocurrent was
measured with a bias voltage at —1.4 V with a trigger current of 0.025 A at a frequency of
1000 Hz at equispaced points with spacing steps of 10 and 2 pm along a straight line on
the LAPS surface were collected to generate photocurrent versus scanning length (PC-SL)
plots. The image comparison between the 2D image from the microscope and the measured
PC from LAPS is shown in Figure 4a,b, respectively. In a wide range scanning for a fast
and rough check, these two patterns are matched well. To perform a detailed verification,
the dimensions of clear zones are designed to be 10 to 800 um in the layout for mask
fabrication and to follow the photolithography for the SU8-2005 photosensitive epoxy
to verify the limitation of spatial resolution in this study. Corresponding to the width of
the fabricated patterns of the LAPS measured by microscopy, as illustrated in Figure 1,
the photocurrent with each coordination was collected and plotted in the PC-SL curve, as
shown in Figure 4c. This figure depicts the varying crests and troughs of photocurrent
detected pixel-by-pixel through all patterned regions of LAPS as the X-Y stage-controlled
illumination in the scanning process with a spacing of 10 pm. According to the increasing
widths of each line pattern on LAPS, the observed widths of each height in the PC-SL plot
increase. The highest photocurrent of the small patterns is lower than that of the large
patterns, which can be concluded from the limitation of spot size after diffraction of the
LAPS chip being larger than the actual design patterns. At the boundaries between bare
NbOx and SU8-2005 masked surfaces, some clear trends of the rise or fall of photocurrents
can be clearly observed. This sudden rise-and-fall behavior can be conceptualized clearly
in terms of differential photocurrent versus scanning length (DPC-SL) plots, as shown in
Figure 4d, following the definition by calculating the full width at half-maximum (FWHM)
of the first derivative in the photocurrent response across the edge of the photoresist
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pattern [17,18,32,36,46]. The locations with a local maximum and local minimum DPC
are shown in Figure 4d and can be observed to align along the boundaries of sudden
changes in PC, as shown in Figure 4c. This kind of extremum can be considered the
cliffs of PC in the boundaries between the NbOx and SU8-2005 layers. Therefore, the
distance between each local maximum and its adjacent local minimum in the DPC-SL plot
is termed the critical dimension (CD) of each pattern. Using these calculated data, we can
finally conceptualize and formulate the quantitative definition of spatial resolution (SR)
of the LAPS sample. The superimposition of the DPC-SL plot over the PC-SL plot not
only takes into consideration the gradual rise and fall of PC at the boundaries between
clear/dark patterns while estimating the critical dimension but also assists in calculating
the critical dimension accurately in two ways: (1) eliminating anomalous data in either of
these plots for better pattern recognition and (2) correctly identifying the pair of adjacent
local maxima and minima corresponding to the rise and fall of PC at the boundaries. The
SR ability of LAPS in this study is defined as the absolute difference between the actual
width of a particular feature measured by a microscope (e.g., as marked in Figure 1) and
the calculation obtained from the LAPS measurement (e.g., by calculating the distance
difference from coordination between the maximum and minimum DPC).
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Figure 4. (a) Image from an optical microscope, (b) image generated from the LabVIEW interface by
collecting photocurrents and coordinates, (c) photocurrent and (d) differential photocurrent versus
its Y coordinates with a DC bias at —1.4 V and illumination with a trigger current of 0.025 A and AC
frequency at 1000 Hz in line scanning with a step spacing of 10 um controlled by an X-Y stage.

3.4. Spatial Resolution Analysis

A comprehensive experimental investigation on the spatial resolution of the patterned
IGZO LAPS sample was performed, following a parametric comparison of the results
based upon the two major operating conditions: the frequency and the trigger current
of the AC-modulated laser used for illumination. The objective of enhancing the spatial
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resolution performance of the LAPS essentially means improving the ability of the LAPS to
resolve the smallest dimensions of patterns as much as possible. To investigate the small
difference between the fabricated SU8-2005 patterns and the measured signals of LAPS,
the PC-SL and corresponding DPC-SL curves were redrawn, as shown in Figure 5a, for a
trigger current of 0.020 A at an AC frequency of 1000 Hz measured in pH-7 buffer solution.
As shown on the Y1-axis of Figure 5a—c, the measured photocurrent versus scanning length
(PC-SL) curve for the clear zone with a width of 200 um can be seen for three trigger
currents, including 0.020, 0.025 and 0.030 A, respectively. Line scanning was performed at
a spacing step of 10 um and a bias voltage fixed at —1.4 V for a maximum photocurrent. A
clear photocurrent step height can be observed for all three conditions. The baseline and
height of the photocurrent both increase with trigger currents. However, this PC-SL curve
itself is not fully representative of accurately measuring the critical dimension by a simple
cutoff in the behavior because a small photocurrent tail may be generated by the large
spot size of illumination and the resulting scattering in a glass substrate. As mentioned
in the previous part, the DPC-SL plots shown on the Y2-axis of Figure 5a—c can be used
to better compare the spatial resolution. It can be clearly observed that the CD values are
200 and 210 pm at trigger currents of 0.020 A and in other groups, respectively. Therefore,
among these three operating conditions under illumination at a frequency of 1000 Hz, the
best spatial resolution performance of the 200-um-wide pattern is obtained for the group
with a trigger current of 0.020 A. Some fluctuations may be found in the PC-SL curve,
which can be from the natural noise and the instability of the laser. With the combination
of PC-SL and the DPC-SL curve, patterns made by the SU8-2005 mask layer can be more
efficiently and correctly distinguished. The comparison of patterns with widths of 800
and 50 um scanned by spacings of 10 and 2 pm with the same illumination setup is also
provided, as shown in Figure S5a,b. For a large pattern (e.g., 800 um), a spacing step of
10 pm is good enough to distinguish the width regardless of the trigger current condition,
as shown in Figure S5a. For a small pattern (e.g., 50 um), a small spacing step of 2 pm is
required. However, a critical issue could occur since continuous illumination with high
power damaged patterns, which allowed us to select a low trigger current from 0.020 to
0.030 A. The SU8-2005 layer burned after the scanning measurement with a trigger current
of 0.035 A is presented in Figure S4. These results prove the earlier hypothesis that spatial
resolution performance is not followed simply by increasing the trigger current. Therefore,
investigation of the correlation of the signal, noise and SNR with the spatial resolution
performance is necessary for the optimization of the spatial resolution of LAPS.
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Figure 5. Photocurrent (PC) and differential photocurrent (DPC) versus scanning length curve for IGZO LAPS with a
200 um-wide clear zone measured in pH 7 buffer solution at AC frequency at 1000 Hz with trigger currents of (a) 0.020,

(b) 0.025 and (c) 0.030 A.

Next, a discussion of the spatial resolution performance comparison considering all
the line patterns with different illumination conditions is presented. In the spacing group
of 10 um, patterns with a designed width from 100 to 800 um (e.g., a total of 8 patterns) are
used to test by the consideration of suitable pixel numbers. A spacing of 2 um is used to
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check the spatial resolution for patterns with a designed width from 8 to 100 ym (e.g., a
total of 8 patterns). For a better understanding of the ability of SR data, a new parameter of
delta CD is created by calculating the difference between the CD measured from DPC/PC-
SL and from optical microscopy. The median value of each group with different trigger
currents and AC frequencies is selected for comparison to avoid fluctuations or noise
impacts in the scanning measurements. The median delta CD with all groups scanned
with step spacings of 10 and 2 pm versus photocurrent measured at —1.4 V in clear ozone
is drawn, as shown in Figure 6a,b. It can be confirmed that a small step spacing results
in a small delta CD and follows a better spatial resolution (e.g., delta CD = 0, which
essentially means that LAPS perfectly resolves the fabricated line width), which meets
scientific expectations. The minimum delta CD values are approximately 4 and 5 pm for
step spacings of 2 and 10 pm, respectively. At low frequencies (e.g., 500 and 1000 Hz), a
high photocurrent seems to slightly increase delta CD, but the opposite trend is found at a
frequency of 2000 Hz. No consistent correlation can be found between the median delta CD
and photocurrent measured at —1.4 V in the clear zone for all AC frequencies, indicating
that the spatial resolution is not perfectly determined by the photocurrent in the clear zone.
In the meantime, the photocurrent in the dark zone also presents a similar behavior to
delta CD, as shown in Figure S6. On the contrary, a clear correlation was not found. The
trigger current shows a different trend under varying AC frequencies, which could be a
complicated effect from the experimental setup contributed by the frequency response of
the laser and IGZO optoelectronic transfer mechanism. For a further detailed study, delta
CD versus SNR plots for all illumination groups with step spacings of 10 and 2 um are
drawn, as shown in Figure 6¢,d. A small optimized region of SNR (e.g., 2.0 to 2.15) seems to
be close to the minimum delta CD, both shown for step spacings of 10 and 2 pm. Low SNRs
are obtained at high trigger currents at frequencies of 500 and 1000 Hz; these values can be
explained by the intensive response of the photocurrent in the dark ozone over the clear
zone. This high-noise baseline is harmful to the readiness between the difference between
the clear and dark ozone and following a high delta CD. Consequently, a high SNR is
generally desired for a low delta CD. In general, laser illumination with a low intensity does
not give an acceptable photocurrent signal or an accurate spatial resolution performance
due to the potential impact of existing background noise. As shown in Figure 6¢,d, the AC
frequency at 2000 Hz triggered with 0.025 A has a slightly higher SNR, but the photocurrent
level is not sufficiently high to obtain a noise-immunity signal; in particular, extra noise
could be generated by the continuous heating and location movements in the scanning
measurement. At this moment, the high trigger current may be used to decrease delta CD
slightly, which cannot be suggested due to the risk of pattern damage. On the other hand,
the higher the SNR is, the lower the delta CD found for AC frequencies at 500 and 1000 Hz
is, which can be concluded by the photocurrent remaining at an acceptable level and then
the background noise level dominating. If the photocurrent level is too high, the measured
delta CD is increased. As clearly seen in Figure 6¢,d, the delta CD trending is overall lower
in the group illuminating at an AC frequency of 500 Hz than 1000 and 2000 Hz, which
means a wide process window and better baseline performance is found. An optimized
illumination condition for a driving current of 0.025 A at 500 Hz combined with a spacing
of 2 um in can be used to resolve the pattern width of 10 pm from the pattern width of
6 um, which is better than the previously reported record of 46 um from an optical width
of 50 um. To have a smaller spatial resolution (e.g., 1 um) in the 2D chemical images for
cell-relative activity, a miniaturized illumination spot and less photon scattering of IGZO
and glass substrate can be suggested for further investigations.
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Figure 6. The photocurrent measured at —1.4 V in clear ozone versus the median value of delta CD
for step spacings of (a) 10 and (b) 2 um. The SNR at —1.4 V in the clear ozone versus the median
value of delta CD for step spacings of (c) 10 and (d) 2 pm. A clear optimized operating region for a
small delta CD can be found for SNRs from 2.0 to 2.15.

4. Conclusions

In this study, a comprehensive investigation of the photoresponse controlled by
various illumination conditions for a 405 nm laser, including trigger current and AC
frequency, is first presented to have a smaller spatial resolution of 2D images of IGZO
LAPS. The photocurrent (PC) and differential photocurrent (DPC) versus scanning length
(SL) are both used to check the resolved critical dimension (CD) from the response of IGZO
LAPS. The difference between the resolved CD and optically measured CD (e.g., delta CD)
is defined for the spatial resolution study. Experiments at an AC frequency of 500 Hz have
an overall smaller delta CD, which can support a precise measurement and better process
window. The trigger current level is suggested to be optimized from the tradeoff between
the low photocurrent generated by a low power intensity and SU8-2005 mask layer damage
induced by a high power intensity. The basic pH-sensing performance of the IGZO layer is
comparable under all illumination conditions. This developed methodology provides a
possibility for quantitative evaluation with further optimization of the spatial resolution
without an extra cost. The signal-to-noise ratio (SNR) has an optimized range of 2.0 to 2.15
for a better resolution for step spacings of both 10 and 2 pm in the scanning procedure to
construct static 2D images. Under illumination conditions with a trigger current of 0.025 A
and an AC frequency of 500 Hz, the spatial resolution can be reduced to resolve 10 um from
the pattern width of 6 um. This proposed methodology for the optimization of illumination
resulted in a better spatial resolution and can be helpful in 2D chemical imaging-related
studies without the extra cost induced by a new instrumentation setup.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/chemosensors9110313/s1, Figure S1: Optical absorption spectrum of this fabricated IGZO/ITO/
glass sample. Calculated penetration depth is approximately 3.4 pm. Figure S2: The dimensions of
the 405 nm laser spot were controlled by the lens and focused to a minimum size of 12.3 x 12.4 um,
which was collected by a commercial beam profiler (NanoScan 2 s, Ophir Photonics, U.S.). Figure S3:
(a) Photocurrent versus bias voltage (PC-V) curves measured in various pH buffer solutions and
(b) the calculated pH sensitivity and linearity by using the output voltage at the 60% of normalized
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photocurrent of this fabricated IGZO LAPS sample. Figure S4: The damaged area of the SU8-2005
layer was induced by an excessive heating effect of the absorption of a high-power 405 nm laser
illumination with an intensity higher than 13 mW (e.g., trigger current of 0.035 A). Figure S5: PC-SL
plots of the patterns with width/spacing ratios of (a) 800/10 um and (b) 50/2 pum at the same AC
frequency of 1000 Hz and trigger currents of 0.020, 0.025, and 0.030 A, respectively. Figure S6: Plot of
the median delta CD and photocurrent measured at —1.4 V in the dark zone for all AC frequencies
with step spacings of 10 and 2 pum.
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