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Abstract—Prototypes of gas sensors with sensitive elements are made based on ZIF-8 and ZIF-67 films
obtained directly on a substrate by immersion. The sensitivity of the prototypes to NO, and CO is assessed
by simultaneously analyzing the capacitive and resistive response. It is shown that the functionalization of
ZI1F-8 films with layers of ZIF-67/Z1F-8 leads to an increase in the sensitivity of the sensor to NO, by
more than 2 times compared to ZIF-8 films, and also allows CO detection. A sensor prototype based on
Z1F-67/Z1F-8 films shows a resistive and capacitive sensitivity to NO, of 3 and 6% (for 45 ppm), 14 and
15% (for 85 ppm), and to CO of 9 and 7% (for 6 ppm), 15 and 10% (for 10 ppm). It is shown that parallel
analysis of the capacitive and resistive response makes it possible to increase the accuracy of the analysis
of the sensor response when exposed to various gases and can be used as the basis for a software interface
for training sensor operation using artificial intelligence.
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INTRODUCTION

With the development of technologies in the field
of nanomaterials, the Internet of things and artificial
intelligence (Al), the requirements for the sensitive
elements of gas sensors (device dimensions, price,
energy efficiency, sensitivity, and stability of charac-
teristics [1—4]), used for monitoring air quality both
indoors and outdoors, are increasing [5]. At the same
time, acoustic and calorimetric gas sensors are diffi-
cult to scale, which limits their integration with com-
ponents of microelectronic circuits. Chemoresistive
gas sensors based on metal-oxide semiconductors or
carbon nanomaterials have found wide application,
but the challenges of increasing energy efficiency, sen-
sitivity, selectivity, and stability remain open [6, 7].
Nondispersive IR (infrared) gas sensors have attrac-
tive characteristics, including high sensitivity, selectiv-
ity, reliability, and a long service life, but their high
cost, design complexity, and miniaturization chal-
lenges limit their application.

In this regard, there is a gradual transition from the
use of inorganic materials based on silicon and metal
oxides to organic and hybrid organic-inorganic mate-
rials [8]. Such materials could offer benefits in terms of
structural diversity, reduce manufacturing costs, and
enable miniaturization of logic components down to
the molecular scale. One of the most promising mate-

rials for such applications is metal-organic framework
(MOF) structures [9]. MOFs consisting of metal
nodes and organic linkers have an exceptionally large
surface area, ultra-high porosity, and a diverse struc-
ture with short- and long-range order [10]. Therefore,
MOFs open up broad opportunities for creating
nanoscale energy-efficient gas sensors for stationary
and wearable electronics. The first studies concerning
the use of these materials as sensitive elements of gas
sensors appeared less than 15 years ago [11]. However,
the designs of the proposed sensor systems and signal
processing were quite complex [12, 13], which limited
their use for mass production [14, 15]. In this regard,
the development of a technologically advanced and
low-cost sensor design based on MOF, as well as a
technique for detecting multiple signals, which makes
it possible to improve the quality of gas recognition, is
an urgent task, the solution of which will significantly
increase the selectivity of operation and applicability
of the sensor.

In this work, prototypes of gas sensors with sensi-
tive elements based on films of zeolitic imidazolate
frame (ZIF) structures ZIF-8, ZIF-8/Z1F-67 and
their sensitivity to NO, and CO are studied with paral-
lel analysis of the capacitive and resistive response of
the sensors, making it possible to simplify and reduce
the cost of their production technology.
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Fig. 1. Topology of the photo template of the gas-sensor
prototype.

METHODS AND MATERIALS

Sensor manufacturing. In the manufacture of proto-
types of gas sensors with sensitive elements based on
ZIF-8 and ZIF-8/Z1F-67 films, quartz glass was used
as the substrate. Using the magnetron sputtering of a
chromium (99.99%, Girmet, Russia) and copper
(99.99%, Girmet, Russia) target, a three-layer struc-
ture was formed based on Cr (15 nm)/Cu (100 nm)/
Cr (15 nm) metal films.

The topology of the electrodes was formed by pho-
tolithography using an MJB4 installation (SUSS,
Switzerland) with an FP-383 positive resist (Frast-M,
Russia). The design of the photomask was developed
based on interdigitated electrodes (Fig. 1). The width
of the electrodes, equal to the gap between them, was
200 um. The size of the pads for connecting the mea-
suring equipment was 2.5 X 2.5 mm?. To form the pat-
tern of interdigitated electrodes, liquid etching of a
multilayer film was carried out in based solutions:
HCl : H,O(1:1) for Cr and H;PO, : HNO; :
CH;COOH : H,0 (45:2:9: 3) for Cu.

Then, MOF films were grown based on ZIF, which
is a porous zinc 2-methylimidazole with sodalite
topology [16], according to a previously described
method [17]. The advantage of ZIF is its high thermal
stability, large specific surface area up to 2000 m?/g,
and excellent sorption properties [18]. Synthesis was
carried out for 30 min; it corresponded to one cycle of
film deposition. The deposition of MOF films was
monitored using scanning electron microscopy
(SEM) (Nova Nanolab 600, Netherlands) and X-ray
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diffraction (XRD) (D2 PHASER, USA). As a result,
two types of sensor prototype were formed: the first
(S)) based on ZIF-8 films (Fig. 2a), the second (S,)
based on a ZIF-8/Z1F-67 multilayer film (Fig. 2b)
with five deposition cycles each.

Measuring stand. Studying the influence of the tar-
get gases NO, and CO on the resistive and capacitive
characteristics of the sensing element were carried out
using an E4980A impedance meter (Agilent, USA).
The choice of target gases is related to their potential
danger to humans both in confined spaces and out-
doors.

Measurements were carried out in the range of
20 Hz—2 MHz with simultaneous measurement of the
impedance Z and phase angle 6 (impedance phase).
During the measurement process, statistical data was
accumulated to obtain the median value of the capac-
itance and resistance for each point in time/frequency
based on the results of 10 measurements. The voltage
supplied to the sensor was 1 V.

Gas measurements were carried out in a specialized
Microgas-FM installation (ZAO Intera, Russia),
which allows the mixing of flows of diluent gas and
target gas in parts of up to 100 : 1. Air (N, (80%) + O,
(20%)) was used as the diluent gas, and as the target
gases, test-gas mixtures of CO (60 ppm) and NO,
(515 ppm) were employed. Twenty minutes after the
start of purging with synthetic air, the target gas was
supplied for 20 minutes, after which the supply of the
target gas was stopped and purging with synthetic air
continued for another 20 min.

The sensitivity of the sensor was assessed by the rel-
ative change in the resistance (Sy, for the resistive
response) and capacitance (S., for the capacitive
response):

X
See = £ x100%,

a

where X, is the resistance (R,) or capacity (C,) of the
sensor when exposed to a certain concentration of tar-
get gas, X, is the resistance (R,) or capacity (C,) of the
material in an air atmosphere.

(b)
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Fig. 2. Structure of a sensing element based on multilayer MOF films for sensor prototype S; (a) and S, (b).
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Fig. 3. SEM images of the MOF film after five deposition cycles (a) (in the inset, after the first cycle) and XRD spectra for the

MOF films (b) in prototypes S; and S,.

RESULTS AND DISCUSSION

Analysis of the obtained SEM images showed (Fig. 3a)
that one deposition cycle leads to the formation of
individual MOF crystals, and at least five deposition
cycles are required to form a homogeneous film.
According to the XRD data (Fig. 3b), it was estab-
lished that the films in the S, prototype corresponds to
ZIF-8 MOF. Reflections (110), (200), (211), and
somewhat less intense ones in the range of 15°—20°
correspond to the crystalline phase of ZIF-8 [16]. The
diffraction profiles also show a broad peak in the range
of 15°—40°, which indicates the presence of an amor-
phous phase of the quartz-glass substrate. Peaks char-
acteristic of metallic-copper contact tracks are
observed in the high-angle region.

Figure 3b shows the diffraction profile of the MOF
film of prototype S,, which confirms the preservation
ofthe ZIF phase structure when zinc ions are replaced
in the lattice by cobalt(II) ions.

As a result of measurements, it was established that
at room temperature in an air atmosphere the resis-
tance of the S, prototype film varies in the range of

1.2 x 10°—4.5 x 10® Q as the frequency increases from
20 Hz to 2 MHz (Fig. 4). Due to the fact that the resis-
tance of metal electrodes does not depend on fre-
quency, the observed decrease in the resistance of the
sensitive element with increasing frequency (over
500 Hz) indicates the reactive nature of the resistance,
which is typical for dielectric materials. A similar pro-
cess was observed when changing the film capacity of
the prototype S, in the low-frequency region (in the
range of 30—110 Hz) with a maximum capacitance
value of 20 pF (Fig. 4). A subsequent increase in fre-
quency led to a decrease in capacitance, which indi-
cates a weak inductive component, which is responsi-
ble for the increase in the capacitance of the structure
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with increasing frequency due to the compensation of
capacitance reactance with inductive reactance. In
addition, the capacitance can be affected by the struc-
tural elements of the sensor: its inductance and the
resistance of the electrodes. The results obtained sug-
gest a decrease in the dielectric constant of the ZIF-8
film due to the weakening of relaxation types of polar-
ization and the absence of the influence of the induc-
tive component. With a further increase in frequency
to 1 kHz—2 MHz, the value of the dielectric constant
barely changed, which may be due to the predomi-
nance of electronic and ionic polarization in the ZIF-
8 film at these frequencies.

Studies concerning the temporal stability of the
resistance and capacitance of the ZIF-8 film showed
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Fig. 4. Dependence of the resistance (dashed line) and
capacitance (solid line) of prototype S; on the frequency of
the signal.
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Fig. 5. Dependence of the temporal stability of the resistance (a) and capacitance (b) of the prototype S, at different frequencies.
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Fig. 6. Dependence of changes in the resistance (a) and capacitance (b) of the prototype S; when supplying target gases at room

temperature.

high stability and a decrease in noise level with
increasing measurement frequency (Fig. 5). In this
case, a high noise level at low frequencies may indicate
a high sensitivity of the sensitive element to external
factors (atmospheric humidity, pressure, and tem-
perature) affecting gas adsorption on the ZIF-8 film.

Studies of the Z1F-8 film for sensitivity to the tar-
get gases NO, and CO (275 and 30 ppm, respectively)
did not show changes in the resistance (Fig. 6a) and
capacitance (Fig. 6b) over the entire frequency range.

To increase sensitivity to the target gas NO,, we
conducted similar studies with heating of the S, proto-
type up to 150°C. As a result, it was found that the S,
prototype is not sensitive to the supply of the target gas
NO, at low concentrations (less than 45 ppm) and its
resistance increases steadily without any clearly
defined areas of peak changes (Fig. 7a). With increas-
ing concentration of NO, up to 45 ppm, the sensor
response was observed at all studied frequencies and
showed a greater sensitivity at low measurement fre-
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quencies (1.9% for 100 Hz, 0.32% for 10 kHz, and
0.08% for 1 MHz). The maximum capacitive sensitiv-
ity was obtained at a frequency of 100 Hz (Fig. 7b),
while its value was 2 times higher than the resistive
sensitivity (Fig. 7a). Thus, for this sensor design, in
order to reduce the influence of transient processes
and increase the probability of detecting target gases at
low concentrations, further experimental studies were
carried out at a frequency of 100 Hz.

From the obtained dependences it was established
that increasing the temperature allows an increase in
the sensitivity of the sensor based on the ZIF-8 film
when exposed to NO, as a result of the desorption of
atmospheric moisture, freeing the pores of ZIF-8 for
the adsorption of gases and reducing the activation
energy. However, CO sensitivity was never found.

In order to detect CO and increase the probability
of overcoming the energy barrier by reducing-gas mol-
ecules, as well as reduce the noise level during mea-
surements, a prototype S, with the structure 3(ZIF-8) +
Vol. 19

No.2 2024
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Fig. 7. Histogram of resistive (a) and capacitive (b) sensitivity of prototype S; depending on the measurement frequency.
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Fig. 8. Dependence of changes in the resistance and capacitance of the prototype S, when NO, (a) and CO (b) of different con-

centrations are supplied.

2(ZIF-67/Z1F-8) was fabricated. Studies of the
response of the prototype S, to NO, and CO of differ-

ent concentrations were carried out at a temperature of
180°C (Fig. 8).

The nonlinearity of changes in the capacitance and
resistance of the prototype S, at the beginning of the
process of supplying a gas with low concentrations of
both CO and NO, (Fig. 8) may be associated with the
gradual filling of the porous structure of the MOF
with gas molecules, which leads to a decrease in resis-
tance and an increase in the capacity of the film.
In this case, the use of MOF films with the structure
3(ZIF-8) + 2(ZIF-67/Z1F-8) made it possible to ini-
tiate the sensitivity of S, to CO (Fig. 8b) and reduce
the noise level during measurements. Based on the
processing of the obtained data, histograms of the
capacitive and resistive sensitivity of the S, prototype

NANOBIOTECHNOLOGY REPORTS
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to the effects of NO, and CO of various concentrations
were constructed (Fig. 9).

Figure 9a shows that with increasing NO, concen-
tration from 45 to 275 ppm the resistive and capacitive
sensitivity of the prototype S, increase from 3 to 19 and
from 6 to 20%, respectively. A strong nonlinearity in
changes in capacitance and resistance when NO, is
supplied with a concentration of 25 ppm did not allow
us to evaluate the sensor response for this gas concen-
tration. The resistive and capacitive responses of pro-
totype S, showed a high sensitivity to CO (Fig. 9b)
even at low concentrations of 6 ppm (S = 9%, Sc =
7%) and 10 ppm (S = 15%, S-= 10%).

Analysis of the responses of the prototypes S, (Fig. 7)
and S, (Fig. 9) showed that the functionalization of
ZIF-8 with two layers (ZIF-67/Z1F-8) leads to an
increase in the sensitivity and response of the sensor
S,. This effect may be due to the fact that the
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Fig. 9. Histograms of the capacitive and resistive sensitivity of the prototype S, to different NO, (a) and CO (b) concentrations.

cobalt(1l) ion included in ZIF-67/ZIF-8 has the 34’
electron level containing a vacant orbital along which
the migration of electrons of target gases inside the d
sublevel is possible. The zinc ion included in ZIF-8
has an outer electron layer of electron configuration
3d'%, which means there is no vacancy d orbital. As a
result, the conductivity of the prototype increases
when using ZIF-67/ZIF-8. In addition, there is an
increase in the impedance of the ZIF-67 layer due to
the formation of additional capacitances, which
affects the overall resistance of the structure and its
response when gases are supplied. In this case, a gas of
the same concentration causes different levels of
capacitive and resistive response of the sensor.

CONCLUSIONS

The work implements a simple and cheap method
for manufacturing gas sensors with a sensitive element
based on MOF films. Heating the models promotes
the desorption of atmospheric moisture, and also
causes an increase in the capacity of the structure and
a decrease in its resistance. It was shown that the func-
tionalization of ZIF-8 films with layers of ZIF-
67/Z1F-8 leads to an increase in the sensitivity of the
sensor to NO, by more than 2 times compared to ZIF-8
films, and also allows CO detection. It has been estab-
lished that for prototypes S, and S, a low measurement
frequency (~100 Hz) makes it possible to reduce the
influence of transient processes, and increase the rel-
ative sensitivity of measurements and the likelihood of
detecting target gases of low concentrations. It was
established that the considered MOF films react to
NO, with a sensitivity of Sy = 3%, S = 6% (for
45 ppm) and Sz = 14%, S = 15% (for 85 ppm), and
for CO even at low concentrations S = 9%, S.= 7%
(for 6 ppm) and Sz = 15%, S-= 10% (for 10 ppm). It is
shown that parallel analysis of the capacitive and resis-
tive response makes it possible to increase the accu-

NANOBIOTECHNOLOGY REPORTS

racy of the analysis of the sensor response when
exposed to various gases and can be used as the basis
for a software interface for training sensor operation
using artificial intelligence.
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