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Abstract

®

CrossMark

The aim of this work was to investigate how ZnO tetrapod (ZnO-T) morphology, structure, and
surface charge properties (i.e. Debye length) influence their UV sensing properties, shedding
light on the underlying photoresponse mechanisms. ZnO-Ts were synthesized and centrifuged to
obtain three different fractions with tuned morphology, which were characterized by scanning
electron microscopy, transmission electron microscopy, and high-resolution transmission
electron microscopy microscopies, x-ray diffraction analysis, Brunauer—Emmett-Teller
measurements, FTIR and UV-vis spectroscopies. ZnO-T UV sensors were fabricated and tested
comparing among ZnO-T fractions and commercial ZnO nanoparticles. ZnO-T photoresponse
was mostly influenced by ZnO-T leg diameter, with the optimal value close to the double Debye

length. We also demonstrated how fractionating ZnO-Ts for morphology optimization can
increased the responsivity by 2 orders of magnitude. Moreover, ZnO-T showed 3 orders of
magnitude higher responsivity compared to commercial ZnO nanopowder. These results are
beneficial for the engineering of efficient UV sensors and contribute to a deeper understanding

the overall mechanism governing UV photoresponse.

Keywords: ZnO tetrapods, UV sensing, porosity measurements, Debye length, chemoresistive,

FTIR spectroscopy

(Some figures may appear in colour only in the online journal)

1. Introduction

The control over the crystal sizes and shapes of nanos-
tructured materials has attracted growing interest due to the
possibility of a feasible control of properties [1-3]. Lowering
the dimensions of nanostructure increases the fraction of
atoms, located at the surface, resulting in special surface-
related properties conferred by boundaries, edges, corners,
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steps and other arrangements [4, 5]. Abundant examples of
known materials with a low-dimensional character, include
oxides, nitrides, transition-metal dichalcogenides [6, 7], pure
elements (i.e. Xenes), polymers [8—10] and carbon-based
materials (i.e. graphene type, and 2D amorphous carbons)
[11-13]. Among the oxides, ZnO is of particular interest due
to its abundance and resulting in a variety of structures. Low-
dimensional ZnO crystals can be obtained in the form of small
nanoparticles (0D), rod-like structure (1D), nanosheets (2D),
and hybrid structures [14-18]. A peculiar morphology is
characterized by four ZnO nanorods joining the central core,
known as ZnO tetrapod structure [19, 20], exhibits various
advanced properties, including optical, electronic, and

© 2023 The Author(s). Published by IOP Publishing Ltd
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piezoelectric ones [20]. Hence, a ZnO tetrapods find wide-
range applications in electronics and optoelectronics, includ-
ing devices and sensors, transistors, ultraviolet/blue LEDs,
field-emission displays, gas sensors and UV detectors,
transparent conductive films, and hybrid solar cells [21-23].
However, it is still possible to further enhance the specific
surface related properties by controlling the morphology
parameters, such as rod lengths, basal sizes, length-to-
diameter ratio, angles between arms, etc.

UV detectors are a key component in various
applications such as UV imaging, flame detection, and air
quality monitoring. Silicon-based photodetectors and photo-
multipliers are commonly used as UV detectors due to their
high sensitivity, low noise, and fast response in the UV
region, however, these detectors have significant limitations,
such as the need for filters to block low-energy photons,
degradation, lower efficiency, and high voltage supply
requirements [24]. Wide bandgap semiconductors, such as
ZnO, have emerged as a promising alternative for UV
detection due to their intrinsic visible-blindness and chemical
and thermal stability, making them suitable for harsh
environments [25]. Various types of ZnO-based photodetec-
tors have been developed, including photoconductors,
Schottky photodiodes, metal-semiconductor—metal photo-
diodes, and p-n junction photodetectors. By means of
nanomaterials and using the chemoresistive principle, the
morphology of ZnO-based UV photodetectors can be tuned to
optimize their performance, thus resulting in high responsiv-
ity, high UV /visible contrast ratio, fast response time, and
low noise characteristics [25].

Nanowires [26], in particular, show a high surface-to-
volume ratio that provides a way to enhance the effects of
surface phenomena (that are at the base of chemical sensing
mechanism); moreover, they may be single crystalline and
have well-defined crystal orientations [27], leading to
controlled reactions and increased stability. Response
dynamics should be faster compared to their polycrystalline
[28] counterpart because there is no need for gas diffusion
[29] preliminary to surface reaction. Finally, some of the
interesting effects that can be exploited in chemical sensing
(such as self-heating) exist only for the nanowire morphology
[18]. ZnO-Ts morphology consists in a structure of 4
connected nanowires possessing an intrinsic porosity due to
its packing structure, hence it is especially interesting for UV
photodetector application, however more research on the
methods for photoresponse tailoring is needed.

In this work, ZnO-Ts were synthesized and separated by
centrifugal force into fractions with different sizes, which
show different UV photoresponse. A thorough investigation
of the fractions of ZnO-T structure and morphology was
conducted by scanning and high-resolution transmission
electron microscopy (SEM, HR-TEM), x-ray diffraction
(XRD), surface area and porosity, Fourier-transform infrared
spectroscopy (FTIR) and UV-vis spectroscopies. The study
of CO probing the surface of ZnO-Ts at low temperature,
provides precise surface information, which is correlated with
the UV sensing. We discuss the influence of ZnO
morphology, i.e. facet orientation, porosity, and leg diameter,

providing insights into the nature of
properties of the ZnO nanostructures.

the photoresponse

2. Materials and methods

2.1. Material preparation

ZnO-Ts were synthesized by means of a vapor-phase
oxidation of Zn powders similarly to a before reported
process [13]. Briefly, micron sized Zn powders (VWR
Chemicals >97% purity, particle size ~5 pum) were oxidized
at 800 °C in air atmosphere, inside a reactor, which consists of
a vertical furnace, a powder feeder, and a system of products
collection. Zn powder was continuously supplied into the
vertical furnace using a powder feeder. Air was sucked at the
top of the reactor from the surrounding atmosphere, and the
vacuum was adjusted to the flow rate of 2.0 1 min~'. The
obtained ZnO-Ts were collected downstream of the reactor on
a nitrocellulose filter, 0.4 m pore size, and then used without
additional heat treatment.

ZnO-Ts were separated into fractions by size using
centrifugal force. ZnO-T were first dispersed in absolute
ethanol, sonicated for 10 min, 5 min settled, then the upper
liquid part was centrifuged from 1000 to 3000 rpm. After
centrifugation the floating part was used for characterization
and sensor preparation.

Commercial ZnO powder named Kadox 25 was utilized
for the comparison of the ZnO-T photoresponse properties.

2.2. Characterization techniques

The sample morphology was investigated by means of a Zeiss
Evo50 SEM equipped with an Oxford energy dispersive x-ray
detector, while the structure of the sample was obtained by a
JEOL 3010-UHR TEM instrument operating at 300kV,
equipped with a 2k x 2k pixels Gatan US1000 CCD camera.

The sample crystallinity and the mean crystallite sizes
were estimated by a PANalytical X'Pert PRO XRD
diffractometer, equipped with a Ni filtered Cu radiation in a
standard Bragg—Brentano geometry. The identification of the
phases was made by comparing XRD patterns with the powder
diffraction file (PDF) reference of the International Centre for
Diffraction Data (ICDD) database. The crystallite sizes were
calculated from XRD measurements by Scherrer’s equation.

N, adsorption—desorption experiments were carried out
at 77K on a Micromeritics ASAP 2020 instrument to
determine the Brunauer—Emmett—Teller (BET) surface area
and the porosity properties. Samples were outgassed at 423 K
for 6 h before analysis. Pore size distributions (PSDs) of the
samples were derived from the Nj-adsorption isotherm data
by using a non-negative least squares fitting and applying the
density functional theory (DFT) method (NLDFT model for
pillared clay, cylinder pore geometry) and from the Barret—
Joyner-Halenda (BJH) model (Harkins—Jura with Faas
correction).

FTIR measurements were obtained by means of a Bruker
IFS-28 spectrometer equipped with a MCT detector. The FTIR
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Figure 1. Scheme of ZnO-Ts synthesis for UV sensing application.

spectra of CO adsorbed at 100 K on ZnO samples, compressed
in the form of pellets, were obtained with a resolution of
4cm™' (64 averaged interferograms for each spectrum) at
decreasing CO coverages in an IR cell designed for liquid
nitrogen flowing. Before CO dosage, the pellet, inside the IR
cell, was outgassed for 1 h at 773 K under vacuum (10*5 torr),
to clean the surface from adsorbed impurities and then heated
in O, (10 torr) at the same temperature for 10 min. The
treatment under O, was repeated three times to obtain a
stoichiometric sample. At the end of the last oxidation cycle,
the sample was cooled in O, at 298 K and then evacuated at the
same temperature (final pressure 107 torr).

The optical properties of the ZnO-Ts were investigated at
room temperature by using a double-beam UV-vis spectro-
photometer (Varian Cary UV 300 Bio) operating in the
wavelength range of 190—800nm. The samples were
dispersed in ethanol and the spectra of the solutions were
recorded in the transmission mode.

UV sensors were made on opaque alumina ceramic
substrate (VC 100-1 (Policor), 99.6%-99.9% Al,Os, white,
p = 3.89 gcm_3, R, < 0.01 pm) between two Al electrodes
preparing a 20 pm wide trench by laser ablation. The electrodes
after preparation were cleaned, sonicated and ZnO nanomaterial
was deposited. To control the sensor size and exact placing,
ZnO nanomaterials 1 mgml™" solution in ethanol was drop
casted into 5 X 5 mm plastic limiter on electrodes, controlling
the deposited electrode resistivity, which was kept 100 M2 after
drying for all samples. The UV response measurements were
performed under atmospheric conditions in the presence (UV
on) and absence of UV irradiation (UV off), using UV LED
A = 365nm, I = 0.31 mW cm 2. For green light illumination
LED of A = 525nm, I = 0.92 mW cm 2 was used.

3. Results and discussion

3.1. ZnO-Ts synthesis and effect of size separation

The different steps concerning the ZnO-Ts preparation
together with the size separation and then the possible use
as UV sensors is schematized in figure 1(a). After synthesis of
ZnO-Ts from Zn nanoparticles, the as-obtained product was
collected and fractioned by centrifugation. Centrifugal force
is forcing larger particles to settle, leaving the suspension with
only smaller ZnO-Ts, in such way, applying different
centrifugal force leads to the separation of the particles into
fractions by their dynamic size. The samples centrifuged at
1000 rpm, 2000 rpm and 3000 rpm were collected, dried at
room temperature, and used for size-variant ZnO-Ts
suspensions in ethanol. In earlier works the different ZnO-T
fraction influence on optical [30] and electrochemical [21]
properties were determined; however, the UV sensing
properties were not tested. To determine how ZnO-T size
influences UV sensing properties, chemoresistive UV sensors
were prepared, being ZnO-Ts used to form a contact bridge
between electrodes (figure 1(a)). The suspension of
commercial ZnO nanorods was used in parallel to compare
the obtained results with ZnO-Ts.

3.2. Morphology and structure from SEM, HRTEM and XRD
analyses

ZnO-Ts fractions, before and after centrifugation at 1000 rpm,
2000 rpm and 3000 rpm, are SEM imaged in figures 2(a)—(d),
respectively. All images are shown at the same magnification
for better comparing the different samples. At first, from SEM
images (figures 2(a)—(d)), a dense network of ZnO packed
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Figure 2. SEM images of ZnO-Ts before (a) and after centrifugation at: 1000 rpm (b); 2000 rpm (c); 3000 rpm (d). In the insets, models of the
ZnO-T structures, corresponding to the selected areas of dotted circles in a, b, ¢, d figures, are schematized.

nanostructures composed of a few interconnected legs can be
highlighted. Notice that, in the insets of figures 2(a)—(d), some
models of the differently oriented tetrapods are illustrated.
ZnO-Ts crystals have long legs made of prismatic faces
500-1000 nm range in length, while the basal planes are tens
of nm in sizes, (vide infra from TEM images in figure 3 and
inset).

However, also from SEM images (figures 2(a)—(d)), it
comes that ZnO-Ts crystals after centrifugation become
smaller both in basal (leg diameter) and prismatic (leg length)
faces, although a clear evaluation of the relative sizes cannot
be made. Conversely the evolution of the particle’s sizes, due
to the different centrifugation speeds can be clearly seen from
TEM and HRTEM images in figures 3(a)-(d). It is
noteworthy that, after synthesis, some particles ranging in
50-100 nm interval can also be observed together with ZnO-T
crystals (figure 3(a), marked with white arrows). Interference
fringes 0.28 nm spaced are found on the selected particle
(figure 3(b)), which corresponds to the (10-10) interplanar
distance of a ZnO Waurtzite structure. The selected electron
diffraction area (SAED) (FFT image, top inset of figure 3(b))
on the dotted square region of the particle, shows a hexagonal
crystal structure, which is compatible with the orientation
along [0001] zone axis, which corresponds to the (0001)
exposed face. From the IFFT-filtered image (bottom inset of
figure 3(b)) of the same selected area, a lattice constant of
0.32 nm has been measured.

The constant increase of the full width at half maximum
(FWHM) on patterns starting from as prepared ZnO-Ts

(black) to centrifuged at 3000 rpm (blue) can be followed in
figure 4. It is well known that particle sizes can be calculated
using the Scherrer method, in which the value of FWHM is
inversely proportional to the crystallite’s dimensions,
represented by the coherent scattering domain size along the
specific diffraction direction. It is also assumed that the peak
broadening is primarily associated to the size of the crystalline
domains, without significative contribution by other factors in
affecting the peak broadening (and position), such as lattice
strain, stacking faults, or microstrain effects.

From the obtained results, the decrease of the ZnO-Ts
dimensions after centrifugation is proportional to increasing
centrifugation rates, as shown in the inset of figure 4. In
particular (100) and (002) diffraction peaks can be noticed
(inset in figure 4), where the broadening of the FWHM is
highlighted by the black arrows. Moving from as prepared
ZnO-Ts, to ZnO-Ts centrifuged at 3000 rpm, the extension of
the (100) and (002) domains are found to change from ~
66 nm to 36 nm and from ~81 nm to 64 nm, respectively. The
results obtained are reported in table 1.

3.3. Porosity and surface area from BET analysis

The N,-adsorption/desorption isotherms obtained at 77 K and
the related pore size distributions of the ZnO samples, are
shown in figures 5(a) and (b), while BET surface area values,
calculated from the adsorption branches, are summarized in
table 2.
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Figure 3. TEM and HRTEM images of ZnO-T crystals: as prepared (a), (b), after the centrifugation at 1000 rpm (c), (d) and 3000 rpm (e), (f).
White arrows in (a) mark nanoparticles. Insets of a, c, e panels show the distributions of the ZnO-T leg diameters. The interplanar spacings
along two directions on a selected area are shown in (b). Insets of (b): FFT image (top inset) and IFFT-filtered image (bottom inset) of the
selected area by a dotted square of a ZnO particle. Inset of (d): FFT image of the selected area by a dotted square on a ZnO-T leg. The

schematics at the bottom reproduce the shape and orientation of the ZnO-Ts imaged in (b), (d) and (f) and the assignment of their exposed

surfaces.

All the isotherms could be categorized as type II, with
minor hysteresis loops appearing in the 0.85 < p/py < 1
interval, thus indicating the presence of mesopores, which are
conceivably generated by the nanocrystal shape and
dimensions (figure 5(a)). The BET surface area of ZnO-Ts
after thermal preparation was significantly higher than that of
ZnO Kadox 25 powder (New Jersey Zinc Company) used as a
reference powder material. Furthermore, from the comparison
of BET surface area values of ZnO-Ts before and after
centrifugation at 1000 rpm, 2000 rpm or 3000 rpm we can
safely assume that the application of a centrifugal force is an
effective procedure to progressively separate ZnO-Ts from
the solution according to their size. The pore size distributions
of the samples are reported in figure 5(b). From this figure, we
can assume that all the tetrapod-based samples exhibit a

broader and extended mesoporosity, which becomes more
restricted after the centrifugation steps with the presence of
two main families of pores with sizes in the 20-40 A range
and >60 A.

Therefore, the peculiar geometry of the tetrapods, which
are connected together to form 3D spatially extended
networks, prevents ZnO-Ts from achieving a highly effective
close packing, thus causing a remarkable mesoporosity.

3.4. Surface and optical properties from FTIR and UV-visible
spectra

Figure 6 shows the FTIR spectra of CO adsorbed at liquid
nitrogen temperature on the surface of ZnO-Ts before (a) and
after centrifugation at 1000 rpm (b) and at 3000 rpm (c),
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Figure 4. XRD patterns of as prepared ZnO-Ts (black pattern) and
after centrifugation at 1000 rpm (red pattern), 2000 rpm (green
pattern) and 3000 rpm (blue pattern). The inset shows an enlarged
view of the (100) and (002) peaks of ZnO-Ts before centrifugation
(black pattern) and after centrifugation at 3000 rpm (blue pattern),
where the black arrows highlight the change in the FWHM value.

moving from high coverages (# = 1) (black lines) to
progressively low coverages (6§ = 0) (grey lines).

At first, moving from the spectra of CO adsorbed on as
prepared ZnO-Ts, (figures 6(a)-(a’)) to those of CO on
centrifuged samples (figures 6(b)—(b’) and figures 6(c)—(c’)),
a general decreasing of all the features is observed, plausibly
due to the centrifugation process, which causes the
formation of small crystallites with less extended surfaces.
Some more, envelopes in the 22202160 cm ™' range and
in the 2160-2120 cm ™! range are observed, whose relative
intensity is changing with the centrifugation conditions
(figures 6(a), (a")—(c), (¢’)), which can be explained with a
different contribution of the exposed surfaces (vide infra).

Hence the changes in the relative intensities of both the
envelopes in the 2220-2160cm ' range and in the
2160-2120cm™' range are due to the progressively
decreasing of the prismatic faces together with the increasing
of the hydroxylated faces with a higher number of defects
including steps, corners, and edges. In addition, the increased
value of FWHM of the main band at 2168 cm ™' is a further
indication that the size of the (10-10) and (11-20) prismatic
surfaces have been decreased. This is fully confirmed by the
previously discussed XRD, SEM and TEM results.

The main band in the 2190-2168 cm™ ' range (figures
6(a)—(c)), due to CO on the Zn>" ions on the (10-10) and
(11-20) prismatic faces [15, 31], shifts from 2190 em (0 —
0) to 2168 cm ! (maximum coverage, § — 1), as a
consequence of the building up of lateral interactions between
the parallel CO oscillators, which are adsorbed on the ordered
array of Zn>" ions. Moreover, as 0 changes from 0 to 1, the
gradual decrease of the half-width of the band is observed,
due to the progressive decrease of the disorder in the surface
adlayer. At intermediate coverages, a few components in the
2170-2160cm™' range, whose intensity and frequency
change gradually with 6 (figures 6(a’), (b’), (c’)), are due to
the progressive stepwise filling of the surface Zn”" sites,
which corresponds to different variants of CO nearest
neighbors. This behaviour is more visible on as prepared
ZnO-Ts (figure 6(a’)), however some change can be also
evidenced on centrifuged samples (figures 6(b”), (c’)).

Meanwhile, the shoulders at 2178 cm™!' and in the
2184-2180cm ™! range in figures 6(b)—(c) are assigned to CO
adsorbed on defective sites, like edges and corners of the
main faces.

Notice that the bands in the 3750-3350 region (see the
inset in figures 6(a)-(c)), which are associated to highly
stable OH groups on defective sites of high index faces and
defective sites, were not removed by the thermal treatment at
773 K in vacuum. Conversely, upon CO dosage, the bands
are perturbed, being eroded and/or downshifted, because of
the hydrogen interactions (see figure 7). Figure 8 shows the
UV-vis spectra, acquired in the transmission mode, of the
ZnO-Ts before and after centrifugations at increasing rates.
The spectra reveal, a sharp absorption in the 400-600 nm
interval due to the energy gap electron transitions, direct in
type, from the valence band to the conduction band [32].
Moving from the black curve (as obtained ZnO-Ts) to the
red, green, and then the blue ones (ZnO-Ts after increasing
centrifugation rates), and then up to the green and blue
curves (ZnO-Ts after), an upwards shift of the energy band
gap is observed. This phenomenon can be ascribed to the
decreased dimensions of the ZnO-Ts, which are collected
from the supernatant fraction in the centrifuge tube. It is well
known that the observed blue shift is explained by the
quantum size effect [33, 34]. Moreover, larger particles tend
to scatter light, therefore the slope to the maximum
absorption becomes sharper with the decrease of ZnO-T
size. The obtained results, concerning the evolution of the
ZnO-Ts sizes, as a function of the centrifugation rate, have
been also confirmed by SEM, TEM and XRD investigations,
as shown in paragraph 3.2.

3.5. UV sensor performance

The UV sensing performance (figures 9(a)—(c)) was
characterized as photoresponse to UV (A = 365nm,

= 0.31 mW cm2), where current—voltage (/I-V') character-
istics were obtained in the presence (UV on) and the absence
of UV irradiation (UV off). The photoresponse mechanism of
ZnO is characteristic to n-type semiconductor chemoresistive
sensors in air [35]. The initial step involves the adsorption of
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Table 1. Sizes of (100) and (002) scattering domains on ZnO-Ts as obtained from the Debye—Scherrer formula.

Samples FWHM (°) Dimensions (100) Dimensions (002)
ZnO-Ts as prepared 0.18 66 nm 81 nm
ZnO-T centrifuged @1000 rpm 0.23 57 nm 80 nm
ZnO-T centrifuged @2000 rpm 0.27 45 nm 73 nm
ZnO-T centrifuged @3000 rpm 0.30 36 nm 64 nm
Table 2. Surface area (In2 gfl) of the ZnO-Ts. a)

Samples SBET

ZnO-Ts as prepared 18 2178

ZnO-Ts centrifuged @1000 rpm 23 {

ZnO-Ts centrifuged @2000 rpm 27 ziez [
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Figure 5. BET analysis of ZnO-Ts before centrifugation (1-curves),
after centrifugation at 1000 rpm, 2000 rpm and 3000 rpm (2,3,4-
curves, respectively): (a) Np-adsorption/desorption isotherms; (b)
pore size distributions.
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02(g) — Oz(ads) (1

0, + e~ — Oj(ads) 2)
0O, (ads) + e~ — 20~ (ads) A3)
O~ (ads) + e~ — O (ads). 4)

This adsorption results in the capturing of electrons by
the adsorbed oxygen, forming an ultra-thin electron-depletion
layer on the surface of the UV sensor [36]. The current
increase under UV illumination is related to the release of O,
molecules which were adsorbed on the ZnO surface in the
absence of UV light [37], because illumination with UV light
exceeding the bandgap of ZnO electron—hole pairs are
generated, O, molecules capture the hole and detach from
the surface, while remaining electrons increase the
conductivity.
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Figure 6. FTIR spectra of CO adsorbed at 100 K on ZnO-Ts as
obtained before centrifugation (a); ZnO-Ts after centrifugation at
1000 rpm, (b); ZnO-Ts after centrifugation at 3000 rpm (c). Enlarged
views of the 2210-2155 cm™! range are shown in panels (a’), (b'),
(c"), respectively. Insets in panel 6 (a), (b), (c) show the hydroxyl
regions.

The I-V characteristics of ZnO showed the symmetric
shape curves and orders of magnitude higher conduction
values in the presence of UV illumination compared to
measurement in dark conditions (figure 9(a)). The initial
mixture of ZnO-Ts had the highest conductance of all in dark
and UV conditions (figure 9(a)), which could be due to ZnO
morphology, as this fraction contains the largest and the
longest particles. However, the fraction of ZnO-T's obtained at
1000 rpm possessed improved UV response properties
compared to both the larger and smaller counterparts
(figure 9(b)), moreover the photoresponse was repeatable
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Figure 8. UV—-vis spectra of ZnO-Ts as obtained after the synthesis
procedure (black curve), after centrifugation at 1000 rpm (red curve),
at 2000 rpm (green curve) and at 3000 rpm (blue curve), as collected
from the supernatant fraction of the centrifuged solution.

(figure 9(c)). Commercial ZnO powder Kadox showed the
lowest responsivity compared to (100) and (002) surfaces of
ZnO-Ts synthesized in this work. Measured responsivity,
which is defined as the ratio of output current to incident
optical power is comparable to the other similar morphology
ZnO nanoparticle (table 2), however the fraction of the

ZnO-Ts centrifuged at 1000 rpm showed order of. To explain
the efficiency of different ZnO morphologies 3 different
parameters can be considered: porosity, different facet
activity, active diameter.

In chemoresistive sensors high porosity is directly
influencing the sensitivity [35], however the process involves
only the active surface of the sensor, which can be reached by
gas and UV, therefore it is important that O, has the ability to
penetrate the smallest pores [38]. From BET analysis
(figure 5) we found the ZnO-Ts have similar porosities even
at different centrifugation speeds, therefore such high
difference in responsivity cannot be explained by solely
small porosity changes. In case of Kadox, the porosity is 3
times lower than ZnO-Ts, therefore a negative influence on
responsivity can be expected.

Various facets show different activity, i.e. photode-
gradation is facet dependent for ZnO [39] and also for other
metal oxides [40]. In case of chemoresistive ZnO sensors Zn
terminated (polar) surfaces have the highest chemsorption
ability which leads to the highest sensitivity, demonstrating a
3-fold increased sensor response of nanodisc with (0001)
polar facet compared to nanowires with predominant
nonpolarfacets [41]. However, the most of ZnO tetrapods
surface is non-polar, which is connected to the growth of
ZnO legs in c-axis orientation, leading to polar tip and all
nonpolar side walls (basal and prismatic faces, as discussed
in section 3.2). Different gas adsorption dynamics on basal
and prismatic faces can be also noticed in FTIR
measurements discussed in section 3.4 (figures 6 and 7),
which might also indicate the possibility of different
adsorption sites created. However, even if basal phases are
prone to adsorb higher amount of gas, this still cannot
explain the high response difference of smaller ZnO-Ts
compared to larger (centrifuged at 3000 rpms and
1000 rpms, respectively), as both small and large tetrapods
have similar basal to prismatic face ratio. Moreover, with
random orientation of ZnO-Ts legs most of the leg-leg
contacts are forming on the -polar surfaces, therefore
percolation path does not involve polar tips as it is shown
schematically in figure 10(b).

However, the most of ZnO tetrapods surface is non-polar,
which the Debye length as an indicator of the electric field’s
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Figure 9. Photoresponse characteristics: current—voltage (/I-V) curves recorded with and without UV irradiation (a); dynamic response of
ZnO-Ts, compared to commercial ZnO powder (Kadox 25), inset shows no photoresponse of ZnO-Ts to green light; (b) repeatable dynamic

response of ZnO-Ts centrifuged at 1000 rpm (c).

Depletion layer

UVon

Desorption
Absorption
< S—

Dark

a)

Basal surface

Percolation path

Prismatic surface

Figure 10. Photoresponse mechanism of chemoresitive ZnO sensors:
depletion layer variation due to O, adsorption—desorption (a);
percolation path through random nanowire-nanowire junction (b).

range within a substance, is critical to the efficiency of ZnO
UV sensors [36, 42]. The sensor’s sensitivity is influenced by
the Debye length, which is directly related to the built-in
electric field [37] that divides the electron-hole pairs. A
higher sensitivity of ZnO UV sensors is the result of a
stronger built-in electric field, which was influenced by
morphology, doping level, and the Debye length [39]. With a
Debye length of around 19 nm at room temperature [36], the
best responsivity can be achieved for ZnO nanoparticles with
diameters exceeding 38 nm. According to the XRD measure-
ments (table 1) only the ZnO-Ts fraction, centrifuged at
3000 rpm has an average diameter smaller than double Debye
length, which might hinder the responsivity, as the
percolation path cannot spread through the channels which
are fully depleted. On the other hand, ZnO-T fraction
centrifuged at 1000 rpm has the average diameter larger than
double Debye length and at the same time closest to its value,

which might influence the highest responsivity. In compar-
ison as prepared ZnO-Ts fraction has the highest average
diameter, but lower responsivity, indicating that the optimal
ratio between the conduction channel and the depleted region
is exceeded.

Compared to earlier works on nanomaterials-based UV
sensors (table 1), our ZnO-T UV sensors, prepared in this
work demonstrate good UV photoresponse properties,
especially responsivity and photoresponse. Mishra et al [46]
used ZnO-T network for UV sensing, demonstrating lower
photoresponse but higher rise and decay times (7ie = 40 ms
and Tgecay = 50 ms), which were 2 orders of magnitude lower
than ours, which might be connected to their the longer
interelectrode-gap used (100 pm). Grottrup et al [47] used
hybrid ZnO tetrapod 3D networks, utilizing 48 times higher
UV light intensity, however photoresponse for the ZnO-T:
CuO (20:1) hybrid network was 21 times lower than our ZnO-
T@3000, however their rise and decay times were also much
lower. Postica et al [45] used a UV light intensity 32 times
compared to our work, however the obtained photoresponse
was ~10 times lower, demonstrating lower both rise and
decay times. Similar results were demonstrated with other
metal oxide nanowire-based UV sensors: SnO, nanowires
[50] showed responsivity of 0.36 mA W ! with a 0.7 rise
time, whereas WOj3; nanowires [51] showed responsivity of
462.6 AW~ with a 2.7 ms rise time.

ZnO-Ts investigated in this work showed similar
response and decay times (table 3), which might indicate
the similar response mechanism involved, however the
enhanced responsivity was observed for the ZnO-Ts
centrifugated at 1000 rpm. The discussed influence of
porosity and different facet ratio could not explain such a
high difference in responsivity of ZnO-T centrifuged at
1000 rpm: responsivity was 4-fold higher than as prepared
ZnO-Ts and even 2 orders of magnitude higher than ZnO-Ts
centrifuged at 3000 rpm. The ZnO-T diameter proximity to
Debye length shows the most influence on the responsivity, as
the average diameters were largest for the initial ZnO-Ts and
smallest for the fraction centrifuged at 3000 rpm, with the
ZnO-Ts fraction centrifuged at 1000 rpm giving the average
diameter closest to double Debye length, which explains the
highest responsivity.
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4. Conclusions

In this study ZnO-Ts (ZnO tetrapods) were synthesized and
divided into three fractions by centrifugation at different
speeds (as prepared, centrifuged at 1000 rpm and 3000 rpm).
Each fraction exhibited specific morphology, which was
characterized by SEM, HR-TEM, XRD, and BET analyses,
FTIR and UV-vis spectroscopies. To investigate the ZnO-T
photoresponse dependence on morphology UV  sensing
experiments were performed. Our findings revealed that the
ZnO-T diameter proximity to double Debye length (38 nm)
had the most significant impact on photoresponse, whereas
porosity and surface facet orientation had much lower
influence. Responsivity of ZnO-T centrifuged at 1000 rpm:
responsivity was four times higher than as prepared ZnO-Ts
and even 2 orders of magnitude higher than ZnO-Ts
centrifuged at 3000 rpm. Optimized ZnO-Ts also showed 3
orders of magnitude superior responsivity to commercial ZnO
nanopowder (Kadox), and to other nanostructures reported
earlier. Our work presents a practical approach for consider-
able UV photoresponse optimization, and demonstrates the
importance of the morphology control, specifically the
diameter’s influence, in enhancing photoresponse in chemor-
esistive photodetectors based on one-dimensional materials.
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