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1. INTRODUCTION

SU8 film fabrication on silicon or glass are biocompatible substrates that has been widely
reported [1] but the large gap of thermal expansion coefficients (TEC) between silicon/glass and SU8 in
which TEC of silicon is 3.2 ppm/°C [2], glass plate is 8.6 ppm/°C [3] and SU8 is 52 ppm/°C [4] caused
microcracks on SU8 fabricated on silicon/glass [5]. The characteristic of silicon or glass which is hard and
brittle made it difficult for drilling and dicing thus required complex equipments such as deep reactive ion
etching (DRIE) and diamond-coated cutter for dicing. Therefore, the objective in this work is to study the
suitability of non-biocompatible material, Flame Retardant 4 (FR4) for gold (Au) fabrication using thermal
evaporator and wet etching techniques throughout all conducting tracks from sensing layer to terminal layer.

Electrochemical biosensors methodology has been the focused in this work due to its fast response
time compared to piezoelectric biosensors [6] and the sensitivity is better when miniaturized compared to
optical biosensors [7]. Electrochemical biosensors can be classified into amperometric (current measured);
potentiometric (voltage measured); impedance (resistance and capacitance measured) and conductometric
(conductivity measured).
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2. RESEARCH METHOD

In this work, a 2 cm length, 1.2 cm width and 1.6 mm thickness of FR4 was used as a base material.
The FR4 was cleaned sequentially with acetone and isopropanol then left to dry with nitrogen gas. Original
native oxidized-free copper (Cu) on FR4 has been immersed in acetic acid at 35°C for 5 to 10 minutes until a
shiny copper surface without streaking or hazy residue was observed. Upon removal, the samples were
subsequently dried with nitrogen.

The 99.99% gold (Au) of 0.3g is evaporated directly to this Cu/FR4 using a thermal evaporator of
6.0 x 10-5 mbar pressure at 68A and performed 1 um Au electrode layer. Further investigation under SEM
image analysis proved that the above mentioned method is effective to remove Cu oxide layer. Figure 1
reflects the SEM image of 900 magnification for the Au deposited on the Cu which was free from oxide
layer. SEM image in Figure 1 is being analysed using EDX in order to determine the elemental compositions
on the layers. The EDX profile of Figures 2, 3 and 4 magnify the SEM image to 9000 magnification and list
all the elements for 3 different spots.

Figure 2 of spot 1 indicates that the layer consists of Carbon (C), Oxygen (O), Aluminium (Al),
Silicon (Si) and Au. Figure 3 of spot 2 indicates that the layer consists of C, O, Al, Si, Calcium (Ca) and Au.
Figure 4 of spot 3 indicates that the layer consists of Ca, C, O, Cu, Al and Si. The existence of C, O, Al, Ca
and Si are due to the epoxy and grinding process that are used for the fabricated Cu/Si on FR4-based. From
the SEM/EDX results, it is concluded that spot 1 and spot 2 contained mainly Au while spot 3 contained
mainly Cu.

Figure 1. SEM image on the quality of Au deposited on Cu which was free from oxide layer
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Figure 2. SEM image and EDX profile for spot 1. (a) SEM image. (b) EDX profile

The Cu/Au on FR4-based sensor was designed with the areas of counter electrode (CE), working
electrode (WE), and reference electrode were 6.25 mm2, 0.581 mm2 and 1.04 mm2, respectively, as shown
in Figure 5 in order to fulfill the suggestion of [8] for the surface area ratio of CE to WE should be larger
than 10 in order to sufficiently support the current generated at the WE.
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Figure 4. SEM image and EDX profile for spot 3. (a) SEM image. (b) EDX profile
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Figure 5. A new design with the area size of CE to WE ratio was 10:1. (a) the mask. (b) the actual fabricated
Cu/Au electrode

3. RESULTS AND ANALYSIS

The reliability test has been conducted to observe the sensor’s performance in producing the
oxidation and reduction peak of currents in the range of -0.5V to +0.5V with a fixed scan rate of 100 mV/s
using 10 mM K3Fe(CN)6 solution in 0.1 M KCI.

3.1. Peak Potential Separation
A peak potential separation was described as,
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AE, =Ep=Ep~ 59 3/ n mV at 25 oC 1)

where Epa is the anodic peak potential (in mV), E b is the cathodic peak potential (in mV) and n is the
number of electrons transferred in a reversible system.

From (1), the number of electrons involved in a reversible system can be determined. Table 1 lists
the peak potential separation and number of electrons involved in a reversible system. It can be concluded
from Table 1 that for the first cycle up to the 8th cycle, the number of electrons transferred was 1. In common
practice, the DNA biosensor will be used only once for bare Au measurement and thus it can be concluded
that the proposed FR4-based substrate fulfilled (1). Further analysis on the same sensor until 21st cycles was
shown in Figure 6. It is observed that the value on the peak oxidation potential and peak reduction potential
also increased with the increasing cycles. This happened due to the formation of passivating layer known as
prussian blue (KFedllI[Fe2llI(CN)6]). The layer may deposit on the electrode surface during the cyclic
voltammetry experiment [9-12]. The existence of this layer decreased the rate of electron transfer, therefore,
more value of oxidation potential as well as reduction potential were needed to free the
electrons [13-15].

Table 1. Peak Potential Separation and Number of Electrons Transferred for Scan Rate of 100 mV/s

Cycle Peak oxidation potential ~ Peak reduction potential ~ Separation Number of
Epa Epc peak potential  electrons transferred, n
Epa-Epc

1 0.317841 0.251923 0.061036 1.0

2 0.317841 0.261688 0.056153 11=1

3 0.317841 0.261688 0.056153 11=1

4 0.315399 0.264130 0.051269 12=1

5 0.322723 0.276337 0.046386 13=z1

6 0.342255 0.295868 0.046387 13=z1

7 0.352020 0.300751 0.051269 12=1

8 0.354462 0.308075 0.046387 13=1

3.2. Peak Current Ratios

The CV data analysis obtained from Figure 6 has been listed in Table 2. It is noticed that the FR4-
based sensor produced the peak current ratio nearly to unity up to the 3rd cycle. Then, the peak current ratio
increased with the increasing cycles. In the range of -0.5V to +0.5V, the CV graphs performed the obvious
anodic peak current only until the 8th cycle. Therefore, the anodic and cathodic peak currents can only been
analyzed until the 8th cycle. For more than 3rd cycle, the peak current ratios greater than unity due to the
product (ferrocyanide) which was weakly adsorbed on the electrode and thus, the anodic peak currents were
enhanced dramatically whereas the cathodic peak currents showed a small increase [16-18].
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Figure 6. Sensor’s reliability test until 21st cycles.
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Table 2. Anodic Peak Current, Cathodic Peak Current and Peak Current Ratio for Scan Rate of 100 mV/s
Cycle  Anodic Peak Current ~ Cathodic Peak Current ~ Peak Current Ratio

Iya [ lpal Iy
1 3.95 3.88 1.02
2 434 4.16 1.04
3 4.48 4.25 1.05
4 472 433 1.09
5 5.03 436 1.15
6 5.13 4.40 1.17
7 5.06 434 1.17
8 5.37 452 1.19
3.3. Peak Current Function
Based on [17] as in (2),
Ip =(2.69 x 105) n3/2 A D1/2 C v1/2 2

where Ip is the peak current (in ampere), n is the electron stoichiometry, A is the electrode area (in centimeter
square), D is the diffusion coefficient (in centimeter square per second), C is the concentration of the
electroactive species (in moles per centimeter cubic) and v is the scan rate (in volts per second). The
parameters of A (electrode area), n (electron stoichiometry), C (concentration of the electroactive species)
and D (diffusion coefficient) were fixed, therefore the value of Ip was dependent to the square root parameter
of v (scan rate) which varied in this analysis. The linear increase in peak currents with v1/2 indicates that the
oxidation process is diffusion controlled [16, 19, 20].

Table 3 reflects all the peak current values different value of CV scan rates from 100 mV/s to 1 V/s
for the fabricated sensor. It showed that the anodic peak currents and cathodic peak currents will be increased
with the increasing value on the scan rates. Thus, the results performed satisfied the Randle-Sevcik [21]
equation. Figure 7 and Figure 8 show regression analysis using statistical software, SigmaPlot for Windows
ver 11.0 for estimating the relationships among anodic peak currents and cathodic peak currents variables as
in Table 3, respectively.

Table 3. Anodic Peak Current, Cathodic Peak Current and Peak Current Ratio for Different Value of

Scan Rates

Scan rate ViR Anodic peak current, Iy, Cathodic peak current, Iy lpa/ o
100 mV/s 0.3162 11.4535 11.2671 1.02
200 mV/s 0.4472 16.1029 13.7081 117
300 mV/s 0.5477 18.884 15.3752 1.23
400 mV/s 0.6325 21.2455 16.8256 1.26
500 mV/s 0.7071 23.3776 17.4269 1.34
600 mV/s 0.7746 248812 18.2372 1.36
700 mV/s 0.8367 26.416 19.4443 1.36
800 mV/s 0.8944 27.8115 20.5226 1.36
900 mV/s 0.9487 29.6635 21.2498 1.40

1V/s 1 31.6662 22.5232 141

Table 3 obviously indicates that the value of anodic peak currents increased dramatically as
compared to the value of cathodic peak currents. The weak adsorption of product has little effect on the
cathodic scan. This is due to the adsorption of product which required the electrode reaction to provide more
material for both diffusion process and adsorption process; therefore the peak occurred at more anodic
potentials, in analogy with the succeeding chemical reaction [16, 22-24].

Table 4 lists the linear curve coefficients, f=yO+a*x and R-squared values for Figure 7 and
Figure 8. R-squared is a statistical term in predicting the value of another variable [25]. The R-squared value
of 1.0 perfectly predicts the value of another variable. On the other hand, the R-squared value of 0.0 does not
help to predict the other term at all. More generally, higher value of R-squared means better predictor of one
term to another.

Table 4. Coefficients and R-Squared Values for Anodic and Cathodic Peak Currents Linear Curve Function

f = y0+a*x y0 a R?
Fig. 10 3.1669 28.1252 0.9964
Fig. 11 6.5700 15.6057 0.9939
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Figure 7. Simple scatter with regression for estimating anodic peak current variables
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Figure 8. Simple scatter with regression for estimating cathodic peak current variables

A linear curve for anodic peak current and cathodic peak current proved that both peak currents can
be represented in terms of square root of scan rate function. The R-squared value approaching unity reflected
that both linear regressions can predict the value of peak currents by knowing the value for square root of
scan rate. Thus, the sensor can be classified as able to perform the reversible process.

4. CONCLUSION

Three types of analysis were performed on the fabricated Cu/Au FR4-based sensor to ensure its
reliability and reversible redox activity were peak potential separation, peak current ratio and peak current
function. All these analysis performed were based on the Randle-Sevcik equation. The results showed that
for the first cycle up to the 8th cycle, the FR4-based sensor fulfilled the peak potential separation equation,
the first cycle to the third cycle fulfilled the peak current ratio near to unity and a linear curve for both peak
currents proved that the peak current can be represented in term of square root of scan rate function. In
common practice, the DNA biosensor was used only once for bare Au measurement and thus it can be
concluded that the proposed FR4-based substrate fulfilled the CV reversible process characterization. During
these analysis, it was noted that the value on the peak voltages increased with the increasing cycles due to the
formation of prussian blue.
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