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Development of integrated sensors is a promising scientific and technical direction to create
components for measurement and information systems. Among the different types of analyser one
of the places are occupied by sensors of hydrogen containing compounds in gaseous and liquid
condition (especially poisonous and carcinogenic). Fixing the presence of a substances in the gas
or liquid environment is an actual task for scientific, industrial and medical application areas.

The main goal of this paper an inexpensive microprocessor system for measuring and
analyzing electrical properties of nanocomposite sensing material such as porous silicon on the
base of current and capacity-voltage characteristics and its hardware and software applying is
represented.

The microprocessor system is designed for measuring sensors current-voltage and capacity-
voltage characteristics based on porous silicon and nanocomposite structures and consists of the
following units: power supply unit, DC voltage regulator, control and measurement module,
RLC-meter E7-22, UART/USB and RS232/USB converters, measuring cell, PC. The software of
the microprocessor system for measuring consists of the software for the control and measure-
ment module implemented on the Atmega 128 microcontroller and the main device management
software for the PC. The main program algorithm and software are implemented in the C# pro-
gramming language in the Visual Studio 2017 environment

The results of the comparison allow us to conclude that the implemented modules of the mi-
croprocessor system for sensors I-V- and C-V characteristics testing can be used in the develop-
ment of portable environmental monitoring devices, to study porous silicon sensors using them.

Keywords— porous silicon, nanocomposite; sensor, microcontroller, microprocessing system,
current-voltage characteristic

Introduction

The rapid development of nanotechnologies and physics of nanoscale materials in the re-
cent years leads to the creation of electronic devices that operate on new physical principles
with new promising capabilities. And it allows to create defect-free materials with fundamen-
tally new physic and chemical properties, as well as new classes of devices with a characteris-
tic nano-dimensional mode.

Porous silicon (PS) is considered as a new class of nano-dimensional objects [1, 2]. The
study of PS properties is an actual task as a result of the applying of this material for the creat-
ing of emitting and detecting electronics structures. One of the methods is the modification of
the PS surface [3]. Nanostructured material ZnO with p-type conductivity on the PS surface
PS-pSi by electrochemical method was obtained, without preliminary processing of the sub-
strate. Also Au contact on the PS surface as a collateral surface coating was deposited.
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The developed surface of PS is a good substrate for nanocomposite based on ZnO. Com-
posite of zinc oxide - porous silicon (ZnO-PS) structure demonstrate a change in the spectrum
of electromagnetic waves from 1.4 to 3.3 eV with a changing of electric properties. Different
methods for producing nanoscale ZnO samples of various types are directed on the use of elec-
tronic, optical and piezoelectric properties [4].

Zinc oxide (Zn0O) is a semiconductor material that is most intensively studied at present.
Being transparent in a wide spectral region, ZnQO is highly resistant to radiation and is relatively
cheap, which makes it attractive for use in microelectronics. A great interest is also the integra-
tion of ZnO with silicon technology, which allows combining the unique functionality of these
materials when creating photoconverters on silicon substrates and, in particular, in thin-film
solids some elements [5]. On the other hand, porous silicon-ZnO composites have been used
for white light emission and to tune ZnO grain size for possible sensing applications [6]. The
tasks of micro-nanosensoric areat present time are to stimulate the study of thin films of zinc
oxide. Increased interest in thin ZnO films is associated with the search for active materials for
sensitive elements of nanosensors [7].

Development of integrated sensors is a promising scientific and technical direction to cre-
ate components for measurement and information systems. Among the different types of ana-
lyser one of the places are occupied by sensors of hydrogen containing compounds in gaseous
and liquid condition (especially poisonous and carcinogenic). Fixing the presence of a sub-
stance in the gas or liquid environment is an actual task for scientific, industrial and medical
application areas [8].

Complex of obtained experimental data such as current-voltage characteristic, electrical
conductivity, capacitance-voltage measurements on the ZnO(Au)-PS structures in the wide
voltage range in the air and under adsorption of hydrogen containing compounds provided on
microprocessor system can determine the mechanisms of conduction and sensory characteris-
tics of the objects.

The main goal of this paper is represent an inexpensive microprocessor system for meas-
uring and analyzing electrical properties of nanocomposite sensing material such as porous
silicon on the base of current and capacity-voltage characteristics and its hardware and soft-
ware applying. The results obtained in [9] are taken as a basis.

All this is comparing to high quality electronic complex for analyzing of semiconductor
structure [10], Keithley 4200A-SCS Parameter Analyzer [11] and 4140A Agilent Semiconduc-
tor Parameter Analyzer [12].

Microprocessing System Hardware

The microprocessor system (MS) is designed for measuring sensors current-voltage and
capacity-voltage characteristics (I-V and C-V) based on porous silicon and nanocomposite
structures. The functional scheme of the microprocessor system is presented on Fig. 1.

The MS consists of the following units: power supply unit, DC voltage regulator, control
and measurement module, RLC-meter E7-22, UART/USB and RS232/USB converters, meas-
uring cell, PC. It is possible to connect the Keithley 2100 multimeter in current mode. In this
case, the multimeter is connected to the X1, and the measuring Rm through the X2 is shortened.
The multimeter control is programmed through the USB interface. If the Keithley 2100 multi-
meter is not used, then the X1 is shortened, and the X2 split is break.
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Fig. 1. MS functional scheme of semiconductor nanostructures I-V and C-V characteristics measurement

The control and measurement module is implemented on the basis of the Atmegal28 mi-
crocontroller. The main functions of this module are: DC voltage source control, realized on
the basis of DAC AD5541; voltage measurement Ul and U2, PC interaction via UART for
receiving commands and data from a PC, and transmitting measurement results to PC.

Atmegal28 is an 8-bit low-power AVR microcontroller with RISC architecture [13]. Its
peripherals include, in particular, two 8-bit timers/counters, two 16-bit timers/counters, a real-
time counter with a separate generator, two eight-bit PWM channels, six PWM channels with
programmable bit (2 ... 16 digits), 8-channel 10-bit ADC, two programmable channels
USART, 128 kB internal reprogrammable flash memory, 4 kB internal static RAM.

The DAC AD5541 connecting scheme to the microcontroller is shown in Fig. 2. The ref-
erence voltage Vref = 2.048 V for the DAC is formed using a reference voltage source (chip
REF19x). Microchip AD5541 is a single-channel 16-bit DAC powered by 5 V [15]. The volt-
age at the DAC output is determined by the expression:

Vet -Code

o )

Vout =

where Code is the decimal data word loaded in the DAC register, N - DAC bit. The AD5541
has a triple wired serial interface that is compatible with the standard SPI interface. The
ADUM1300 Digital 3-Channel Insulator performs a solution between the microcontroller ter-
minals and the DAC (CS, SCLK, DIN).

The DAC control is performed by a microcontroller, which generates a code within
0< Code <2N-1. The range of this code change corresponds to the change in the output voltage
DAC 0<Vou<Vrer*(2N-1)/ 2. Output voltage DAC is applied through the filter (R5C3) to the
input of the voltage measurement circuit U1 and U2, shown in Fig. 2.

This voltage is applied to the non-inverting input of the operational amplifier U1:B
(AD522), where it is multiplied by the magnitude of the gain K=(1+R6/R7), and then applied
to the base of the transistor VT1 (BC547) to control it.

The OUT_ + and OUT_- terminals have a measuring cell with the structure under
investigation. It allows to measure VA- and VF-characteristics for both positive and negative
voltages with unipolar power supply.
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Fig. 2. Principal scheme of the voltages U1 and U2 measuring

Outputs U1 and U2 are connected to the ADC microcontroller Atmegal28 inputs. Anoth-
er measurement voltage OUT is applied to the non-inverting input of the U1: A operating am-
plifier, which acts as an emitter repeater. Its output is connected to the resistive divider
R1R2R3R4, whose fission factor can be changed by the shortcut of the X5 and X8 jumpers.
From the output of the divider, the voltage U2 is applied to another ADC input.

The power supply scheme of the voltage meter U1, U2 provides power to the measure-
ment circuit via USB. This uses DC / DC converter, which converts the input voltage to 5 V
into the output voltage of 24 V. Its power is 1 W.
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Fig. 3. The power supply scheme of the voltage meter U1, U2

The capacitance measurement of investigated structures at different bias voltage is per-
formed using RLC-meter E7-22 [14], which RS232 output is connected through RS232/USB
converter to the PC. Investigated structure through a Cs split capacitor is connected to RLC-
meter input. RLC-meter E7-22 allows to measure alternating current at 120 Hz or 1 kHz. The
main error of active resistance measuring is 0.5%, and the inductance L and capacity C - 0.7%.
The smallest range of capacitance measurements is 2000 pF, and the largest one is 20 mF [14].

Microprocessing System Software

The software of the microprocessor system for measuring the VA- and VF-characteristics
of the investigated structures consists of the software for the control and measurement module
implemented on the Atmega 128 microcontroller and the main device management software
for the PC. The software of the system module realizes a constant voltage control algorithm,
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fix the voltage on the measuring resistance Rpy, transmits measurement data to the computer
and accepts data and commands from the PC.

The algorithm for measuring the VA- and VVF-characteristics consist in automatic voltage
increase at the output of the DC regulator from the specified value of the voltage min U1 to the
value max U1 with the step AU1. The variation of the input voltage Ul is O ... + 28 V. The
minimum voltage step is 0.025 V.

Each of the characteristics measurement cycle includes the next procedures: - setting the
voltage at the output of the regulator of constant voltage Ul;; - delay time 1 s before measuring
voltage Ul;; - multiple measurements of the voltages U1; and U2; and the capacitance C; (time
delay between each measuring 0.1 s); - averaging of the measured values of UL(my, U2(my, Cimyt
and their transfer to the PC.

The main program algorithm and software are implemented in the C# programming lan-
guage in the Visual Studio 2017 environment. It allows to establish a connection between the
PC and the microprocessor system; configure the virtual com-port settings; transfer control
commands to the microprocessor system and RLC-meter E7-22; get the measurement results
from them; store the received data in files and build graphics. The interface of the main pro-
gram is presented in Fig. 4. It consists of a menu bar (File, Setup, Help) and several areas.

o
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Fig. 4. View of the main program interface

In the 1st area (Measurement Setup) parameters are set: the measured characteristic (VA
Curves or VF Curves); Input voltage range - minimum, maximum value, step; Number of
measurement. All data for these parameters is selected from their windows. When you click the
"Upload to Hardware™ button, the values of all parameters will be transmitted through the vir-
tual Com-port to the microcontroller. This requires that the Com-port be opened. To configure
the parameters of the RS-232 interface, go to the Setup menu and in the window that opens
(Fig. 4), select the RS232 submenu.

In the 2nd area there are the Start, Stop, Open Port, Close Port and Ping buttons. To acti-
vate the start of measuring it is necessary to click on the Start button of the program interface.
Measurement can be stopped by pressing the Stop button.

The visualization window (area 3) allows displaying the measured or recorded data in the
graphs mode I-V or C-V characteristics. In the 4 area are displayed measured values or record-
ed in the file. Fig. 4 shows the graph of measured 1-V characteristics and their numerical values
for PS-ZnO.

In the 5 area, RS-232 interface parameters are displayed, which are valid at the present
time (the last parameters with which the program worked is stored).
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Porous Silicon Sensor Preparation

Layers of PS were obtained by electrochemical etching of n-, p-types monocrystalline sil-
icon in HF (48%)-ethanol solution. We used (111) Si wafers with thickness of about 400 um
and a diameter of 76 or 200 mm respectively. Specimens of n-type conductivity were irradiated
by white light during electrochemical etching. Porosity of obtained layers with thickness of
about 20-30 um was equal to 40-80%. For measurement we have used samples of PS grown
directly on silicon substrates p-type doping with a resistivity 10 Q » cm (KDB-10). Both the
surface of single-crystal wafers was mirror polished.

A Teflon chamber is the laboratory electrolytic cell to form a PS. Anode is a monocrystal-
line silicon plate and cathode - grid of platinum or other resistant to hydrofluoric acid conduc-
tive material. As the electrolyte was used ethanol solution of hydrofluoric acid with the ratio of
components C,HsOH: HF = 1: 1.

For sensory study of PS electrochemically etched PS-pSi (p-type silicon substrate KDB-
10 j =5 mA/cm?, t = 10 min) sample was selected.

Etched substrate was separated on two single samples of 1 ¢cm? square approximately.
Then two investigated specimens were selected to forming two sensors: nanocomposite PS-
Zn0O and PS-Au.

Nanostructured material ZnO with p-type conductivity on the PS surface was deposited
by electrochemical method without preliminary processing of the substrate. The method of
obtaining a nanostructured ZnO material with p-type conductivity led to an attempt to grow
electrochemically nanostructure in electrochemical cell with electrodes from a solution of rea-
gents, where voltage is applied to the working electrode. As an acting electrode-cathode porous
silicon was used, and as the second electrode-anode - a plate of graphite. The nanowires were
tried to obtain by deposition in water equimolar solution of Zn(NOs3),-6H20 and hexamine
(CgH12N4) at a concentration of 10-30 mM, pH 7 + 0,1 and 0,1 M KCI [16].

For another sensor Au thin films on PS surface were obtained by thermal precipitation.
After precipitation semi-transparent Au conductive film was annealed at 550° C.

Contact to the porous layer about 2 mm in diameter was obtained by electrically conduc-
tive graphite glue. A lateral scheme of the electrodes configurations for current-voltage (I-V)
and capacitance-voltage characterizations was applied.

PS surface morphology after Au thin film deposition with the help of a scanning electron
microscope REEMA-102-02 are shown on Fig.5. Metallic surface after Au deposition cross-
section scan by compo self-emitted electron image confirm the edge of etched Au contact.

Microstructure analyses of PS-ZnO samples were carried out using a scanning electron
microscope (SEM) JEOL JSM 7800F equipped with an integrated EDXS spectrometer (Bruker
Quantax 400, XFlash 6|30 silicon drift detector). The mineralogical characterization was per-
formed with a SEM Quanta 600 (FEI Company) equipped with parallel EDXS spectrometers
(Bruker Quantax 200 with two Dual XFlash 5030 EDX detectors). The element content on the
studied surfaces was obtained after SEM-based image processing - Mineral Liberation Analy-
sis (MLA) [17] employing the MLA-software package (JKTech) [18].
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Fig. 5. PS-Au scanning electron surface image

The results of studying the PS surface morphology before and after ZnO film deposition
with the help of a scanning electron microscope, as well as component-analysis results, result-
ed in a presence of ZnO compound on the surface (PS-pSi - 30.5%) are shown on Fig. 6. After
electrochemical etching of a crystalline silicon surface, PS is matte and brown and there is
clearly triangle-like structured surface. Color surface after ZnO deposition by electrochemical
etching is more matte and cross-section scan electron image confirm that the PS-ZnO nano-
composite has disordered covered by ZnO pores.

SEl  15kV

Skalierung, Impulse: 59262

Integrale Impulse: 1228767 Base(1)_pts

ClKa
Zn+Si Sum

Fig. 6. ZnO-PS nanocomposite scanning electron surface image and mass-analysis result
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Emissions of gases such as methane and propane led to a deviation from the example of
the studied structure as a metal-semiconductor-dielectric. And the adsorption effects may be
due to the lower polarization of gas molecules when interacting with the PS developed surface.

For the structure of PS-Au (Fig. 7, a), there is capillary adsorption in the pores of the PS,
which leads to a change in the dielectric constant of the porous layer. PS can be considered as a
complex dielectric material, where its dielectric constant depends on various components such
as air, water and hydrocarbon vapours seeping into the pores. As a result, the capacity of such a
sensory structure leads to a change in the C-V curves under the action of external adsorbents,
which indicates a change in the dielectric constant of the porous structure based on the size and
molecular weight of the absorbed molecules.

For PS-ZnO we observe different characteristics (fig. 7, b), which is due to the varizone
structure of the sensor and differences in the effect of hydrogen-containing gases.
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Fig. 7. C-V characteristics measurement

Therefore, the investigated material such as PS-Au and PS-ZnO, especially that modified
by ZnO clusters (fig. 8, b), represent itself as a hybrid nanocomposite material, the properties
of which can be controlled, in particular the nature and size of the structure.

Establishing the interaction of components of hybrid materials on the basis of changes in
the resulting influence of surrounding components allows to expand the general characteristics
of objects with the next application as new sensible sensors.
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Fig. 8. 1-V characteristic testing results of measurements

Conclusion

The microprocessor system functional scheme for I-V and C-V characteristic measure-
ments (DC power supply, voltage regulator, control and measurement module, RLC-meter E7-
22, measured cell with sensor) of sensor based on porous silicon and semiconductor nanostruc-
tures is developed. The functional scheme is constructed in the form of a sample-layout.

An algorithm for sensors electrical properties measuring has been developed and software
has been implemented. That allows to measure the 1-V and C-V characteristics of these sen-
sors, visualize their dependencies, and store the measurement results in the files.

Microprocessor system testing using the PS-nSi sensor and comparing the results with the
results of constant voltage and current measurements in manual mode using Keithley 2100
devices was provided. The results of the comparison allow us to conclude that the implemented
modules of the microprocessor system for sensors 1-V- and C-V characteristics testing can be
used in the development of portable environmental monitoring devices, to study porous silicon
sensors using them.
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MIKPOITPOIHECOPHA CUCTEMA I JOCILIKEHHA XAPAKTEPUCTHUK
JABAUYIB HA OCHOBI IOPYBATOI'O KPEMHIIO
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Po3poOka iHTerpadbHMX [JaBadiB € MEPCIEKTUBHUM HAayKOBO-TEXHIYHHUM HANpsIMOM CTBO-
PEHHSI KOMIIOHEHTIB BHMipIOBaJIbHO-iH(QopManiitHux cucteM. Cepex pi3HHUX THIIB aHANI3aTOPiB
Ba)XXJIBE Miclle 3aliMarOTh JaBadi BOJHEBOMICHHUX CIIONYK y Ta30MONIOHOMY Ta PiIKOMY CTaHi
(0cOOIMBO TOKCHYHHX 1 KaHIIEpoTreHHUX ). Dikcamis IpUCYTHOCTI pEYOBHHH B ra3onogioHomy abo
PiIKOMY CepelOBHIII € aKTyaJbHHM 3aBJAHHSIM Ul HAYKOBHX, IPOMHCIIOBUX | MEIMYHUX 3aCTO-
CYBaHb.

OCHOBHOIO METOIO J1aHOi POOOTH € CTBOPEHHS HEJOPOroi MIiKpONPOLECOPHOI CHCTEMHU s
BUMIPIOBaHHS Ta JOCII/DKEHHS €JIEKTPUYHHUX BIACTHBOCTEH HAHOKOMIIO3UTHOTO UyTJIHBOIO Ma-
Tepiany, TaKOTo K HOPyBaTHi KPEeMHill, HA OCHOBI BOJIbT-aMIEPHHUX Ta BOJBT-(apaJHUX Xapak-
TEPHUCTHK, Ta iX 3aCTOCYBaHHS SIK JaBayiB JJIsI MOHITOPHHTY HABKOJMIIHBOTO CEPEIOBHIIIA.

MixkpomnpoliecopHa cucTeMa MpU3HaueHa Ui BUMIPIOBAHHS XapaKTEPHUCTHK JaBadiB Ha OCHO-
Bi IOPYBATOTO KPEMHIIO Ta HAHOKOMITO3UTHUX CTPYKTYP 1 CKITaIa€ThCs 3 TAKKX OJOKiB: OJIOK KH-
BJICHHSI, PETYJISITOP NOCTIHOT HAaNIPyTH, KOHTPOJILHO-BUMipIOBaNbHKI Moyib, RLC-metp E7-22,
nepersoproBaui UART/USB i RS232/USB, BumiproBanbHa KoMipka, KoMIi'totep. PearnizoBaHa
MIPUHIIUIIOBA CXeMa KOHTPOJIEHO-BUMIPIOBAIEHOTO MOy ISl JO3BOJISIE€ BUMIPIOBATH BOJIBT-aMIIepHi
i BOJIBT-(apazHi XapaKTepHCTUKU IS JOJATHUX Ta BiJ’€MHHUX HAIpPYr NPH OJHOIOJSPHOMY
JDKEpEITi )KUBIICHHS.

ITporpamHe 3a0e3MeUeHHsT MIKPONPOLECOPHOI CHCTEMH CKIIAIAEThCS 3 MPOrpaMHOro 3abes-
MeYeHHA IS KOHTPOJBHO-BUMIPIOBAIFHOTO MOJMYJIS, PEaNi30BaHOTO Ha MIKPOKOHTPOJIEPI
Atmega 128, Ta mporpaMHOTO 3a0e3MeUeHHs I epCOHATBHOTO KOMITIOTEpa, IKe KEepye BHMi-
PIOBAIBHOIO CHCTEMOIO Ta 00pobiisic oTpuMani naHi. [Iporpamue 3a0e3neueHHs A1 KOMIT IoTepa
peanizoBani MoBoto niporpamysanus C# y Visual Studio 2017.

OTpuMaHi pe3ysIbTaTH JT03BOJISIIOTH 3pOOUTH BHCHOBOK, L0 peanizoBaHe amaparHe i mporpa-
MHe 3a0e3NeyeHHs] MiKpOIPOIIECOPHOI CUCTEMU BHUMIPIOBaHHS MapaMeTpiB JaBadiB MOke OyTH
BHUKOPHCTAHO MPH JOCIIDKEHHI HOBHX MOPYBAaTHUX KPEMHIEBHX J[aBayiB 3 MOJAJIBIIHNM iX BUKOPH-
CTaHHSIM B IIOPTATUBHHUX MPHUCTPOSX MOHITOPUHTY HABKOJIHIIHBOTO CEPEIOBHUIIIA.

Knrouosi cnosa. mopyBaTHi KpeMHil, HAaHOKOMIIO3HT, JaBad, MiKPOKOHTPOJEP, BOJBT-
aMIIepHI XapaKTEePUCTHKHU, BOJIBT-(papa Hi XapaKTePUCTHKH

Cmamms: naoitiuna oo peoaxyii  08.11.2021,
doonpayvosana  12.11.2021,
nputinama oo opyxy  15.11.2021
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