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Abstract
We investigate thefield emission properties of tetrapod-shaped zinc oxide (ZnO)micro and
nanostructures prepared using aflame transport synthesis approach. Using a piezo-drivenmetallic tip
as an anode, we performed a local characterization from the apex of a tetrapod arm,where the effective
emitting areawas limited below 1 μm2. This configuration allows extremely low turn-on voltages, of
7V, and a field enhancement factor of 70 at an anode-cathode distance of 600 nm. The experimental
datawere analyzed using the Fowler–Nordheimmodel, evidencing a non-monotonous dependence
of the turn-on field and the field enhancement factor on the cathode-anode separation distance in the
range of 100–900 nm. The ZnO tetrapods demonstrated good current stability, highlighting their
potential for high-performance, low-consumption electron-emitting devices with very low turn-on
voltage.

Introduction

ZincOxide (ZnO) is ann-type semiconductor (II-VI groupmaterial) characterized by awide anddirect bandgap of
3.37 eV and an exciton-binding energyof about 60meVat roomtemperature. ZnO is an abundant, cost-effective,
chemically stable, non-toxicmaterialwith an inherent hexagonalwurtzite crystal structure (non-centrosymmetric
systemwith a large saturation velocity of about 3.2× 107 cm s−1), high electronmobility, and good
biocompatibility [1]. Thehexagonalwurtzite crystal structure enablesZnOoxide to be grownwith almost any
imaginary one-dimensionalmorphology and a large variety ofmicro andnanostructures, such as nanoplatelets [2],
nanobelts [3], nanoflowers [4], nanowires [5], andnanorods [6], etc fromZnOhave been synthesized,
characterized, andutilized for applications [7]. Among the various nanostructures, the tetrapod shapedZnOmicro
andnanostructures have garnered significant attentiondue to their unique three-dimensional (3D) spatial
structure [7], superior optical properties [8], and relatively lower density of native defects compared to other
morphologies [9]. AZnO tetrapod is an inherent structure built out of four interconnected 1DZnO rods
interconnected via a central crystalline ZnOcore at an angle of around105 to 110 degreeswith respect to each other
in a symmetricalmanner. The complex 3Dconfiguration ofZnO tetrapods allows the creation of robust
interconnected 3Dnetworkswith desirable highporosities andmechanical strengths. These tetrapods forma self-
assembled 3Dhierarchical architecture irrespective of how they are placed together, and further heating at high
temperatures allows the formationof strong interconnections among the arms, providingmechanical stability to
thenetwork [7, 10]. TheZnO tetrapods arewidelyused as reinforcing agents in compositematerials [11] and show
great potential for applications in biomedical engineering [12, 13].

OPEN ACCESS

RECEIVED

6November 2024

REVISED

2December 2024

ACCEPTED FOR PUBLICATION

10December 2024

PUBLISHED

18December 2024

Original content from this
workmay be used under
the terms of the Creative
CommonsAttribution 4.0
licence.

Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.

© 2024TheAuthor(s). Published by IOPPublishing Ltd



Moreover, ZnOnanostructures are also promising candidates for high-performance field emission (FE)
devices owing to their lowwork function, high thermal andmechanical stability, and excellent oxidation
resistance, even in harsh environments [14].

Field emission is a quantumphenomenon extremely relevant to the realization of cold sources of electrons
unlike the thermionic sources inwhich thermal energymust be provided to electrons in the emitter in order to
favor their emission [15]. In the FE process, the electrons near the Fermi level escape from a surface by tunnelling
through the potential barrier at the emitter/vacuum interface. The process is favored by the application of a
strong electric field thatmodifies the barrier,making it triangular, lower, and thinner. A nanostructured surface
is a better emitter because it causes the enhancement of the local electric field, enabling the emission of
measurable currents at a reduced field intensity of the order of a fewV/μm.

Wide research activity has been reported in the last years concerning the field emission properties of various
ZnOnanostructures [16–18]. Recent research on enhancing the FE properties of ZnOnanostructures has
focused on twomain strategies: optimizing the geometric factors by increasing alignment [19], and aspect ratio
[20], or reducing the tip size of the nanostructures; and improving conductivity [21] and reducing thework
function through selective element doping [22], material combination [23, 24], or ion implantation [25]. Almost
in all cases, despite a relatively low turn-onfield reported, the FE setups used in those experiments need a large
bias applied to the anode in the order of KV to activate the FE phenomenon in ZnO tetrapods [26–30]. For
instance, tetrapod-like ZnOnanostructures synthesized by rapid evaporationwere investigated using a
transparent anode imaging techniquewith a bias range up to 1 kV and an anode 0.1 mmaway from the emitter.
As a consequence, bias above 0.1 kVwas necessary to activate the emission [30].

In this paper, we investigate the field emission properties of ZnO tetrapods synthesized by the flame
transport synthesis (FTS) technique by applying a tip-shaped anode configuration. A piezo-drivenmetallic tip is
exploited as an anode in close proximity to the emitter to get a local characterization of the FE properties, with
electrons emitted from the apex of a single armof a ZnO tetrapod.We demonstrate that FE current can be
activated by a turn-on voltage as small as 7V.We also report a complete characterization of the emission
parameters, such as turn-on voltage, turn-on field, andfield enhancement factor, as a function of the cathode-
anode separation distance.

Experimentalmethods

Tetrapod-shaped ZnO structures were synthesized using the flame transport synthesis (FTS) technique, and the
procedure has been reported in previouswork [31]. In this process, a ceramic crucible isfilledwith zinc
microparticle (around 5 μmdiameter) and polyvinyl butyral (PVB) powders in aweight ratio of 1:2 and is heated
in a simplemuffle oven at 900 °C for 30 min. TheZn particles aremetallic precursors and sacrificial PVB’s role is
just to generate the flame. The Znmicroparticles are converted in Zn atomic vapour in theflame andwith the
available native oxygen (controlled by flame) the growth of ZnOmicro-nano tetrapods occurs by solid-vapour-
solid growthmechanism. After 30minutes, the furnace is allowed to naturally cool which leads to the formation
of snow-likewhite powder out of ZnO tetrapods. These tetrapodswere carefully harvested and utlized forfield
emission studies. X-ray diffraction (XRD)measurements onZnO tetrapods have been performed using a Bruker
D5000 diffractometer with excitation source Cu-Kα (wavelength,λ= 1.54056Å)working in Bragg–Brentano
geometry.Morphology and electrical characterizationwere carried out at room temperature and at a pressure of
10–6mbar inside Scanning ElectronMicroscopy (SEM)model LEO1530 (by Zeiss, Germany) equippedwith
piezo-electrically controlledmetallic probes (MM3A-EMmicromanipulator byKleindiekNanotechnik,
Germany) having a step resolution of 5 nm. To realize the electricalmeasurements, themetallic probeswere
used as electrodes connected through high vacuum feedthrough to a semiconductor parameter analyzer
Keithley 4200-SCS (by Tektronix, USA)working as a source-measurement unit with a current resolution better
than 0.1 pA andwith a voltage range source± 200V.

Thefield emissionmeasurements were performed by positioning one probe electrode (anode) at a
controlled distance from the emitting surface (cathode), applying to it a high positive bias to favor the extraction
of electrons from theZnO tetrapods, and bymeasuring the current flowing through the vacuumgap between the
cathode and the anode. Thus, our setup allowed for in situmeasurements of the emission current as a function of
both the applied voltage (V) and the anode-cathode separation distance (d). Unlike the static configurations
commonly reported in the literature, where the anode isfixed, and only the applied voltage is varied, our
approach provides amore comprehensive understanding of how geometric factors influence emission
properties. Using amovable anode is particularly advantageous for investigating the effect of anode-cathode
distance on the emission onsetfield (Eon) andfield enhancement factor (β). In fact, our setup allowed us to study
the dynamic behavior of emission current under varying geometric conditions, identifying optimal conditions
forfield emission performance from a single ZnO tetrapod. This in situmethodology offers unique insights into
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thefield emission characteristics, bridging the gap between theoretical predictions and experimental
observations.

Results and discussion

Figure 1(a) shows the SEM image of the ZnO tetrapods clustered over the silver paste. It can be seen that the
tetrapods consist of four arms branching from the common centre and the angles between arms are almost
equivalent. The length of arms is within the range of 20–30 μm. Figure 1(b) shows theXRDpatternsmeasured
for the ZnO tetrapods. The observed peaks can be easily assigned to the pure hexagonal phase of ZnO, space
group P63mc, in agreementwith the standard values (JCPDS card. no. 36-1451). The clear and sharp peaks
indicated that the as-prepared tetrapods possess a high degree of crystallinity. At least no diffraction peaks
indicating the presence of interstitial Zn or other structural impurities are detected in the spectrum, confirming
the optimalmorphology of our samples with high crystal quality.

Figure 1(c) shows the SEMenergy-dispersive x-ray (EDX) spectra of the ZnO tetrapods, confirming the
stoichiometric ratio of the elements; the inset shows the ZnO tetrapod portionwhere the EDXwas recorded.
Figure 1(d) and inset depict the EDX spectra confirming the tungsten (W) anode in a close approximationwith
the ZnO tetrapod.

Electricalmeasurements were performed in a high vacuumwith the sample placed inside the SEMchamber
at a pressure of 10−6mbar. A schematic of the experimental setup is reported infigure 2(a). As the initial step, the
W tip (anode) is placed in contact with the Zn tetrapods to realize a direct electrical contact (see figure 2(b)),
while the cathode is connected to the back side by silver paint to realize an ohmic contact. The current–voltage
(I-V) characteristicmeasured in such contact configuration is reported infigure 2(c). The curve is linear
evidencing an ohmic behavior with a resistance of about 140 kΩ. If the tip is retracted at a large distance from the
ZnO tetrapod (> 2 μm), no current can bemeasured in the circuit, as demonstrated by the I-V characteristic
reported infigure 2(d). The curve represents the setupfloor noise, with a level of 10−14 A.

Taking advantage of the piezo-driven nanomanipulator, we carefully positioned theW-tip anode at short
distances from the ZnO tetrapod arm, in a range below 1 μm. In this configuration, by applying a strong electric
field, i.e., a high positive bias to theW tip, we can favor the emission of electrons from the ZnObecause the
potential barrier becomes thinner and triangular, and electrons can escape by tunnelling through the ZnO/

Figure 1. (a) SEM images of ZnO tetrapods, (b)XRDpatternmeasured for ZnO tetrapods, showing a typical wurtzite structurewith all
the peaks indexed in the standard hexagonal wurtzite cell (P63mc), (c)EDX spectra over the ZnO single arm, (d)EDX spectra over the
ZnO single arm andWanode tip.
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vacuumpotential barrier. Infigure 2(e), we show the I-V characteristicmeasuredwith the tip anode positioned
at a distance d= 200 nm from the tetrapod surface.We notice that by raising the positive bias, the current is not
flowing through the device for low bias till reaching a sufficiently intense value to switch on the emission (here,
we define the turn-on voltage, VON, as the voltage necessary to cause a current of 1 pA). After the turn-onVON=
13.5V, the FE current rapidly increases for increasing voltage, showing a current increase ofmore than four
orders ofmagnitude caused by a voltage increase of less than 10V.

To confirm that themeasured current is due to the FE phenomenon, we analyze the experimental data
within the standard Fowler–Nordheim (FN)model [32]. It provides a simple formula for the FE current:
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Inwhich S is the emitting area, a = 1.54× 10−6 A eVV−2 and b = 6.83× 109Vm−1 eV−3/2 are constants, Elocal

is the local electricfield on the emitter surface,j is the ZnOworkfunction. The local electric field is caused by the
applied biasV to the tip anode (the cathode being grounded) according to the formula b= -E Vdlocal

1where d is
the cathode-anode separation distance andβ is thefield enhancement factor that takes into account the local
amplification of the field due to the emitter geometry.

The standard procedure to confirm the FE nature of themeasured current is to verify the linearity of the so-
called FN-plot, i.e. ( )/ /ln I V Vversus 12 . This is widely considered a valid approach to obtain afirst-
approximation demonstration of the field emission from the various nanostructures [33]. So, wewill apply this
powerfulmethod despite being aware that it has been developed for a simplifiedmodel with a flatmetallic

Figure 2. (a) Schematic of the FE setup inwhich a tungsten tip is exploited as an anode to collect electrons from the emitter (ZnO
tetrapod). (b) SEM images of different configurationswith the tip in ‘contact’with the cathode at a small ‘(FE)distance’ from the
surface and at a large distance (larger than 2 μm). (c)Current–voltage (I-V) curve, reported in log (left) and linear (right) scale,
measuredwhen the tip is in contact with the tetrapod, showing a resistive behavior. (d) I-Vmeasuredwith the tip at a distance greater
than 2μmfrom the ZnO tetrapod: no electrons can travel through the gap, and the setup floor noise ismeasured. (e) I-Vmeasured
with the tip positioned at distance d= 200 nm. (f) Fowler–Nordheimplot and its linear fit.
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surface, a triangular potential barrier, and zero kelvin temperature. For the sake of completeness, wemention
here that several studies [34] have extended the FNmodel to take into account the dimensionality of the emitters
[35], small and large curvatures [36], areas with non-homogeneous workfunction [37],finite temperature [38],
etc.

Following this approach, we show infigure 2(f) the FNplot for the I-V curve reported infigure 2(e). The
experimental data are compared to their linearfit, which clearly confirms the FE nature of themeasured current.
Moreover, considering that the slope m of the FNplot can be expressed as ( )//j b= -m bd 3 2 , we can use the
linearfit, and the slope, to estimate the field enhancement factor b . In particular, being m = 307± 14 the slope
extracted by the linear fit, we can easily calculate b » 50 for an anode-cathode separation distance of 200 nm.

The piezo-driven nanomanipulator, onwhich theW tip (anode) ismounted, gave us the possibility to vary
the cathode-anode separation distance and perform a characterization of the FE properties as a function of d .
Wefirst performed themeasurements in a range from100 nmup to 300 nm, i.e. with a tip very close to the
emitting surface. The I-V curvesmeasured for different d values are presented in figure 3(a). As expected, we see
that by increasing the separation distance, it is necessary to apply a larger bias in order to extract electrons from
the emitter, i.e., a larger separation causes a larger turn-on voltage. The corresponding linear FNplots are
reported infigure 3(b), and they confirm the FE nature of themeasured current.We point out that we limited
ourworking (I, V) range in order to keep the FE current below 1μA to avoid the current density being too high
that could burn/destroy the emitter.We consider that according to simulationmodels existing in literature,
when the tip anode is at 200 nm from the emitter surface, the effective emitting area is limited to about 0.1 μm2,
thatmeans to reach a current density as high as 107 Am−2.We also performed the FE characterization in a larger
separation range (up to 900 nm). I-V characteristicsmeasured at 700 nmand 900 nmare reported infigure 3(c),
and the corresponding FNplots infigure 3(d). As further confirmation of the correctness and applicability of the
FNmodel, we also compared the experimental data (dotted curves infigures 3(a) and (c)) of the I-V
characteristics with the theoretical expectation (solid lines) calculated according to equation (1).

Infigure 4(a), we summarize the turn-on voltage data as a function of the cathode-anode separation
distance, evidencing that VON increases for increasing d .We notice that the rapidity of the increase is different,
allowing us to identify two different regimes: a regime inwhich theVON increases slowlywith d for separation
distances below 500 nmand a regimewith a faster increase for 500 nm< d < 900 nm. Theminimum recorded
turn-on voltage VON of about 7Vwas obtainedwhen theW tipwas approached to theminimumdistance of

Figure 3.Current–Voltage curvesmeasured in the FE regime for different cathode-anode separation distances. (a) I-V curves are
measured for very small distances (100–300 nm); (b) FNplots and corresponding linearfits, showing the FE nature of the curves in (a);
(c) I-V curvesmeasured for larger distances (up to 900 nm); (d) FNplots and corresponding linearfits, showing FE nature of the
curves in (c).
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100 nm.We also estimated the corresponding turn-on field EON. Interestingly, we notice that the dependence of
EON versus d (see figure 4(b)) is non-monotonous, with aminimum in correspondence to the change of regime.
Theminimum EON is about 0.04Vnm−1 at d = 400 nm.

For each FNplot, we can use the slope of the linear fit to extract the field enhancement factorβ as a function
of d . The plot, reported infigure 4(c), evidences thatβ increases for increasing d whenmoving in the small
distance range. Vice versa, for d > 500 nm, i.e. in the region of larger distances, we found thatβ is a decreasing
function of d . Themaximum reported value isβ= 70 for d = 600 nm. The non-monotonous behavior of the
field enhancement factor has already been observedwhen characterizing other nanostructures in separation
ranges of similar dimensions, as for few-layerMoS2 [39] and for InSb nanopillars [40].

A further crucial parameter, together with the turn-on field and thefield enhancement factor, to characterize
the FE properties of a nanostructure, is the time stability of the emitted current [41]. To demonstrate this
capability of the ZnO tetrapod, we positioned the anode tip at afixed distance from the emitter (d = 700 nm)
and applied afixed bias of 50V on the tip anode. The FE current versus time is reported infigure 4(d), showing a
stable current for severalminutes. No current degradation has been observed during the test. From a statistical
point of view, we can analyze the currentfluctuations: the inset offigure 4(d) evidences that current values have a
Gaussian distribution around an average value of about 7.5 nAwith a standard variation of 1.5 nA.

Conclusions

In conclusion, ZnO tetrapods synthesized viaflame transport synthesis have demonstrated excellent field
emission properties, characterized by a low turn-on voltage of 7V and a highfield enhancement factor of up to
70. The experimental results, analyzed using the Fowler–Nordheimmodel, revealed a non-monotonous
dependence of the turn-onfield andfield enhancement factor on the cathode-anode separation distance,
indicating distinct emission regimes. Additionally, the ZnO tetrapods exhibited stable electron emission over
time, confirming their potential for use in high-performance electron-emitting devices requiring low operating
voltages. Thesefindings highlight the promise of ZnO tetrapods for future applications in advanced low-
consumptionfield emission technologies.

Figure 4. (a)Turn-on voltage as a function of the cathode-anode separation distance d . Two different regions can be identified by two
different slopes. (b)Turn-on field as a function of d . (c)Dependence of thefield enhancement factor on d . (d) FE current stability was
measured at thefixed bias of 50V, keeping the anode tip at a fixed distance of 700 nm.
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