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Modifying and adjusting features of ZnO-based UV
sensors through singly- and co-doping with Ti and Zr
using low current sputtering technique
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Abstract

The possibility of modifying and adjusting the properties of ZnO-based sensors in the post-fabrication stage is
demonstrated by singly- and co-sputtering of ZnO thin films with zirconium and titanium nanoparticles. First, thin
films of zinc oxide are created on glass substrates by sol-gel process and spin coating, and some of these films
are converted to UV sensors through electrode placement on them by thermal evaporation method. Then, a
number of the initial detectors are singly- and co-doped with Ti and Zr using sputtering deposition technique.
Experiments show that the modification and adjustment of the parameters of the sensors through low current
sputtering technique (LCST) is possible more efficiently and controllably. The transient response of all sensors
are measured using I-t tests with periodic UV illumination before and after sputtering. Comparison of the results
before and after doping shows that the photoresponsivity is improved on all doped sensors, and in many cases,
a simultaneous improvement in this quantity and rise time is observed. In the best-case scenario, relative to
undoped sensors, the photoresponsivity of the sensors doped with zirconium increases by more than 429 times,
while the rise time of the sensors co-doped with titanium and zirconium decreases to less than 50%. This
experience indicates that the modification and adjustment of the properties of ZnO-based sensors and actuators
after electrode placement, to a large extent, is possible through LCST. It is noteworthy that this can be performed
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1. Introduction

In recent years, zinc oxide nanostructures, due to their envi-
ronmental friendliness and some outstanding features such
as wide bandgap (3.37 eV), high excitonic energy (60 m eV),
and substantial piezoelectric constants, have been received
significant attention and interests by sensor and actuator re-
searchers and have found many applications [1-6]. Similar
to other semiconductors, as many research works has been
performed so far, the required properties of zinc oxide can be
modified by the introduction of diverse dopants [7-10].

In conventional methods of manufacturing semiconductor sen-
sors and actuators, dopants are often introduced into the pure
semiconductor in the fabrication process, and then, the doped
semiconductor is utilized to manufacture of them. As far
as our studies indicate, so far no serious reports have been
recorded on the modification and adjustment of the properties
of detectors through doping after electrode placement. In the
previous article, it was predicted that doping through sput-
tering can be used for manufactured sensors [11]. Therefore,
in this study, it was decided to investigate the possibility of

modifying and adjusting the properties of pre-fabricated UV
sensors by doping method through sputtering.

So far, a large group of different dopants, including zirconium
and titanium, have been used to modify the properties of zinc
oxide for various sensor purposes [11-20]. In this research
work, according to the experiences of the group, it was de-
cided that the effect of the presence of nanoparticles of these
two substances separately and also both together is examined
on the performance of ZnO thin film based UV detectors by
LCST. For this purpose, a number of UV detectors are first
fabricated from sol-gel based zinc oxide nanofilms prepared
by spin coating and electrode placement using thermal evap-
oration method in vacuum. Then, the transient response of
the fabricated sensors is measured (I-t test). In the next step,
these sensors are sputtered with zirconium, titanium, and both
together at regular time intervals and then subjected to I-t test
again. The results of these tests indicate that doping by LCST
causes a significant change in the responsivity and response
times of the fabricated sensors.
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2. Methods

At first, several pure zinc oxide thin films were prepared by a
double step sol—gel process exploiting spin-coating method,
and then, the processes of electrode placement and doping
were performed on the samples. Different tests and physical
measurements were also carried out on the detectors whether
before or after doping. The details of preparation and testing
the samples are described as follows.

2.1 Sample preparation

Glass substrates were initially cleaned with acetone and deion-
ized water, and then, for further cleaning and pre-preparation
of the glass surface they were heated up to 550 °C in the am-
bient atmosphere for 1 h. Zinc acetate dihydrate, isopropanol,
and diethanolamine (DEA) were used as the starting material,
solvent, and stabilizer, respectively. The molar ratio of DEA
to zinc acetate was maintained at 1, and the concentration
of zinc acetate was selected equal to 0.5 M. Zinc acetate di-
hydrate was first dissolved in isopropanol, and the solution
was stirred at room temperature at 500 rpm. After 1 h when
the solution turned milky, while stirring the solution, DEA
was added to it drop by drop such that a clear transparent
homogeneous solution was yielded, and then, the resulting
mixture was stirred at room temperature for another hour.
After aging for 24 h, the solution was deposited on the cleaned
substrates by the spin coating method at room temperature,
with a rate of 2000 rpm for 25 s. Having coated the samples,
they were heated at 200 °C in the ambient atmosphere for
10 min to evaporate the solvent and remove the residual of
organic materials. The coating and drying procedures were
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Figure 1. An example of a quad UV sensor module
fabricated in this study, which includes four similar detectors
on a substrate
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Figure 2. A schematic setup for I-t testing the fabricated UV
sensors. The power of UV light source is measured by
MAESTRO power meter with the low power thermopile
XLP12 (from gentec-eo Co.) at the sensor predetermined
location before placing the sensor in that location. The
amplifier (model PZD 350A from Trek Co.) has been used to
provide the power of UV source. The wavelength band of the
beam splitter is in the range of UV light.

repeated two times to increase the film thickness. Finally, all
the samples were annealed in ambient atmosphere at 550 °C
temperature for 1 h.

To fabricate UV detectors, four circle-shape copper electrodes
with the thickness 150 nm and a groove of 200 microns in the
middle of each of them were concurrently produced through
the thermal evaporation in vacuum on each of zinc oxide thin
films Fig.(1). In total, nine such a sample, each including four
electrodes, were fabricated.

2.2 Functional test of sensors

Prior to doping, all of the nine quad UV detectors were sub-
jected to I-t test using periodic irradiation of 370 nm UV light
with a periodicity of 60 s and a 4 V bias voltage. Figure 2
shows a schematic setup through which testing the fabricated
sensors is performed. The LED type UV light source with
the wavelength 370 nm and the full width at half maximum
(FWHM) 30 nm generates an intensity equal to 0.5 mW/cm?
on the sensor surface. The wavelength of the light source
and its power in the sensor location were measured by the
spectrometer HR4000 (from Ocean Optics Co.) and the MAE-
STRO power meter with the low power thermopile XLP12
(from gentec-eo Co.), respectively. The periodicity of LED
light is adjusted by an accurate function generator HMF2550
(from Hameg Co.), and the current measurement is performed
by a precision 6.5 digit multimeter 8846A (from Fluke Co.).
To reduce the noise, the set-up was entirely placed in the
metallic chamber connected with the earth.

After initial testing of all undoped detectors (pure samples)
and recording of the results, to dope ZnO with titanium and
zirconium, sputtering operation was performed. Three of
the pure samples were doped with titanium (Group 1), three
with zirconium (Group 2), and the remaining three with both
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Figure 3. FE-SEM surface morphology images of a) the pure ZnO layer and b) the co-doped ZnO with Ti and Zr at 240 s

sputtering for each of them.

(Group 3). The three samples of Group 1 were sputtered at
different times of 120, 180 and 240 s, and the same process
was performed for the three samples of Group 2. Whereas,
the Group 3 samples were participated in both processes of
groups 1 and 2, meaning that the three samples of Group
3 were separately doped once with titanium and once with
zirconium each time at the different times mentioned above.
Sputtering was performed for all samples under an argon at-
mosphere at a pressure of about 0.065 mbar and a current of 5
mA. After sputtering, the doped detectors were subjected to
I-t test again with the same set-up and in the same conditions
before doping. A number of pure and doped zinc oxide thin
films were considered as references to study and compare
their structural properties.

2.3 Characterization

X ray diffraction (XRD) analysis and Field effect scanning
electron microscopy (FE-SEM) were utilized to study the crys-
talline structure and the morphology of doped and undoped
samples, respectively. In addition, for optical analysis and
evaluation of changes in light transmission due to the intro-
duction of zirconium and titanium nanoparticles into pure
ZnO films, the spectrum of all samples was measured by the
spectrometer HR4000 (from Ocean Optics Co.). To determine
the amount of zirconium and titanium and the ratio of their
masses to ZnO mass, inductively coupled plasma mass spec-
troscopy (ICP- MS) was used. For this purpose, a number
of doped films of each type were dissolved in HCI, and the
resulting solution was exploited for the test.

3. Results and discussion

As mentioned, the detectors were first fabricated from ZnO
thin layers and subjected to I-t test, and then, they were doped
through LCST with zirconium, titanium, and both together
and retested. The test results of each detector before and after
doping were compared with each other. Since the doping of
detectors is carried out after electrode placement, the impact
of some effective parameters in the fabrication process of each
detector is the same before and after doping. Consequently, it
is expected that the difference in test results of the fabricated
detectors before and after doping will be exclusively related
to the doping effect of each detector.

3.1 Examination of surface features

To evaluate the effect of dopants on the morphology and size
of the grains at the surface, FE-SEM image of the reference
samples was captured before and after doping. Figures 3a and
b respectively indicate images of the surface of a ZnO thin
film before doping and after co-doping with Zr and Ti at 240 s
sputtering for each of them. Here, the FE-SEM image of ZnO
co-doped with Zr and Ti has been selected as a representative
of all FE-SEM images. From these figures, one can find that
the sequential co-sputtering of Zr and Ti has not had much
effect on the morphology and dimensions of surface grains,
implying that the dopants do not form a separate layer on the
surface. Which this, of course, was predictable due to the very
low current (5 mA) and relatively short sputtering time.
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Figure 4. XRD spectra of the pure ZnO layer and ZnO
co-doped with Ti and Zr through 240 s sputtering for each

3.2 Analysis of crystalline structure

To find out the crystal structure of thin films prepared and
the possible effects of doping on them, X-ray diffraction was
used to analyze these layers before and after doping. Figure
(4) shows the XRD spectra of a pure ZnO thin film and a co-
doped ZnO thin film with Zr and Ti through 240 s sputtering
for each. The peaks of the plates, [100], [002], [103] [101] are
obviously related to Wurtzite crystal structure of ZnO. The
presence of multiple peaks indicates the polycrystalline nature
of the layers. Comparison of the above spectra indicates that
there is no significant difference in the intensity of the peaks
related to the crystal plates, before and after doping. However,
a slight increase in full width at half maximum (FWHM) of
all three major peaks after 240 seconds of double sputtering
could mean a slight increase in disorder of the crystal structure
due to the introduction of dopants into thin films.

3.3 Optical properties
The transmission spectrum of all samples was taken in the
range of 300 to 1000 nm. Figure (5) indicates the transmission
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spectra of ZnO thin films in terms of the sputtering time in
the four following conditions: un-doped,singly-doped with
Ti and Zr, and co-doped with Ti and Zr. As seen, all films
have an average transmission coefficient of more than 83.6%
in the visible range, and in many of them it even reaches more
than 95%, which implies that this method of doping does not
impact on the transmission coefficient much. Ti-doped films
show the lowest reduction in transmission coefficients, so that
their coefficients have decreased from 97% to about 95% on
average, and this is while in other films the reduction of the
coefficients is further observed. On the other hand, contrary
to expectations,the lowest transmission coefficients are not
related to the highest doping rate, but to 180 s of sputtering,
which reduces the coefficient to about 83.6% for doping with
zirconium and to about 83.8% for co-doping with zirconium
and titanium. For the film that has been sputtered with zir-
conium for 180 s, a significant reduction in the transmission
coefficient is also observed at wavelengths less than 370 nm.
This means an increase in absorption in this range, and it could
mean an improvement in the performance of detectors that
have been doped to this extent with zirconium, a consequence
that is also confirmed by I-t test. In the infrared region, a slight
decrease in the transmission coefficient is observed in almost
all films, indicating the formation of absorption levels with
lower energy in this region in all doped detectors. Overall,
it can be concluded from this discussion that dopants do not
form a separate layer on the surface of the films, a subject that
is also confirmed by FE-SEM images. Therefore, the cause
of changes in the transmission coefficients of sputtered thin
films should be further sought in changes in energy levels due
to the formation of new bonds and defects in the surface of
the films by dopant atoms.

3.4 ICP-MS test

In this study, by reason of the very high accuracy required
and that the very small amount of material is utilized, the ICP-
MS method with the precision of part per billion (ppb) was
used to find out the mass ratio of titanium and zirconium to
zinc in the films. For this purpose, five samples of ones with
the longest double sputtering time were placed in 10 cc of
high purity hydrochloric acid so that all the thickness of the
co-doped ZnO layers with Ti and Zr was dissolved in acid,
and eventually, the resulting solution was considered for ICP-
MS test. The results show that the mass ratios of zirconium
and titanium to zinc in films that were subjected to double
sputtering with zirconium and titanium for 240 s and with a
current of 5 mA are 0.096% and 0.023%, respectively. That
the mass ratio of titanium to zinc is smaller than the mass ratio
of zirconium to zinc can be for two reasons: more difficult
sputtering conditions for titanium, and that, the atomic mass
of titanium is significantly smaller than that of zirconium. It
should be noted that although the amounts of titanium and
zirconium are very small, since this insignificant amount has
been distributed at a very small depth (near the surface of the
film), its effects on surface properties, especially the number
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of carriers and surface conductivity are very great.

3.5 Effects of doping on the detectors’ properties

As mentioned, the main purpose of this study is to investigate
the effect of sputtering of titanium and zirconium nanoparti-
cles separately and both together on the properties of detectors.
Accordingly, all the fabricated detectors were named and be-
fore doping, their transient response (in the form of an I-t
test) was examined by placing them under a periodic UV il-
lumination. After recording the relevant data, the I-t curve
was plotted for each detector and by the use of it the main
parameters of each detector was calculated according to the
following definitions: 1. The maximum current under UV il-
lumination (/;) and the dark current (I;), 2. photoresponsivity,
R=1y, /P,y , Where I, = I; — 1, is the photocurrent and F,,
is the incident optical power, 3. rise time, RT, the time for the
photocurrent to rise up from 10% to 90% of the peak value,
and 4. fall time, FT, the time for the photocurrent to decay
from the maximum to 1/e of it.

By reason of doping the detectors after electrode placement
through LCST with Ti and Zr separately and with both to-
gether, the dark current and especially the maximum current
of these detectors sharply increased. In addition, all their
principal characteristics including the photoresponsivity and
the response times (RT and FT) were intensely affected. To
achieve a more accurate analysis of the effect of dopants on
the important characteristics of the detectors and to take into
account the statistical fluctuations, first the curves related to
I-t tests of pre-doping and post-doping were plotted. Then,
each of the main parameters in question (responsivity, RT, and
FT) was calculated separately for four similar detectors fabri-
cated on each substrate. And finally, the effect of doping on
each parameter for each sputtering time interval was analyzed
based on the average of the changes established in the four de-
tectors with similar conditions.To better figure out the subject,
for instance, figures(6-8) show the I-t curves of one of the
four detectors on each substrate after sputtering with different
dopants in terms of the type of dopant and the sputtering time.
Furthermore, along with the curves concerning each dopant,
a I-t curve of pure ZnO detector has been also plotted. By
reason of the enormous difference in current in some curves,
a different scale (second axis) has been used.

The photoresponsivity is the first parameter that one can cal-
culate from the above I-t curves. Figure (9) indicates changes
of the average R vs the sputtering time for singly-doped and
co-doped ZnO detector with Ti and Zr. As seen from Fig 9,
with the introduction of dopants and its increase up to 180 s
sputtering, R increases in all detectors.This phenomenon can
be attributed to the replacement of Zr** and Ti** ions with
Zn%t, which increases the number of free electrons [21-27].
These extra electrons can increase the responsivity by partici-
pating in oxygen absorption and desorption. As the sputtering
time increases to more than 180 s, R decreases. At first glance,
this reduction of photoresponsivity seems to be due to the
formation of an opaque layer of dopant atoms on the detector
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Figure 5. The transmittance of ZnO sensor doped with a) Ti,
b) Zr, and c¢) both Ti and Zr along with the transmittance of a
pure ZnO sensor

surface. But, it should be noted that since the sputtering oper-
ation is performed in a relatively short period of time and with
a low current, a very small amount of the dopant introduces
into the zinc oxide layer; the assertion that is also confirmed
by the ICP-MS test. Therefore, the formation of such a layer
does not appear reasonable. Moreover, the comparison of the
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Table 1. The quantities measured related to pure and doped ZnO sensors, f,: sputtering time; RT: mean rise time; F7: mean
fall time; R: mean photoresponsivity; R,q: R after doping; R4: R before doping; Tr: transmittance.

0.6

| PureZnO | 0 20.3 0.068 97.0
120 25.5 1.2 0.42 ~6 94.3
180 17.3 2.7 1.58 ~23 95.5
240 12.5 1.0 0.51 ~75 95.6
B 29.3 11 0.11 ~5 922
B - 18.7 >10.7 29.17 429 836
B 15.9 13 0.68 ~10 95.6
120 9.9 0.7 0.54 ~g 88.6
180 >24.7 »13.6 13.87 »200  83.8
240 14.7 16 233 ~34 87.6

transmission spectra completely rejects the hypothesis of the
formation of such an opaque layer. Because in none of the
cases, the films that have the most doping do not have the
lowest transmission coefficient.

Therefore, the decrease in R can be by reason of increasing
the scattering phenomenon due to the presence of ionized
dopants and also the segregation of Zr and Ti on the surface
(whether in the form of neutral atoms [18] or their oxides [27]),
which this occurrence, in turn, reduces the mobility of carriers
and increases the electrical resistance. Similar phenomena
have been reported in previous studies [23,26,27]. The im-
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Figure 6. The transient response of the Ti-doped ZnO sensor
along with that of a pure ZnO sensor obtained from I-t test

portant point to be noted here is that due to the fact that in
co-doping of ZnO, more dopants introduce into the layer, it
is expected that the steepest upward and downward slopes of
R is related to the detector with co-doping process. But in
practice, as can be seen from Fig. 9, this does not happen.
This suggests the existence of another possible contributing
factor, such as the mutual effect of Zr* and Ti** ions on the
ZnO structure, which could be the subject of an independent
study.

Another key characteristic of a detector that can be extracted
through I-t tests is its response time, which is mostly mani-
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Figure 7. The transient response of the Zr-doped ZnO sensor
along with that of a pure ZnO sensor obtained from I-t test
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Table 2. Comparison between different results related to some other photodetectors with the one fabricated in this research, RT":
rise time; F'T: fall time; R: photoresponsivity; R,;: R after doping; Rp4: R before doping; N.C.: no change; 1: an increase in
RT or FT; |: adecrease in RT or FT; Ag*: Ag nanoparticle [28-35].

Al <

1.54 <3%l [28]
Al 2.3 t t [16]
Ga 3.85 T T [16]
| Microwire | sn ~100 1 1 [29]
Dy =31 ~0.03% | T [30]
2 a - - 1
re - - - 2]
e “100 - - 23]
Ag* 1.32 N.C. N.C. [34]
o - : : 5]
zr 5.3 ~300 | ~33% | [11]
Ti »23 ~150 L T this work
zr >429 1 1 this work
TifZr ~g > 510l ~N.C. this work

fested in the form of two parameters: rise time and fall time.
These two parameters for all the detectors were calculated be-
fore and after receiving the dopants, and the effect of the type
of dopant and the sputtering period of time were investigated
on their values. The results of the effect of doping in this
method on the average values of RT, FT, and R parameters as
well as the transmittance of all detectors are compared in Ta-
ble 1. In Table 1, the declared values for each parameter have
been determined from the average value of that parameter for
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Figure 8. The transient response of the ZnO sensor co-doped
with Ti and Zr along with that of a pure ZnO sensor obtained
from I-t test

the four identical detectors on a substrate associated with each
process. An important conclusion to be drawn from the above
results is that by singly and co-sputtering of Ti and Zr, R, RT,
and FT can be managed. Comparison of test results, before
and after doping, shows that not only have the photoresponsiv-
ity of all doped sensors improved, but some of these sensors
have also concurrently experienced a significant decrease in
rise time. The maximum increase in photoresponsivity is ob-
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Figure 9. Changes of the photoresponsivity vs. sputtering
time period for ZnO doped with Ti, Zr, and both together
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served in sensors that have been sputtered for 180 seconds,
which is more than 429, 200, and 23 times for doping with
Zr, Ti+Zr, and Ti, respectively. In addition, the sensors which
were co-doped with Zr and Ti for 120 s sputtering also show
the greatest reduction in rise time to some extent more than
50% and simultaneously 8 times increase in photoresponsiv-
ity, this is while their fall time increase insignificantly.

Table 2 shows a comparison between the results of this study
and other similar studies conducted to improve the perfor-
mance of UV sensors through doping. Various factors such
as the type of nanostructures, fabrication methods, the bias
voltage, the intensity of radiation beam, and the shape and
dimensions of the electrodes make the range of numbers re-
ported for photoresponsivity and response time of ZnO-based
sensors so different that it is difficult to compare them numer-
ically. Therefore, instead of comparing the values of these
quantities, comparing the changes of each quantity due to dop-
ing has been considered as a much more reliable parameter.
Examination of the results of Table 2 indicates that doping
with zirconium by the way carried out in this research estab-
lishes a high ability to control the properties of the sensor,
especially the increase of photocurrent. The enhancement of
dark and photo current owing Zr doping to an optimal extent,
the conversion of ZnO layer to a transparent conducting oxide
layer is also feasible [26]. On the other hand, the co-sputtering
with titanium and zirconium shows the ability to significantly
modify the photoresponsivity and the response time concur-
rently which is a great advantage, and circumstances like that
has rarely been reported so far. Comparing the results of this
research and the previous work [11], it can be concluded that,
in addition to the type of nanoparticles, conditions of per-
forming sputtering, especially its current, are also among the
main parameters in how the projected nanoparticles affect the
surface of sensors. Thus, by controlling the current, to a large
extent, it is possible to change the method of introducing ions
into the zinc oxide lattice in a controlled way and in addition
adjust the properties of the sensor.

4. Conclusion

In this research work, the modification and adjustment of the
properties of prefabricated ZnO-based UV sensors was per-
formed by singly- and co-doping with zirconium and titanium
nanoparticles through LCST. First of all, zinc oxide thin films
were prepared by sol-gel method through spin coating and
then converted to UV sensors by creating copper electrodes us-
ing the thermal evaporation method in vacuum and subjected
to It test. In the next step, these sensors, each one includ-
ing four similar detectors, were divided into three groups of
three. The three sensors of the first group were doped with
titanium through sputtering at time intervals of 120, 180 and
240 s, respectively. The sensors of the second group were also
doped with zirconium in the same time conditions of the first
group. While, the sensors of the third group were co-doped
with Ti and Zr by participating in both processes of the groups
1 and 2. After doping, all sensors were again subjected to
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I-t test. The results indicate that the photoresponsivity of all
doped sensors has improved. Furthermore, some of sensors
after doping have also concurrently experience a significant
decrease in rise time. The maximum increase in photorespon-
sivity is related to sensors that have been sputtered for 180
seconds, which is more than 429, 200, and 23 times for doping
with Zr, Ti+Zr, and Ti, respectively. In addition, the sensors
which were co-doped with Zr and Ti for 120 s sputtering show
not only the greatest reduction in rise time to some extent
more than 50% but also a 8§ times the photoresponsivity, while
their fall time increases insignificantly. FE-SEM images, UV-
visible spectroscopy, and XRD analysis indicated that despite
very serious effects of this method on changing and adjust-
ing the photoresponsivity and the response time, structural
properties of the sensors such as the surface morphology, the
crystalline structure, and the visible transmission coefficient
do not change significantly due to doping. Overall, the results
show that in this method, there is the ability to modify the de-
sired features of a sensor in the shortest time and at the lowest
cost for the intended purposes and to a large extent selectively.
To modify and adjust many properties of UV sensors and even
other sensors and actuators, it is obvious that singly- and co-
doping of ZnO with a large number nanoparticles other than
titanium and zirconium can be also performed using LCST,
which it can be separately carried out in other researches.
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