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Abstract: High blood pressure/hypertension is a severe medical issue among Malaysians that could be reduced by
monitoring our salt/sodium intake. One way is to use intraoral salt sensor; this in-mouth method however may cause
discomfort and adopts complex and costly fabrication processes. Hence, an external and reusable electronic device,
that could be used as a “sweat-sensor”, is preferred in detecting the sodium intake of the body. In this study, a
potentiometric diode-based salt solution sensor was designed and fabricated in order to detect different salt solution
concentrations with applied external voltage. A p-n junction diode sensor was successfully designed and fabricated
using four consecutive techniques; thermal wet oxidation, photolithography, thermal diffusion and metallization.
The average sheet resistance and resistivity of the diode sensor were measured to be 3.50 x 10°+ 0.66 €¥5q and 3.05
+ 0.5 Qcm respectively. This sensor showed ideal I-V diode characteristics with a knee voltage of 11.5V in forward
bias condition and breakdown voltage of -4 V in reverse bias condition. For salt concentration detection, the sensor
was able to detect salt concentration changes with respect to current flow, up to 45 mg/mL.
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1. Introduction

Studies have shown adverse effects of salt intake in humans, especially high blood pressure. Excess consumption of
salt or sodium (>5 g per day) will significantly increase our blood pressure, which has been linked to various
cardiovascular complications [1]. To date, researchers have found ways in developing electrochemical sensors that could
detect analyte levels (e.g. glucose, lactate) via bodily fluids such as saliva or sweat. [2]- [10]. Arakawa et al. developed
detachable “Cavitas sensors” to apply to human oral cavity to monitor glucose concentration in saliva [8], while Kim et
al. presented the works of non-invasive mouthguard biosensors for salivary monitoring of metabolites [9] and uric acid
[10]. These intraoral sensors however are held in rigid plastic boards and may cause discomfort to users by excessive
mechanical and thermal loading [11].

Non-invasive wearable sensors for sweat detection have also been extensively studied. Sweat or perspiration is
essential for physiological function in humans; the body regulates homeostasis and hydrates through the sweat glands in
the skin. [12] The composition of sweat is mainly water, minerals (i.e. sodium, potassium, calcium) and metabolites (i.e.
ammonia, urea). Recently, Pirovano et al. improved the SwEatch platform, a device that samples and measures the
concentration of sodium Na* and potassium K* in human sweat. They fabricated poly(3,4-ethylene-dioxythiophene)
(PEDOT)-based Na* and K* ion selective electrodes, which generated a new set of real-time data for measuring
electrolytes in sweat in athletes [2]. Hence, in this paper, a new type of salt sensor is designed and fabricated; a diode-
based sensor that can detect different concentrations of salt solution. This diode has a planar design and adopted p-n
junction as the sensing part.
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1.1 P-n Junction Diodes

A diode is a two-electrode device, which consists of an anode and a cathode. A key component of a diode is a junction
which allows current flow of one direction, but not in reverse [13]. Figure 1(a) shows the current flow from anode to
cathode, when the anode voltage is positive with respect to cathode voltage. Most common diodes are based on p-n homo-
or heterojunctions. Shown in Figure 1(b), a p-n junction diode is made up of two sides; one side is a p-type material with
high concentration of positive holes, while the other is an n-type material with high concentration of negative electrons
[14]. The transition zone between these two materials is known as the ‘carrier depletion layer’, and due to the high
concentrations of positive holes and negative electrons on either side, a potential difference exists across this layer [15].

When an electric field is applied, two types of current will flow, known as diffusion current and drift current.
Diffusion current is the majority carrier movement, and involves the movement of holes from p to n and electrons from
n to p. Drift current is the opposite; holes instead move from n to p and electrons from p to n, and is the minority carrier
movement. Shown in Figure 1(c), two situations can occur based on how the field is applied; by applying forward bias
or reverse bias mode. In forward bias mode, the potential barrier is reduced and results in large diffusion current flow,
the overall current is positive and large. In reverse bias mode, the potential barrier is increased and less diffusion current
flow, the overall current is negative and very small [15]. When no bias is applied, there is no current flow, and the
diffusion and drift currents that flow will cancel each other [16]. These basic semiconductor diodes characteristics display
typical current-voltage or I-V relationship, depicted in Figure 1(c). Knee (or forward) voltage is the amount of voltage
needed to get current to flow across the diode, while breakdown voltage is the amount of negative voltage needed to
overcome the potential layer [17].
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Fig. 1 - (a) current flow in diode, from anode to cathode; (b) p-n junction of a diode during reverse bias, a
depletion layer is formed during this condition; (c) current-voltage (I1-V) measurement of an ideal diode
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1.2 Potentiometric Sensors

Potentiometric sensors are established as an analytical technology that has been extensively applied for physiological
testing of key electrolytes [18]. These sensors measure the accumulation of a charge potential at the working (or indicator)
electrode in an electrochemical cell, with no current flowing between the electrodes [19]-[20]. The type of electrodes
used are known as ion-selective electrodes (ISE) [21]. The most common example of a potentiometric sensor is a pH
meter, and the ISEs are commonly utilized for the determinations of ions such as sodium (Na*), potassium (K*), chloride
(CI), and ammonium (NH4*) ions [19].

All solid-state microsensors are potentiometric sensors that detect ions or conductive chemicals through a sensitive
layer [22]. Figure 2 shows the planar configurations of potentiometric sensors with a chemically inert substrate, which
undergo fabrication processes such as thin film deposition and metallization. In this study, a planar-based potentiometric
diode sensor was fabricated.

Sensitive
Coating resin ~ layer Metallic

\ l conmeclion
i ¥ .

Coating resin -+ Sensitive
l luyer

Substrang

Inner reference

Limer reference

Fig. 2 - Two typical planar configurations for the elaboration of a potentiometric microsensor [22]

1.3 Electrical Characterization of Diodes

Electrical characterization of semiconductor diode has been an important subject at all time. Most common
characterization includes current-voltage (I-V) measurements, sheet resistance and resistivity. In this study, two methods
were used; two-point probe for I-V measurements, and four-point probe for average sheet resistance and resistivity of the
diodes.

For the two-point probe method, two electrodes serve as both current and voltage sensing probes, shown in Figure
3(a) [23]. This method is typically used to measure resistivity of a material, but can also be used for I-V measurements.
Application of voltage into the material will cause current to flow through the material. However, two-point probe is
often not reliable for electrical measurements since there is usually some resistance between the contact wires and the
material, or even in the measuring equipment [24]. This will cause the resistivity value of the material to appear higher
than normal.

The four-point probe method is commonly used to measure electrical conductivity and is often preferred than the
two-point probe [25]. A typical measurement involves the use of four tungsten carbide needles, arranged along a straight
line with equal spacing, attached to the sample material, shown in Figure 3(b). A current source forces a constant electrical
current I through the external needles, and the current is measured by an ammeter. A voltmeter simultaneously measures
the voltage V produced between the inner needles. Once these parameters are obtained, the resistivity p and the sheet
resistance Rsn of the material can be calculated using equations (1) and (2);

Ron="% Q/sq (1)

p= %XZHS Q-cm (2

p is the resistivity of the sample in Q-cm, V is the DC voltage across the probes in volts, | is the constant DC current
passing through the current probes in amperes, s is the spacing between the probes, Rs is the sheet resistant and t is the
sample thickness [25].
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Fig. 3 - (a) Two-point probe method; (b) Four-point probe method
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1.4 Fabrication of Diodes

Nowadays, the advancement of fabrication technology has reached an extensively high level of three-dimensional
(3D) structure fabrication. However, planar technology is still preferred in integrated circuit fabrication, especially in
semiconductor fabrication processes. The planar process includes four major steps; thermal oxidation, photolithography,
thermal diffusion and metallization [26]. The overall process of a typical p-n junction diode is shown in Figure 4.

An n-type silicon wafer is typically used as the substrate, and prior to fabrication the wafer must be properly cleaned
to remove any chemical contaminants and particulate impurities that will affect device performance [27]. Bare wafers
can be cleaned using organic solvents such as isopropanol (IPA) and acetone. Then, thermal oxidation of the wafers will
yield silicon dioxide (SiO,). SiO; typically functions as an insulator, while in diodes SiO; film defines the junction area.
There are two types of SiO, growth methods; dry and wet oxidation that depends on whether dry oxygen or water vapour
is used. After oxidation, SiO» layer will be formed on the surface of the silicon wafer [26].

Next is the photolithography process. The wafer will be coated with a layer of photoresist, which is an ultra-violet
(UV) light-sensitive material. The photoresist is spun on the wafer surface by a high-speed spinner, and then baked at
around 80 — 100 °C to harden and remove all solvent for improved adhesion. A patterned mask is then placed on the
wafer and is exposed with a UV light source; the exposed region of the wafer will be polymerized, and this region will
stay in place when the wafer is placed in a developer, while the non-exposed region will dissolve and be washed away.
The wafer is baked again at 120 — 150 °C for 20 minutes, then a hydrofluoric acid (HF) etchant is used to remove the
unprotected SiO, surface. Finally, the photoresist is removed by using a chemical solution or oxygen plasma [26].

After photolithography, the wafer undergoes thermal diffusion or ion implantation, where the silicon surface not
covered with oxide is exposed to a high concentration of opposite-type impurity (in this case, p-type). The SiO. layer
acta as a barrier against the impurity, and after this process the p-n junction is formed. The width of p-region is slightly
wider than the window opening due to lateral diffusion of the impurities [26].

Finally, a metallization process is used to form ohmic contacts and interconnections by physical or chemical vapour
deposition. This process deposits a conductive thin film over the semiconductor surface, followed by photolithography
to define the front contacts and other patterning purposes [26].
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Fig. 4 - Overall fabrication processes of a typical p-n junction diode
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2. Methodology

2.1 Design and Simulation of Fabrication Processes

The main software used to design and simulate the fabrication processes of the diode was the IntelliSuite software,
and AutoCAD was also used in designing mask patterns for photolithography. Once the virtual fabrication processes
were successfully verified, physical fabrication was carried out. Based on the characterization and analyses of the
fabricated diodes, the fabrication processes were modified to get best-performing devices.

Using the IntelliSuite software involved two parts; IntelliMask for designing and exporting masks, and IntelliFab for
verification and virtual analysis of fabrication processes that could be used as reference for practical works. Three layers
of masks were designed using IntelliMask; mask 1 was designed to pattern SiO- layer that forms a window for thermal
diffusion of phosphorus onto p-type silicon wafer, mask 2 was designed to form SiO; barrier on the substrate and mask
3 was designed for deposition of four aluminium (Al) metal contacts (Figure 5). The overall fabrication processes
designed in IntelliFab software is shown in Figure 6.

Mask 1 Mask 2 Mask 3

- L

Fig. 5 - Mask designs for fabrication processes, modeled using IntelliMask software
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Fig. 6 - Simulation of fabrication processes designed with IntelliFab software
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AutoCAD software was used to design duplicates of mask patterns, in smaller (mm) dimensions, for
photolithography. This was done to fit several sensors one a 4-inch (100 mm) silicon wafer. Figure 7 shows all three
mask designs with varying dimensions on a silicon wafer. These designs were then printed on transparent masks by using
laser jet printer. The white regions on the design represent the region that will not be penetrated upon exposure of UV
light during photolithography, and they were printed in black on the transparent masks.
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Fig. 7 - Mask designs on silicon wafer, modeled using AutoCAD software

2.2 Fabrication of p-n Diodes

In this study, p-type silicon wafers were used. The overall fabrication processes are as described in Figure 8. The
wafer surface was pre-cleaned using buffered oxide etchant (BOE) solution for 20 seconds, followed by rinsing with
deionized (DI) water and drying of the wafers with nitrogen gun.

Next, the wafers underwent thermal oxidation for growth of SiO- layer. The oxidation furnace was pre-set to heat to
600 °C in nitrogen atmosphere for the ramp up process. Once the temperature reached 600 °C, the wafers were loaded
into the furnace and the temperature was increased to 1000 °C. Oxygen gas was introduced into the furnace via water
heater after the temperature was stabilized, and the nitrogen source was also switched off. This oxidation process was
carried out for 1 hour, and afterwards the temperature was set to 300 °C for ramp down process and finally the wafers
were removed from the furnace to be cooled to room temperature.

For photoresist coating, positive photoresist (PR1-2000A) was spin-coated on the oxidized wafers. Around 5 mL of
photoresist was dispensed on the wafer, and was spun with these settings consecutively and continuously; 1000 rpm for
5 seconds, 3000 rpm for 10 seconds, and 1000 rpm for 15 seconds. This was to ensure the even coating of the photoresist.
The wafers were then soft baked on a hot plate at 90 °C for 90 seconds to remove excess moisture from the photoresist.
To start of the photolithography, the transparent mask 1 was properly placed and aligned on the wafer, and was exposed
to UV light for 110 seconds. This exposed wafer was immersed into an RD-6 developer solution for around 40 seconds,
then the developed wafer was rinsed with DI water and spun dry. Then, etching process was carried out by immersing
the wafer in BOE solution for 2 minutes to remove oxide layer from the undeveloped region, and the now-patterned wafer
was rinsed with DI water and spun dry. Finally, the wafer was rinsed with acetone to remove all photoresist from the
wafer, followed by rinsing with DI water and spin drying.

Thermal diffusion for impurity doping was carried out in an n-type diffusion furnace, and phosphorus was used as
the n-type dopant. The diffusion furnace was set to heat to 600 °C for ramp up process, meanwhile the samples were
prepared by placing a phosphorus solid planar source in between the sample wafers in a wafer boat. After the temperature
reached 600 °C, the wafer boat was loaded into the furnace and the temperature was increased to 1000 °C with nitrogen-
to-oxygen gas ratio of 4:1. The nitrogen gas removed air contaminants from the furnace, and allowed dopant vapour to
flow through a concentration gradient. Once the temperature hit 1000 °C, the nitrogen-to-oxygen gas ratio was adjusted
to 10:0, and the diffusion process was carried out for 1 hour. After diffusion, the nitrogen-to-oxygen gas ratio was re-
adjusted to 0:10 for stabilization purposes, and the furnace temperature was decreased to 300 °C. The wafers were loaded
out of the furnace and cooled to room temperature.

The thermal oxidation and photolithography processes were repeated using mask 2, and afterwards metallization
process was carried out using mask 3. Physical vapour deposition (PVD) method was employed, and aluminium was
used as the contacts of the diodes. This metallization process was done with a certain protocol, and the equipment settings
are summarised in Figure 8. After aluminium deposition, photolithography was done for contacts definition (using mask
3) and an aluminium etcher was used to remove aluminium within the undeveloped region.
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2.3 Four-point Probe Measurement

A four-point probe was used to measure the resistivity as well as sheet resistivity of the top emitter layer
experimentally. The four equally spaced probes are brought in contact with a material of unknown resistance. A current
is supply and flow through the outer probes and the inducing voltage in inner probes is measured. The relationship of the
current and voltage values is dependent on the resistance of the space between the probes and the resistivity of the
material. The sheet resistance and resistivity were calculated using equation (3) and (4). All experiments were repeated
three times. The mean (x) and standard deviations (SD) of the three repeat of measurements were calculated by:-

x=29 3)

n

sp = [E&=D? (4)

n-1

where X is the measured value and n is the number of samples.

3. Results & Discussion

3.1 Physical Characteristics

The fabricated diode sensors were inspected using water contact angle measurement and Raman spectroscopy to
determine the physical characteristics. Contact angle measurement was done to determine the hydrophobicity of the diode
surface [28]. or this measurement, the water droplet was dropped on the channel of the diode, which was in between the
p-n junction. Four measurements were done on both p and n regions, and the total average contact angles for the positive
(silicon) region and negative (phosphorus-doped) region were 103.9°+2.0 and 101.75°+1.6 respectively. Both regions
had contact angles larger than 90°, indicating that the p-n junction surface was hydrophobic [29]. Note that the negative
region is slightly less hydrophobic that the positive region, this is due to the doping of phosphorus, which is hydrophilic
in nature.

Raman spectroscopy was used to analyse the composition of the diode, specifically the p-n junction surface. Raman
spectrum of bare silicon wafer was obtained, and a sharp peak appeared close to 520 cm™, indicating crystallization of
the Si surface [28]. For the device, three regions were analysed; the positive region, the negative region and in between
the p-n junction, and the Raman peaks were observed at 529 cm™, 523 cm™ and 526 cm™ respectively, shown in Figure
9. The Raman peak of p-n junction had the highest intensity, while Raman peak of negative region had the lowest
intensity.
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Fig. 9 - Raman spectra of p-region, n-region and p-n junction
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By referring to a theory studied by Lee et al., in silicon (un-doped and doped) films, a peak arising around 520 cm
can be assigned to the Si-Si longitudinal optical (LO) Raman peak, and when the silicon film is doped with phosphorus,
the Si-Si LO Raman peak blue shifts to shorter wavelength [30]. The doping of phosphorus inside the silicon films induces
a phonon shift in the first-order Si-Si LO vibration mode, depending on the concentration of phosphorus. As the
phosphorus concentration increases, the intensity ratio of the Si-Si mode also increases, which can be explained in terms
of the number of Si-P bonds in the silicon films with high phosphorus dopant concentration [30].

3.2 Electrical Characterization

The electrical properties of the diode sensors were analysed using four-point probe for sheet resistance (Rsh) and
resistivity (p) and two-point probe for I-V measurement. The sheet resistance and resistivity of the fabricated wafer were
taken from nine different mapping positions, and the average values of these parameters were calculated using Equations
(1) & (2) respectively [25]. During the fabrication processes, the sheet resistance and resistivity of the oxidized SiO, film
and phosophorus-doped silicon region were measured to determine the uniformity of these films. These results are
summarized in Table 1.

Both average sheet resistance and resistivity values increase upon thermal oxidation of the silicon wafer, this is
because the grown oxide layer acts as an insulating barrier. For thermal diffusion of phosphorus, the sheet resistance of
the doped layer increase, but the resistivity of the layer decrease. The relationship between the sheet resistance and
resistivity of a material is linearly proportional (based on equation (1)), hence it is expected that the sheet resistance
increases as the resistivity increase. This anomaly however could be caused from problems during thermal diffusion
process, where the phosphorus layer deposited is not uniform.

Table 1 - The average sheet resistance Rsh and resistivity p of diode using four-point probe

Parameters Bare Si film After oxidation (SiO2 Phosphorus-doped Si layer
layer)
Mean Standard Mean Standard Mean Standard
Deviation Deviation Deviation
Sheet resistance, Ry,  1.45 x 102 0.04 3.00 x 10* 0.50 3.50 x 10° 0.66
(Q/sq)
Resistivity, p (Q-cm) 5.45 0.16 1.11x10° 1.83 3.05 x 10! 0.50

For the I-V measurement using two-point probe, the voltage was fixed at a range between +12V to -12V. Figure
10(a) shows the 1-V curve graph of two selected fabricated devices, Diode 1 & 2. The average knee voltage measured
was 11.5 V and the average breakdown voltage was -4 V. The knee voltage is quite high, compared to bare silicon diode
with knee voltage of 0.6V (AC), this is probably because of the wide channel length (p-n junction) of the diode, longer
channel length contributes to higher knee (turn-on) voltage.

One sensor was then tested with different current limits (2, 6, 8, 10 mA), this was carried out to find the optimal
functional voltage and current supply for the sensors.

Under forward bias condition, the curve graph rises exponentially, indicating the current flow through the device
due to the diffusion of majority carrier [15]. At the reverse bias condition, the current remains nearly to zero. However,
a sufficiently large negative voltage known as breakdown voltage will cause the diode to become conductive to negative
current. Figure 10(b) at forward bias curve inset show that the 1-V linear region has stepper current trend as compared to
reverse bias inset. In the theory, the stepper current trend is due of the narrower depletion region on the forward bias
region whereas, a wider depletion region in reverse bias. It can also be observed the curve achieved the saturation point
at 11.5 V and breakdown voltage at -4 V. As shown in Figure 10(b), the linear region of I-V curve becomes steeper
because of the decrease in resistivity with increasing current, implicated in equation (2).

The 1-V characteristics of the diode sensor was also measured and compared under light and dark condition. This
test was carried out to investigate the reliability of the sensor in different environments. Shown in Figure 10(c), the current
flow of diode in reverse bias condition shows a steeper curve under both light and dark conditions compared to current
flow in forward bias mode, this shows that the sensor is more sensitive at breakdown voltage compared to knee voltage.
From these results, it can be concluded that this diode has the characteristics of a photodiode, in which a photodiode is
always operated under reverse bias condition and is photosensitive [31].

Finally, the sensor was tested for salt detection. This salt detection experiment was carried out with different
concentrations of salt solution (5 to 60 mg/mL) deposited on the p-n junction of the diode sensor. The salt contents for
chips in the market is usually 8 mg per 100 mg of chips. Based on this nutritional fact, the experiment was carried out
for testing 5 to 60 mg/mL of salt. The voltage supply was kept constant at a range between +12 to -12V, and this
experiment was performed under normal light condition at room temperature. To prove this test reliable, four sensors
were used and average values were calculated between these four measurements, shown in Figure 10(d). The current
measurement starts to decline after 45 mg/mL, hence this is the maximum salt solution concentration that can be detected

18



L. F. Lai et al., Emerging Advances in Integrated Technology Vol. 1 No. 1 (2020) p. 10-21

by this diode sensor. The salt concentration in sweat is expected to be in the range of 460 to 1609 pg/mL [32], therefore
this sensor can potentially be used to detect salt concentration in sweat.
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Fig. 10 - (a) 1-V characteristics of fabricated diodes; (b) -V characteristics of diodes under different current
limits; (c) Current measurements of diode sensor upon salt detection
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4. Conclusion

Diode-based sensors for salt solution detection were successfully designed and fabricated using planar fabrication
technology, which included thermal oxidation, thermal diffusion, photolithography and metallization. The fabrication
steps were simulated using IntelliSuite software, and designing of appropriate masks were done using both IntelliSuite
and AutoCAD software. For electrical characterization, average sheet resistance and resistivity of the diode sensor were
measured to be 3.50 x 10% + 0.66 Q4q and 3.05 + 0.5 Qcm respectively. This sensor also showed ideal 1-V diode
characteristics, with knee voltage of 11.5V and breakdown voltage of -4 V. For salt concentration detection, the sensor
successfully detected salt concentration changes with respect to current flow, and the maximum salt concentration that
was detectable was until 45 mg/mL.
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