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ARTICLE INFO ABSTRACT

Keywords: Modern high-performance photodetector research is driven by the need to simultaneously improve multiple
ZnO tetrapods parameters, but also fit the decreasing size of electronics and maintain low production price. Here, we
UV sensor demonstrated how our synthesized ZnO tetrapod (ZnO-T) nanostructure was deposited on electrodes with var-
Coating methods o by f . hods including d . icrod . . d slot-di .

Photoresponse iating gap by four coating methods including drop casting, microdrop casting, spray coating and slot-die coating

Inter-electrode gap

with the same thickness. Optimizing the inter-electrode gap and coating method the record Iyy/Ipgk ratio per
unit area value of 8.73 x 10° was obtained. The fastest rise time 0.78 s and fastest decay time 0.94 s were
obtained by slot-die coated sensors. High photoresponse of ZnO-Ts, the inter-electrode gap size influences for-
mation of ZnO-T microstructure during coating process and morphology influence on photoresponse was
explained. We demonstrate that even with the same optimized ZnO-T nanostructures photoresponse can be
improved by 2 orders of magnitude. Our work shows the importance of coating morphology and inter-electrode

gap optimization.

Introduction

Zinc oxide at ambient temperature is an II-VI semiconductor with a
considerable excitation binding energy of 60 meV and a broad bandgap
(~3.37 eV) [1]. Due to innovative optical and electrical characteristics
and prospective applications in the realms of photonic and electronic
devices, the interest in nanoscale ZnO materials with specific mor-
phologies have recently increased [1].

UV sensors based on ZnO nanostructures have been investigated
because of the large surface-to-volume ratio which can improve the
devices’ performance [2]. In comparison to bulk and thin film materials,
one-dimensional (1D) structures, such as nanowires have a substantially
higher surface area per unit volume and a peculiar electron transfer
characteristic. As a result, nanowire based chemosensors, especially
semiconducting metal oxide ones are often applied in sensing and
photodetection [3]. ZnO tetrapod is the structure, consisting of 4 con-
nected legs linked to a central core. ZnO-T legs have the like nanowire
properties and the advantage, that compact aggregation is intrinsically
hindered [4-6]. ZnO-T nanostructures in general are promising for
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applications in optoelectronics [7,8] and specifically for UV photode-
tectors [9-11].

In principle ZnO nanoparticle UV sensor fabrication involves
creating a gap between two electrically conductive contacts and filling it
with ZnO nanomaterial. In contrast to classical methods of ZnO sput-
tering [12] which is expensive and pose other limitations, more
straightforward methods include spray coating [13], dip coating [14],
printing [15], spin coating [16] or simply drop casting [17], such
methods have more potential for application in flexible electronics [18,
19]. The spray coating utilizes a spray gun that forms the dispersion of
the nanoparticle suspension into minuscule droplets with sizes <10 pm
[20], then scattered on desired surfaces [21]. As the solvent evaporates
from the substrate, nanoparticle films develop. Spray coating is gener-
ally unaffected by the surface morphology, may be applied to a variety
of substrates and is not limited by substrate size [22]. Slot-die coaters
employ the liquid meniscus and the moving substrate, enabling the use
of low viscosity nanoparticle suspensions. The wet layer forming during
coating process allows for spontaneous drying, which reduces produc-
tion time and waste of solution [22]. Drop casting is probably the most

Received 14 November 2022; Received in revised form 17 February 2023; Accepted 26 February 2023

Available online 3 March 2023

2666-4690/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:simas.rackauskas@ktu.lt
www.sciencedirect.com/science/journal/26664690
https://www.sciencedirect.com/journal/journal-of-photochemistry-and-photobiology
https://doi.org/10.1016/j.jpap.2023.100171
https://doi.org/10.1016/j.jpap.2023.100171
https://doi.org/10.1016/j.jpap.2023.100171
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpap.2023.100171&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

M. Ilickas et al.

200 nm \

Thickness control|
®B

Journal of Photochemistry and Photobiology 14 (2023) 100171

(101)

] (100)

s

&
g (002)

2
=
(102)
T T T T T
20 30 40 50 60 70
20 (degree)

P

>

L)

()]

o

[ —

@

o

—

(o]

172}

Q9

<

T T T T T L] T

L
350 400 450 500 550 600 650 700 750 800
Wavelenght (nm)

Fig. 1. ZnO tetrapod (ZnO-T) characterization: (a) TEM image of ZnO-T structure (b) XRD spectrum; (c) sensor preparation scheme where vacuum deposited film is
locally removed by the fs-laser ablation forming a defined gap between two electrodes followed by the deposition of the ZnO-Ts from the suspension; (d) UV-Vis’s

absorption spectrum.

basic approach [17] that is commonly used for sensor preparation in
laboratories [23], however, some other techniques e.g., printing [15]
have similar features. The process involves simply placing a droplet of
nanoparticle suspension on the substrate, the film forms after solvent
dry-out.

Most common techniques for nanoparticle film formation use sus-
pension deposition on the substrate. Evaporation of the solvent during
coating induces complicated processes, the morphologies of the formed
coatings are influenced by macroscopic effects such as internal flow
structure [24] and contact line dynamics [25], as well as microscopic
effects such as particle-interface/particle-particle interaction [26]. The
most well-known deposit patterns are coffee-ring, uniform, dot-like, and
stick-slip.

The coffee-ring pattern forms during a droplet with nanoparticles
complete evaporation on a solid surface, leaving behind a ring-like de-
posit. The outward capillary flow is responsible for the formation of an
aggregated particle ring, which settles at the circumference of the
droplet after complete evaporation [27]. Coffee rings do not form for
small scale extinctive microdroplets, for a particle size of 100 nm, the
diameter of the droplet resulting in the coffee-ring pattern must be
larger than 10 pm [28].

The ratio of current under UV illumination (Iyy) to initial current in
dark (Ipgrk), commonly known as photo to dark current ratio (Iyy/Ipgrk)
is one of the key figures of merit for photodetectors [10]. To improve
ZnO UV sensors performance several routes are employed: various ZnO
structures, such as nanopowder [29], nanowires [30], tetrapods [4] or

other nanostructures [31] are used. Optimization of ZnO nanostructure
diameter and porosity [10] or other morphological parameters [6], lead
to better oxygen and electrical transport. Alternatively, to enhance the
optoelectrical properties of ZnO nanostructures, doping with Al, Ga, Sb,
Ag, Cu, As, Mo or other elements is used [32,33]. UV sensor performance
can be increased by supplemental materials on electrode contacts such
as high work function metals Au [34], Pt [35] of carbon nanomaterials
such as graphene [36] and carbon nanotubes [37] or Schottky barriers
[19,38,39] can be employed. However, the UV sensor performance is
commonly measured on the interdigitated electrodes [4,10,19] and the
influence of the inter-electrode gap is mostly disregarded. Moreover, the
influence of different coating methods for the coating of the same
nanostructures is disregarded, detailed studies on the influence of
nanoparticle coating methods on the photoresponse are needed.

In this work we investigated the influence of coating methods and
inter-electrode gap on the photoresponse for the ZnO-T sensor. Four
coating methods including drop casting, microdrop casting, spray
coating and slot-die coating were employed to deposit same thickness of
ZnO-T on the electrodes with variating gap, forming UV sensors. Con-
trolling the amount of deposited ZnO-T and using the same structure in
all experiments we were able to reach several orders of magnitude
improvement on photoresponse. This improvement allowed us to reach
the record value of Iyy/Ipgr ratio per area adhering to the global trend in
miniaturization of electronics. This work demonstrates the importance
of the inter-electrode parameter and morphology control and opens the
new direction for ZnO, or other semiconductor nanoparticle based
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Fig. 2. Profilograms of ZnO-T UV sensors, coated by: (a) drop casting method, 10 pm inter-electrode gap; (b) microdrop casting method, 15 pm inter-electrode gap;
(c) spray coating method, 5 pm inter-electrode gap; (d) slot-die coating method, 10 pm inter-electrode gap. An arrow marks the inter-electrode gap (yellow line),

height profile of the gap is shown on the right.
chemoresistive sensor improvement.
Materials and methods

UV Sensor preparation

ZnO-Ts were synthesized using a rapid oxidation (combustion)
approach [40], in which micron sized Zn particles (Sigma-Aldrich,
product no. 96454) were combusted in the surrounding air atmosphere
with additionally superheated water steam supplied throughout the
synthesis process. The particles, collected on the filter (Whatman, pore
size 0.45 pm, diameter 25 mm) downstream were suspended in ethanol
(Eurochemicals, > 99%) and centrifuged at 1000 rpm for 15 min to
obtain the final fraction, which was dried and used in this work.

For all coating methods ZnO-T solutions were prepared as follows: 5
mg/ml ZnO-Ts in isopropyl alcohol (2-propanol) (Eurochemicals, >
99%) were prepared, the solutions were stirred for 15 min in an ultra-
sonic bath to suspend the particles. ZnO-Ts suspension was coated on 2
electrodes with an inter-electrode gap of 5 pm, forming a UV sensor
(Fig. 1c). Electrodes were deposited by sputtering, substrate — glass,
electrode thickness — 50 nm Ti underlayer and 150 nm Au on top. Inter-
electrode gaps — 5 pm, 10 pm and 15 pm, where made by femtosecond
laser cutting employing second harmonic of the Yb:KGW laser (Pharos,
Light Conversion) and translating the sample with respect to 0.42 NA
microscope objective. To control the coating thickness, after each
coating round an optical thickness of dried film was determined by the
custom build UV absorption meter registering relative change in ab-
sorption at the central wavelength of 365 nm. For all experiments the
optical thickness was kept constant at 50% film transmission value,
which should eliminate shadowing of thicker film patches and guarantee
optimal conditions.

In this work four different ZnO-T coating deposition methods were
used: 1) drop casting method with a pipette (drop volume 0.1 ml, drop
mass 73 mg), 2) microdrop casting method with a micropipette (drop
volume 10 ul, drop mass 8.5 mg), 3) spray coating method (pressure 1.5
bar, distance between the nozzle and the sensor 15 cm), 4) slot-die

coating (Ossila, coating speed 10.3 mm/s, dispense rate 10.3 pL/s,
substrate temperature 80 °C). In all experiments, the room temperature
was 23+1 °C and the relative humidity 25+1%.

Materials characterization

The optical properties of ZnO coatings were investigated using the
172-1100 nm spectral range and resolution 1.4 nm UV-VIS-NIR spec-
trometer (AvaSpec-2048, Avantes) and a combined deuterium and
halogen light source. The structural characterization of ZnO powders
was evaluated with a D8 Discover X-ray diffractometer (Bruker AXS
GmbH) with a CuKa (A =1.5418 A) radiation source and a parallel beam
geometry with a 60 mm Gobel mirror. Peak intensities were scanned
throughout a 20 to 75° range (coupled 6—26 scans) using a step size of
0.02° The International centre for Diffraction Data (ICDD) database was
used to compare XRD patterns and identify the ZnO phase. The surface
texture was investigated using the 0.02 pm resolution, 100 pm mea-
surement range, non-contact white-light interferometer WS 1 (MarSurf)
and scanning electron microscope (SEM) Quanta 200 FEG (FEI). Struc-
tural high-resolution TEM measurements were carried out by Tecnai G2
F20 X-TWIN TEM (FEI) operating at 200 kV. Electrical measurements of
UV sensors were performed on a probe stage using A KEITHLEY 6487
picoammeter and LINKAM HFS600E-PB4 with UV source ProLight Opto
PB2D-3JLA-GS LED. The response speed was defined as the rise time (the
time taken by the sensor to reach 90% of the maximum photocurrent)
and the decay time (the time taken to get 10% of the maximum
photocurrent).

Results and discussion
Structural and morphological investigation

TEM investigation of ZnO-T (Fig. 1a) reveals the tetrapodal structure
of the ZnO, with 4 legs connected in one point. Lose nanowires, not

connected into tetrapodal structures are also apparent in the mixture
and can be caused by breaking of tetrapod structures after centrifuging.
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Fig. 3. SEM images of UV sensor made from ZnO-Ts coated by (a) spray coating method and (b) slot-die coating highlighting coating qualities (insets) next to the 5

pm inter-electrode gap.

Diameter of the legs are in the range of 30-80 nm, and the length is 200 —
500 nm.

The X-ray diffraction graph of the ZnO sample is illustrated in Fig. 1
(b). All XRD peaks were indexed by the hexagonal wurtzite crystal
structure [41] of ZnO with the most preferred orientations (100), (002),
and (101) according to the JCPDS database (card. No. 00-036-1451),
their most robust line corresponding to the (101) plane. No peaks of any
other phase were observed, confirming the absence of impurities in the
ZnO powders. The peaks of ZnO diffractogram at 26 values 34.4°, 37.8°,
36.2°,47.5°, 56.6°, 62.8°, 66.3°, 67.9°, 69.0°, 72.5° could be assigned to
(100), (002), (101), (102), (100), (103), (200), (112), and (201), planes
respectively. The average crystallite size (Dpxp) of the nanostructures was
calculated based on the Debye-Scherer equation [42]:

_ Kid
Prucosd

(€8]

where 1 — the length of Cu Ka radiation (1.54056 [0\), 0 — the diffraction
angle, fp — full width at half maximum (FWHM) in radians, k — a
constant (0.94), Dpy; — the size of the crystallites, nm.

The average crystallite size of the ZnO nanoparticles estimated by
Eq. (1) was found to be 42.4 nm.

Fig. 1(d) shows UV-vis absorption spectrum of the — ZnO-Ts. Our
synthesized nanoparticles (ZnO-Ts) have an intensity maximum at
Amax=375.98 nm. The spectrum shows a characteristic absorption peak
of ZnO-Ts and other ZnO nanoparticles seen in our earlier work [43].
The peak is addressed to the intrinsic band gap absorption of ZnO in
connection to the electron transitions from the valence band to the
conduction band (O2p — Zn3q) [44].

Surface morphology of the coated UV sensors which showed the best
Iyy/Ipark ratio is depicted in Fig. 2. A yellow vertical line indicated by an
arrow in the center of the figures marks the inter-electrode gap, and the
height profile from this line can be followed by the color-coded height
information with a scale on the right of the figure.

It can be noticed that using the drop casting method, large nano-
particle agglomerates called coffee-rings [45], with a ring line thickness
of ~ 100 pm are formed, and the white color indicates that the selected
scale (—2.00 — 4.00 pum) is exceeded (Fig. 2a). The height profile at the
inter-electrode gap (Fig. 2a right), shows the variating coating thickness
drop casting up to 1.5 pm, an uneven character of coating at the gap can
be noticed. Microdrop casting coating method produces narrower rings
drop casting with the ring line thickness of ~ 50-80 pm (Fig. 2b),
however, height profile at the inter-electrode gap shows a more even
coating, except for places where the coffee-rings cross the gap,
increasing the coating thickness up to 3.0 pm. Spray coating (Fig. 2c)
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Fig. 4. Schematics of suspension with nanoparticles evaporation (on the left)
and formed nanoparticle coatings for coating methods: (a) drop casting; (b)
microdrop casting; (c) spray coating; (d) slot-die coating.

and slot-die coating (Fig. 2d) methods, result in a much more uniform
and smoother coating, there are no significant fluctuations in height
profile on the gap. However, in case of spray coating some nanoparticle
aggregations are observed on the surface, moreover they are larger in
size, compared to the surface prepared by slot-die coating method. The
slot-die coating method with ZnO nanoparticles yields the most dense
and thinnest coating and reaches up to 1 pm at the inter-electrode gap.
Despite thinner thickness the slot-die coating still demonstrates the same
optical thickness related to the optical attenuation and therefore mass
deposition on the substrate.

ZnO-T films prepared by slot-die and spray coating methods appear
similar in profilometer, therefore SEM was employed to further inves-
tigate the morphology (Fig. 3). Both coatings consist of the small groups
of nanoparticles, evenly distributed all over the surface and some larger
agglomerates. Spray coated films have some spherical aggregations of
3-5 pm size (Fig. 3a marked with square and magnified) on the surface.
Films coated by slot-die method apart from spherical aggregates form
hillocks of 10-50 pm wide, which appear less dense than spherical
aggregations.

Based on the SEM and optical profilometer analysis the main char-
acteristics of the coating formation by four different deposition methods
were proposed (Fig. 4). Drops with nanoparticle suspension, deposited
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Fig. 5. Current-voltage characteristics of UV sensors prepared by coating methods: (a) drop casting; (b) microdrop casting; (c) spray coating; (d) slot-die coating. A
dashed line indicates measurements in dark, solid line under UV illumination.

on a substrate develop to the coating through the evaporation, which pinning of the edge and receding of the contact angle from Q4 to Q¢
induce complex inner flow phenomena and cause the formation of (Fig. 4. a), the inner flow occurring due to evaporation rate gradient
coffee-ring patterns [27]. Drop evaporation on the substrate involves the transports the nanoparticles to the pinned edges and forms ring-like
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Fig. 6. Dynamic response to a 7 = 30s UV pulse for the sensors coated by (a) drop casting; (b) microdrop casting; (c) spray coating; (d) slot-die coating. The inset
shows rise and decay times.
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aggregates [46,47]

The size of such rings, their height and width depend on the initial
drop diameter as we can see in Fig. 3a and b (and schematically shown in
Fig. 4a and b), microdrops result in more narrow coffee-rings. Drop and
microdrop casting have similar pattern, with the coffee-ring in the sur-
roundings and the more even surface with smaller agglomerations at the
center. However, in case of the drop-casting coffee-rings are away from
the inter-electrode gap and in microdrop casting, multiple rings are
crossing the gap.

Spray coating and slot-die coating methods form an even nano-
particle film without coffee-rings. Coffee-ring pattern does not form for
drops smaller than 10 pm (or 50 pm if no surfactants are used) for a
suspension with particle size of 100 nm [28] since spray coating method
produces droplets with mean diameter <10 pm [20], therefore spray
coating method forms a uniform coating. Slot-die coating also forms
even coating since drop formation is not involved in the coating process
at all. Edge pinning occurs only at the beginning of deposition and the
whole nanoparticle suspension supply front is dragged over the surface
at a constant speed, also forming a uniform nanoparticle film after
drying. Both slot die and spray coating methods form equally uniform
distribution of nanoparticles over the surface, however some random
aggregation of nanoparticles occur. In case of spray coating, some
spherical aggregates can be observed (marked with square in Fig. 3a)
which might be due to aggregation in the stock suspension used for
spraying. Slot-die coating besides similar spherical aggregations, also
form hillocks (marked with square in Fig. 3b), which might form during
the deposition.

UV sensing performance

To compare the influence of coating method on the UV photo-
response, electrodes with gaps of 5 pm, 10 pm and 15 pm were coated
employing 4 discussed methods with the same ZnO-T nanoparticles. To
ensure that all methods have the same amount of deposited ZnO-Ts,
coating process was proceeded until 50% absorbance was reached.
Two distinct groups of coating methods demonstrating similar UV
photoresponse can be distinguished: a) drop and microdrop casting; b)
spray and slot-die coating.

Current-voltage (I-V) characteristics of the coated sensors examined
after UV (1=365 nm, I = 0.31 mW/cmz) irradiation is depicted in Fig. 5.
All sensors had a non-linear I-V characteristic due to the development of
potential energy barriers between individual ZnO nanostructures and
microstructures in the 3D network topologies [48]. The dark current
(dashed line) is orders of magnitude lower than photocurrent (solid line)
and mostly is limited by the measurement possibilities, except for the
drop and microdrop casting coated sensors with 5 pm gap.

Fig. 6 shows the current-time response curves to a 7=30 s duration
UV pulse. Slot-die coated sensors show best performance with Iyyy/Ipgrk
ratio 28 x 10° (10 pm gap), spray coated sensors show almost identical
Iyv/Ipark ratio 2.2 x 10° but for smaller gap of 5 pm. Interestingly, for
both coating methods inter-electrode gap change (lowering to 5 pm for
slot-die and increasing to 10 pm for spray coating) lowers the Iyy/Ipark
ratio by ~20 times. Drop and microdrop casting show much lower
photoresponse with the highest Iyy/Ipark ratios of 1.0 x 10% (10 um gap)
and 1.8 x 102 (15 pm gap) for drop and microdrop casting coated sensor,
respectively (Table S3 supporting information). The fastest rise time was
demonstrated by the sensor prepared by the slot-die coating method
(0.78 s for 5 pm gap), which was similar to the same gap sensors coated
by the drop and microdrop casting method (1.09 s and 1.23 s, respec-
tively), the slowest rise time showed the spray coated sensor (6.34 s).
The fastest decay time demonstrated the sensor coated by the slot-die
method (0.94 s, 15 pm gap), and the spray coated sensor (1.35 s, 15
pm gap), and the slowest decay time had the sensor coated by the spray
coating method (15.98 s, 5 pm gap). We demonstrate how the coating
method and inter-electrode gap optimization gives an Iyy/Ipgk ratio
difference of 200 times (1.4 x 10%,15 um gap, drop casting and 2.8 x
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(marked purple).

10%, 10 pm gap, slot-die). Optimizing only the inter-electrode gap gives
over 20 times improvement in Iyy/Ipgk ratio (Table S3, supporting in-
formation and Fig. 7).

The critical role in ZnO UV photodetectors is played by oxygen
chemisorption on the surface [49]. In the dark, oxygen adsorbs on the
surface capturing free electrons from ZnO and inducing an electron
depleted layer with low conductivity. The thickness of such the depleted
layer equals to Debye length [10]. Under UV illumination,
photo-generated holes migrate to the surface and discharge the adsorbed
oxygen through surface recombination. The photo-generated electrons
also significantly increase the conductivity [50].

The crucial parameter is the diameter of ZnO-T leg, which ideally
should be double of the Debye length. The photoresponse of wide
bandgap photodetector is dependent mainly on the ratio between the
Debye length and the nanoparticle diameter. If the diameter is larger
than twice Debye length, then under UV illumination the inner part of
the nanoparticle stays undepleted, a conduction channel is formed
leading to higher dark current. If the diameter is decreased, the contri-
bution of the depletion layer domains increases, to the total film con-
ductivity resulting in higher photoresponse [51]. Debye length at room
temperature for ZnO is ~19 nm [10], which means that highest photo-
response can be expected for the ZnO nanoparticle diameters larger than
38 nm. ZnO-Ts used in this work have an average diameter of about 50
nm, which might explain the low dark current and high photoresponse
in our measurements.

It should be also kept in mind, that ZnO-T leg length is at least an
order of magnitude shorter than inter-electrode gap, so multiple leg to
leg contacts is involved in the conduction path from one electrode to the
other. Leg to leg contacts can cause higher sensitivity, as it involves the
tunneling though depletion layer [52], however long conduction path
with many contacts can lower both the dark and photo current due to
high resistance.

The photoresponse can be also attributed to the morphology of the
coating, especially aggregations. A high porosity of the coating facili-
tates the penetration of oxygen into the lower layers, involving the
whole coating in the sensing mechanism. In the same way the UV
penetration can be hindered by the dense upper layers [10]. Based on
morphology to photoresponse relation can connect the lowest photo-
response of microdrop casting coatings to multiple coffee-rings,
appearing on the inter-electrode gap. The spray and slot-die coatings
show best photoresponse due to uniform distribution of ZnO-Ts on the
surface.

The influence of different coating methods on photoresponse can be
explained by the microstructure formed after deposition. Drop and
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Table 1
Overview of reported state-of-the-art ZnO photodetectors properties with respect to this work.
Photodetector Bias (V) UV light Wavelength Area Rise Decay Iphoto/IDark Iphoto/Iark Ref.
intensity (nm) (mm x mm) time (s) time (s) ratio ratio per
(chm’z) area
ZnO-T (Spray coating) -5 0.31 365 0.005 x 5 6.4 4.0 2.2 x 10° 8.7 x 10° This Work
ZnO-T (Slot-die coating) -5 0.31 365 0.01 x5 1.4 0.8 2.8 x 10° 5.6 x 10° This Work
ZnO ultraporous nanoparticle networks 5 0.02 370 7x5 ~250 ~150 7.2 x 10* 2 x 10° [10]
ZnO@A-SWNT film 2 0.47 365 1x3 11.3 5.97 ~10* 0.3 x 10° [54]
ZnO nanowire 1 1.3 360 10 x 10 40 300 10° 10° [30]
ZnO film 1 0.1 365 22 x 17 62.6 30.1 1.3 x 10° 3.48 x 10° [191

Our work shows the importance of coating morphology and inter-electrode gap optimization. We demonstrate that even with the same optimized ZnO-T nano-

structures Iyy/Ipark ratio (per 1 cm?) can be improved by 437-fold.

microdrop casting methods show a descending order of UV current (Iyy)
with the increasing length of the inter-electrode gap. This can be con-
nected to the increasing length of the conduction path and therefore
increasing amount ZnO-T leg-leg contacts and consequently higher
contact resistance [53]. The spray and slot-die coating methods do not
show a direct Iyy dependance on the inter-electrode gap, i.e., slot-die
coated sensor shows the highest Iy value for 10 pm inter-electrode
gap, while a spray coating for the 15 pm, which can be both explained
by the ZnO-T formed microstructure in the coating. The spray and
slot-die coating methods’ photoresponse inconsistency with gap size
could be caused by stochastic distribution of the spherical and hillock
nanoparticle aggregations on the surface. Since the size of such aggre-
gations is in the order of the inter-electrode gaps, there is a probability of
such aggregation formation on the gap, affecting the overall sensing
performance or even short-cutting or creating alternative conduction
paths through the gap.

Hillocks induced by slot-die coating can be regarded as thickening of
the ZnO-T film. In case some hillocks appear over the inter-electrode
gap, such places have thicker ZnO-T film, therefore more ZnO-Ts are
on the conductance path. This might explain that slot-die coated sensors
due to thicker patches have enhanced photoresponse for 15 pm inter-
electrode gap, while more evenly distributed spray coated sensors
demonstrated best photoresponse at the shortest inter-electrode gaps of
5 pm. It should be noted that slot-die coated sensor demonstrated higher
Iyv/Ipark ratio, however normalized per unit area spray coated sensor
became 1.6 times higher. This can be explained by the shadowing and
scattering effects of the thicker nanoparticle films [10].

Miniaturization is the prevailing trend in microelectronics, therefore,
it is important to evaluate the sensor performance in connection to the
occupied surface area. To evaluate the practical efficiency of our sensors
prepared by different deposition methods and to compare them to the
state-of-the-art UV sensors we normalized the Iyy/Ipq« ratio per unit
area of 1 cm? (Table 1). Slot-die coating and spray coating showed the
best performance per unit area, whereas the 5 pm gap spray-coated
sensor showed the record-breaking Iyy/Ipgk ratio (per 1 cm?) of 8.73
x 10°. To the best of our knowledge the highest Iyy/Ipgrk ratio for UV
sensor is 7.2 x 10* [10] and 10* [54], converted per unit area these
sensors are exceeded at least 26-fold by slot-die coated sensor, prepared
in this work.

Conclusions

We demonstrated the importance of coating morphology and inter-
electrode gap optimization for UV photodetector response enhance-
ment. The same ZnO-T nanostructure-based UV sensor Iyy/Ipgk ratio
was improved 437-fold, by optimizing the coating method and inter-
electrode gap. The record Iyy/Ipgrk ratio per 1 cm? value of 8.73 x 10°
was obtained by spray coated sensor with the 5 pm inter-electrode gap.
Highest Iyy/Ipgk ratio without normalization per unit area was
demonstrated by slot-die coated sensor with 10 pm gap. The fastest rise
time 0.78 s and fastest decay time 0.94 s were obtained by slot-die

coated sensors with the inter-electrode gap of 5 pm and 15 pm,
respectively. High photoresponse of ZnO-Ts is expected, as the mean leg
diameter is close to double of the Debye length. The inter-electrode gap
size influences the photoresponse due to multiple ZnO-T leg-leg contacts
on the conduction path, therefore optimization involves the interplay
between higher contact resistance and higher sensitivity due to
tunneling though depletion zone on leg-leg contacts. The influence of
different coating methods on photoresponse can be explained by the
processes taking place on the microstructure formed after deposition.
The new direction for ZnO or other semiconductor nanoparticle based
chemoresistive sensor improvement can be envisioned.
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