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Recently, Porous Silicon (PS) is emerged as a new, unique and promising nano material 
for the optoelectronic devices and the sensing applications. In this study, rapid, sensitive, 
and reversible sensing of glucose level using one dimensional (1D) Porous Silicon (PS) 
Microcavity (MC) sensor device is successfully demonstrated.1D-PSMC sensor device 
structure was fabricated by electrochemical anodization of crystalline silicon wafer and 
proposed as a large surface area matrix for optical sensing of glucose concentrations. The 
refractive index of the 1D-PSMC structure is tuned by changing current density and the 
thickness by etching time. Wavelength shift (Δλ) in the measured reflectance spectra of 
prepared structures were analyzed for the detection of the glucose concentrations in the 
porous structure. Sensor device showed excellent sensing ability and good linear relation 
between the different concentrations of glucose and the wavelength shift. It was also 
observed that, the photonic resonance dip in the reflectance spectra of the 1D-PSMC 
sensor device promptly returned to their original states after removal of glucose molecules 
from the porous structure. This is a very good quality of these structures, as it is helpful in 
the development of reversible sensing devices. 
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1. Introduction 
 
A. Glucose Background 
 
The simple sugar is the chief source of energy. Glucose is found in the blood and is the 

main sugar that the body manufactures. The body makes glucose from protein, fats, and 
carbohydrates of food. Glucose is the primary fuel used by most cells in the body to generate the 
energy that is needed to carry out cellular functions (http://www.medterms.com). When glucose 
levels fall too low (hypoglycemic) levels, cells cannot function normally, and symptoms develop 
such as nervousness, cool skin, headache, confusion, convulsions or coma. High blood glucose 
levels (hyperglycemia) causes damage to the eyes, kidneys, nerves and blood vessels. It is 
comparatively easy to detect high glucose level but a low glucose level (hypoglycemia) is difficult 
to detect and it can lead to fainting, coma, and even death. Hence, it is demands of industry to 
develop the low level glucose sensors. Till date, there various techniques are reported for the 
glucose detection [1-4].  
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B. History of Porous Silicon in Brief 
 
Optical sensor field is motivated by the expectation that it has significant advantages [5] 

compared to conventional electronic-based sensors. In recent years, PS is emerged as a promising 
nano structure due to tremendous advantages like easy fabrication technology, spongy skeleton, 
controllable pore size and morphology etc [6]. Also, its optical properties [7] are highly sensitive 
to the presence of chemical and biological species inside the pores. These advantages make PS 
suitable in nano scale optical sensing applications. Microcavity structures are periodic dielectric 
structures that control the propagation of electromagnetic wave through the photonic crystals [8]. 
The structural properties of 1D-PSMC exhibits the sharp photonic resonance dip in the reflectance 
spectra which is useful for the optical sensor applications. Several groups all over the world have 
been working in the research related to characterization, devices, sensors and other emerging and 
future nano scale applications using PS [9-17].   

The objective of this work is to evaluate the feasibility for realization of 1D-PSMC 
sensing matrix device structure by electrochemical anodization. In section 1, experimental details 
for the fabrication of 1D-PSMC sensing device structure is presented with materials, apparatus, 
fabrication procedure and sample preparations. Section 2, describes, the principle of optical 
sensing using 1D-PSMC, structural and optical characterization of sensing device. Finally, 
realization of glucose biosensor with different concentrations with the optical sensor device has 
been studied by examining the wavelength shift in their reflectance spectra. 

 
 

2. Experimental   
 

A. Materials 
 
Boron-doped, one-side polished p-type silicon wafers (<100> orientation, 0.0-0.02 cm2) 

were purchased (M/s. Scientific Technologies, Delhi, India). The solution for the piranha cleaning 
of wafer was composed of H2SO4 (98%, Finar Chemicals Ltd.) and H2O2 (30%, Fisher Scientific 
Ltd.).The electrochemical anodizing solution consisted of hydrofluoric acid (48%, Rankem, India) 
and ethanol (99.5%, Fisher Scientific, India). Analytical grade glucose (Fisher Scientific) is used. 
DI water was used for the dilution as well as for the rinsing purpose.  

 
B. Apparatus 
 
The experimental setup is shown in Fig. 1 (a). The 1D-PSMC fabrication was performed 

in the fume hood (Fig. 1 (a)) containing the electrochemical etching cell [9] shown in the Fig. 1 
(b). As shown in Fig. 1 (b), the base and the cap of the electrochemical etching cell were made 
with SS 320 metal. The electrolyte mixture was kept in the highly HF resistant polymer 
polytetrafluoroethylene (PTFE/Teflon). Platinum grid was used as a cathode. Programmable DC 
power supply (PWS 4305, Tektronix) was used to generate periodic constant current square wave. 
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b 
 

Fig. 1(a) Experimental Set Up, (b): Electrochemical Etching Cell 
 
 
 

The structural morphology of the PSMC sensor device was characterized by scanning 
electron microscopy (FEG SEM, JSM-7600, JEOL). An UV-Vis-NIR Spectrophotometer (Maya 
Pro 2000, Ocean Optics Inc.) was used for the reflectance measurements of the prepared sensor 
device structures (Fig. 2). As shown in the Fig. 2, sensor device is illuminated with halogen lamp 
through a Y-shaped bifurcated fiber probe which has the central fiber providing incidence light 
and a bundle of six fibers around the central fiber to collect the reflected light. The reflected light 
is analyzed by spectrophotometer with a wavelength range of 200-100 nm with resolution of 0.5 
nm. Finally, the reflectance spectrum is displayed on computer screen. 
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Fig. 2: Optical Spectrometer with Light Source and Accessories 

 
C. Fabrication of PSMC Sensor Device 
 
1D-PSMC sensor structure was fabricated using an anodization process in the 

electrochemical etching cell using silicon wafer. The oxidized layer of the silicon wafer was 
removed by standard piranha cleaning method. After, piranha cleaning, wafer was rinsed with DI 
water, dried at room temperature and placed inside the base of the cell, sealed with an O-ring and 
exposed to the electrolyte. PTFE bath was filled with the etching solution of 40% aqueous HF and 
99% ethanol, mixed in the ratio of 1:2. The cathode was immersed in the electrolyte solution and 
the distance between anode and cathode was kept about 4.5 cm. Periodic constant current square 
wave was applied by programmable DC power supply. A constant current mode was used for 
anodization process as it is beneficial in terms of regulation [18]. Applied current density (J) and 
the etching time (t) profile are responsible for the change in refractive index (n) and the physical 
thickness (d) profile of the layer, respectively. The fabrication schematic diagram of the 1D-PSMC 
structure is shown in Fig. 3. In Fig. 3, ns is the refractive index of the substrate and N is the number 
of period. The 1D-PSMC structure was realized by inserting a cavity layer of high current density 
between two identical DBR1 and DBR2 with six repetitions of a current density and etching time 
sequences as shown in Fig. 3.  

 

 
Fig. 3: Fabrication Schematic of PSMC Structure 
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D. Sample Preparation 
 
In order to examine the optical response of the sensor device to glucose, glucose solutions 

were prepared in DI water for the different concentrations from 2% to 10% and sonicated to get a 
homogeneous mixture. Then the solution was dropped on to the 1D-PSMC biosensor device, 
hence the solution is reach to the pores of the sensor device by capillary adsorption. The amount of 
solution and the time of reaction were optimised to 5 µl and 30 seconds, respectively, for the 
reaction to be in the linear region. After the measurements, the device was thoroughly rinsed in the 
ethanol solution for complete removal of all the glucose molecules from the pores.  

 
 
3. Results and discussion 

 
A. Principle of Optical Sensing 
 
According to the optics theory, the reflectance spectrum of 1D-PSMC structure is 

governed by the interferometric Fabry-Perot relationship [19-20]. Light reflected from the top 
interface (air-PS) and the bottom interface (PS-Si substrate) interfere with each other and form the 
typical Fabry-Perot fringes in the reflectance spectrum. The fringe pattern is closely related to 
effective optical thickness, which is product of physical thickness and refractive index of the 
structure, by the relationship shown in as:   
 

ߣ݉																																														 ൌ 2݊݀																																																																																												ሺ1ሻ 
 
where, m is an integer (the spectral peak order) and λ is the peak wavelength. For bare 1D-PSMC 
structure (without any analyte), the refractive index of the structure is n. When the pores are filled 
with an analyte (e.g., chemicals or bio-chemicals), the effective refractive index of the structure 
increases from n to n+Δn with shift in wavelength from λ to λ+Δλ in the reflectance spectra due to 
increased optical thickness of the structure.  Hence, by analyzing the wavelength shift in the 
reflectance spectra, capture and the detection of the analyte is done. For the multilayer 1D-PSPM 
structures with alternating high refractive index layers and low refractive index layers the Eq. (1) 
becomes: 
 

																																	
଴ߣ	݉
2

ൌ ݊௅݀௅		 ൅ 	݊ு݀ு																																																																												ሺ2ሻ 

 
where, λ0 is the photonic resonance wavelength, nL and dL are the refractive index and the thickness 
of the low index layer, respectively, while nH and dH are the refractive index and the thickness of 
the high index layer, respectively.  
 

B. PSMC Characterization 
 
After electrochemical etching, these structures were rinsed in DI water for 10 minutes and 

dried at room temperature. The prepared structures show distinct green, blue and red colours 
distribution over the entire surface (Fig. 4). Porous structure in the bulk silicon is strongly 
responsible for the change in the surface colour due to the shifting in the bandgap energy of silicon 
[21]. 
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Fig. 4: Fabricated 1D-PSMC Sensor Device Structure. 
 
 

Structural morphology (plan and cross sectional view) was examined by SEM. Fig. 5 (a) 
shows the surface morphology of the structures in SEM plan view. The array of void spaces (dark) 
in silicon matrix (bright) can be seen clearly in the plan view SEM image. The morphology of the 
structure shows that the electrochemical etching is done uniformly on the surface and created the 
granular structure in a spherical shape. Large number of pores distributed in all direction can be 
observed in Fig. 5 (a) with mean pore size of 24 nm measured using Image J software 
(http://rsb.info.nih.gov.ij).  
 

 
 

Fig. 5 (a): SEM Plan View of 1D-PSMC Structure 
 

The SEM cross-sectional image of the 1D-PSMC structure is shown in Fig. 5 (b) and (c), 
respectively. Multilayered stacks are clearly observed in these figures. These stacks are due to the 
periodic variation in the refractive index profile through the current density variation for different 
etching time. The cavity layer of the microcavity structure can be clearly observed in the inset 
figure of Fig. 5 (b).  
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Fig. 5 (b): SEM Cross-sectional view of PSMC 

Structure 
Fig. 5 (c) Low and High Porosity layers of PSMC  

 
In Fig. 5 (c), the light grey stripes are corresponds to low porosity layers (J=5 mA/cm2, 

high refractive index) and the dark gray stripes are corresponds to the high porosity layers (J= 70 
mA/cm2, low refractive index). Further, the branched cylindrical structure possessed by the pores, 
is also clearly visible in Fig. 5 (c); which shows that the pore growth is occurred in the depth 
(perpendicular to the surface) of the structure. 
 
Optical characterization of the prepared sensor device structure was done using optical 
spectrometer. Reflectance measurements were done in the air and the polished silicon wafer was 
used as a reference. A reflectance spectrum of the 1D-PSMC structure is shown in Fig. 6.  

 
Fig. 6: Reflectance Spectra of PSMC Sensor Device Structures 

 
As shown in Fig. 6, the photonic resonance dip centered at 679 nm is observed in the 

reflectance spectrum of microcavity structure. The presence of small peaks between 400 to 500 nm 
was observed in the reflectance spectra of Fig. 6, due to the refractive index dispersion of PS at 
those high energies [22].  

 
C. Glucose Detection 
 
After fabrication and characterization of 1D-PSMC sensor device, their performance as 

the optical biosensor device was tested by analysing the wavelength shift in the reflectance spectra 
during their exposure to different concentrations (2%, 4%, 6%, 8% and 10%) of glucose.  
Variations in the photonic resonance dip in the reflectance spectra of the sensing device during 
exposure to different concentrations of glucose are shown in the Fig. 7. During the adsorption, 
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wavelength in the reflectance spectra promptly shifted toward the higher wavelength (low energy) 
regions. This phenomenon can be attributed to the capillary adsorption of the glucose molecules 
within the pores of the porous structure. The wavelength shift measured from the reflectance 
spectra of 1D-PSMC structures for the different concentrations is listed in Table 1. 

 

 
Fig. 7: Wavelength Shift in the Reflectance Spectra of sensor device before  

and after glucose Adsorption. 
 

Table 1. Wavelength Shift in Reflectance Spectra of 1D-PSMC Structures  
after Organic Solvents Adsorption 

 
Glucose Concentration (%) Wavelength Shift (nm)

2 39.52 
4  44.83 
6  53.22 
8  59.40 

10  64.69 
 

It is clearly observed from Fig. 7 and Table 1, that the wavelength in the reflectance 
spectra of the 1D-PSMC sensor device were shifted to higher wavelength, because the pores were 
filled with glucose molecules (n > 1.0).  The filled pores with glucose molecules increase the 
overall effective refractive index and consequently optical thickness of the porous structure. This 
effect promotes the wavelength shift in the reflectance spectrum. The strength of the wavelength 
shift depends on the glucose concentrations. Higher the concentrations of glucose, higher the 
refractive index of the solution and hence, higher the wavelength shift. 

The relationship between concentrations of glucose and the wavelength shift is plotted in 
Fig. 8 from the results of Table 1. Fig. 8 shows the good linear fitting for the graph of the glucose 
concentrations vs. wavelength shift. As shown in the Fig. 8, when the sensor device was exposed 
to glucose solution of high concentrations, large variations in the reflectance spectra were 
observed; correspondingly, when the sensor device was exposed to low concentrations solutions, 
small variations in the reflectance spectra were observed. This is due to the variations in the 
effective refractive index of the 1D-PSMC layers according to the different concentrations of 
glucose solution adsorbed in pores. In the Fig. 8, it is observed that all the experimental points are 
on the linear fitting.  
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Fig. 8: Refractive Index vs. Wavelength Shift  
 
 

Sensitivity is one of the most important issues to evaluate the performance of the sensors. 
In this case, the response of the sensor structure was evaluated throughout the change of the 
wavelength shift (ߣ߂) in the reflectance spectrum for different concentrations of glucose solutions. 
This parameter showed to be a good indicator for sensing measurement in the 1D-PSMC sensing 
devices. In this sensor device, the measured sensitivity is 3.146 nm/Concentration (%).  

Also, our experiment showed that the 1D-PSMC sensor device can also be used as 
reversible sensor device applications. After each experiment, the glucose molecules inside the 
porous structure were removed by rinsing the sensor device three times in the ethanol solution. 
After the rinsing the photonic resonance dip of the sensor device comes to its original position. 
This feature is very much useful for the development of effective reversible 1D-PSMC glucose 
biosensor device.   

 
 
4. Conclusions 

 
To conclude, porous silicon based photonic bandgap microcavity optical sensor device 

structures were fabricated by electrochemical anodization and proposed as the glucose biosensor 
devices. Porous structure is confirmed in the plan view of SEM characterization. Large number of 
pores uniformly distributed on overall surface and multilayered structure with periodic variation of 
the refractive indices is observed in the SEM characterizations. Optical characterization showed 
sharp photonic resonance dip, which is important for the accurate measurement of the wavelength 
shift.  Optical sensing of glucose level (2%-10%) is demonstrated using the sensor device. The 
effective optical thickness and the refractive index of the structure changes due to capillary 
adsorption of the glucose molecules in the porous structures which results in the wavelength shift 
in the reflectance spectra. Good linear fitting for the different glucose concentration is obtained. 
Experiments showed that, after complete removal of the glucose molecules from the porous 
structure reflectance spectra of the structures promptly returns to their original waveform position. 
This is a very good quality of these structures, as it is helpful in the development of reversible 
sensing devices. 
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