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Improved Difenoconazole pesticide detection limit via double-sided porous 
silicon layers’ electrical sensor 

Rasha B. Rashid , Alwan M. Alwan *, Mohammed S. Mohammed 
Department of Applied Sciences, University of Technology, Iraq   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Large surface area double-sided porous 
silicon was obtained by a novel etching 
process. 

• Single and double-sided room tempera
ture electrical sensors were fabricated. 

• Large sensitivity and lower detection 
limit to trace Difenoconazole level is 
due to high adsorption rate. 

• New electrical sensors involve parallel 
configuration of double-sided porous 
silicon layers. 

• Present stable and an accurate sensor is 
based on external impedance matching 
RLC circuit.  
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A B S T R A C T   

In this novel work, high-performance laser synthesized double-sided parallel porous silicon layers (Ds-Psi) 
pesticide sensors were employed. The Ds-Psi layers were synthesized via double beam laser-assisted etching (D- 
LAE). An easy run, cost-effective and non-poisonous process was adopted to investigate the Ds-Psi sensor per
formance. This process depended on recording the resonance frequency shift when exposing the pesticides to the 
sensor’s surface. Two configurations were adopted: single-sided Psi sensor of Al/Psi/n c-Si/Al and parallel 
connected Ds- Psi layer of Al/Psi/c-Si/Psi/Al were synthesized and studied. Under ultra-low concentrations of 
Difenoconazole pesticide at room temperature, the current-frequency properties of the sensors revealed an 
excellent response of the Ds-Psi sensor compared with the single-sided Psi sensor. The results of the Ds-Psi sensor 
showed a much higher sensitivity (82.9%) and a lower detection limit of detection 0.001 ppm. The principal 
reason for this high performance is effectively related to the high surface area and large capacitance of the 
parallel configuration of the Ds-Psi layers. The synthesized impedance matching of the parallel configuration is 
very suitable for quantitative sensing of pesticides.   

1. Introduction 

Pesticides are sensed mainly through the use of sensors due to their 
increased presence in water and agricultural products as pollutants [1, 

2]. Difenoconazole is one of the most important and widely insecticides 
used on fruits and vegetables. It has negative effects and complications 
and is classified as highly toxic substance dangerous to human health 
[3–5]; even at reduced concentrations (parts per billion) [6,7]. For food 
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safety and control applications, environmental pollution and health 
care, it is necessary to design sensors that are highly sensitive, stable and 
operate at room temperature [8]. Porous silicon (Psi) layers have 
received very wide interest in chemical sensing applications due to their 
very large surface area and easily modified microstructure [9–11]. The 
electrical resistance, capacitance and refractive index of the Psi layer 
may change appreciably when molecules are adsorbed to their surface 
[12]. The sensing performance of the Psi is varied according to the 
density of pores, muds, and pillars within the synthesized [13–15] 
structure. As this density increases, the sensitivity enhance rapidly. So to 
improve the possibility of sensing lower pesticide concentrations, the 
density of pores and pillars must be very high over the sensor surface 
[16]. The adsorption rate of porous layer is varied according to the 
specific surface area of the formed layer. The fabrication of single sided 
Psi layer was typically done with one side etching either by anodization 
or laser-assisted etching [17,18]. The Ds-Psi layer ensures higher surface 
area. The double side porous layer increases the total sensing area (area 
summation of both sides) whereas the specific surface area of each 
porous silicon layer does not change. This type of Psi structure was first 
synthesized by D. James et al. [19], by using an electrochemical etching 
cell with double tank configuration. P. Granitzer et al. [20], have pre
pared Ds-Psi layer of meso-structure embedded with metallic nano
particles to improve the reflectance of the formed layer. The main target 
of this novel work is to synthesize a double sided PSi layer by double 
beam laser assisted etching pathway, and then using few of them in 
series to fabricate ultra-sensitive electrical sensor for detecting ultra-low 
Difenoconazole. 

2. Experimental work 

2.1. Ds-Psi layer synthesis 

Low resistivity (0.01 Ω cm), n-type, mirror like surface, 500 μm thick 
silicon substrate and (100) orientation was employed to synthesize (Ds- 
Psi) samples by using double beam laser-assisted etching pathway (D- 
LAE). The Si substrate was cut into small pieces of (2 × 2) cm2. These 
samples were washed with a dilute 10% HF acid for 10min to remove the 
native oxide layer and then rinsed with ethanol for 5 min and left in the 
air for a few minutes to dry and finally placed in a plastic container; 
filled with deionized water, to prevent the formation of an oxide film on 
the surface [21]. The (D-LAE) etching pathway was accomplished by 
utilizing a Teflon cell comprised of two transparent windows to illumi
nate both faces of Si substrate simultaneously. The etching process was 
carried out in a mixture of (HF: Ethanol) (1:1) for 10 min; where the HF 
concentration and the current density used were: 40% and 35 mA/cm2 

respectively. Two laser beams from a diode laser operating at 530 nm 

and 100 mW/cm2 power densities were defocused in a circular spot of 1 
cm diameter on both Si faces. The cathode was assembled from two 
platinum rings while the middle point contact of Si acted as an anode to 
complete the etching cycle. 

2.2. Metallization of Ds-Psi layers 

To accomplish metalizing the sensor, thick aluminum electrodes 
were thermally deposited on each porous silicon layers as shown in 
figure (2a) (see Fig. 1). The 3mm × 3 mm aluminum electrodes were 
thermally deposited in a way that it coats most of the porous layer area 
to reduce the surface leaking current. The position of both electrodes 
permitted the formation of Ds-Psi sensor with parallel configuration as 
Al/Psi/c-Si/p-Si/Al. On the other hand, the single sided Psi sensor was 
constructed by depositing two Aluminum layers on the front of Psi layer 
and on the back of the Si surface in a configuration symbolized as Al/ 
Psi/c-Si/Al; as shown in Figure (2b). The sensing set up is shown in 
figure (2c). In Fig (2a), the resistance of the base Si substrate was 
neglected due to the low resistivity of silicon wafer. In this case, the 
equivalent electric circuit represents two junctions connected in parallel 
(one between the upper Psi layer and crystalline bulk silicon and the 
other between the bulk silicon and the lower Psi layer), as shown in 
figure (2d). 

The sensing mechanisms of the current-frequency (I-f) characteristics 
were based on recording the resonance frequency shift after exposing 
the sensor to a pesticide solution. The (I-f) characteristics of a simple 
impedance matching electrical resistance-inductance-capacitance (R-L- 
C) circuit after exposure to concentrations from 0.01 to 0.1 ppm were 
measured at room temperature. The R-L-C circuit, figure (2c) consists of 
an external coil, Psi sensor, and a function generator at a frequency 
range (1 KHz to 1 MHz) in order to test the performance of the fabricated 
sensor in the absence and presence of Difenoconazole molecules. The 30 
μH air coil was assembled from 18 turn, 80 cm2 cross-sectional area and 
3 mm diameter copper wire (to ensure a very low resistance). The AC 
applied voltage of the R-L-C circuit was fixed at 10 mV and the circuit 
was connected in series. After each measurement, the Psi sensor was 
cleaned by de-ionized water and dried with nitrogen gas. The sensor 
response depends essentially on the dielectric constant of the Difeno
conazole solution, the possibility of filling the layer, the structures of the 
sensor, and the area per unit volume of the sensor. A specific weight of 
Difenoconazole was dissolved in methanol to prepare the required 
concentrations and each read-out was performed after 90 s of exposure 
duration to the pesticide solution. The resonance frequency measure
ment in the impedance matching circuit was obtained using hp33120a 
high precision function generator and 8846AFluke 6–1/2 Digit precision 
multimeter. The sensitivity S% is given by the ratio of resonance 

Fig. 1. Presents a schematic representation of the (D-LAE) experimental setup.  

R.B. Rashid et al.                                                                                                                                                                                                                               



Materials Chemistry and Physics 293 (2023) 126898

3

frequency shift Δf after exposure, to the resonance frequency fo before 
the exposure as expressed in formula (1) [22]. 

S%=Δf/f0
(1) 

The sensor’s ability to detect the smallest concentration of target 
molecules is called the limit of detection LOD and is given by equation 
(2); [23]. 

LOD= 3SD/slope (2)  

where; SD is the standard deviation, and the slope is taken from the plot 
between sensitivity and the Difenoconazole concentration. The 
morphological properties of one side and Ds-Psi were investigated using 
(ZEISS) field–Emission scanning electron microscope FE-SEM. The op
tical properties of the synthesized layer were also investigated using a 
continuous 320 nm, 500 mW He–Cd laser Horiba Jobin–Yovin T64000 
PL spectrometer. 

3. Results and discussion 

3.1. Morphological features 

The porosity of the synthesized layer was calculated by gravimetric 
method [9], while layer thickness, surface and cross sectional features of 
the synthesized layer were investigated by analyzing the cross sectional 
FE-SEM image after taking into account the scale bare of the FE-SEM 

micro-image. Porosity and thickness of the layer were (76%) and (18 
μm) respectively. The surface morphology for both sides was a mud-like 
structure, consisted of isolated and interconnected mud regions sepa
rated by vertical trenches. Fig. 3, shows the surface morphology of the of 
Psi layer. It represents a complex combination of pillars-like and 
mud-like structures, and appears as a double-folded morphology. Each 
mud region consists of ultra-fine pillars’ structures. These pillars are 
randomly distributed over the surface and extend vertically on the 
porous surface. The density of pillars and pores in porous surface is 
around (1 × 10 11 pillars/cm2) and (7*10 110 pores/cm2). The histo
grams of pillars and pores dimensions are shown in Fig. 4 (a and b), with 
pillars dimensions in the range 30 nm–190 nm and average apex di
mensions of 60 nm. The diameter of pores is between 45 nm and 220 nm 
with an average pores diameter of 130 nm. The creation of these specific 
morphologies could have been realized due to the resistivity decrease of 
the Si substrate. The etching process was accomplished in vertical 
manner; deeply inside rather than on the substrate surface. The spatial 
variation of laser power density across the beam diameter due to the 
Gaussian distribution during the etching pathway can modify the Si 
dissolution route during etching and leads to a complex network of 
muds, pores and pillars structures. The formation mechanism behind 
these results can be understood by referring to K. Cheah model [24,25]. 

The etching pathway depends on the rate of photo-generated elec
tron-hole couples; where this rate is modified with the spatial distribu
tion of the laser power density. Fig. 5(a–c), shows the cross sectional 

Fig. 2. The schematic representation of a) two sides, b) one side pesticide sensor configuration measurements and c) R-L-C circuit measurements set-up, d) 
equivalent circuit. 
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image of the upper and lower Psi layers across the silicon substrate. This 
image illustrates, the morphology of Ds-Psi in which the silicon region is 
located between the upper and lower Psi layer layers. This figure clearly 
shows that the layer thickness of the upper side is slightly greater than 
the layer thickness of the lower side. 

The photoluminescence PL spectra of the formed upper and lower PSi 
layer are illustrated in Fig. 6 (a, and b). For each layer, two distin
guishable PL peaks of the emitted wavelengths are seen. For upper layer, 
the peaks are 640 and 669 nm corresponding to two energy gaps: (1.94 
and 1.86) eV respectively. Also; for the lower layer, peaks emission 
wavelengths are 660 nm and 684 nm corresponding to the two energy 
band gap 1.88 eV and 1.82 eV. The presence of double PL peaks is a 
specific feature for double morphology (pores and pillar-like structures) 
with two silicon nanocrystallites size distributions. This explanation is in 
very good agreement with the quantum confinement model of electri
cally charged carriers within the matrix of the Psi layer. The PL intensity 
is strongly related to the amount of silicon nanocrystallites within the 
matrix whereas the peak emission wavelength is related to the di
mensions of the Si nanocrystallites [26–28]. The emission peaks wave
length is strongly related to the etching laser wavelength and the power 
density. The application of short laser wavelength 530 nm and a high 
power density ≈100 mW/cm2 can enhance the Si dissolution process 
within the formed layer and this, in turn, will increase the probability of 
existing silicon nanocrystallites with very small dimensions. The cu
mulative PL peak intensity is strongly connected with the density of 
nanocrystallites’ luminescence in the formed layer due to the increase of 
the electron-hole recombination rate within the porous layer. The 
dependence of energy band gap (Eg) of porous silicon on the confine
ment dimensions was in good agreement with Suemune et al. model as 
expressed hereunder (3) [28]. 

Eg=(Si) +
(
h2π2D

)

(
2mr∗L2) (3)  

where; mr* is the reduced effective mass, D is a constant equals 2 for a 
quantum pillar and 3 for silicon quantum dots, and L presents the 
confinement dimension. From the PL spectra, there is a little variation in 
energy band gap of Psi layers. This is related to the fluctuations of 
etching current density during the etching route. This fluctuation is 
established as a result of the resistance variation of the etching path 
between the platinum ring and the substrate. 

3.2. Electrical properties of parallel configuration Ds-Psi and one side Psi 
sensors 

The sensing principle of the fabricated sensors depends on moni
toring the variations of dielectric constant of the one side Psi and Ds-Psi 
sensors, and hence; the electrical capacitance of the sensor after 
inserting the Difenoconazole molecules in the fabricated sensors. The 
variation of electrical capacitance can vary the resonance frequency in 
the impedance matching circuit. Fig. 7 (a,b), demonstrate the (I-f) 
characteristics of one side Psi sensor of configuration Al/Psi/n c-Si/Al 
and Ds-Psi sensor of parallel configuration Al/Psi/n c-Si/Psi/Al. 

Fig. 7 shows that at the resonance frequency, the current in the 
impedance matching circuit reaches a peak value. As shown in Fig. (7a), 
when the one side Psi sensor was tested in the absence of the Difeno
conazole at room temperature, the resonance frequency obtained was 
around 830 kHz corresponding to the highest value of current. In figure 
(7b) for the Ds-Psi with parallel configuration sensor, the resonance 
frequency is around 460 KHz. For both sensors, a very low Difenoco
nazole concentration of about (0.01 ppm) was exposed to sensors. An 

Fig. 3. Illustrates the FE-SEM images of surface morphology of upper and lower Psi layer.  

Fig. 4. Shows the histogram of a) pillars sizes, ands b) pores diameter in Psi layer.  
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ultra-response especially for Ds-Psi sensor was achieved in the form of 
red resonance frequency shift. The new values of resonance frequency 
for the one side Psi sensor and the Ds-Psi sensor are about (770 KHz) and 
(325 KHz) respectively. 

As the concentration of Difenoconazole increased to 0.1 ppm, the 
resonance frequency shifting to much lower frequencies reaching a 
minimum resonance frequency of about (610 KHz) and (180 KHz) for 
the one side and Ds-Psi sensors respectively. In Fig. 7, the current 
passing within the Ds-Psi sensor is higher than that of one side and the 
increase in the current after exposure to the Difenoconazole is strongly 
related to the density of vertical pillars and pores in the porous layer and 
an effective dielectric constant of Psi layer is shown in the following 
equation (4) [29]. 

JpSi = εr pSiε◦ μeff
V2

d3 (4)  

Where εrpsi is a dielectric constant of psi, εo dielectric constant of air, μeff 
is the mobility of the charge carriers, V is the applied voltage and d is the 
Psi thickness. As a result of loading pesticide molecules within the Psi, 
the effective dielectric constant of the Psi is modified as shown in 
equation (5) [30]. For the Ds-Psi sensor in parallel configuration the 
total capacitance of the sensor is greater than the one side Psi sensor, 
which is a summation of capacitance of both sides, as given by equation 
(6). The output signal from the Ds-Psi is the contribution from both 
sides. This behavior is equivalent to effect of increasing of the surface 
area of the sensor. The circuit current is related to the rate of adsorption 

of Difenoconazole molecules, so it is increased with increasing the 
specific surface area of Psi [31]. These parameters in Ds-Psi are much 
higher than that of one side Psi. Therefore, the current in Ds-Psi is 
greater than that of one side Psi sensor [32]. 

εrpSi = εrSi − P%
(
εrSi − εrpore

)
(5)  

CTotal PSi =CPSi1 + CPSi2 (6) 

Fig. 8, presents the dependence of resonant frequency (f) on Dife
noconazole concentrations in the range from 0.01 to 0.1 ppm for both 
sensors. This figure clearly shows that the resonance frequency of both 
sensors decreases in a semi-linear form with the Difenoconazole con
centration; with a resonance frequency in Ds-Psi sensor lower than the 
one side due to the higher layer capacitance. The resonance frequency 
(f) is related to the capacitance c Psi of the sensor and the inductance of 
the external coil (L) and expressed in equation (7) [33]. 

f resonance =
1

2π
̅̅̅̅̅̅̅̅̅̅̅̅
LCPSi

√ (7) 

The resonance frequency rise with concentration is attributed to the 
possibility of interaction between the sensor and the Difenoconazole 
molecules. This may in a way modify the dielectric constant efficiently. 
The responses of the sensors as a function of the Difenoconazole con
centrations are represented as the slope of Fig. 8. Higher response 
(328.6 kHz/ppm) was achieved with Ds-Psi compared with (157) KHz/ 
ppm from the one side sensor. 

Fig. 5. Illustrates the cross sectional FE-SEM image of a) Ds-Psi layer, b) upper Psi layer, and c) lower Psi layer.  
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The significant parameter of the sensor’s performance is its sensi
tivity which determines the ability of the sensor to respond to the 
pesticide molecules. The sensitivity was calculated using equation (1). 
The high sensitivity arises from its larger surface area that can adsorb a 
large amount of targets’ molecules. The high sensitivity of the Ds-Psi 
sensor towards an ultra-low concentration as compared with one side 
is strongly related to the specific surface area in addition to the capac
itance of the formed capacitor. The measured experimental values of the 
Psi sensor with air-filled matrix for one, and Ds-Psi, are 2.7 nF, and 5.1 
nF correspondingly. Fig. 9 revealed the sensitivity of Psi to low con
centrations of Difenoconazole at room temperature. This figure shows 
an increase in sensitivity with concentration. For 0.1 ppm of Difenoco
nazole molecules, for the one and Ds-Psi sensors, the sensitivities were 
27.7% and 82.98% respectively. 

The value of LOD was computed and found to be 0.006 and 0.001 
ppm for Difenoconazole in the one and the Ds-Psi sensors, respectively. 
Remarkably, the employment of Ds-Psi in the sensing process with 
impedance matching circuit made significant contributions in detecting 
pesticides as compared to published work elsewhere [34]. The Obtained 
LOD of the Ds-Psi sensor was lower than that measured by an optical 
method which employed the SERS technique [35,36]. To explore the 
aging effects on the performance of the fabricated sensors, for long-term 
operation, the sensitivity was measured repeatedly every five days 
during the 40 days at 1 ppm concentration of Difenoconazole. The test 
displayed a highly stable performance Psi, as shown in Fig. 10, where the 
dropping rate in sensitivity for Ds-Psi is much better (0.1%) than that of 
the one side Psi sensor (0.21%) per day, respectively. 

As the natural oxidation rate increased, the reduction rate in sensi
tivity increased too. Thus; both sensors offer excellent stability due to 
their lower reduction rate which is strongly related to the effective 
exposure volume of Psi to the ambient atmosphere. Based on sensitivity, 
LOD and stability results, the Ds-Psi sensor is the best to adopt, due to 
higher sensitivity and lower LOD, for pesticide sensing. The current Ds- 
Psi sensor represents a potential possibility for enhanced sensitivity, 

linear performance, stability, and low-cost design solutions. 

4. Conclusion 

This novel work successfully fabricated ultra-high sensitive imped
ance matching chemical sensors for detecting ultra-low pesticide con
centrations. Laser synthesized double-sided porous silicon layers 
connected in the parallel configuration were employed to synthesize this 
sensor. Two electrical sensors: one and Ds-Psi layers with a sandwich 
top-bottom electrode configuration were synthesized and tested at room 
temperature. The Ds-Psi sensor with parallel configuration proved to be 

Fig. 6. The PL emission spectra of (a) upper side, and (b) lower side of 
Psi layer. 

Fig. 7. Presents the current-frequency properties of a) one side and b) Ds_Psi 
sensors at concentrations from 0.01 ppm to 0.1 ppm. 

Fig. 8. Illustrates dependence of the resonant frequency of one side and Ds-Psi 
sensors at concentrations from 0.01 ppm to 0.1 ppm. 
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the best candidate for higher sensitivity and detection limit. The Ds-Psi 
layers can be employed as a potential choice for developing an efficient, 
low-cost, and simple operation sensor for the quantitative detection of 
chemicals. 
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