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Abstract

In this study, to improve the properties of ZnO-based metal-semiconductor-metal (MSM) UV detectors, the surface of ZnO
thin films prepared by the sol-gel method is initially doped with Zr sputtering at different time intervals. The amount of
Zr at the surface and its effect on the crystalline structure and the surface morphology are, respectively, evaluated through
energy-dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD) analysis, and atomic force microscopy (AFM). Then,
by creating electrodes on the surface, these layers are converted to MSM UV detectors and subjected to various sensor tests
to assess their performance. The results of these tests show that the sensors, which are sputtered with Zr for 50 s under the
experimental conditions in question, experience an increase in the photoresponsivity by about one order of magnitude while
their rise time and recovery time decrease about 30%. Furthermore, the best repeatability of /- curves and baseline stability
in consecutive cycles are also related to these sensors. The experience also indicates that the use of sputtering method can be
seriously considered to modify the surface of nanostructures used in the construction of sensors. This makes perfect sense
because the surface plays a major role in the detection mechanisms in most light and gas sensors. It is noteworthy that this

method can be used even to modify the properties of pre-made detectors.

Keywords ZnO thin film - MSM UV detector - Sol-gel process - Sputtering method - Response time

1 Introduction

Nowadays, ultraviolet light detection is of significant impor-
tance in many aspects of science and technology associated
with health, environment, and space applications such as
flame monitoring, water purification system, chemical agent
detection, space communications and ozone layer monitor-
ing [1-4]. Semiconductor materials have always shown a
great promise for photodetectors because of their cheap-
ness and simplicity. One of these materials is ZnO, which
has received serious attention for fabricating UV detectors
owing to having a bandgap of 3.37 eV and a large excitation
energy of 60 meV. ZnO is an abundant, inexpensive, and
non-toxic material, which exhibits high thermal and chemi-
cal stability in harsh environments [5-7].
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Different factors such as construction technique, type of
photodetector [8], the material and shape of electrodes, type
of electrodes’ connection [9-11], and doping method seri-
ously impact on the performance of detectors. The incorpo-
ration of foreign dopant ions into ZnO nanostructures is an
approach widely used to change their electrical, optical, and
photoconductive properties [12—22]. In thin layers of ZnO,
the presence of dopant atoms in the form of replacement
with ions, interstitial, and segregated in grain boundaries
can make dramatic changes in the concentration of carriers,
the mobility, and the resistivity and also form new bondings
and energy levels, which in turn cause great changes in the
electrical, optical, and chemical properties of semiconduc-
tors. By selecting one of appropriate doping ways, the type,
and the amount of dopant, one can improve the character-
istics of sensors made by these layers and manage for the
intended purpose.

To improve ZnO performance in various applications,
diverse metallic dopants including aluminum (Al) [13,
14], cobalt (Co) [15, 16], silver (Ag) [17, 18], copper (Cu)
[19, 20], and titanium (Ti) [21, 22] have been exploited. Zr
similar to some other elements, owing to its positive and
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important effects on improving the performance of ZnO,
has been also widely studied [23—-33]. Nevertheless, in this
case, it appears that there are many other worthy properties
and effects that could be investigated.

In this research work, to improve sensor properties of
ZnO thin layers, these films are initially sputtered with Zr at
different interval times. Then, the presence of dopant and its
effects on the structure of layers are examined through EDX
spectroscopy, AFM, and XRD analysis. In the next step, by
creating electrodes on the surface of the layers, their charac-
teristics as ultraviolet sensors are studied. The measurements
indicate that, by the selection of appropriate conditions of
sputtering, the response time of the UV detectors of the
type of MSM made by these layers can be optimized. Some
advantages of this approach are its simplicity and speed;
furthermore, it can be used to improve the performance of
pre-made detectors.

2 Experimental

First, several pure zinc oxide layers were provided by spin
coating method, and then, some of them were doped by Zr
through sputtering technique. A number of the samples
doped by Zr were subjected to structural tests, and for con-
ducting sensor tests, the process of electrode placement
was performed on the other similar samples. The details of
preparation and testing the samples are described as follows.

2.1 Sample preparation

Soda lime glass substrates were initially cleaned with ace-
tone and deionized water, and then, for further cleaning
and pre-preparation of the glass surface it was heated up
to 500 °C for 1 h. Zinc acetate dihydrate, isopropanol, and
monoethanolamine (MEA) were used as the starting mate-
rial, solvent, and stabilizer, respectively. The molar ratio of
MEA to zinc acetate was maintained at 1, and the concen-
tration of zinc acetate was selected equal to 0.5 M. Zinc
acetate dihydrate was first dissolved in isopropanol, and the
solution was stirred at room temperature at 500 rpm. After
1 h when the solution turned milky, MEA was added drop by
drop to yield a clear transparent homogeneous solution, and
then, the resulting mixture was stirred at 60 °C for 1 h. After
aging for 48 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 250 °C in air for 10 min to evaporate the
solvent and remove the residual of organic materials. The
coating and drying procedures were repeated three times
to increase the film thickness. Finally, all the samples were
annealed in ambient atmosphere at 500 °C temperature for
1 h. In addition, the thickness of the films was measured
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equal to 405 + 16 nm through calculating the mass change of
samples due to coating. To achieve more accurate result, the
above thickness was obtained from averaging of the results
related to 15 coated samples. In the next step, the surface of
samples was doped through the sputtering technique using a
Zr bulk with purity of 99.99% as a target. The experimental
conditions, except for the sputtering time, were considered
the same for all samples. The distance of all samples from
the target, the current, the voltage, and the argon pressure
were selected equal to 8 cm, 25 mA, 100 V, and 0.06 mbar,
respectively. But, the sputtering time was taken into account
different and between 25 and 3200 s.

2.2 Examination of the layers structure

In each of the above sputtering times, several doped samples
were provided. First, the existence and the value of Zr on
the surface of the layers were examined through EDX spec-
troscopy. Then, the effect of the presence of Zr atoms on the
surface and the crystalline structure was studied by AFM
and XRD spectroscopy, respectively. To fabricate a detector
from each group of the similar samples with identical dop-
ing, two electrodes were placed by the method of thermal
evaporation on the surface of each of the samples. It should
be noted that the electrodes were made from copper in the
form of two semicircles with the diameters of 5 mm and
the thicknesses of about 100 nm. The semicircles have been
separated by a distance of 200 microns so that they virtually
form a circle with the diameter of 5 mm with a gap of 200
microns in the diameter. In addition, for better repeatability
of the results, two completely similar detectors were made
on the surface of each sample (Fig. 1).

2.3 Functional test of sensors

The principal features of the fabricated sensors involving
the response time, the photoresponsivity, the sensitivity,
the dark current, and the UV photocurrent were deter-
mined by the use of the /-t curves for all sensors, which
were drawn under UV light exposure (with a periodicity
of 100 s) and a 4 V bias voltage. It should be noted that
the dark current and the photocurrent for all sensors have

Fig.1 An example of similar UV dual sensors fabricated in this
research
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Fig.2 A schematic setup for testing the fabricated MSM UV sensors.
The power of UV light source in the sensor predetermined location is
measured by the MAESTRO power and energy meter with the low-
power thermopile XLP12 (from gentec-eo Co.) before placing the
sensor there. 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

been specified based on the minimum current at the first
cycle (before the first exposure) and the maximum cur-
rent at the second cycle (during the UV light radiation),
respectively. 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 a power equal to 0.6 mW in the sensor loca-
tion. The wavelength of the light source and its power
in the sensor location were measured by the spectrom-
eter HR4000 (from Ocean Optics Co.) and the MAES-
TRO power and energy meter with the low-power ther-
mopile XLP12 (from gentec-eo Co.), respectively. The
LED power is supplied by an accurate function generator
HMF2550 (from Hameg Co.), and the current measure-
ment is performed by a precision 6.5 digit multimeter
8846 A (from Fluke Co.). To reduce the noise, the setup
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was entirely placed in the metallic chamber connected
with the earth.

3 Results and discussion

To evaluate the extent of Zr on the surface and its effect on
the crystalline structure and the surface morphology, EDX
spectroscopy, XRD analysis, and AFM were carried out for
two outermost samples, one without Zr (sample a) and the
other doped with Zr by sputtering technique in a duration of
3200 s (sample g).

Using the EDX spectrum of the sample g (Fig. 3a), Zr-to-
Zn atomic ratio of this sample was obtained equal to 0.046.
Taking into account sputtering-induced morphologies, it is
generally expected that Zr-dopant atoms place on the surface
and have a small penetration depth in the ZnO layer. Hence,
since the main mechanism of this type of detectors sets on
the surface, the use of the sputtering technique can be con-
sidered as an advantage. The other peaks being in the spec-
trum, as seen from the pure substrate spectrum (Fig. 3b), are
obviously related to the substrate.

In the XRD spectrum of sample a, two peaks at the
deviation angles of 34.67° and 63.11° are, respectively, in
good agreement with the (002) and (103) planes of the ZnO
wurtzite hexagonal (Fig. 4a). Two similar peaks but with a
slight decrease in their deviation angles are also observed
at the positions of 34.60° and 63.02° in sample g (Fig. 4b).
The existence of two peaks in the spectra and whose low
intensities indicate that the structure of layers is polycrystal-
line. In addition, after sputtering of Zr, the intensity of the
peaks decreases, while their FWHM increases. One impor-
tant reason of the above variations can be more disorder of
the crystalline structure due to the presence of the Zr atoms.
As expected, due to the relatively low percentage of Zr and
the way of its doping which causes most of it to place on the
surface, the changes generated in the crystalline structure
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Fig.3 EDX spectra of a the sample g sputtered with Zr for 3200 s and b the pure substrate
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Fig.4 XRD spectra of a the pure zinc oxide layer and b the sample g sputtered with Zr for 3200 s

are not dominant even for the layer with the maximum sput-
tering time (3200 s). In the event that the variations of the
electrical parameters of the fabricated sensors using these
samples, as will be discussed in the later sections, are con-
siderable even for the sample with the minimum sputtering
time (25 s).

The role of Zr in the microstructures and surface rough-
ness of the films can be evaluated by comparing the maxi-
mum peak to valley heights (PVH) related to the samples
before and after doping. The measurements for different
surface areas of the undoped sample and the sample doped
with Zr for 3200 s sputtering indicate that the value of PVH
reduces from 52.6 to 34.3 nm.

As seen from Fig. 5, grains have spherical shape in both
samples, and the diameter average of most of them is about
50 nm, though smaller and larger grains are also observable.
The comparison of the sample of pure ZnO with that has
been sputtered with Zr during 3200 s indicates that even
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the most time of sputtering with Zr has not created serious
change in the grains’ shape and size. The only observable
change is that the average roughness has decreased from 5.8
to 3.9 nm, which can mean the placement of Zr atoms in the
porous space between the grains, and to some extent being
filled this porous space. This consequence is expectable,
since unlike other doping methods in which the presence of
dopants during the growth process affects the formation of
grains, in the sputtering method, dopant as a coating affects
more on the outer surface of the layer.

Figure 6 indicates the photoluminescence (PL) spectra
obtained for the undoped and doped (for 3200 s sputtering)
samples. Here, the wavelength of exciting light is 270 nm.
The quality of the layers due to surface defect states can be
evaluated by these spectra. As seen from Fig. 6, after Zr dop-
ing by the sputtering method, no significant change occurs in
the near band-edge; in this region, the peak is corresponding
to excitonic emissions [9], whereas the blue emission peak
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Fig.5 AFM surface morphology images of a the pure zinc oxide layer and b the sample g sputtered with Zr for 3200 s
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Fig.6 Photoluminescence (PL) spectra of undoped and doped
(for 3200 s sputtering) samples. The wavelength of exciting light is
270 nm. Blue color: undoped sample; orange color: doped sample

at the wavelength 423 nm is reduced and partially shifted
toward shorter wavelengths. This peak considering its great
width can be attributed to defects related to oxygen intersti-
tial, zinc vacancy, and oxygen vacancy and even the recom-
bination of free excitons [10, 34]. Therefore, reducing the
amplitude of this peak means reducing the above defects in
the layer as well as reducing the recombination of free exci-
tons. This is while that in other common methods of doping,
entering Zr into ZnO causes an increase in defects of these
types [31]. The weak emission in the rest of visible region
indicates low defects and acceptable quality of layers, which
can be used to fabricate UV sensors.

The change of the electrical characteristics of the zinc
oxide layers affected by Zr doping has previously been
reviewed thoroughly [24-26, 28, 33, 35], but the response
time of the sensors fabricated using these layers has not
accurately studied yet; even if it was mentioned, it was not
the main goal of the study. In this study, although examin-
ing the response time change of the detectors in the pres-
ence of Zr is the pivotal issue, the following parameters have
also been taken into investigation: (1) The maximum cur-
rent under UV illumination (/;) and the dark current (/;),
(2) photoresponsivity, R = I, /P,,, where I, =1, — I, is
the photocurrent and P, is the incident optical power, (3)
the sensitivity, S = I, /1. For this purpose, /-t curve was
plotted for six different detectors sputtered with Zr in vari-
ous sputtering times and the non-sputtered sample as per
what was mentioned in the experimental section (Fig. 7).
Table 1 indicates the results obtained from the curves of
Fig. 7 for the above-mentioned parameters of the sensors.
As seen, these parameters significantly change by entering
Zr atoms on the surface of ZnO films. In high-doped sen-
sors, in /—f curves, at the moments of turning on and off the
UV light, the process of changing the current in each cycle
is first accelerated and then slowed down. The initial rapid
increase or decrease in the current can be explained as fol-
lows. When the UV light turns on, by generating electron
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Table 1 The quantities

Sample 1) R.T. (s) ET. (s) R (A/W) S I (uA) I, (uA)
measured related to the :
samplgs, ts': sputtering tirr}e; a 0 49 6.5 58 68.40 0.010 0.694
RT:rise time; £T: fall time; R: 25 44 6.1 101 19.49 0.061 1250
responsivity; S: sensitivity; 1,:
dark current; I;: the maximum c 50 34 4.3 310 9.67 0.378 4.033
current under UV illumination d 200 57 35.1 2388 8.19 3.431 31.541
e 800 65 > 1000 7986 4.01 23.468 117.459
f 1600 25 > 1000 96,878 1.45 785.112 1925.372
g 3200 75 19.0 13,911 4.56 35.907 199.644

holes and recombining the holes with electrons of oxygen
ions which, in the early moments, are accumulated on the
surface, the release of these ions is quickly performed.
This in turn causes a rapid increase in current in the ini-
tial moments. As the number of oxygen ions on the surface
decreases, their rate of separation (which is proportional to
the rate of increase in current) decreases exponentially. By
turning off the UV light, this process is reversed, i.e., at first,
when the presence of oxygen ions on the surface is negli-
gible, oxygen readsorption rapidly occurs in effect of the
multiplicity of additional electrons caused by the dopants.
Then, with the accumulation of oxygen ions on the surface,
the rate of adsorption (which is proportional to the rate of
current reduction) gradually exponentially slows down. It
should be noted that this phenomenon can also be present
in undoped samples. However, in the doped samples owing
to the formation of new bondings and significant increase in
carriers, and consequently, serious increase in the amount of
adsorbed and desorbed oxygen by turning the UV light on
and off repeatedly, this phenomenon is more intensely and
clearly observable.

Figure 8a, b shows curves of the variation of the dark
current and the maximum photocurrent as a function of the
sputtering time, respectively, when the UV light is off and
on. As it can clearly be observed, by increasing the sputter-
ing time (which means an enhancement of Zr amount) up to
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Dark current (A)

108 ¢

10 . : : * * *
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1600 s, the currents increase, and then, there is a decreasing
trend. The reason for the increase in current up to 1600 s can
be attributed more to the replacement of Zr** ions instead of
Zn* and to some extent the presence of Zr atoms intersti-
tially in the space between the lattice atoms, which in turn
increases the carriers [25, 26, 35-37]. To justify the reduc-
tion of the currents of sample g, which has been sputtered
for the 3200 s (the maximum time), it should be noted that
with increasing sputtering time, the possibility of Zr atoms
interstitially in the space between lattice atoms and also their
segregation at the surface, especially at the grain boundaries,
can be increased. In this case, increasing the presence of Zr
atoms interstitially causes irregularities in the crystal lattice,
and their segregation, which can lead to the formation of
neutral zirconium atoms and reduction of carriers, makes
more dispersion of carriers at the grain boundaries. Further-
more, both of these effects reduce the carriers’ mobility and
enhance the electrical resistance. By increasing the amount
of Zr, in addition to the above influences, the scattering phe-
nomenon due to the presence of ionized dopants will also
help reduce the mobility and increase the resistance. Similar
to this phenomenon that with entering low values of dopant
in ZnO thin films, at first the conductance increases and then
decreases by increasing the value of dopant, has been previ-
ously also reported for zirconium and some other metallic
dopants [25-27, 33, 36, 38-40].
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Sputtering Time x10° (s)

Fig.8 a The dark current and b the maximum photocurrent of the sensors as a function of the sputtering time
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Fig. 9 a The photoresponsivity and b the sensitivity of the sensors as a function of the sputtering time

Figure 9a, b indicates variations of the photoresponsivity
(R) and the sensitivity (S) of the sensors as a function of the
sputtering time, respectively. According to the definition of
R and the fact that the incident optical power on the sen-
sor surface is constant, it is expected the photoresponsivity
change curve will be very similar to the maximum current
change curve when the UV light is on, which means that the
parameter R is improved in doped sensors up to 1600 s sput-
tering time with Zr, whereas the sensitivity of the sensors is
inversely related to the amount of doping up to 1600 s and
is downward. In this case, reducing the sensitivity of the
sensors with increasing the doping can readily be deduced
from the fact that the growing rate of the dark current is
higher compared with that of the maximum current when
the UV light is on. The reason for this difference in the rate
of current increase may be traced to the fact that the group
of Zr atoms that replace Zn>* in the form of Zr** on the
surface of the ZnO layer not only increases the dark current
by creating additional carriers, but also causes an increase in
the photocurrent by interacting with further atoms of oxygen
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when UV light is turned on and off. But another group of
Zr atoms that are interstitially placed inside the Zno lat-
tice as the donor dopant increase the conductivity in the
dark with increasing carriers while do not have much effect
on increasing the photocurrent. Considering that the differ-
ence between the rate of increase in the dark current and
the photocurrent is further observed with increasing doping
rate, and the points mentioned in the analysis related to the
reduction of the currents of sample g in high doping, one can
conclude that, in the high doping regime, the presence man-
ner of Zr atoms in the surface of zinc oxide layers changes
from the Zr** substitution state instead of the Zn™? atoms in
the crystal surface to the interstitial state within the crystal
lattice or their segregation at the surface grain boundaries.
Figure 10a, b illustrates the change of the rise and fall times
of the sensors vs the sputtering time. In this research, the rise
time is defined as the time interval corresponding to the pho-
tocurrent between 10% (or the minimum value if the initial
value is more than 10%) and 90% of the maximum value; the
fall time is expressed as the time interval corresponding to
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Fig. 10 The effect of the sputtering time on a the rise time and b the fall time of the sensors
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Table 2 Comparison between

‘ Nanostructure Dopant Bias volt-  Rise time (s) Fall time (s) Photorespon-  References

different results related to some age (V) sivity (A/W)

other MSM photodetectors

with the one fabricated in this Thin film Undoped 3 100 104 2.16 [41]

research Thin film Ag NP 30 15 330 2.86 (17]
Nanoflake Al 10 >53 >107 0.0336 [42]
Thin film rGO 2 44 40 - [43]
Nanorod Mn 5 27.07 >61.39 0.0765 [44]
Nanorod Ga 1 >89 > 106 0.046 [45]
Nanorod Fe 3 46 37 0.758 [46]
Nanorod Ni 3 70 43 2.10 [41]
Thin film Zr 4 33.9 344 310 This work
Nanowire Graphene 5 >11.9 > 240 3.2x10* [47]

Here the rise time is defined as the time interval corresponding to the photocurrent between 10 and 90%
of the maximum value; the fall time is expressed as the time interval corresponding to the photocurrent
between the maximum and its 10% values

the photocurrent between the maximum and its 1/e values. In
the rise time curve, there are two minimums: one for sample
¢ with t, = 50 s and another for sample f with z, = 1600 s. For
the latter, the minimum current value (the dark current) in the
second cycle has increased to more than 50% of the maxi-
mum current value. The curve of recovery time (fall time)
also shows that samples e and f, respectively, corresponding to
t, = 800 s and ¢, = 1600 s have abnormal behavior, and their
return time is too long (>1000 s). But the fall time of sample
¢ with f, = 50 s like its rise time is in the optimal situation
(minimum). The reason for the reduction in these times is
probably the easier exchange of ambient oxygen with new
bonds created due to the replacement of Zr** ions with Zn**
ions on the surface. With increasing the sputtering time, the
probability of the presence of Zr atoms at greater depth and in
other forms such as the interstitial state or even the segregated
Zr and ZrO, increases, which can further slow the exchange
of oxygen with the surface. From electrical point of view, the
optimization of the response time of the MSM photodetector
doped with Zr for 50 s sputtering time can be explained as
follows. In the early stages of doping, an increase in dopants
is concurrently accompanied with increasing carriers’ density
and mobility. Hence, both rise and fall times have a decreas-
ing trend. This process continues until the sputtering time of
50 s. For more sputtering times, although carriers’ density
increases, due to the ionized impurity scattering phenomenon,
the carriers’ mobility eventually decreases and the response
time becomes slower (as seen from Table 1). Therefore, one
can say that the competition between two dominant physical
phenomena, which are the mobility and the ionized impurity
scattering, may be the main reason for establishing an opti-
mized response time. The effect of doping Zr on increasing
mobility has been also previously reported [24, 25].

In the end, it should be noted that so far numerous stud-
ies have been performed on the improvement and efficiency
of MSM photodetectors based on ZnO nanostructures,
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many of which have focused on improving response time
and photoresponsivity [17, 41-47]. However, it is very dif-
ficult to compare the results of these studies with each other,
because doping way and dopant type, the type and method
of preparing the nanostructure, the material and shape of
the electrodes, how the electrodes are made and the dis-
tance between them are all different in these research works.
Furthermore, the test conditions particularly the radiated
UV light power and the applied bias voltage are also differ-
ent in various works. Consequently, for example, based on
available reports, there is a difference in photoresponsivity
up to seven order of magnitudes, and nevertheless, all of
researchers assert that the performance of their detector has
improved [48]. Therefore, it appears that, in these cases,
the best way to evaluate the performance of each detector
is to compare the results obtained for that detector before
and after modifications, because other factors related to it
can be kept invariant. However, the results of number of
studies performed on the modification of ZnO-based MSM
detectors using diverse dopants and various doping ways
are presented in Table 2. Here, the response time and the
photoresponsivity of some detectors with different nano-
structure, dopant type, and also the bias voltage have been
compared. Moreover, the mentioned results are related to the
optimized detectors. As seen, these results reflect that pho-
tosensors fabricated in this research work have acceptable
performance compared to the others in terms of response
time and photoresponsivity.

4 Conclusion

In this research work, to make better the properties of ZnO-
based MSM UV detectors, the surface of ZnO thin films
prepared by sol-gel method was initially doped with Zr
sputtering at time intervals of 25-3200 s. The amount of
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Zr at the surface was evaluated by EDX spectroscopy and
showed that the maximum ratio of Zr to Zn reaches 0.046
in 3200 s. AFM and XRD tests do not show much change
in the morphology and crystal structure of the layers even
after the most sputtering time, which is probably the reason
that the major changes in this method occur only at a thick-
ness of a few nanometers from the surface. By creating an
electrode pair on the surface of each of the Zr-doped ZnO
films, they were converted to MSM UV detectors and sub-
jected to various sensor tests to assess their performance.
The results of these tests showed that with increasing the
sputtering time up to 50 s, most of the properties of the sen-
sors improve, but after that time, the photoresponsivity, the
sensitivity and the repeatability of /—¢ curves of the sensors
worsen drastically, and this is while, R continues to increase
up to the sputtering time of 1600 s. This behavior appears to
be due to the change in the preference of the presence of Zr
atoms from the substitution state instead of Zn in the ZnO
crystal lattice to the interstitial state between the lattice and
segregated at the grain boundaries. Finally, it is important
to note that, since the surface plays a major role in detection
mechanisms in most light and gas sensors, the use of the
sputtering method to modify the surface of the thin films
used in the construction of sensors can much quickly and
easily lead to the desired changes in detectors. In addition,
this method can even be used to modify the properties of
pre-made detectors.
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