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Abstract. The electrical properties of porous silicon nanocomposites with various
glucose solutions were studied. The current-voltage characteristics (I-V) of
glucose solutions in water and tear fluid, as well as porous silicon samples of
various porosities saturated with these solutions were measured. The porosity and
glucose content in the pores were determined by the gravimetric method.
Measurements of the [-V characteristics and photoconductivity of
nanocomposites showed that their electrical conductivity appreciably depends on
the glucose content in solutions. © 2020 Journal of Biomedical Photonics &
Engineering.
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1 Introduction

The problem of the choice of material for creating
biosensors is relevant today. New materials are still
being researched for use as a sensitive layer. It is
important to solve such problems as a high sensitivity of
the material to the studied object, selectivity, non-
toxicity of biomaterial, biocompatibility. Porous silicon
is a promising material for the creation of biosensors.
Due to the developed surface of porous silicon, it can be
used as a biosensitive layer [1, 2].

The widespread use of porous silicon for medical
purposes makes the problem of the dependence of the
physicochemical properties of nanocomposites based on
porous silicon on their structure and composition very
urgent. Thus, the development of methods for studying
these properties is important.

When creating biosensors on porous silicon, it is
promising to use its electrical properties. The electrical
properties of porous silicon are highly dependent on
substances trapped in the pores [6, 7]. This is primarily
due to the presence of nanocrystals on the pore walls,
the electronic structure of which is very sensitive to the
presence of impurities in the pores. Hence, this is a
possibility of detecting substances by changing the
electrical properties of porous silicon [8].

In this paper, we studied the dependence of the
electrical conductivity of porous silicon on the content
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of glucose solutions in it with different concentrations
of matter. The choice of glucose as a test substance is
due to the relevance of improving methods for
analyzing blood glucose levels. This analysis is very
important for people with diabetes. It is important for a
person suffering from diabetes to know the level of
glucose for control, diet and drug treatment [1].

2 Experimental and Calculation Methods

2.1. Sample manufacturing procedure

Samples of porous silicon were prepared by
electrochemical etching in a fluorine-containing
solution. The composition of the electrolyte: water,
isopropyl alcohol, hydrofluoric acid in a ratio of 6:9:5:
H,0 + (CH3),CHOH + HF.

Etching occurred at currents of 60 mA, 80 mA and
lasted for 15, 20 and 30 min (Fig 1). Porosity was
determined by the gravimetric method from the
decrease in sample weight after etching. Depending on
the etching conditions, the porosity varied from 17% to
43%. Italics show the values of porosity calculated for
other samples made by similar methods. The accuracy
of the calculation of porosity by the gravimetric method
is determined by the accuracy of weighing and
determining the geometric parameters of the porous
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Table 1 Samples and etching conditions.

doi: 10.18287/JBPE20.06.010306

S e # Surface tvpe Etching mode Porosity, %
ample u
P . I, mA Etching time, min (expected)
Y Polished surface 80 15 17
0] Polished surface 80 10 17
U Polished surface 80 20 17
G Polished surface 60 20 17
X Polished surface 80 30 22
E Polished surface 60 30 34
R Polished surface 80 30 34
A Polished surface 60 20 17
K Textured surface 80 30 37
P Textured surface 80 15 21
Z Textured surface 60 20 21
L Textured surface 80 20 21
H Textured surface 60 15 21
Nel Textured surface 60 10 21
No2 Textured surface 60 30 37
J Ground surface 80 20 43
N Ground surface 60 20 43

layer and does not exceed 0.3%, however, the difference
in the values of porosity of identical samples reaches
units of percent that is explained by the influence of
uncontrolled factors of the etching process [3].
Therefore, the numerical values of porosity shown in
Table 1 are estimated. Nevertheless, from an analysis of
these data, it can be concluded that the samples with a
polished surface have the maximum porosity (43%);
therefore, they are most promising for creating a
biosensor.

To create nanocomposites with porous silicon,
substances such as glucose and saline were used to
understand how the properties of the material change
when these substances are present in the pores because
both substances are present in human blood and plasma
in a noticeable amount. Solutions of glucose in the
lacrimal fluid were also investigated because a number
of researchers propose a method for determining the
sugar content in human blood by the study of tears.

On samples X, O, G (polished surface); L, K
(textured surface) and N (ground surface) and discrete
contacts were applied through a mask with a conductive
paste, and the I-V characteristics were measured on
three parts of the sample: porous silicon, part with a
glucose solution of different concentrations in water,
part with a glucose solution of different concentrations
in lacrimal fluid. Previous studies of the IR spectra of
nanocomposites showed that the porous layer can be
saturated with glucose from aqueous solutions [4].

2.2. Measurement of photoconductivity and
crc

A stand to measure photoconductivity and current-
voltage characteristics (Fig. 1) was used.
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1

Stand for
characteristic.

Fig. measuring the current-voltage

In this paper, to measure the dark current, the sample
was fixed on a special holder and placed in a lightproof
casing. To record the light characteristics, the sample
was illuminated with a lamp. The current flowing
through the sample was measured with a V7-21A
universal voltmeter. A stabilized voltage was also
supplied from the B5-43 power source. The voltage was
measured with a V7-26 universal voltmeter; its
measurement accuracy was 0.1 mV.

The resistance of the samples was calculated by
measuring the voltage and current flowing through the
sample.

To calculate the resistivity and conductivity, we use
the formulas:
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where R — the resistance, d — the thickness of the plate,
we take it equal to 1, L — the distance between the
contacts, i — contact length (Fig. 2).

Fig. 2 Scheme for calculating the resistivity.

To measure the I-V characteristics, solutions of
glucose in water containing 1%, 2%, 3%, and 4% of the
substance were prepared, and glucose solutions in the
Slezin pharmacy preparation containing 3%, 6%, and
12% glucose. Then, the current-voltage characteristics
were measured and the electrical resistances of glucose,
silicon, and then glucose together with silicon were
calculated, and the relative measurement error AR/R
was also calculated.
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Researchers Yihao Chen, Siyuan Lu et al. developed
the biosensor as a “two-electrode system” (working
electrode and counter electrode) in measurements
invivo. A clinical study was conducted in vivo by
examining the presence of glucose in tissue fluid. The
work presents the electrochemical and mechanical
characteristics of the device, as well as the
amperometric I-t result recorded by a biosensor
attached to the skin surface [5].

3 Results

Based on the experiment, the I-V curves of the samples
were constructed in the absence and presence of glucose
(Fig. 3). The figures show graphs for a glucose solution
(1% glucose solution in water), for a porous silicon
wafer (por-Si) and for a nanocomposite (por-Si and an
aqueous glucose solution of various concentrations).

It can be seen from the graphs in Fig. 3 for the most
part, the dependence of current on voltage is linear in
nature that allows us to use these data to calculate the
resistance.

According to the results of measurements and
calculations, a final Table 2 was compiled of the
dependence of the resistance of the PC samples on the
glucose content in them.

Based on the results, a graph of the dependence of
the sample resistance on the percentage glucose in the
solution was constructed (Fig. 4).
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Fig. 3 CVC of the studied samples: (a) 1%, (b) 2%, (c) 3%, (d) 4% glucose.
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Table 2 Dependence of the resistance of PC samples on glucose content.

Sample R glucose,  AR/R glucose,
glucose

concentration

R por-Si,
number and kOhm % kOhm

AR/R por-Si, R glucose AR/R glucose
% + por-Si, + por-Si,
kOhm %

L (1%) 178.4 3.4

13222.5

14 4285.7 1.9

0 (2%) 181.7 1.5

10552.5

7.2 6431.2 17.4

K (3%) 191.4 3.6

12756.2

11 1728.2 1.6

N (4% ) 186.8 1.2 8737.5

As can be seen from the graph in Fig. 4, the
resistance of the nanocomposite significantly depends
on the concentration of glucose in the solution.
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Fig. 4 The dependence of the silicon nanocomposite +
glucose resistance on the percentage of glucose in the
solution.

The next series of studies was related to measuring
the dependence of the resistance of a silicon + glucose
nanocomposite on the percentage of glucose in the tear
fluid (3%, 6%, and 12% glucose). Porous silicon, on
which nothing was applied, was taken as a control
sample. The figures show graphs separately for the
por-Si nanocomposite + glucose solution with the
addition of a tear (1% glucose solution in a tear), for a
porous silicon wafer (por-Si) and for a nanocomposite
(por-Si and an aqueous glucose solution of various
concentrations).

A porous silicon sample with added solutions of
various concentrations was used. Also, according to the
results, a graph of the dependence of the resistance of
the silicon + glucose nanocomposite on the percentage
of glucose in the solution was built. Based on the results
of measurements and calculations, a final Table 3 of the
dependence of the resistance of PC samples on the
presence of a certain amount of glucose in them was
compiled.

Figs. 5 and 6 show the I-V characteristics and the
dependence of resistance, measured and calculated
similarly to the previous ones (Figs. 3—4).
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Fig. 5 CVC of a silicon + glucose nanocomposite of the
percentage glucose in the tear fluid (3%, 6%, and 12%
glucose).

26 Mar 2020 © J-BPE



K.A. Ganichkina, N.V. Latukhina: Electrical Properties of Porous Silicon as a Biosensor Material

doi: 10.18287/JBPE20.06.010306

Table 3 Dependence of the stability of PC samples on the presence in them of a certain amount of glucose.

Sample number R glucose + tear,
and glucose kOhm
concentration

tear, %

AR/ R glucose + R por-Si, AR/R

R glucose

kOhm por-Si, + tear +
% por-Si,

kOhm

AR/ R glucose +
tear + por-Si, %

N (3%) 783.45 0.3

N (6%) 597.77 0.4

N (12%) 380.13 1.4

R kOm
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Fig. 6 The dependence of the silicon nanocomposite +
glucose resistance on the percentage of glucose in the
tear fluid.
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As can be seen from the graph in Fig. 6, the
resistance of the silicon + glucose nanocomposite
depends on the concentration of glucose in the lacrimal
fluid. This dependence is rather well approximated by a
decreasing linear function. For a nanocomposite with an
aqueous glucose solution, the function is also
diminishing, although its linearity is not so obvious.

For various samples of porous silicon with various
supported substances (NaCl; 6%, 12% glucose
solutions), photoconductivity was measured. By
measuring the current — voltage characteristics with and
without illumination, it is possible to determine the dark
(oy) and light (oy,) conductivities of the samples, as well
as Ac = o, (PC) — o (PC + substance), Ac/c;, and Ac/cg,.
Fig. 7 shows the I-V characteristics of a nanocomposite
with NaClL

Table 4 Calculation of dark characteristics: resistivity L .
and conductivity.
Sample pw» Ohm per G, Om™- per 6
square square . bark
G 1.661-107 6.020-10°® a o Lont
G+NaCl 1.351-107 7.404-10°® .
2
X — control 8.365-10° 1.196-107 .
sample . R —
0 a et uv
X+6% 4.350-10° 2.299-107 @ ° ? ) ° °
glucose solution
0
Xr12% 4.021-10° 2.487-107 | .
glucose solution
30 y
Table 5 Calculation of light characteristics: resistivity
and conductivity.
20 R « Dark
Sample Psv, Ohm- per oy, Ohm™- per o Light
square square
10 .
G 5.830-10° 1.715-10° .
G+NaCl 3.250-10° 3.077-10°° ® 2 & e T 2YY
X — control 16 0T
sample 123910 8.070-10 Fig. 7 CVC: (a) sample G-control and (b) sample G +
0 NaCl.
X+6% glucose 4.35-10° 2.299-10°
solution
X+12% glucose A 7 Fig. 8 shows the I-V characteristics of a
solution 1.428-10 7.003-10 nanocomposite with 6 and 12% glucose.
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Fig. 8 CVC: (a) X — control sample, (b) X with glucose
of 6% solution, (c) X with glucose of 12% solution.

References

The calculation of resistivity and conductivity is
given in Tables 4-5.

The obtained results demonstrate that all plates have
high photosensitivity. The presence of glucose on the
porous layer shows a significant increase in both dark
and light conductivity. The presence of NaCl in the
sample does not significantly change the conductivity;
the order remains the same. Calculations of the change
in dark conductivity with the addition of substances to
the samples are shown in Table 6.

Table 6 Change in dark conductivity with the addition
of substances to the samples.

No sample Ac/oy, Ac/cyy,  Amount of
- P % % substance
G (with NaCl 23 82 0.016
solution)
X (when adding
6% glucose 92 188 0.323
solution in water)
X (when adding
12% glucose 120 14 0.571

solution in water

4 Conclusion

It was found that the resistance of porous silicon varies
markedly in the presence of glucose in the pores. With
an increase in glucose content, the resistance markedly
decreased for all the studied samples with different
porosities. Samples with a porous layer made on a
polished surface (N) have the highest porosity that is an
attractive quality for using such a material in a
biosensor. In this case, a nanocomposite with such a
surface is characterized by a linear dependence of the
resistance on the glucose content in the pores. From
this, we can conclude that porous silicon is a promising
material for creating an electric or combined optical-
electric glucose biosensor.
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