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Abstract. The aim of this study was to develop low-powered, highly selective UV sensor to
continuously monitor personalized UV exposure as well as to study annealing effect on UV
detection properties of the sensors. ZnO:Al structures were obtained by chemical growth
method followed by thermal annealing at 625 °C for 2 h. The studied samples exhibit
maximal UV response of 620/488 at 25 °C/50 °C to 370 nm UV radiation before/after
annealing, respectively. Thermal annealing of sensor (250 °C for 1 h) led to improvement in
fall time from 3860 seconds to 262 seconds at 25 °C and highest responsivity (~48 mA/W)
came out for 370 nm wavelength at 75 °C operating temperatures. Consequently, excellent
selectivity for 370 nm UV illumination can be ascribed as due to thermal annealing effect
which increases the crystallinity, grain size, and roughness of the sensing film. The PL
measurements reveals the suppression of structural defects, increase in intensity after
annealing and enhanced UV response due to presence of Al content in films. Overall, these
structures showed magnificent UV properties, before and especially after additional thermal
annealing. UV sensing mechanism of such nanomaterial-based sensor were explained with
physio-chemical processes take place on the surface of these structures. The obtained
results on annealed ZnO:Al films-based devices is superior to reported performances of
other nanostructures, proving new results for UV sensing applications at different operating
temperatures in various fields.

Keywords: semiconductor oxide, heterostructure, sensor, selectivity, efficiency, sensing
mechanism.

Journal of Engineering Science December, 2023, Vol. XXX (4)


https://doi.org/10.52326/jes.utm.2023.30(4).04
https://orcid.org/0000-0002-7913-9712
mailto:oleg.lupan@mib.utm.md

46 Annealing effect on UV detection properties of ZnO:Al structures

Rezumat. Scopul acestui studiu a fost de a dezvolta un senzor UV de putere redusa, foarte
selectiv, pentru a monitoriza continuu expunerea personalizata la UV, precum si pentru a
studia efectul de recoacere asupra proprietdtilor de detectare UV a senzorilor. Structurile
ZnO:Al au fost obtinute prin metoda de crestere chimica urmata de recoacere termica la 625
°C timp de 2 ore. Probele studiate prezinta un raspuns UV maxim de 620/488 la 25 °C/50 °C
pana la 370 nm radiatii UV inainte/dupa recoacere, respectiv. Recoacere termicd a
senzorului (250 °C timp de 1 ord) a condus la imbunatatirea timpului de cadere de la 3860
de secunde la 262 de secunde la 25 °C si cea mai mare capacitate de raspuns (~48 mA/W) a
rezultat pentru o lungime de undd de 370 nm la temperaturi de functionare de 75 °C. Tn
consecintd, selectivitatea excelenta pentru iluminarea UV de 370 nm poate fi atribuita ca
fiind datorata efectului de recoacere termicd care creste cristalinitatea, dimensiunea
granulelor si rugozitatea filmului de detectare. Masuratorile PL releva suprimarea defectelor
structurale, cresterea intensitatii dupa recoacere si raspunsul UV imbunatatit datorita
prezentei continutului de Al in pelicule. Tn general, aceste structuri au aratat proprietdti UV
magnifice, fnainte si mai ales dupd recoacere termica suplimentard. Mecanismul de
detectare UV al unui astfel de senzor pe baza de nanomateriale a fost explicat cu procesele
fizico-chimice care au loc pe suprafata acestor structuri. Rezultatele obtinute pe
dispozitivele pe baza de filme recoapte ZnO:Al sunt superioare performantelor raportate ale
altor nanostructuri, dovedind rezultate noi pentru aplicatiile de detectare UV la diferite
temperaturi de functionare in diferite domenii.

Cuvinte cheie: oxid semiconductor, heterostructurd, senzor, selectivitate, eficientd, mecanism de
detectare.

1. Introduction

Radiation in ultraviolet spectrum plays a crucial role in our daily life. We can observe
its distinct outcomes, even if we do not visualize it with naked eye. We find enormous
applications of distinct ultraviolet (UV) radiations in domestic and industrial fields, but we
also get affected by its over exposure. Ultraviolet (UV) light can adversely affect human
body especially eyes, and special lenses are used with a wavelength filter in the ultraviolet
range 400 - 450 nm to minimize UV influence on it [1]. Kraemer et al. demonstrated effect
of UV light small group of people with basal cell nevus syndrome and other skin disorders
which may cause skin cancer [2]. Ultraviolet light source provides efficient light used in
several areas such as: creating integrated circuits [3]; medicine [4-7]; food industry [8,9];
agriculture [10]; cosmetics [11,12]; personalized sensors [13], etc. In integrated circuits, UV
light cures light-sensitive materials, e.g., photoresist as a substrate [3]. In the field of
dental medicine, ultraviolet is used to cure biocompatible polymers for the restoration of
fractured teeth [4]. Additionally, UV light is used on the skin to reduce inflammation and
trigger biological processes in dermatology in so-called phototherapy [7]. Another
application of ultraviolet light in medicine is for disinfection, e.g., during the SARS-CoV-2
period rooms were systematically illuminated with the aim of decontamination [5]. In food
industry, UV light is used instead of thermal treatment of liquids, so the pasteurization
process is no longer necessary [8]. Agriculture is still influenced by UV irradiations
significantly with positive effects. Recent studies have shown that short-term exposure of
plants to ultraviolet radiation positively influences the exposed plant by increasing the
levels of bioactive substances [10].
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Devices with UV light-emitting diodes (LEDs) are used in cosmetics to cure nail
polish. These devices are easily accessible in domestic conditions, but at the same time
raise possible complications to patients in dermatology and ophthalmology [11]. Different
substances used in cosmetics are also being studied to filter ultraviolet rays coming from
the sun [12]. The purpose of UV sensors is to continuously monitor exposure time of human
body to ultraviolet rays [13]. Of course, the ultraviolet rays that are emitted by the sun are
essential for the human body to synthesize vitamin D which itself is necessary for muscle
health, but excessive exposure to these rays can lead to various aggravations. The main
adverse consequences are cutaneous malignant melanoma, squamous cell carcinoma of the
skin or basal cell carcinoma of the skin [14]. In addition, the skin loses its elasticity, ages
faster and can develop solar keratoses. There are also serious effects of UV radiation on the
eyes such as cataracts, which can cause various complications such as complete loss of
vision as well as pterygium. So, the applications of UV radiation require rigorous control,
especially in areas related to human health.

Wide-bandgap metal oxide semiconductors have been shown to be high-
performance UV photodetectors with promising photo responsivities compared to
commercial devices. ZnO is preferred among these materials for use in UV photodetector
because it possesses a wide direct band gap (~3.37 eV) corresponding to the energy of an
ultraviolet photon, native n-type conductivity, and high exciton binding energy (60 meV) at
room temperature, which are properties unique and attractive for UV photodetection.
Besides these, ZnO can be obtained by various technologies, and especially attractive
structured nanomaterials, which open new promising applications. Altering the band gap
energy of the sensing structure by doping of is necessary to adjust the sensing range and
improve the selectivity for a given UV illumination spectrum [15,16]. Aluminum is
frequently used to achieve better optical and electrical properties of ZnO by replacing Zn?
ions with AL**. Azizah et al. demonstrated [17] that apposite Al doping may increase the
energy of the band gap and illustrated that the Al doping enhances photo to dark current
ratio. The increase in the ZnO band gap may be due to the occupation of the lowest levels
in the conduction band by the electrons of the Al impurity atoms which causes a direct
transition with higher energy. The optical band gap values were those obtained by room
temperature photoluminescence spectra in ZnO and ZnO:Al [18]. An illustrated example
shows doping of ZnO with 3% Al allows the expansion of band gap from 3.37 eV to 3.9 eV
and the increase of the electron density of electrons by about 5 times (up to 4.5-10%° cm’®).
Hence, Al-doping improves photosensitivity of ZnO. Most of the studies based on ZnO:Al
photodetection illustrates sensing at relatively high bias voltages, e.g. at about 5 V.
Therefore, it is the high interest to investigate effect of annealing on the UV detection
performances of aluminum-doped ZnO films.

Our current study showed an excellent ZnO:Al structures exhibiting decrease in
photo current fall rate at low bias voltage of 1 V with excellent rejection ratio of >20 times
to other interfering wavelengths i.e, 385 nm and 394 nm after thermal annealing.
Ultraviolet spectrum with diverse applications shows bittersweet character, so it is
necessary to develop personalized sensors for determining the exposure of different
surfaces to UV inclusively and determining the wavelength that is applied at the time of the
actual exposure. In this work structural properties of ZnO:Al depositions are studied with its
UV sensory properties at three UV wavelengths in different operating conditions and
annealing effect.
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2. Materials and Methods

The ZnO:Al structures have been obtained by the chemical method, which is easy to
achieve and effective from the point of view of costs [19], followed by thermal annealing at
625°C for 2 hours [20], techniques presented in detail previously [19,21,22]. Thermal
annealing improves the crystal quality of thin films synthesized in chemical solutions [21-
23] by densifying them compared to those obtained at room temperature.

The structural, morphological, photoluminescence and micro-Raman studies were
analyzed and discussed in detail. For measurement of XRD, graphite monochromatized
CuKq: radiation with wavelength as A =1.5405 A using Siefert 3000TT unit at 40 mA and 40
kV.

UV Installation

Schematic setup of the measuring installation shown in Figure 1. The measuring
installation consists of the following discrete modules: LEDs of different wavelengths are
placed on a round aluminum printed circuit board in the UV diapason. This printed circuit
board is rotated by a stepper motor, ensuring that the emitting LED is placed exactly on the
sample under study.
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€— delivery thermocol ple
maodule
moadule ADZ495
| PWM ADC
I12C Ul modula
£ LCD1602
Rotary encoder
WM driver I 1| Microcontroller
TLCS5940 ATmegalds
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Figure 1. Schematic setup for testing the fabricated UV sensors at different regimes.

The light intensity of the LEDs is set via a PWM controller TLC5940, capable of
setting the exact level of illumination the LED will provide. From minimum to maximum
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value, we can have about 4000 different intensities. The working frequency of the PWM is
about 2 kHz. The maximum current limit applied to the LED was 100 mA.

To study the response of the sample at different temperatures in the installation, a
Peltier element is used. This element makes it possible to set the sample temperature in
the range -10 to +100 °C. The Peltier element is controlled by a module which consists of a
power MOSFET transistor and a relay with a double group of contacts. The transistor is
driven with a PWM signal generated from the result of the proportional-integral-differential
(PID) controller. The feedback signal for the PID, is acquired via a K-type thermocouple. The
signal from this thermocouple is amplified via the AD8495 and applied to an ADC input of
the microcontroller. Depending on the polarity of the voltage applied to the Peltier
element, it will heat or cool the sample. The polarity change is done by using a relay with 2
groups of contacts.

Setting the wavelength, the applied light intensity and the temperature at which the
measurement is made can be done in two ways. The first mode is the manual mode, the
selection of the required parameters is done by means of the rotary encoder and the menu
will be displayed on an LCD screen. The second mode involves connecting the measuring
system to the computer via the USB port, this allows greater flexibility in generating UV
radiation pulses. The measurement of the sample is taken in electrical current. Sample data
being acquired via Keithley Model 2450 source meter. The entire configuration is
supervised by special software. All baseline measurements were performed at a bias voltage
of 1 V. In such a way it is possible to compare results.

3. Results and Discussion

The investigation of surface morphology and composition of ZnO:Al structures were
analyzed by using SEM/EDX set-up. The SEM image of structural surface and morphology of
ZnO:Al layer is as shown in Figure 2. It was observed uniform deposition on the glass
substrate film of interconnected columnar grains, Figure 2. In some regions, interconnected
columnar nanostructures form a flower-like (marked in red circle on Figure 2a morphology,
most probably due to Al-doping and impurity segregation. Interconnected columnar grains
have an advantage for sensing applications [24] due to an increased surface as adsorption
sites. At higher magnification (Figure 2b) it was observed that columnar grain has rough
surface which is another advantage for sensing applications, by increasing surface to
volume ratio [24] and columns are interpenetrated and creates a huge number of potential
barriers in between.
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Figure 2. SEM images of ZnO:Al structures at different scales: a) 2 um; b) 20 nm showing
columnar and interpenetrated nano- and micro-crystals.
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For XRD measurements, CuKq: radiation source of Siefert 3000TT diffractometer was
used with reflection geometry using PIXcel detector in 26 range of 20° to 60° values were
recorded. The XRD characterization carried out to study the crystallinity of ZnO:Al film used
for developing sensors. It shows XRD pattern of film with multiple ZnO diffractions as
(1010), (0002), (1011), (1012), (1020) at respective angles as shown in Figure 3. The major
Zn0 diffraction peak is (0002), at 34.3° with highest intensity showing a hexagonal structure
and preferential growth along c-axis as already observed in our previous studies [24]. These
reflexes can be attributed to PDF 036-1451 for ZnO and no alumina reflexes can be
observed is ascribed as due to amorphous nature or much lower quantity of Al-related
material vs Zn0O, ZnO:Al film after thermal annealing at 625°C for 2 h and this can be
attributed to PDF 00-004-0787.

— Zn(O:Al

(0002) Zn0

(0002)

{1070)
(1071)

XRD Intensity (a.u.)

20 (°)
Figure 3. XRD pattern of studied ZnO:Al structure.

MicroRaman scattering investigations on developed samples were done at 22°C with
a WITec LabRam Alpha 300 system in a backscattering configuration. The 532 nm laser was
used for off-resonance excitation with less than 5 mW power at the specimen. Using optical
objective lens placed on optical microscope, focusing of light was controlled on the sample
surface. The CCD detector was used to collect photons and detect quickly the whole
spectra.

To study the structural quality of these ZnO:Al layers on the substrate, detailed
microRaman spectroscopy measurements at various locations in the specimen have been
done. The absorption band edge of ZnO:Al layer was studied.

In figure 4(a) is presented micro-Raman spectra of ZnO:Al structure at room
temperature, observing E;(high)-E;(low), Ai(TO) and E;(high) modes at 330, 375 and
435 cm, corresponding to wurtzite ZnO [24].

From Figure 4(b) we observed that E;(high) mode is distributed uniformly, which
indicates a high crystal quality of the film [24], as observed in SEM results. The clusters
formed are characterized by sizes (Figure 2) and roughness (Figure 4b) corresponding to
Zn0O:Al made at low synthesis temperatures and not thermally treated one.
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Figure 4. Micro-Raman spectra of ZnO:Al structure (a). Micro-Raman mapping of ZnO:Al

structure (b).

When we talk about UV detectors, an important parameter is the dependence of their
performance on working temperature. ZnO:Al structures presented in this research article
exhibited a significant response at 370 nm wavelength at an operating temperature of 25
°C (Figure 5). The response of ZnO:Al to UV light can be explained by electronic and optical
properties as shown in Figure 5. Al content in ZnO can deteriorates structural defects and
enhances UV sensitivity [18] after thermal annealing.
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Figure 5. UV Response of ZnO:Al structures at different wavelengths versus operating
temperature (a). Normalized photoluminescence of ZnO and annealed ZnO:Al at 625 °C (b).
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52 Annealing effect on UV detection properties of ZnO:Al structures

Upon exposure to UV light, ZnO:Al structure shows a significant increase in
photoconductivity attributed to enhancement in number of free charge carriers as a result
of generation of electron-hole pairs by absorption of photons from UV light illumination
(370 nm, 4.1 uW).

In absence of additional thermal annealing for sensor, its UV response for A=370 nm
monotonically decreases by increase in operating temperature from 25 °C to 75 °C (Figure
5a). This is due to cumulative effect resulting from bandgap changes, increase in crystal
lattice scattering, increase in dark current with temperature caused by carrier
thermogeneration, and favor of oxygen diffusion neutralizes some of the oxygen vacancies
of ZnO caused by Al presence in ZnO matrix as reported previously [25]. Due to thermal
annealing and Al diffusion onto the sensing surface of developed sensor, there is decrease
in visible spectra luminescence related to lattice defects and increase in UV luminescence
at about 370 nm (Figure 5b) could be considered as due to effective activation of Al
diffusion after initial thermal annealing at 625°C for 2 h, confirmed in previous reports too
[26]. Consequently, this contributes to excellent sensitivity of 370 nm over other higher
wavelengths.

An increase in excitation wavelength (from 370 to 394 nm) leads to decrease in
value of the UV response due to several competing factors (decreasing energy of absorbed
photons, increasing absorption coefficient of material) [27].

Figure 5a shows UV response of such ZnO:Al structure-based sensor before thermal
annealing (at 250 °C for 1 h) measured at operating temperature of 25 °C. At this
temperature, we observed response of 620 at 370 nm wavelength, and response of 43 for
the wavelengths 394 nm as shown in Table 1 for comparison. With increase in operating
temperature of these nanostructures, a decrease in response to 370 nm wavelength is
observed. Error bars in Figure 5a shows standard deviation in represented UV response
value within 10% error.

Table 1
UV response before thermal annealing for ZnO:Al structures at different UV
wavelengths. Operating temperatures of T= 25 °C, 50 °C, and 75 °C.

Temperature UV Response, UV Response, UV Response,
A=370 nm A=385 nm A= 394 nm
25 °C ~620 ~13 ~43
50 °C ~176 ~73.5 ~43.4
75 oC ~22 ~34 ~155

Thus, before thermal annealing of sensor (at 250 °C for 1 h) measured at low
operating temperature of 25 °C, wavelength of 370 nm is considered as optimal ascribed as
due to ZnO:Al energy bandgap (~3.35 eV) correspondence to optimal wavelength as shown
in Eq. (1).

EQE,n =22 (1)

Response and fall times of the ZnO:Al structures for the wavelength 370 nm at
operating temperature of 25 °C is as shown in Figure 6. Response/fall time is defined as
time taken to achieve 90%/10% of its maximum response value, respectively. We note that
response time is approximately 39 seconds and the fall time 4109 seconds for 25 °C
operating temperature.
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Figure 6. Dynamic UV response of ZnO:Al  based sensor vs operating temperature. The

structure-based sensor measured under UV sensor structure was thermally annealed at

radiation (370 nm) before thermal Tann =250 °Cfor 1 hour in air and measured
annealing of the sample. The operating at temperatures of 25, 50 and 75 °C,
temperature is 25 °C. respectively. UV excitation was 370, 385 or

394 nm, respectively.

Figure 7 shows the UV response of ZnO:Al structure-based sensor after thermal
annealing (at 250 °C for 1 h) and measured at operating temperatures of 25 °C, 50 °C, and
75 °C. Error bars in Figure 7 has standard deviation in represented UV response value with
10% error.

Data processing tells us (Table 2) that at operating temperature of 25 °C, we
observed response of ~4.7, ~10.8 and ~28.7 for the wavelengths 370 nm, 385 nm and 394
nm, respectively. It was observed that at working temperature of 50 °C for 370 nm UV
illumination device exhibits response of ~488 which is about 102 times higher than at other
tested wavelengths, where relatively lower response values of approximately ~18.3 and
~43.8, respectively. After thermal annealing of sensor structure, it was observed that UV
response at 75 °C comes out to be ~99, ~109 and ~39 for 370 nm, 385 nm, and 394 nm
wavelengths, respectively. Thus, after thermal annealing maximum response at operating
temperature of 50 °C for optimal wavelength 370 nm was observed as ~488.

Table 2
UV response for ZnO:Al -based sensor after thermal annealing investigated at
different UV wavelengths and measurement temperatures (25 °C, 50 °C and 75 °C).

Temperature UV Response, UV Response, UV Response,
A=370 nm A=385 nm A=394 nm
25 °C ~4.7 ~10.8 ~28.7
50 °C ~488 ~18.3 ~43.8
75°C ~99 ~109.4 =39

Figure 8 shows the dynamic response of ZnO:Al -based sensor after thermal
annealing (at regime 250 °C for 1 h). The thermal annealing of entire sensor exhibits
excellent improvement in its fall rate and UV response for 370 nm illumination as
compared to sample before thermal annealing and measured at operating temperature of
50 °C. UV response increased from 176 to about 488 and the fall time reduces to 449
seconds as shown in Figures 5, 7 and 10, respectively.
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Figure 8. UV Dynamic response of ZnO:Al sensor after thermal annealing and investigated
at radiation wavelength of 370 nm and operating temperature of 50 °C.

The dynamic response of the ZnO:Al sensor after thermal annealing and investigated
for the different applied bias voltages as show in Figure 9. It was observed for applied bias
voltage of 0.1 V (Figure 9 (curve 1)) rise time and fall time of approximately 325 seconds
and 306 seconds, respectively. At an applied bias voltage of 0.5 V (Figure 9 (curve 2)), we
obtained rise time of 449 seconds and fall time of about 585 seconds for this sample. At an
applied bias voltage of 1 V, we measured response time of 449 seconds and fall time of 448
seconds, observed in Figure 9 (curve 3). When applying bias voltage of 5 V observed in
Figure 9 (curve 4), the response time is 485 seconds, and the fall time is 738 seconds. From
Figure 9, it can be concluded that at an applied bias voltage of 0.5 V and 1 V response time
is almost identical, while fall time differs by about 140 seconds. Applying bias voltage of 5
V increases the fall time significantly by a ratio of about 1.6 times, but a response time
remains same.

UV response analysis of semiconductor material is a complex process. It depends
upon lot of operating parameters that can be controlled to optimize desired UV response at
appropriate conditions. Under influence of applied bias voltage and UV illumination,
electron-hole pairs generation and recombination may occur. For ZnO:Al -based sensor
structures transient properties of UV detection influenced by applied bias voltage as given
by E=V/L, where E, V, and L represents applied electric field due to bias voltage, potential
difference between electrodes, and distance between electrodes, respectively.

By increase in applied bias voltage, electric field across sensing electrodes increases.
Hence stronger charge carrier separation ability, large amount of photo generated charge
carriers and fall time increases at higher bias voltage [15].

[, = g M Togrriar (2)

ph Tiranslt
where:

2
Tiransit = E (3)

where: lon, Tuansit, @, N, Tearier, U, [, and V represents UV current, transit time across sensor
active region, number of photons incident on sensing surface per second, absorption
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quantum efficiency, carrier life time, mobility of charge carriers, length of electrode, and
bias voltage, respectively.

By increasing applied voltage UV current also increases from Eq. (2) and (3) [28].
Hence, UV response increases by increase in applied bias voltage.
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Figure 9. UV Dynamic response of ZnO:Al-
based sensor after thermal annealing and Figure 10. Effect of thermal
investigated at radiation wavelength of 370 annealing of sensor structure on its fall
nm and operating temperature of 50 °C. time versus operating temperature under
Applied bias voltages were (1) 0.1 V; (2) 0.5 UV irradiation.

V;(3) 1V;and (4) 5V, respectively.

Effect of thermal annealing on fall time for ZnO:Al -based sensor after thermal
annealing can be seen in Figure 10. The thermal annealing of sensor structure at a
temperature of 250 °C for 1 h improves the UV fall and enhances the fall rate for UV
illumination at optimal conditions i.e. 370 nm as shown in Figure 10. This may be due to
faster evacuation/extraction of electrical charge carries. The error bars in Figure 10 has
standard deviation in represented fall time value with 10% error. Before thermal annealing,
UV decay rate after UV inactivation was slow especially at operating temperature of 25 °C,
but after thermal annealing decay rate becomes fast enough irrespective of operating
temperature [29]. After annealing, elimination of deep trap states enhances the surface
quality and increases the recovery rate [30].

Thermal effect on sensor structure effectively contributes to conductivity of material
and enhances current contribution to the sensing surface. By increasing operating
temperature, more electrons reach to the conduction band which leads to increase in carrier
concentration. Consequently, it enhances conductivity and current on the sensing surface.
This can be understood well with the help of following two relations [31]:

g = nep, 4)

n=Ngh-. (h—:fﬂ); exXp (— (%)) (5)

where: ¢ represents electrical conductivity at given temperature, n is intrinsic carrier
concentration, u. is electron mobility, Np represents density of donor states, Nc represents
density of states in conduction band, m. represents effective mass of electron, Ec and Ep
represents bottom edge energy of conduction band and donor level energy, respectively.
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Figure 11 can be ascribed by Eq. (4) and (5). As it shows, carrier concentration
increases by increase in temperature which leads to the increase in electrical conductivity
(or current). Since, oxide semiconductor has negative temperature coefficient of resistance.
Thus, current increases by increase in operating temperature.
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Figure 11. Effect of operating temperature on Figure 12. Responsivity of ZnO:Al
electrical current as a function of time (dynamic -based sensor after thermal annealing
responses) for ZnO:Al -based sensor after and investigated at different operating
thermal annealing and investigated at different temperature vs UV wavelengths of
operating temperatures. applied radiation.

Maximum responsivity at 370 nm is ascribed as due to energy bandgap
correspondence of ZnO:Al to ~370 nm wavelength. Due to presence of Al in ZnO
microparticles, high temperature annealing (625 °C, 2 h) provides more activation energy
influences AL** ions and allows diffusion of AL** into the sample through interstitial
mechanism which leads to excellent sensitivity [32]. In Figure 12, 385 nm and 394 nm
peaks are accounted for acceptor bound exciton and free electron to acceptor emission [33],
respectively.

After thermal treatment, UV responsivity comes out to be maximum for optimal
wavelength 370 nm at operating temperature of 75 °C as shown in Figure 12. Error bars in
Figure 12 has standard deviation in represented responsivity value with 10% error.

-E;
a = g’l}ekET (6)
where: o, c,, E,, ks, and T represents conductivity at given temperature, conductivity
at absolute temperature, activation energy, Boltzmann constant, and operating temperature,
respectively.
By increasing temperature, conductivity increases as shown in Eq. (6) [34]. Thus, it
contributes to carrier concentration and hence responsivity enhances as shown in Eq. (7):
(I —Idari J(for given 1) A

Responsivity = T for piven 1) . (F] (7)

where: Iy, and ls represents UV current and dark current respectively (A), P
represents optical power for each wavelength (Watt).
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External quantum efficiency calculated for all three wavelengths as shown in Eq. (8)
and it comes out to be maximum for 370 nm at operating temperature of 75 °C as 0.16
which is eight to ten times higher than at other tested UV-wavelength, i.e. 385 nm.

EQE,n =’1,L: (8)
where: n is external quantum efficiency, A is illuminated wavelength, g is carrier
charge, h is Planck’s constant, c is speed of light, and R is responsivity.
Table 3 shows calculated of Responsivity R and external quantum efficiency at three
different UV wavelengths used in this work and as shown below.

Table 3
Responsivity and external quantum efficiency of ZnO:Al structure-based sensor after

thermal annealing measured at three different UV wavelengths. Operating temperatures
were (25 °C, 50 °Cand 75 °C).

Wavelength, Responsivity, Responsivity, Responsivity, EQE, EQE, EQE,
nm 25 °C 50 °C 75 °C 25°C 50°C 75°C
370 0.006 0.027 0.048 0.020 0.090 0.160
385 0.002 0.008 0.009 0.006 0.025 0.028
400 0.005 0.021 0.041 0.015 0.065 0.127

A sensing mechanism proposed for investigated sensors
By increase in temperature, dark current increases exponentially as described by
Arrhenius Eq. (9) [16]

I = Al . exp (— icalf) )

where: A is proportionality constant, kg is Boltzmann constant, £, is activation energy,
lsois preexponential factor and T is the operating temperature.

According to the results from Figure 5a, optimal wavelength comes out to be 370 nm
which exhibits maximum response as 620 among all other UV-A wavelengths ascribed as
due to the energy band gap correspondence to 370 nm wavelength for ZnO:Al at operating
temperature of 25 °C. From PL spectra, 370 nm peak can be attributed to the localized
bound exciton emission at longer wavelength caused by the Al diffusion on ZnO sensing
surface [35]. Due to the presence of Al, this peak blue shifted to 370 nm. SEM image in
Figure 2b shows rough surface due to presence of Al in ZnO leads to absorption of 370 nm
UV irradiation and enhancement in sensitivity towards UV range near to its band gap energy
correspondence [36,37].

Due to UV illumination at 370 nm wavelength ensure electron-hole pairs generated
after photon absorption as shown in Eq. (10).

hv—e~ + ht, (10)

where h, v, e~, and h*, are Planck’s constant, frequency of illuminated radiation,
photogenerated electron and hole, respectively.

UV absorption not only contributes to electron-hole pairs generation but also leads
to chemisorption of oxygen molecule and their surface kinetics reactions with generated
electron-hole pair as shown in Eq. (11) and (12):
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ﬂE(ga&j + e _}DE [T:l-d.':‘.‘.] (11)
0%tadsy ¥ h* = Osdecorpys (12)

where: 0345y 02(aas) @3Nd Oz(aesorp,) T€Presents oxygen gas molecule, adsorbed oxygen ion
and desorbed oxygen molecule, respectively.

The surface charge carriers’ kinetics vary by UV illumination. In an ambient
environment, oxygen gaseous molecules react with free electrons and get adsorbed on
sensing surface as shown in Eq. (11) which leads to decrease in electrical conductivity of
Zn0 networks. This is due to n-type character of ZnO networks in which electrons are the
majority charge carriers which contributes to the conduction process. Under UV illumination
(hv > E;), a photogenerated electron-hole pair occurs as shown in Equation 10 where
photogenerated electrons contribute to the enhancement in electrical conductivity and
photogenerated holes also reacts with adsorbed oxygen ions as shown in Eq. (12). Finally,
this process leads to the desorption of oxygen from the sensor surface.

Diffusion of Al in ZnO (which anyway has many defects (oxygen vacancies))
additionally forms electrons that reduce the amount of O, by reducing it to ion forms,
especially to the form of superoxide O,. Increasing the concentration of such oxygen
radicals increases the catalytic reactions of the ZnO:Al surface, additionally amplified by UV
irradiation. This overall leads to an increase in the sensitivity of the sensor to UV spectra.
This can be confirmed through SEM and PL spectra results as shown in Figure 2b, 4a, and
5b, respectively.

Figure 13 shows general UV sensing mechanism proposed for such ZnO:Al structures.
Eq. (11) and (12) elucidates this UV sensing mechanism in equation form. As Eq. (11)
demonstrates reaction of free electrons with oxygen gas present in atmosphere and
transition from initial stage represented in Figure 13a to stage represented in Figure 13b.
Next, Eq. (12) demonstrates adsorbed oxygen reaction with photogenerated holes which
leads to the oxygen desorption and transition from stage represented in Figure 13c to stage
represented in Figure 13d after UV illumination on the sensing surface of the sensor.
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Figure 13. Schematic representation of UV sensing mechanism proposed in four stages:
a) Initial stage without oxygen adsorption; b) oxygen adsorption;
c) UV excitation; d) oxygen desorption.
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5. Conclusions

Although UV radiation is a form of non-ionizing radiation, its presence in nature (10%
of solar UV radiation penetrates the atmosphere and reaches the Earth's surface), in
multiple industrial processes, in specific applications like (tanning bed, mercury vapor
lighting in stadiums, school gyms, some halogen, fluorescent and incandescent lights, some
types of lasers, etc.) is a serious reason for ensuring effective monitoring of exposure to UV
radiation. It is important to remember that in 2009 the WHO declared UV radiation as
completely carcinogenic, as it is both a mutagen and non-specific damaging agent and it
plays a role in both initiating and promoting tumors.

Due to the need to control the presence and level of ionizing radiation, multiple
researches are initiated, including the development of new sensors based on semiconductor
structures such as ZnO doped with Al. The results obtained and presented in the research of
the ZnO:Al structure as UV radiation sensors can be concluded by the following.

ZnO:Al structures not subjected to thermal treatment are promising as sensors for UV
detection at room temperature. Their thermal treatment leads to an increase in their
working temperature. Thus, depending on the operating conditions, the same structures by
simple thermal annealing change the optimal operating temperature, thus ensuring a
selectivity of the sensor.

The PL spectra denote the effect of Al doping and thermal annealing on enhancement
of UV intensity and removing of visible ranged defects.

Increasing the applied bias voltage provides an improvement in the UV response
current for the optimal wavelength of 370 nm.

Thermal annealing leads to a remarkable improvement in fall response time
irrespective of operating temperature for thermally annealed sensors. An increase in
temperature causes an increase in current which can be ascribed as due to the thermal
contribution to current and hence, conductivity of ZnO:Al structure. Overall, maximal
responsivity is demonstrated by UV irradiation with optimal wavelength of 370 nm which is
about ten times higher as compared to another interfering wavelength of 385 nm at 75 °C.
This study exhibits excellent UV response at room temperature and at higher temperatures
even with low optical illumination of 4.1 uyW and relatively low applied bias voltage of 1 V
which elucidates its excellence for range of photodetection applications. A mechanism is
also presented that explains the sensitivity of the ZnO:Al structure to UV radiation in
different operating conditions.

The monitoring of UV rays is one of the necessary criteria to limit its adverse impact
on human health at the level of the natural rays emitted by the sun as well as the artificial
ones emitted by various domestic and industrial devices used in working conditions.
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