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Abstract

In this work, we report on the metal-insulator transition and electronic transport properties of
single crystalline ZnO nanowires synthetized by means of Chemical Vapor Deposition. As
revealed by temperature-dependent measurements, the electronic transport mechanism in these
nanostructuresis in good agreement with the presence of two thermally activated conduction
channels. Moreover, it was observed that the electrical properties of ZnO NWs can be tuned
from semiconducting to metallic-like as a function of temperature, since a metal-to-insulator
transition (MIT) was observed at a critical temperature of ~365 K. Results evidenced that the
peculiar electronic transport properties of ZnO NWs are related to the high intrinsic n-type
doping of these nanostructures that is responsible, at room temperature, of a charge carrier
density thatlays just below the critical concentration for the metal-to-insulator transition.

Keywords: nanowires, zinc oxide, metal-insulator transition, field-effect transistor

1. Introduction

Among nanostructures, ZnO nanowires (NWs) have
attracted great interest because of the easiness of fabrication
and outstanding photonic, plasmonic, piezoelectric and
mechanical properties [1-5]. In addition, the electronic
properties of these nanostructures make ZnO NWSs good
candidates as building blocks for a NW-based electronics,
finding application as nano-sensors [6,7], field effect
transistors (FET) [8,9], photodetectors [10] and resistive
switching/memristive devices where ionics is coupled to
electronics [11-16]. As a consequence of the presence of
shallow donor levels below the conduction band edge, ZnO is
usually an unintentionally-doped n-type semiconductor [17].

XXXX-XXKX /XX /XXXXXX

Depending on the temperature range, several conduction
mechanisms have been proposed to match experimental
results on ZnO NW conductivity, such as thermally activated
conduction mechanism [18-20], nearest-neighbour hopping
[18,19], fluctuation induced tunnelling conductance (FITC)
[20] and variable-range hopping conduction [21]. The wide
range of conduction mechanisms reported can be related to
different material characteristics such as structural properties,
material defectivity and intrinsic doping. Importantly, the
doping level of the material is a key aspect that regulates the
metal-to-insulator  transition (MIT) in  metal-oxide
semiconductors, where a crossover in between the insulator
state and a metallic state is observed above a critical carrier
concentration [22,23]. Evenif MITs have been investigated in
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awide range of materials over the past 40 years[24], only few
works reported this transition in natively doped ZnO
nanostructures. In these works, the MIT was observed below
room temperature [25] or was induced by UV illumination
[26].

In this work, we show that the electronic transport
properties of single crystalline ZnO NWs are characterized by
two thermally activated conduction channels and a metal-to-
insulator transition justabove room temperature (Tc~ 365 K),
that was observable without any external stimuli. Results
showthatthe peculiar conduction mechanismobservedcan be
attributed to the high intrinsic doping of these nanostructures
that, at room temperature, have a charge carrier concentration
that lays just below the critical concentration for the metal-to-
insulator transition.

2. Experimental section

2.1 Synthesis and characterization

ZnO NWs were grown by Low Pressure Chemical Vapour
Deposition (LP-CVD) in a quartz tube furnace, following the
procedure adopted in previousworks [11,27]. A Pt substrate,
placed inside the quartz tube on an alumina boat, acts as a
catalyst. The Pt substrate with thickness of 100 nm was
realized by sputtering on a SiO2/Si wafer, using Ta (20 nm) as
adhesion layer. A Zn foil (purity 99.99%) was placed close to
the substrate and was used as Zn source. After that the
chamberwas placed in vacuum, a heating step was performed
with a ramp rate of 8.6 °C/min by fluxing Ar (60 sccm from
ambient temperature up to 300°C, 300 sccm from 300°C up to
650°C). Subsequently, the temperature was fixed at 650°C for
20 min while 200 sccm of Oz and 300 sccm of Ar were fluxed
into the chamber. During this growth step, the pressure was
1.4 Torr. The morphology of as grown ZnO NWs was
investigated by means of Field Emission Scanning Electron
Microscopy (FE-SEM), using a Zeiss Merlin. Transmission
Electron Microscopy (TEM) was performed by means of a
FEI Tecnai F20ST equipped with a field emission gun (FEG)
that operates at 200 kV. The sample preparation for TEM
measurements consisted in the dispersion of ZnO NWs from
the growth substrate to the TEM grid with a mounted hair,
without exposing NWs to any solvent. Photoluminescence
measurements were performed on as grown ZnO NW arrays
with an excitation source of 345 nm at room temperature,
using a Horiba Fluorolog spectrometer.

2.2 Device fabrication and electrical characterization

The fabrication of single ZnO NW devices required
combined optical and electron beam lithographies (EBL),
usingasimilar procedure than theone reported in our previous
works [12,13]. In brief, NW-based devices were realized by
mechanically dispersing NWs from the growth substrate to a
SiO2 (500 nm)/Si substrate (p-type, B doped) and connecting

single isolated nanostructures by means of Pt electrodes
(thickness of 80 nm, sputtering rate of 2 A/s) to pre-patterned
sub-millimetric probe circuits. Before metal deposition, the
contact reliability was improved by an oxygen plasma
treatment (40 W, 30 s). At the end of the fabrication, the
sample was treated with oxygen plasma (40 W, 60 s) in order
to eliminate resist residues on the NW surface. Note that the
choice of Pt as the metal electrode is crucial for the realization
of reliable junctions without the occurrence of interfacial
oxidized layer at the metal/ZnO interface. The exposure of
NWs to water-based solvents was strictly avoided during the
fabrication process in order to prevent NW degradation and
corrosion[27]. The NW Field Effect Transistor configuration
(NW-FET) was achieved by realizinga back-gate contact to
the p-type Si substrate through Ag paste, after etching the
backside of the wafer with HF. The SiO2 layer with thickness
of 500 nmacted as thegate dielectric. Electrical measurements
reported in the manuscript are acquired by considering a NW
with diameter of 146 nm.

Electrical measurements were performed in a modified
cryostat (Janis ST-100H) [28], connectingthe sample toacold
finger inserted in a vacuum chamber (~10-3 mbar). The
temperature of the sample was measured using a platinum
resistor (Pt-100) embedded into the cold finger. In orderto fix
the temperature to a set-point value, a Lake-Shore 331
temperature controller coupled with a liquid-nitrogen transfer
line and a heater were used. I-V measurements of ZnO NWs
were performed using a Keithley 6430 Sub-Femtoamp
SourceMeter with remote preamplifier, while the gate bias
was applied using a Keithley 2410. All instruments were
controlled using a Labview VI. Keithley instruments were
connected to the cryostat with triaxial cables in order to
minimize external noises. In addition, all electrical
measurements were performed in dark conditionsto avoid
photo-induced carriers.

3. Results and discussion

3.1 ZnO NW characterization

The growth process by means of Vapor-Solid (VS) growth
resulted in vertically aligned and hexagonal-shaped ZnO NW
arrays [11] with median length and diameter of ~1.6 um and
~100 nm, respectively (Fig. 1a) (details in Experimental
Section). NWs are single crystal structures grown
preferentially along the [002] crystallographic direction of
wurtzite ZnO (w-Zn0), as confirmed by TEM measurements
(Fig. 1b). The interplane distance of2.60 A calculated by Fast
Fourier Transform (FFT) pattern, shown in the inset,
corresponds to the distance between (002) planes in w-ZnO.
As investigated in our previous works by means of X-ray
Photoelectron Spectroscopy (XPS) [11,12,27], these
nanostructures are characterized by high chemical purity.
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Figure 1. (a) Cross-sectional SEM image of as grown ZnO NW arrays; The inset shows a top-view of the hexagonal-shaped NW tip; (b)
TEM image showing the wurtzite crystal structure of a single ZnO NW; the inset shows the Fast Fourier Transform (FFT) pattern; (c)

photoluminescence spectra of as grown ZnO NWs.

Photoluminescence (PL) measurements (excitation of A=345
nm) on as-grown ZnO NW arrays revealed the presence of a
near-band-edge emission (NBE) narrow band located at 388
nm and a broader deep-level emission (DLE) band in the
visible spectra region. The NBE is attributed to band-edge
recombination processes of excitons while the DLE band is
related to recombination process through deep levels in the
ZnO band gap induced by crystal defects such as oxygen
vacancies and zinc interstitials [25].

3.2 Electrical characterization and surface effects

A FE-SEM image and a schematic representation with
electrical connections of a single ZnO NW contacted by Pt
electrodes device are reported in Fig. 2a and b, respectively
(details in Experimental Section). The highly doped Si
substrateunder the 500-nm-thick SiO2> was usedas a back-gate
electrode for field effect measurements. As a consequence of
the high surface-to-volume ratio, surface effects can strongly
influence the NW conductivity, leadingto the large variability
of values reported in literature. Initially, in order to improve
the contact quality and to desorb organic speciesthat can be
present on the NW surface, an annealing step in vacuum was
performed. As reported in FIG. 2c, beforeannealingthe NW
exhibited high resistivity (Pre-1st annealing) (Fig. 2c).
Subsequently, the sample was annealed in vacuum at 450 K
for about 90 min. After cooling down to 300 K, the NW
exhibiteda linear and symmetric characteristic with enhanced
conductivity (post 1stannealing). This annealing step had the
resultofincreasingthe contact quality andto remove adsorbed
species on the NW surface. In order to understand the role of
adsorbed species, the NW was then exposed to ambient
conditions and subsequently measured in vacuum (Pre-2nd
annealing), showingan increased resistivity. A new annealing
(450 K, 90 min) was then necessary to desorb these chemical
species on the surface, restoring the conductivity achieved
after the first annealing (Post 2™ annealing).

These observations showed that adsorbed species such as
oxygen and hydroxyl groups on the surface act as charge traps

capturing free electrons and forming a depleted region on the
NW surface [29-32] (Fig. 2d). The adsorption of these
chemical species can be facilitated by the presence of surface
defects that acts as adsorptionsites [27]. For this reason, an
increasing of the quantity of adsorbed species (i.e. increasing
pressure in the vacuum chamber) results in a higher thickness
of the insulating shell layer and thus in higher NW resistivity
(Fig. 2e). Here, the NW resistivity was extrapolated from I-V
characteristics that were acquired at different vacuum levels
after an annealing step, starting from a pressure of 3.4 -10°3
mbar. It can be noticed thatthe NW resistivity increased about
three times when exposed to ambient pressure.

3.3 Metal-insulator transition

The peculiar dependence of conductivity (o) on
temperature ofa single ZnO NW is presented in the Arrhenius
plot of Fig. 3a (details on the extrapolation of ¢ in
Supplementary Material S1. Interestingly, the conductivity
exhibited differenttrends as a function of temperature. At low
temperatures (T < 350 K), the conductivity monotonically
increases by increasing temperature, as expected for
semiconductors. Instead, at high temperature (T > 400 K) the
conductivity decreases by increasing temperature exhibiting a
metallic-like behaviour. Considering the low temperature
range (range 250 K — 81.7 K), Arrhenius plot of measured
conductivity showed distinctively two slopes, suggesting that
two thermallyactivated conduction processes are involved. As
previously reported by Chiu etal. [18] and Tsai et al. [19] for
temperatures below room temperature, a model based on
multiple activation energies is required to describe the
conduction behaviour of natively doped ZnO NWs. In our
case, experimental data can be well interpolated with the
following equation:

P - T :
o(T)=—¢e T4+ —¢ Ml (1)
P1 P2
where p, and p, are temperature independent resistivity
parameters, E; and E, are activation energies associated with
two thermal activation processes while k,, is the Boltzmann
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Figure 2. (a) FESEM image and (b) schematic representation with electrical connections of a single ZnO NW contacted by means of Pt
electrodes. (c) effect of annealingon the 1-V characteristic of a single ZnO NW,; (d) schematic representation of the effect of adsorbed
species acting as charge traps on the surface, creating an electron depleted shell region surrounding the semiconductive core of the NW; (e)
effect of ambient pressure on the single ZnO NW resistivity (measurements were performed after an annealing step, by progressively filling
the vacuum chamber with ambient air). Electrical measurements were performedat T = 300 K.

constant. In order to understand this peculiar behaviour, the
band structure of the intrinsically doped ZnO NWs has to be
considered. Despite the origin of the unintentional n-type
dopingofZnO nanostructuresisstill amatter of debate, it was
proposed to be related to intrinsic defects or impurities that act
as shallow donors [17,33]. It is well known that, when a
sufficient amount of doping is present in a semiconductor, the
interaction between randomly distributed impurity states
causesthe formation of an impurity band [34]. Under certain
conditions of doping, the impurity band can be splitted into
the lower D band and the upper D- band, arising from
overlapping of ground states or negative-ion states of the
impurity wavefunctions [35,36]. Accordingto Chiuetal.[18],
the band energy diagram of ZnO NWs (n-type doped) can be
qualitatively represented as in Fig. 3b. The Fermi level, that is
placed onthetop ofthe Dband in case of weak compensation,
is expected to be placed inside the lower D band as a
consequence of a slight self-compensation present in ZnO
NWs, while the D- band is generally wider than the D band
[18]. In case of low temperatures (T below ~ 120 K), the low
thermal energy reduces the probability for an electron to be
excited fromthe D band to the conduction band. In this case,
electrons can be thermally excited to the unoccupied states
present in the D- band and the conduction mechanism is
dominated by the so-called Ez conduction channel. Instead, by
increasing temperature, the higher thermal energy increased
the probability for electrons to be directly excited to the
conductionband (E: conduction process). It has to be pointed
out that we neglect a third channel of conduction arising from
the nearestneighbour hopping (NNH) inside the D band since
it becomes relevant for temperatures below about 20 K [18].
As reported in Fig. 3a, the model described by eq. (2) well
interpolates experimental data below 250 K. The extrapolated
activation energieswere E;= (35.1+1.2) meVand E,= (38
1.4) meV. It has to be pointed out that the obtained values of
activation energies for shallow donors here observed are in

good accordance with previously reported activation energies
for ZnO NWs (Supplementary Material S2). Also, the
activation energy E, is in good accordance with the activation
energy E,= (35 + 3) meV estimated in our previouswork by
considering ZnO NWs contacted by asymmetric Pt and Cu
electrodes[13].

More interestingly, a metal-to-insulator transition (MIT)
was observed in correspondence of the critical temperature Tc
of about 365 K, as can be observed in the inset of Fig. 3a.
Above this temperature, the conductivity abruptly decreased
by increasing temperature, exhibiting a metallic-like
behaviour. In heavily doped semiconductors, the metal-to-
insulator transition can occuras a consequence of electron-
electron interaction effects (Coulomb repulsion) when the
carrier concentration exceeds a critical value according to the
Mott criteria [22]:

n?a; =0.25 @)
where nc¢ is the critical carrier concentration at which the
transition occurs while aj is the effective Bohr radius. The
effective Bohr radius can be estimated (from the equation
ag, Where ¢ is the dielectric constant of the

&
material and ag is the Bohrradius) tobe aj ~1.9 nmin ZnO,
using an effective mass of m}, = 0.24 m, (m,, is the mass of
the free electron) and adielectricconstant e = 8.66 for wurtzite
ZnO [1]. Thus, it is possible to estimate the critical carrier
concentration at which the MIT occurto be nc=2.3-108 cnr
8. However, this represents only a rough estimation of the
critical carrier concentration. Indeed, it has been shown that
the dielectric constant value can be strongly influenced by
surface dielectric weakening effects and depends on the ZnO
NW diameter [37]. Consideringadielectric constantof e = 3.5
for a ZnO NW with diameter of 150 nm (extrapolated from
Fig. 4 of ref.[37]), the effective Bohrradius and critical carrier
concentration can be calculatedto be ay ~0.8 nmandnc~3.0
- 101 cm3, respectively. Note that the estimation of the Bohr

agp =
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Figure 3. (a) Arrhenius plot of conductivity versus reciprocal temperature for the single ZnO NW and (b) schematic representation of the

band structure.

radius in ZnO can exclude the change of the electronic
structure of the material due to quantum confinement effects,
beingthe diameter of the NW about two orders of magnitude
larger than the calculated Bohr radius

As recentlydiscussed by Chungetal.[38], the investigation
of the metal-to-insulator transition is usually accompanied by
structural phase change of the involved material that makes
difficult a disentanglement of electronic and structural effects
underlayingthe transition events. However, structural changes
of the wurtzite crystalline structure of the ZnO NW can be
safely excluded in our case, since the temperature range
adopted for electrical measurements is well below the
synthesis temperature (650°C) of these nanostructures. As far
as we know, metal-to-insulator transition in natively doped
single ZnO NWs was previously reported only below room
temperature or by applying external stimuli such as
illumination. Indeed, a metal-to-insulator transition in single
ZnO NWs was reported by Modepalli et al. [25] at about 250
K, while Chang et al. [26] observed a transition temperature
of about 210 K but only after continuous UV irradiation for
enhancing the charge carrier density through photoexcitation.
An UV induced transition was reported also in case of single
Ga-doped ZnO NW [39] and SnO; nanobelt [40].

3.3 Charge density and mobility

In order to thoroughly investigate the electronic properties
of these nanostructures, field effect measurements in NW-
FET configuration were performed. Ips versus Vps curves
acquired in vacuumat roomtemperature for different gate bias
voltages exhibited good linearity over a large gate bias range
(+50/-50 V) (Fig. 4a). In addition, Ips versus Ves curves
(transconductance curves) for different drain-source bias are

reported in Fig. 4b. Both Ips-Vbs and Ips-Ves curves evidenced
atypical n-type FET behaviour,showingadecrease of the NW
conductance by decreasing the gate bias voltage. Note that the
annealing step before measurements is crucial since adsorbed
species were observed to have a strong impact on the
electrostatic gating effect (Supplementary material S3).

The dependence of the transconductance behaviour on
temperature was investigated in therange 360 K - 81.6 K
(Fig. 4c). From transconductance measurements it was
possible to estimate charge carrier density and mobility.
Charge density (n) in the channel was extrapolated according

to the equation [8]:
- CawVen
~ qnr?L (3)
where gate capacitance (Cnw) was estimated (assuming a

cylinder-on-plate model) from the relation [41]:
2T EYE, L

cosh™! (Hrﬂ) “)

and Vw was the threshold voltage (calculated by linear
interpolation of the Ips versus Ves curve and 1=0), g is the
fundamental charge, r is the NW radius (r = 73 nm), L is the
distance between electrodes (L = 350 nm), & the vacuum
permittivity, er was the relative permittivity of SiOz (er =3.9)
while dox is the gate oxide thickness (dex = 500 nm). Mobility
was estimated according to the following relation [41]:
_dlsp L2
Nm - Cnw Vps ©)
Charge density and mobility as a function of temperature are
reported in Fig. 5a and b, respectively.
A carrier density of about 5.8 -10'8 cm- was estimated at
roomtemperature. Consideringthe charge density dependence
on temperature, it can be noticed that the ZnO NW exhibited

Cnw =
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Figure 4. Field-effect measurements. (a) Ips versus Vg curves for different back gate voltage bias and (b) transconductance curves (I
versus Vg curves) acquired for different drain-source bias; measurements were performed at a fixed temperature of 300 K; (c)
transconductance curves acquired in the temperature range 81.6 K — 360 K with a constant Vpgof 200 mV.
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Figure 5. Arrhenius plot of a) charge density and b) field effect mobility as a function of temperature; c) field effect mobility as a function
of charge density where the color of scattered points represents the temperature.

an exponential behaviour versus reciprocal temperature
(n a e~ Faa/kT ) below 250 K, where the activation energy
Ea1 was calculated to be (36.9 £ 1.3) meV from the best fit.
This value of activation energy is in good agreement with the
previously reported activation energy Ei related to the energy
required foranelectronto be promoted fromthe Dband to the
conductionband, while an estimation of the activation energy
Ez is hampered in this experimental configuration. This value
of activation energy was extrapolated from measurementsthat
are completely independent from previously discussed 1-V-T
measurements, confirming the consistency of experimental
results.

In case of carrier mobility, a maximum value of about4.9
cm? V-1s1 was measured at 81.6 K. Increasing temperature,
the mobility decreased and reached a minimum of about 1.7
cm? V-1s-1in the range 200 K- 250 K. Further increasing the
temperature over about 250 K, the mobility started again to
increase and reached a value of about 3.3 cm? V-1s1at 360 K.

The relationship between mobility and carrier density is
presentedinFig.5c, whereitis possible to notice that mobility
decreases as the carrier concentration increase. However,
when the carrier concentration reaches the value of about
6-1018 cm2 the conductivity dependence on temperature can
be mainly attributed to the increase of the electron mobility
rather than an increase of the carrier density that remained
nearly constant by increasing temperature.

It hasto be remarked that the charge concentration in the
range of 5-7-108 cm-3 observed for temperatures just below
the critical temperature fall qualitatively in therange of critical
carrier concentration required for the MIT transition, as
previously discussed. Also, the not clear dependence on
temperature of carrier density by approaching the MIT critical
temperature can be tentatively attributable to a nearly
complete ionization of donor impurities, even if this aspect
still needs further investigation.
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3. Conclusion

In conclusion, we have investigated the metal-insulator
transition and electronic transport in single crystalline ZnO
NWs grown by CVD and characterized by high crystal quality.
As revealed by temperature-dependent electrical
measurements, in the temperature range 81.7 K-250 K the
electronic transport can be well described by means of a two
thermally activated conduction mechanism. Interestingly, it
was reported that it is possible to tune the electrical behavior
of these nanostructures from semiconducting to metallic as a
function of temperature. The crossover temperature of the
metal-to-insulator transition was observed to be ~365 K.
Field-effect measurements revealed that the peculiar
electronic properties of the ZnO NWs are attributable to the
high intrinsic n-type doping of these nanostructures where the
carrier concentration was estimated to be 5.8 -108 cm at
room temperature, just below the critical carrier concentration
for the metal-to-insulator transition.
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