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In this study, the hybrid porous silicon (PS)-reduced graphene oxide
(rGO) nanosystems are suggested as sensitive elements to the humidity
sensor creation. The electrical characteristics of the PS—rGO nanosystems
are studied in the frequency range of 25 Hz—1 MHz. As shown, the elec-
trical resistance and capacitance of sensory elements strongly depend not
only on the ratio between the contents of the PS and rGO nanoparticles
but also on the surrounding atmosphere. An essential increase in the elec-
trical capacitance and decrease in resistance by about three orders of
magnitude due to increasing relative humidity from 40 to 90% is detect-
ed. Dependences of sensing ability of resistive and capacitive sensor ele-
ments based on the PS—rGO nanosystems on relative humidity are ana-
lysed. The obtained results demonstrate high potential of applications of
the PS—rGO nanosystems in humidity sensors.

CTBOpPEHO BOJIOTOUYTJINBI CEHCOPHI eJIeMeHTH Ha OCHOBi riOpMAHMX HAHOCH-
creMm mopyBaTtuii KpemHi# (PS)-BizHoBieHuii rpadenies oxcuz (rGO). Enek-
TPUUHiI XxapakTepuctTuku HaHocucteM PS—rGO gmocnifiKeHO y YacTOTHOMY
mismasoui 25 I'm—1 MT'n. BeTranoBiaeHo, IO eJEKTPUYHUMN OMIip Ta €MHICTH
CEHCOPHUX €JEMEHTIiB iCTOTHO 3ajeKaTh He TiJIbKM BiJl CIIiBBigHOIIIEHHS
Mixk BmicTamm HamouacTuHOK PS i rGO, a i Big HaBKOJIUIIIHLOI aTMocdepu.
Buspieno 30iIbIIeHHS eJIEKTPUYHOI €MHOCTH Ta 3MEHIIIEHHS eJIEKTPOOIOpPY
npubJIM3HO HA TPU IMOPAJKU BHACHIJOK 30iJbIIIeHHA BiZHOCHOI BOJIOTOCTH
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noBitpa Big 40 mo 90%. IIpoamasizoBaHo 3ajieKHiCTh afcopOIifiHOl UyTIN-
BOCTHY PE3UCTUBHUX Ta €MHICHUX CEHCOPHHMX eJIeMeHTiB Ha OCHOBI HaHOCHUC-
TreMm PS—-rGO Bim BimHocuHoi Bosioroctu. OmepskaHi pesysbTaTH AEeMOHCTPY-
IOTh BUCOKWIH IIOTEHIIAJ 3acToCcyBaHHA HaHocucteM PS—-rGO y ceHcopax
BOJIOTOCTH.

Key words: nanosystem, graphene, porous silicon, humidity sensor, sens-
ing ability.
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1. INTRODUCTION

The creation of semi-conductor gas sensors is important for the
monitoring of the environment, control of food quality, as well as
in medicine and industry. Special attention is focused on the devel-
opment of cheap and reliable humidity sensors for scientific, indus-
trial, and medical applications [1]. Nanostructured materials with
an ultrahigh specific surface are extremely promising in the field of
sensor electronics [2—-4]. In particular, porous silicon (PS)
nanostructures are widely used as sensitive elements of gas sensors
[6, 6]. The PS layers can be obtained by a simple method of electro-
chemical etching of silicon wafers [7, 8]. As a result, small cavities
are formed, which are directed inside the single crystal. Both the
pores and the walls between them can be nanometer in size. The
large area of the branched PS surface provides a high sensitivity of
the material to the effect of adsorbed particles including polar mol-
ecules of water. Due to the field-effect related to the adsorption of
gas molecules, redistribution of charge carriers and changes in the
PS electrical characteristics are found [9]. These effects underlie
the operation of gas sensors of resistive and capacitive types [6, 10,
11].

Catalysts or a combination of several nanomaterials are often
used to increase the sensitivity and selectivity of sensors. One of
the most promising technologies for obtaining nanocomposites for
gas sensors is the infiltration of 2D carbon materials into the PS
layer [12]. It should be noted that the extremely high sensitivity of
the electrical conductivity of graphene nanosheets to the adsorption
of molecules is promising for the creation of gas-sensing devices
[13, 14]. Besides, the low electrical noise of graphene makes it pos-
sible to register the absorption of individual molecules. Therefore,
the synergistic combination of useful properties of nanoparticles of
the PS and graphene can increase the sensitivity and selectivity of
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gas sensors based on the formed nanosystems. In addition, graphene
nanosheets can be used as electrode material for the PS nanostruc-
tures [15, 16].

In this work, the silicon—graphene nanosystems are prepared in
order to study their potential for application in humidity sensors.
Freestanding nanostructures of the PS coated with particles of re-
duced graphene oxide (rGO) are used to ensure the maximum work-
ing surface area and to eliminate the undesirable effects of the sili-
con substrate or other host medium. The obtained nanosystems can
also be deposited on a flexible substrate, which expands the applica-
tion area of humidity sensors.

2. METHODS

Hybrid nanosystems for humidity sensors are manufactured by
combining two promising sensory materials, namely, the PS
nanostructures and graphene nanosheets. Single-crystalline silicon
wafers with the electronic type of conductivity (n-Si) and the specif-
ic resistance of 4.5 Ohm-cm are used to obtain the PS nanostruc-
tures. The PS layers are prepared by the photoelectrochemical
method in an ethanol solution of hydrofluoric acid with a volume
ratio HF:C,H,OH=1:1. The anodic current density is 25-30
mA/cm?, while the duration of the etching process is of about 10
min. The working surface of a silicon wafer is additionally irradiat-
ed by a 500 W filament lamp for the efficient course of electro-
chemical reactions and the formation of the porous layer on the n-Si
[17]. After etching, the PS samples are cleaned with distilled water
and dried in the air. Finely dispersed PS particles are obtained by
mechanical separation of the porous layer from the silicon sub-
strate.

The second component of the hybrid nanosystem is graphene pre-
pared by the chemical reduction of graphene oxide method with the
use of reducing agents [18, 19]. Aqueous suspension with a gra-
phene oxide concentration of 2 mg/ml produced by Biotool (Germa-
ny) is used. The graphene oxide suspension is dispersed by ultrason-
ic treatment for 20 min under the action of hydrazine monohydrate.
As a result, GO nanosheets are obtained. Besides, the 0.2 M solu-
tion of sodium dodecylbenzene sulfonate in water is used to prevent
the aggregation of graphene nanoparticles. The finely dispersed PS
powder is mixed with graphene suspension in proportions
PS:rGO=1:1 and 2:1. The obtained mixtures are deposited to pre-
pared substrates with electrical contacts, the distance between
which is of about 1 mm. After drying suspensions at room tempera-
ture, the sensory elements based on hybrid PS—rGO nanosystem are
formed for humidity sensing.



452 1. B. OLENYCH, Yu. Yu. HORBENKO, L. S. MONASTYRSKII et al.

The samples of the PS—rGO nanosystem are characterized by a
scanning electron microscope (SEM) ‘Selmi’ in secondary electron
mode. The electrical resistance and capacitance of the obtained sen-
sory elements are measured in the AC regime at room temperature,
using device E7-20 ‘Kalibr’ in the frequency range of 25 Hz—1
MHz. The study of sensory properties of experimental samples is
performed at 1 kHz frequency in an airtight chamber with a con-
trollable gas medium. The concentration of water vapour in the air
is determined by means of the ‘Honeywell’ HIH-4000-004 humidity
sensor.

3. RESULTS AND DISCUSSION

The study of the surface morphology of the sensory elements based
on the PS—-rGO nanosystem is carried out, using the SEM method.
As one can see in Fig. 1, the mix of the PS and GO nanoparticles
forms a nonmonolithic film on the substrate after drying the depos-
ited suspension. The SEM images show silicon nanostructures rang-
ing in size from several tens to hundreds of nanometers. Individual
PS and rGO nanoparticles are aggregated into clusters, the size of
which can reach several micrometers. In turn, the connection of
these clusters forms a conductive path between the electrodes of the
sensor element. It should be noted that GO nanosheets surrounding
PS nanoparticles could not only increase the sensitivity of gas sen-
sors but also decrease the resistance of sensory elements due to per-
colation processes. Sensory films based on the PS—rGO nanosystems
show greater porosity than nanocomposite films based on conjugat-
ed polymers [20]. This causes increasing the working surface of the
sensitive elements.

Fig. 1. SEM image of the PS—rGO nanosystem.



HUMIDITY SENSOR ELEMENT BASED ON SILICON-GRAPHENE NANOSYSTEM 453

1 —m— 1 P5:rGO=1:1 1000 A —a— 1 PS:rGO = 1:1
124 o—e —e— 2 PSrGO =2:1 E \ —v— 2 PSarGO = 2:1
] s A4
—o—g N
104 T, \ AN
: A
J e ‘H\ A
G 03 100 v\
= e AN \
3 5 ¥,
o 064 memy Y © Y
| TE———— N\
0.4 \ 104 \i\
0.2 Ao
R . Szt
0.0 T T T T e a
10 100 L0000 10000 160600 1000GO0 ! ’ ] ] Y )
10 100 10000 10000 100000 1000000
f, Hz f, Hz
a b

Fig. 2. Frequency dependences of electrical resistance (a) and capacitance
(b) of the PS—rGO nanosystems with different components’ ratio.

Based on experimental studies, it is found that the electrical
characteristics of the PS—-rGO nanosystems are strongly dependent
on both the composition of the material and the surrounding atmos-
phere. In particular, the increase in the content of reduced gra-
phene-oxide nanoparticles causes a decrease in electrical resistance
and an increase in the capacitance of the nanocomposite (see Fig. 2).

The detected increase in conductivity may be due to the percola-
tion clusters’ formation in the system of low-resistance graphene
nanosheets. A decrease in internal resistance and electrical capaci-
tance with increasing frequency from 25 Hz to 1 MHz is estab-
lished, based on the measurement of frequency dependences of the
impedance. Besides, different capacitance dispersion of the PS—rGO
nanosystems in different frequency ranges is found. It can be relat-
ed to both the hopping mechanism of the conductivity and the com-
plex processes of transfer and relaxation of charge in PS nanostruc-
tures [21, 22]. Usually, low-frequency dispersion is associated with
the transport of charge carriers through barriers between nanopar-
ticles and high frequency with the electron or hole processes in the
bulk of the PS nanocrystals.

The adsorption of polar water molecules shows a significant ef-
fect on the electrical characteristics of the PS—rGO nanosystems. As
shown in Fig. 3, an increase in relative humidity causes a decrease
in electrical resistance and an increase in the capacitance of sensi-
tive elements based on the investigated nanomaterials in the AC
mode. It should be noted that the capacitance change range due to
moisture adsorption is larger for nanosystems with a higher content
of GO nanosheets. The resistive sensor elements with components
ratio PS:rGO=1:1 and 2:1 show almost the same decrease in re-
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sistance by about three orders of magnitude with an increase in rel-
ative humidity from 40 to 90%.

The observed dependences are likely caused by the interaction of
water molecules with the surface of the PS and rGO nanoparticles.
In particular, the adsorption of water molecules with donor proper-
ties causes an increase in the concentration of free electrons in n-Si
nanostructures due to the field effect [9]. Graphene-based materials
also demonstrate a significant dependence of impedance on humidi-
ty [23]. Besides, the effective dielectric permittivity of the PS—rGO
nanosystems increases due to the water adsorption, which has a
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Fig. 3. Dependences of resistance (a) and capacitance (b) of sensor elements
based on the PS—rGO nanosystems on relative humidity.
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Fig. 4. Dependences of sensing ability of resistive (1, 2) and capacitive (1,
2') sensor elements based on the PS—rGO nanosystems on relative humidi-
ty.
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large dielectric constant (¢ = 81) as compared to silicon. The combi-
nation of these effects forms the resulting electrical response of the
PS—-rGO-based sensor elements to changes in relative humidity.

An important characteristic of sensory materials is the determi-
nation of their sensing ability to adsorption of gas molecules. The
sensing ability y of the PS—rGO nanosystems to the action of mois-
ture is calculated, using the equation

. AS/S
Ap/p,

where AS/S denotes the relative change in the electrical character-
istics (namely, resistance or capacitance) of sensor elements, and
Ap/py is the change in the relative humidity of the air. The sensing
ability of the resistive and capacitive sensor elements based on the
PS—rGO nanosystems with the various ratios of the components as a
function of relative humidity is shown in Fig. 4.

Analysis of the calculated dependences indicates that the resistive
and capacitive sensor elements have maximum sensitivity in differ-
ent ranges of relative humidity (see Fig. 4). Resistive humidity sen-
sors are characterized by slightly higher sensitivity in the range of
45-60% , which is promising for environmental monitoring. In-
stead, the maximum values of sensitivity of capacitive sensors
based on the PS-rGO nanosystems are observed in the 70-90%
range of relative humidity. Moreover, capacitive sensor elements
with a higher content of the rGO nanoparticles demonstrate greater
sensing ability to the adsorption of water molecules. An increase in
the sensor sensitivity at relative humidity above 80% is probably
due to the condensation of water in the pores of the PS nanoparti-
cles and the formation of additional charge-transfer channels. A
similar increase in sensitivity at high air humidity was registered
for the sensory PS structures on a silicon substrate [6].

Similarly to adsorption—desorption processes in PS structures,
the interaction of the water molecules with the PS—rGO nanosystem
surface has a character of physical adsorption because the initial
resistance and capacitance of the sensor elements are restored after
elimination of the moisture from the experimental chamber.

4. CONCLUSIONS

The PS—rGO nanosystems are obtained by the PS electrochemical
etching technique and further mixing separated nanostructures
from silicon substrate with rGO nanosheets. The SEM study has
found that the PS and graphene nanoparticles are aggregated into
micrometer clusters and formed nonmonolithic high-porosity film.
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The ultrahigh specific area of the working surface of sensitive ele-
ments based on the PS—rGO nanosystems expands prospects for
their application in sensory electronics.

Impedance spectroscopy of the PS—rGO nanosystems in the 25
Hz—-1 MHz frequency range reveals a decrease in both resistance
and capacitance with increasing frequency. Nanosystems with a
higher content of graphene nanosheets are characterized by lower
resistance and greater capacitance. Water adsorption causes a de-
crease in resistance and an increase in capacitance of studied sensor
elements. Based on the analysis of the dependences of sensing abil-
ity on the water concentration, it has been established that resistive
and capacitive sensor elements have maximum sensitivity in differ-
ent ranges of relative humidity. Besides, an increase in sensitivity
of humidity sensors based on the PS—rGO nanosystems at relative
humidity above 80% is found. The obtained results can be used to
create sensitive elements of humidity sensors.
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