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A NEW APPROACH TO INCREASING THE SENSITIVITY
OF A GAS SENSOR BASED ON NANOCRYSTALLINE
SILICON CARBIDE FILMS

It was shown the possibility of increasing the sensitivity of a gas sensor based on nanocrystalline SiC films by using
a scheme of a two-component sensing element, one of which is an n-nc-SiC film with electronic conductivity, and the
second is an p-nc-SiC film with hole conductivity. It is shown that due to the opposite polarity of changes in resistance
in the films under the simultaneous action of gases, the difference in relative resistance changes A in the n-nc-SiC and
p-ne-SiC films will always be greater than in each film separately. The expediency of using a two-component sensing

element of a gas sensor based on nc-SiC films with electron and hole conduction is shown.
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Recently, the problem of global monitoring of techno-
genic and natural gas pollution of the Earth's atmosphere
has become more and more urgent. Particular harm and
danger to human health are aggressive (hydrogen sulfide,
carbon dioxide, hydrogen fluoride, nitrogen oxides, etc.),
toxic (sulfur dioxide, carbon monoxide, hydrogen sulfide,
etc.), fire-explosive (methanol, ammonia, methanol,
etc.) gas emissions into the atmosphere. The analysis
of such gas contaminants requires the development of
new gas sensors with fast response and recovery, with
the possibility of long-term operation in extreme condi-
tions. This line of research is very relevant because gas
sensors are the most important components of advanced
communication technologies: Internet of Things, cloud
computing, etc. [1].

In recent decades, semiconductor gas sensors based
on a wide range of materials (metal oxides [2, 3], graph-
ene [4, 5], polymers [6, 7]) have become widespread
due to their good manufacturability, excellent design
possibilities, and low cost. However, the relatively long
response/recovery times and the lack of reliable opera-
tion at high temperatures and in corrosive environments
severely limits their use in the future. Additional require-
ments for the stability of sensors under the influence of
intense radiation and electromagnetic fields also sharply
raise the problem of finding new functional semicon-
ductor materials for the creation of highly sensitive gas
sensors that slightly change their properties under severe
external influences.

One of the promising materials with chemical in-
ertness, resistance to radiation effects, and temporary

stability of properties are materials based on a wide-gap
third-generation semiconductor SiC [8]. High rates of
charge transfer in SiC ensure the fabrication of gas sen-
sors with short response/recovery times [9]. Studies of the
properties of SiC sensors have shown that SiC materials
are the best candidates for gas sensors for operation in
extreme conditions [9—11]. Recent studies have shown
that nanostructured SiC materials, at a lower cost, exhibit
high stability of properties and increased gas sensitivity
in comparison with bulk materials, due to a significantly
larger surface area of interaction with the analyzed gas
[12, 13].

Particular attention is attracted by films of nanocrys-
talline SiC (nc-SiC) obtained by direct ion deposition
[14], which contain more than 80% of SiC nanocrystals in
volume. This significantly exceeds the volumetric content
of SiC nanocrystals in nanostructured materials obtained
by the traditional method of grinding SiC polycrystals ina
ball mill [12] or by the PECVD method [13]. The authors
of this work have studied the electrophysical properties
of nc-SiC films [15], the gas-sensitive properties of the
films to reducing and oxidizing gases [16], the effect of
the structure and type of conductivity of the films on their
gas-sensitive properties [17]. As a result of the performed
studies, the optimal structure and type of conductivity
of the films were determined for the manifestation of
the maximum gas sensitivity of nc-SiC to oxidizing and
reducing gases. However, the problem of improving the
characteristics of gas-sensitive materials is constantly
in the center of the attention of all sensor developers,
including authors.
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The aim of this work is to study the possibility of
increasing the sensitivity of sensors based on nc-SiC by
simultaneously including films with different types of
conductivity in the measuring circuit.

Experiment

Samples of nc-SiC films with different types of con-
ductivity were obtained by direct ion deposition due to the
ability of SiC to self-doping. Silicon carbide is a unique
semiconductor in terms of the ability to change the type
of conductivity with a small mismatch in stoichiometry,
that is, to exhibit self-doping. An excess of Si in SiC
leads to donor doping, i.e. to electronic conductivity. An
excess of C in SiC creates acceptor centers and leads to
hole conduction [18, 19]. The processes of controlled
stoichiometry for self-doping were implemented under
nonequilibrium conditions during the deposition of car-
bon and silicon ions with an energy of ~ 100 eV by the
method of direct ion deposition [14].

An excess of silicon or carbon in the films was pro-
vided during deposition by changing the composition of
the ion flux [20]. Using the capabilities of this method for
self-doping, two series of nc-SiC films of a mixture of
cubic and thombohedral polytypes with different types of
conductivity were prepared on sapphire substrates [17].
One series of films, designated n-nc-SiC, had electronic
conductivity. Another series of films, p-nc-SiC, had hole
conductivity. The deviation of stoichiometry in the SiC
films samples was 5—10% for both silicon and carbon.
However, we did not investigate the levels of doping as
part of the excess elements was deposited in the inter-
crystalline space. It is known from the literature that the
maximum limit of non-stoichiometry in silicon carbide
is 1—2% [21]. The type of conductivity in the films was
determined from the sign of the Seebeck thermoelectric
coefficient using a thermal probe [22]. In this case, the
concentration of charge carriers was not measured.

At the same time, under the conditions of preparation,
samples of films with close resistances (~ 100 MQ) were
prepared at the same thicknesses and contact areas in
order to provide close concentrations of charge carriers.
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Fig. 1. Gas sensitivity of n-nc-SiC and p-nc-SiC films to

oxidizing (O,, O,) and reducing (CH,, CO) gases [17]

In [17], we measured the gas sensitivity of n-nc-SiC and
p-nc-SiC films to oxidizing (O,, O,) and reducing (CH,,
CO) gases and found that n-nc-SiC films with electronic
conductivity provide for all gases a significantly greater
response than p-nc-SiC films, which is reflected in the
diagram in Fig. 1.

Similar results are known for other semiconductors
with hole conductivity [23, 24]. The lower speed and
magnitude of the response in p-semiconductors is ex-
plained by differences in the mechanisms and kinetics
of electron and hole conductivities in semiconductors.
For example, the mobility of holes in all SiC polytypes
is an order of magnitude less than the mobility of elec-
trons [25, 26]. The advantage of semiconductors with
electronic conductivity in the magnitude of the response
to reactions with gas molecules is clearly confirmed by
the fact that the overwhelming majority of semiconduc-
tor sensors are based on n-semiconductors [25]. Also,
a significant factor is the more accessible technologies
for doping semiconductors with donor impurities. The
prepared samples of both series of nc-SiC films had
a thickness in the range of 100—200 nm, rectangular
Au/Ni contact pads with an area of 5x3 mm with a dis-
tance of 2 mm between them. The initial resistance of the
samples was in the range of 100—120 MQ. Both series
of nc-SiC films on sapphire substrates were exposed to
gases simultaneously in one chamber. The measurement
scheme is shown in Fig. 2. The working temperature of
the samples was 500°C. When measuring ozone, the
working temperature was 280°C [26]. The samples were
exposed to interaction with oxidizing O,, O, and reducing
CO, CH, gases in concentration ranges, the lower limits
of which are accepted in many countries as critical for
human health and life: O, — 5%, O, — 0.1 mg/m?,
CO —0,04%, CH, — 10% [27].
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Fig. 2. Diagram of the measuring cell of a gas atmosphere
sensor with two sensitive components based on nc-SiC films
with n- and p-conductivity
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Results and discussion

Fig. 3 show the dependences of changes in the relative
resistance R/R, where R and R, are the resistance after
and before the action of the gas, samples of n-nc-SiC and
p-nc-SiC films under the action of oxidative O,, O, and
reducing CO, CH, gases.

The fundamental influence of chemically active gases
on the electrical resistance of semiconductors is well
known [26]. Under the action of oxidizing gases, which
reduce the concentration of electrons and reduce their mo-
bility, the resistance of a semiconductor with electronic
conductivity increases, and in a semiconductor with hole
conductivity, the resistance, respectively, decreases. The
action of reducing gases is the opposite. Their interac-
tion with a semiconductor with electronic conductivity
increases the concentration of electrons and therefore the
resistance decreases, and in a semiconductor with hole
conductivity, accordingly, the resistance increases. The
presented dependences of the relative resistances of n-nc-
SiC and p-nc-SiC films under the action of oxidizing O,,
0O,, and reducing CO, CH, gases fully correspond to the
fundamental mechanisms of interaction. The figures show
that the relative resistance R/R,, of n-nc-SiC samples un-
der the action of oxidizing O,, O, gases becomes greater
than 1 and increases with increasing gas concentration.
And when nc-SiC films interact with reducing CO, CH,
gases, the relative resistance R/R,, becomes less than 1
with a subsequent decrease with the gas concentration.
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Fig. 3. Dependences of changes in the resistance of nc-SiC films with n- (0) and p- (X) conductivity on the concentration
of oxidizing and reducing gases:
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And in samples of p-nc-SiC films with hole conductivity,
the effect of gases on resistance is opposite.

More interesting and useful data calculated from the
presented dependencies are shown in the Table. In addi-
tion to the numerical values of the relative resistances
for each gas concentration of both series of samples, the
rows |[AR/R | (where AR = R — R)) show the changes in
relative resistances under the action of gases in percent,
which clearly shows the differences in the gas sensitiv-
ity of nc-SiC films with electron and hole conductivity.
We decided to use the fact that the polarity of changes
in the resistances of nc-SiC films with electron and
hole conductivity is different. And thus, the difference
in the simultaneous change in relative resistance for
two nc-SiC films with electron and hole conductivity
(R/Ry), — (R/Ro)p will be greater than the change for
one sample of any conductivity.

This value is indicated by A and is presented in the
Table as a percentage. It can be seen that A for all the
given concentrations is greater, and in some cases sub-
stantially greater, than the change in the resistance of any
one sample of the film with any conductivity. For critical
gas concentrations C., the excess of A was 38% for O,
(Cer = 5%), 19% for O, (Ci = 0,1 mg/m?), 30% for
CO (Cg = 0,04%), 57% for CH, (Cp = 10%).

Thus, the use of the combination of two nc-SiC films
with electron and hole conductivity as a gas-sensitive
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Dependences of changes in the resistance of nc-SiC films of n- and p-conductivity from the concentration
of oxidizing and reducing gases

Concentration
Parameter 0,, % CO, %
5 10 15 20 0,04 0,08 0,12 0,16
RIR, 1,28 1,57 1,71 1,88 0,82 0,57 0,42 0,31
n-nc-SiC
[AR/R |, % 28 57 71 88 18 43 58 69
RIR, 0,9 0,81 0,64 0,61 1,12 1,22 1,31 1,39
p-nc-SiC
|AR/R |, % 10 19 36 39 12 22 31 39
A, % 38 76 107 127 30 65 89 108
CH,, % 0,, mg/m?
5 10 15 20 0,1 1,5 2,0 3,0 4,0
RIR, 0,76 0,62 0,45 0,38 1,11 1,47 1,63 1,83 1,98
n-nc-SiC
|AR/R |, % 24 38 55 62 11 47 63 83 98
RIR, 1,14 1,19 1,24 1,29 0,92 0,81 0,74 0,65 0,59
p-nc-SiC
[AR/R |, % 14 19 24 29 8 19 26 35 41
A, % 38 57 79 91 19 66 89 118 139

component can provide an increase in the sensitivity of
sensors operating under extreme conditions.

Conclusion

The authors have developed a method for increasing
the sensitivity of a gas sensor based on nanocrystalline
SiC films by using a scheme of a two-component sensi-
tive element, one of which is an n-nc-SiC film with elec-
tronic conductivity, and the second is an p-nc-SiC film
with hole conductivity. It is shown that due to the opposite
polarity of changes in resistance in the films under the
simultaneous action of gases, the difference in relative
resistance changes A in the n-nc-SiC and p-nc-SiC films
will always be greater than in each film separately. So for
critical gas concentrations, the excess of A (%) was 38
for O, (5%), 19 for O, (0,1 mg/m?), 30 for CO (0,04%),
57 for CH, (10%). The authors did not aim to carefully
optimize the characteristics of gas-sensitive properties
of p-nc-SiC and n-nc-SiC films, but only showed the
gain in sensitivity when using a complementary pair of
these films for gas analysis. Thus expediency of using a
two-component sensing element of a gas sensor based on
nc-SiC films with electron and hole conduction is shown.
A two-component gas sensor with increased sensitivity
based on nc-SiC films can form the basis of a new line
of instruments for analyzing aggressive gases in extreme
conditions.
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HOBUM MIAXIA 10 MIABULEHHS YYTJIMBOCTI TA30BOI'O CEHCOPA
HA OCHOBI IIJTIBOK HAHOKPUCTAJITYHOT'O KAPBIIY KPEMHIIO
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Ocmanniv yacom eocmpo cmoims npoonema nowyKy HO8uUX (YYHKYIOHATbHUX HANIGNPOGIOHUKOBUX Mamepianie Oas cmeo-
PEHHSL BUCOKOYYMIUBUX 2A308UX CEHCOPIB, SIKI C1aDO 3MIHIOIOMb CE0T 61ACMUBOCMI 8 YMOBAX HCOPCIKUX 306HIUHIX GNIUBIE.
3as0anna noninwenns xapaxmepucmux 2a304ymausux Mamepianie NOCMIlHO 3HAXOO0AMbCA 6 YeHmpi Yeacu po3pOoOHUKIE
npunadis. Hanocmpykmypoeani SiC mamepianu, npu Oinbus HU3LKIN 6apmocmi, NPOAGIAIOMb UCOKY CMAOIIbHICMb 61a-
cmusocmetl 1 Ni0gUeHRy 2a308y uymaugicms 6 nopieHanti 3 00'emuumu SiC mamepianamu, 3a605Ku 3HAYHO OLILUWIL NAOWI
NOBEPXHI 63AEMOOIT 3 AHANIZ08AHUX 2A30M

VY pobomi docnidoceno moscugicms 30iMbUleHHS UYmMAUBOCIE 24308020 CEHCOPA HA OCHOBI NiBOK HaHOKpucmaniunozo SiC,
WILAXOM GUKOPUCTAHHA CXeMU 080X KOMNOHEHMHO20 YYMAUBO20 eNeMeHma, 00uH 3 akux € niieka n-nc-SiC 3 enekmponnoro
npogionicmio, a opyauti niiexka p-nc-SiC 3 0ipkosoro npogionicmio. 3a805KU NPOMUNEHCHIN NONAPHOCMIE 3MIHU ONOPY N0 uac
0ii 2a3y pizHUYSA MidIC 8eUYUHAMU 3MIHU IOHOCHUX onopis naieok n-nc-SiC ma p-nc-SiC 3aexcou 6ye binbute, HINC Y KONCHIT
nuisyi okpemo. Bemanosneno doyinbHicmes UKOpUCMAanhs 0BOKOMROHEHIMHO20 YYMIUBO20 eleMeHMa 24306020 CEHCOpa HA
ocnosi niieox nc-SiC 3 enekmponHolo ma Oipko6oio npoeiOHOCMAMU. [[6OKOMNOHEHMHUL 2A308Ull CEHCOP 3 NIOBUUEHOI0
yymaugicmio Ha ocrhogi nc-SiC niieox modice 6ymu 0CHOB0I0 IHIUKU HOBUX NPULAOLE O/l AHANLIZY A2PEeCUBHUX 2d318 8 eKcmpe-
MANbHUX YMOBAX.

Kuouosi cnosa: nanoxpucmaniuni niieku SiC, eazosutl ceHcop, uymaugicms 00 2a3y, eleKMpOHHA NPOSIOHICIb, JIPKO6A
npoGioHicmb.
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