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Nanocrystalline and amorphous nanostructured tellurium (Te) thin films were grown and their gas-sensing properties were investi-
gated at different operating temperatures with respect to scanning electron microscopy and X-ray diffraction analyses. It was shown
that both types of films interacted with nitrogen dioxide, which resulted in a decrease of electrical conductivity. The gas sensitivity,
as well as the response and recovery times, differed between these two nanostructured films. It is worth mentioning that these prop-
erties also depend on the operating temperature and the applied gas concentration on the films. An increase in the operating temper-
ature decreased not only the response and recovery times but also the gas sensitivity of the nanocrystalline films. This shortcoming
could be solved by using the amorphous nanostructured Te films which, even at 22 °C, exhibited higher gas sensitivity and shorter
response and recovery times by more than one order of magnitude in comparison to the nanocrystalline Te films. These results were
interpreted in terms of an increase in disorder (amorphization), leading to an increase in the surface chemical activity of chalco-

genides, as well as an increase in the active surface area due to substrate porosity.

Introduction

Tellurium (Te) is a multifunctional chemical element used for
the development of many devices, such as diodes with high
(10°) rectification ratios, thin-film field-effect transistors,
optical recording media, infrared and UV detectors, strain-
sensitive devices and others (see [1,2] for extended reviews on
the topic). In the last decade, Te has also become an attractive
element with great biological applicability since it can be used
as quantum dots in imaging and diagnostics and has antibiotic

properties [3]. Even though Te has a biological relevance, it is

largely used in the development of thin films in chemical-
sensing applications, especially for toxic gas sensing. Szaro [4]
pioneered the studies regarding the effects of oxygen and
nitrogen, diluted in either dry or wet air, on the electrical prop-
erties of Te films. The results showed an increase in the hole
concentration during the adsorption process but not in the
mobility of these holes. However, the changes in the electrical
properties induced by these gases were very small and irre-

versible and were, later on, confirmed and explained in a
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systematic, relevant work [5]. In the early 2000s, Tsiulyanu and
coworkers [6] started to thoroughly investigate the use of Te
thin films as an active element in gas sensor manufacturing.
They showed that microcrystalline Te thin films, grown by ther-
mal vacuum evaporation, exhibit high sensitivity to low concen-
trations (ppm range) of nitrogen dioxide (NOj) even at room
temperature. Subsequent studies showed that it was possible to
increase the concentration range sensitivity to more than
300 ppm NO; by growing single-crystalline microtubes. In
order to do that, Te metal was evaporated onto quartz sub-
strates under an inert argon gas at ambient pressure [7]. Later, it
was also found that microcrystalline Te films have remarkable,
sensitive properties toward ammonia [8,9] and hydrogen sulfide
[10] and, to a lesser extent, to carbon oxides and amines [11]. In
the last years, due to the increase in the general interest toward
nanodimensional devices and structures, significant attention
has been given to growing, studying and applying nanostruc-
tured Te. To achieve these goals, different and sometimes quite
sophisticated chemical, electrochemical and physical methods
have been developed. In line with this, Wang and collaborators
[12] used thermal decomposition of Te dietyldithiocarbamato
film to grow Te nanoflakes. In order to synthesize Te nano-
wires, Liang and collaborators [13] performed chemical reac-
tions of Na,TeO3, in aqueous solution, via hydrothermal treat-
ment, whereas Ma and colleagues [14] used a solvothermal ap-
proach on glass substrates. To synthesize Te nanotubes, tech-
niques such as galvanic displacement of sacrificial cobalt nano-
wires were employed [15]. Lastly, to grow one-dimensional
nanostructures, either template-free electrodeposition of Te,
from an ionic liquid binary mixture [16], or thermal evapora-
tion in a furnace under argon gas flow [17] were strategies
utilized.

The present work is related to investigations of the interaction
between nanostructured Te films and toxic gases. According to
the literature, such investigations firstly have been provided
utilizing the nanocrystalline Te films grown onto Pyrex glass,
alumina (Al,0O3), oxidized silicon or sapphire substrates via
thermal vacuum evaporation of pure Te [18-20]. Tests were per-
formed in those films in order to access their ability to detect
both oxidizing (NO;) and reducing (H,S) toxic gases at temper-
atures between 77 and 423 K. Depending on the experimental
conditions in which the films were prepared (such as tempera-
ture, type and concentration of the target gas), their sensing
characteristics were found to vary. For instance, the best
response and recovery time values toward NO, were around
30 s and 7 min, respectively, at 40% sensitivity (defined as the
relative variation of the resistance). Such sensing parameters
did not differ much from the similar parameters obtained earlier
for microcrystalline Te films. Further investigations have been

extended to Te nanotubes grown on quartz or Si(111) sub-
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strates through a catalyst-free growing process in a furnace
filled with argon [21]. Another study used the high-vacuum
deposition technique in order to grow Te nanotubes on silicon
substrates containing previously deposited nanoparticles of
silver or gold [22]. In both cases, 50 nm diameter Te nanotubes
were obtained. When exposed to low concentrations of differ-
ent toxic gases, including NO,, the Te nanotube-based sensors
showed similar (or sometimes lower) numbers regarding sensi-
tivity and response/recovery times in comparison to Te single-
crystalline microtube-based gas sensors [7]. An increase in the
gas-sensing performance was achieved by growing single-
crystal Te-based nanotubes and nanowires via hydrothermal
recrystallization [23]. The response time range of NHj3 gas
sensors based on such nanocomponents was 5-18 s but the
recovery time ranged between 170-720 s. From comparison
with state-of-the-art devices, it can be observed that the physi-
cally nanostructured Te thin films exhibit great potential for ap-
plications in development in advanced gas sensors and, so far,
are the only Te-based nanostructured sensors tested with this
purpose. Besides, it can also be observed that nanostructuring is
mostly performed via phase transformations, such as hydrother-
mal recrystallization and growth of Te nanocrystals, nanotubes
or nanowires from the gas phase under vacuum or argon atmo-
sphere. On the other hand, nanostructuring can be performed
mechanically as indicated by the possibility of growth of
nanocrystalline gas sensors via rf sputtering (13.6 MHz) of Te

in an ultra-high-purity argon atmosphere [24].

The main aims of the present work were to investigate and
improve the gas-sensing parameters of nanostructured Te films
by using a mechanical nanostructuring approach. Crystalline
and amorphous Te films were grown, respectively, on glass or
porous, nanostructured, dielectric substrates. These two physi-
cally nanostructured Te films were studied with a special focus
on the gas-response kinetics.

Results and Discussion
Sample preparation, morphology and

structure

Two methods were used to nanostructure Te-based films:
growth of Te nanocrystals on Pyrex glass substrates or deposi-
tion of amorphous Te films onto nanostructured (porous) Al,O3
substrates. In both cases, the polycrystalline Te (purity
99.999%) was evaporated under 10™* Pa vacuum conditions.
The evaporation was carried out using VUP-5 equipment
(SUMLI, Ukraine) from a tantalum boat, keeping the same dis-
tance (20 cm) between the evaporation boat and substrate, with-
out any cooling or heating of the latter. To grow films with a
nanocrystalline structure, a growth rate of about 10 nm/s was

used whereas, for amorphous thin films, the growth rate was in-
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creased to 30 nm/s. The deposition rate was increased by raising
the temperature of the evaporator. The calibration was per-
formed via measuring the final thickness of the grown film
versus the time of deposition at given temperature of the evapo-
rator. Under these conditions, the amorphous Te films were
grown on either continuous (Pyrex glass) or porous (Al,O3)
nanostructured substrates. Then, rectangular 70 mm? samples
were cut from nanocrystalline and nanostructured amorphous
Te films, which were either prepared for further morphological
and structural analysis or for fabrication of gas-sensitive
devices. After preparation, the thickness and shape of the films
were studied using a SIS SCAN Control C (PhotoniTech Pte
Ltd., Singapore) atomic force microscope. The surface mor-
phology of the films was investigated using either a TESLA BS
340 or a VEGA TESCAN TS 5130 MM (TESCAN, Czech
Republic) scanning electron microscope (SEM). To investigate
the structural features of the grown films, X-ray analysis was
performed using a DRONE-YM1 (Burevestnik, Russia) diffrac-
tometer with Fe Ka radiation. The rotational velocity of the
scintillation counter was set to be either 2 or 4°/min. For the
electrical and gas-sensing characterization, the samples were
supplied with symmetrical gold or platinum electrodes, identi-
fied in our preliminary works as ohmics [25,26], which form
electrically transparent contacts with Te. The gold or copper
wires were then attached to the electrodes with a silver paste.
Figure 1A shows the surface morphology of a Te film grown on
a Pyrex glass substrate at a rate of 10 nm/s. As shown, the film
contains a dense nanocrystalline layer with randomly oriented
crystals with sizes ranging from 50-100 nm. Figure 1B shows
the surface morphology of an amorphous Te film grown on pre-
liminary nanostructured Al,O3. Pure amorphous films grown on
Pyrex glass substrates were uniform and did not exhibit a
striking morphological structure; therefore, their SEM image
was omitted.

At the same time, the Te films grown on the Al,O3 substrate
(Figure 1B) exhibited a nanostructured morphology, corre-
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sponding to the substrate template, which consists of ~100 nm
diameter dotted holes, separated 400 nm from one another. No

Te crystallites were observed in this case.

The structural phase state of the grown films was adequately
confirmed by X-ray diffraction (XRD). Figure 2 shows the
XRD patterns of Te films grown on either Pyrex glass
(Figure 2A) or nanostructured Al,O3 substrates (Figure 2B).

According to Figure 2A, the XRD pattern of films grown on
Pyrex glass substrates reveals a highly crystalline structure with
a predominant Te hexagonal phase. The positions of the most
intense peaks matched the reference values: from right to left,
the first peak occurs due to the reflection from the (100) crystal
plane, the second peak is observed due to the reflection from the
(101) crystal plane and the third peak appears due to the reflec-
tion from the (110) crystal plane. The nearly equal intensities of
these peaks as well as the appearance of other refraction peaks
indicates the absence of a predominant growth orientation of the
nanocrystals. As a counter example, the XRD pattern of a Te
film grown on Al,O3 substrates with a higher deposition rate
~30 nm/s (Figure 2B, adapted from [27]) only shows two weak
Te peaks (ASTM, 4-554). These type of films are considered
amorphous. It should also be mentioned that the XRD pattern of
samples grown on Pyrex glass substrates at the same rate of
30 nm/s (data not shown) does not show features of crystalline
Te.

Gas-sensing characterization, methods and

response kinetics

For the gas-sensing characterization of fabricated films, NO,
was chosen since it is one of the most active toxic gases known
to interact with Te [1].

NO, vapor, with a concentration of either 0.5 or 1.0 ppm, was
obtained by using the experimental set up described in our
previous paper [28]. Gaseous NO, media was obtained using a

DET: £ Delector

Figure 1: SEM of Te films grown: a) on Pyrex glass at a rate of 10 nm/s and b) on nanostructured AloOg substrates at a rate of 30 nm/s. Scale bar is

5 pym.
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b)

Figure 2: XRD diffraction patterns of Te films grown on Pyrex glass (A) or nanostructured Al,O3 (B) substrates.

calibrated permeation tube (Vici Metronics, USA), which was
introduced into the experimental setup. Ambient air was used as
both the carrier and the reference gas. Nanostructured Te-based
gas-sensing devices were put into a 10 mL test cell and the NO,
diluted in ambient air was injected at a 100 mL/min flow rate
parallel to the film surface. To perform both the heating and the
annealing of the samples, the test cell was mounted inside a
furnace. A platinum temperature detector (PT-100, Cliptec
Kabeltechnik, Germany) was placed close to the film and was
used to assist with the temperature control.

The data was processed using a PC equipped with a data acqui-
sition board (National Instruments Inc., USA). Characteristic
transient current response curves were collected at a constant
applied voltage (5 V), using different NO, concentrations at dif-
ferent temperatures. The switching between the mixture of NO,
vapor and reference gases was computer-controlled. The time
delay between measurements was 2 s, which was, simultaneous-
ly, much smaller than the sensor response time and much higher
than the assessed dielectric relaxation time value. In order to
transform the resistance signal into a voltage signal, the sample
was connected in series to a load resistance using a dc voltage
supplier. In all measurements, the load resistance was chosen to
be approximately one order of magnitude lower than the sam-

ple resistance.

Figure 3 shows the dynamic response of both nanocrystalline
(blue) and amorphous (black) nanostructured Te-based gas-
sensitive devices to a concentration pulse of 1.0 ppm NO, at
room temperature (22 °C). As a comparison, and under the
same conditions, the response of a microcrystalline film grown
on a Pyrex glass substrate at a deposition rate of 1 nm/s was
also added. The morphological and structural features of micro-
crystalline films were previously described in detail [5,6]. It can
be observed in Figure 3 that both the response current and the

time to reach the saturation decrease with the reduction of the

crystallite structural block dimension, i.e., from microcrys-
talline (red) to nanocrystalline (blue) states. On the other hand,
the behavior of the nanostructured amorphous films (black
curve) is significantly different from the crystalline ones. It is
worth noting that these parameters also depend on the film

thickness, temperature and gas concentration.
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Figure 3: Normalized dynamic response of a microcrystalline (red),
nanocrystalline (blue) and amorphous (black) nanostructured
Te-based gas-sensitive device to a rectangular pulse of 1.0 ppm NO»
at room temperature (22 °C).

The effect of temperature and gas
concentration on nanocrystalline films

Figure 4 shows the current flow through a ~100 nm thick
nanocrystalline film submitted to repeated switching on—off
cycles of the NO, gas mixture at a constant bias voltage and

22 °C operating temperature. Square pulses of NO, vapor
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Figure 4: Transient characteristics of gas-induced current in nanocrystalline Te films, at different temperatures, due to the exposure to various NO2
concentrations, according to the profile shown by the green dashed line at the bottom.

at concentrations of 0 ppm, 0.5 ppm, and 1.0 ppm were applied.
The dashed green line shows the switching profile. It is seen
that the current follows the same pattern but the baseline
strongly increases with temperature, as depicted in Table 1.
Table 1 also shows the film sensitivity, which is calculated from
the response kinetics to 1.0 ppm NO,, as a relative percent

increase in current (in %/ppm) according to Equation 1:

S=100(lg —I5)/ C-1g W

where I, and I are the currents flowing through the specimen in
air and in the presence of NO,, respectively, and C is the gas
concentration.

Figure 4 shows that, independent of the operating temperature,
the recovery time (#,y) is longer than the response time ().
These parameters, listed in Table 1, were estimated to be the
time to reach and to lose 50% of the maximum value of /.

According to Table 1, both #, and #,, decrease with the temper-
ature increase; however, the sensitivity of the films diminishes.
In the following subsection, interesting results will be explored
in terms of solving this sensitivity issue by nanostructuring
amorphous Te-based films.

Amorphous nanostructured films

Figure 5 illustrates the transient characteristics of the gas-in-
duced current in both nanocrystalline Te films, grown on Pyrex
glass substrate, and amorphous Te films, grown on a nanostruc-

Table 1: Gas-sensing parameters of nanostructured Te films. t is the recovery time and t,5 is the response time upon exposure to 1.0 ppm of NOa.

Films T[°C] Baseline [pA]
nanocrystalline 22 15

50 18

100 24
amorphous 22 11
nanostructured

Sensitivity [%/ppm] trs [S] trv [S]
50 160 600
40 70 200
25 50 50
65 15 30
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Figure 5: Transient characteristics of gas-induced current in amorphous nanostructured Te films (blue curve) at room temperature (22 °C) due to
exposure to various concentrations of NO», according to the profile shown by the green continuous line at the bottom. The transient characteristic

profile for nanocrystalline film (red curve) is given for comparison.

tured Al,O3 substrate. The NO, exposure profile curve is
shown by the green continuous line at the bottom. The oper-
ating temperature was maintained at 22 °C. There is no notice-
able baseline drift in either the nanocrystalline or in the amor-
phous nanostructured films; however, a dramatic change in the
response kinetics can be clearly observed. These changes
consist of a decrease in both the response and recovery times
for amorphous Te films grown on preliminary nanostructured
Al,O3 substrates. As shown in Figure 6A, in such films, the
response time is approximately only 15 s whereas the recovery
time is about twice as long (see red bars). Interestingly, the
reduction in both the response and recovery times is accompa-
nied by an impressive increase in gas sensitivity reaching 65%/
ppm, which is the highest among the values obtained for the
nanostructured films studied. The diagram presented in

Figure 6B illustrates this result.

Another peculiarity of the transient characteristics of amor-
phous nanostructured films is a spontaneous reduction (or
increase) in the gas-induced current in terms of step change

concentration of the target gas.

Discussion

This paper presents a study regarding two different types of
nanostructured Te films physically built either in the form of
nanocrystals, grown onto flat substrates, or vitreous Te,

deposited onto nanostructured (porous) dielectric templates. It

was expected that the physical properties, including the adsorp-
tive ones, of these films would differ from each other and also
from those observed in the microcrystalline Te-based films. In
fact, this assumption, previously mentioned in our review paper
[29], was confirmed by our results presented in Figure 3, which
shows the normalized response kinetics to the target gas NO,
when in contact with microcrystalline, nanocrystalline or amor-
phous nanostructured Te-based films. Since that review was
dedicated to exploring only the fabrication and investigation of
gas-sensing properties of nanocrystalline Te films, it was only
superficially mentioned that the amorphous films could improve
the response kinetic parameters in detriment of sensitivity. One
way to enhance both the response time and sensitivity to NO,
seems to be the mechanical nanostructuring of amorphous Te
films, which is investigated and discussed in this paper. So far,
nanocrystalline Te films have been grown using either the ther-
mal vacuum evaporation of pure Te [17-20] or its sputtering
under a pure argon atmosphere [24] onto glass, Al,O3 or
sapphire substrates. It was shown that the film morphology as
well as the gas sensitivity is controlled by several factors, such
as the nature and temperature of the substrate, the type and con-
centration of the target gas molecules, film thickness, post-prep-
aration thermal treatment and operating temperature. It is more
or less generally accepted that the films grown on glass sub-
strates at room temperature exhibit a maximum sensitivity to
gases such as NO,, H,S or ammonia. This is the main reason

why this method was used in this work to manufacture and ex-
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Figure 6: Comparison of the gas-sensing properties of nanocrystalline and amorphous nanostructured Te-based films to NO5 at different tempera-

tures: A) response and recovery times; B) sensitivity.

amine Te films. According to the SEM image shown in
Figure 1A, nanocrystalline Te films grown on glass substrates
present a uniform and dense distribution of randomly oriented
nanocrystalline grains with an approximate average size of
100 nm. Assuming the neutrality of the Au/Te contacts, the
electrical conductivity of the film is mainly controlled by the
bulk, surface and grain boundary resistances. On the other hand,
due to the peculiarities of chalcogens and chalcogenide materi-
als [1,30], a region enriched in holes is formed at the surface
and at grain boundary and intragrain regions. Therefore, when
the films are exposed to NO,, the surface and grain boundaries
are the most affected by the gas reaction. Although the gas
sensing occurs due to the variation in hole density at the
enriched region (surface and grain boundary), in the presence of
gaseous media, the bulk is responsible for the observed increase
in the baseline current when the temperature increases
(Figure 4). Elevated temperatures result in the decrease of the
gas (NO») sensitivity, as shown in Figure 6B. At the same time,
the increase in the operating temperature values affects the gas
response kinetics (Figure 4), essentially decreasing both the
response and recovery times (Figure 6A). The decrease in both
the response and recovery times with an increase in tempera-
ture can be partially explained by Maxwell’s dielectric relaxa-
tion time (7). As T, = gggp (p is the bulk resistivity, € and g are
the permittivity and the electric constant, respectively), it is
clear that 1, decreases since there is a reduction in the resis-

tivity when the temperature increase and the system reaches

steady state in less time. Another suitable explanation for the
reduction in the response and recovery times with the increase
in temperature might be the shift in the adsorption—desorption

equilibrium, pointed out in Langmuir's theory [31].

The nanostructuring of Te-based films by growing amorphous
Te on nanoporous Al,O3 substrates (Figure 1B) allows for a
reduction in the response and recovery times and a simulta-
neous increase in the sensitivity to NO,. As show in Figure 6A
and Table 1, both the response and recovery times for these
films are, respectively, more than 10 and 20 times shorter in
comparison to the nanocrystalline film kinetics. In addition, the
sensitivity to 1 ppm of NO, increases by 15%/ppm. It is worth
noting that such remarkable improvement in gas sensing param-
eters is achieved without heating, since the working tempera-
ture is kept at 22 °C (room temperature). The reason for such
behavior seems to be due to the increase in the chemical activi-
ty of chalcogenides at the surface when disorder (amorphiza-
tion) increases [32,33] and to the increase in the active area
caused by substrate porosity. Another interesting feature ob-
served in the experiments was the spontaneous reduction (or
sometimes increase) in the gas-induced current upon step-
change concentration of the target gas. This can be explained
based on the concentration-induced phenomenon that induces
sensitivity damping in ultrathin films [34]. It is safe to assume
that, given the high rate at which the films are grown (30 nm/s),

their thickness remains low (<40 nm) since the film is deposited
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on the walls of the porous surface. On the one hand, these
ultrathin films show a considerably short response time, but
on the other hand, the increase in gas concentration damps
their sensitivity due to the formation of a catalytic gate at the
surface.

Conclusion

The nanostructuring of Te-based films by growing vitreous Te
on a pre-nanostructured (porous) dielectric template significant-
ly improves their gas sensing capabilities. At room temperature
(22 °C), the response and recovery times decrease by approxi-
mately 10 and 20 times, respectively, in comparison with
nanocrystalline Te films. In addition, there is an increase in the
gas sensitivity by 15%/ppm. These achievements can be
attributed to two main factors: the increase in chemical activity
of chalcogenides at the surface due to increase in disordering
(amorphization) and an increase in the active surface area due to
increased substrate porosity.
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