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Fig. 2 DOS of (a) un-doped ZnO wire, (b) IZO wire, configuration 1, (c)

IZO wire, configuration 2, (d) IZO bulk. Dashed vertical lines identify the

Fermi level of each metallic system. Zero energy reference is set to the

valence band top of un-doped hosts.

in Figure 1b. In both cases, the inclusion of the dopant does not
perturb the crystalline order of the ZnO host, in agreement with
what observed for the 3D bulk phases. This is a first fundamen-
tal result as the dopability of the nanostructures is a well-known
challenge.40,41 Due to the high surface-to-bulk ratio and the high
reactivity of uncapped nanostructures, deriving from the abun-
dance of frustrated bonds, the inclusion of dopants may indeed
cause strong geometrical deformations that destabilize the struc-
ture and/or destroys the bond properties of the material under-
/over-coordinating the atoms the host. This generally introduces
trap states in the gap that are detrimental for the optical and
transport properties of system. Thus, the structural stability of
IZO nanowires is a fundamental prerequisite for the applications
described above.

The DOS plots of IZO wires are displayed in panel (b) and (c)

Table 1 Energy differences(∆E1 and ∆E2), effective mass (m∗
e ), plasma

frequency (ωp), free electron concentration (ne) and optical gap (E
opt
g ) for

undoped/doped nanowires and bulk. Bandstructure paramters ∆E1 and

∆E2 refer to Figure 2.

∆E1 (eV) ∆E2 (eV) m∗
e/m0 ωp (eV) ne (cm−3) Eopt

g

ZnO(wire) 3.23 - 0.34 - - 3.23
IZO(1) 2.94 0.67 0.38 0.64 1.1×10

20 3.85
IZO(2) 2.61 0.39 0.66 0.34 5.3×10

19 3.38
ZnO(bulk) 3.10 - 0.29 - - 3.10
IZO(bulk) 3.13 0.80 0.29 1.24 3.1×10

20 4.07

of Figure 2, respectively; panel (d) shows the DOS for the 3D IZO
bulk, in the wurtzite structure, included for comparison. From
Figure 2 it is evident that the DOS of the doped and undoped
wires are qualitatively very similar to the 3D case, and the orig-
inal bandgap of ZnO (∆E1) is easily recognizable in all systems.
However, while the presence of In in the 3D bulk does not change
the shape and the curvature of the conduction band minimum,
band modifications are more pronounced in 1D systems.

This is also reflected by the the small but not-negligible differ-
ences induced by doping in the ∆E1 values (Table 1) for the wires,
which accounts for a reduction of the internal ionicity, due to the
presence of the In atoms. The inclusion of the dopant causes
a decrease of the original ZnO gap (∆E1), which partially com-
pensates the gap opening induced by quantum confinement. IZO
wires further exhibit a flattening of the lowest conduction band,
which corresponds to an increase of the electron effective masses
m∗

e (Table 1). This effect is larger in the case of surface dopant
(2), whose effective mass is almost twice the one of bulk-like de-
fects (1).

For all IZO systems (wires and bulk), no defect states appear in
the gap: Indium donates its 5p electron to the ZnO host, shifting
the Fermi level into the original conduction band of ZnO. How-
ever, the amount of free electron charge injected in the ZnO ma-
trix depends on the system. In order to quantify this effect, we
defined the index ∆E2, which is the energy difference between the
Fermi level of IZO and the conduction band minimum of ZnO, as
shown in Figure 2. The deeper the Fermi level is shifted into the
conduction band (i.e. larger ∆E2), the larger is the charge injec-
tion. The best defect-to-host electron transfer is for IZO bulk (Ta-
ble 1), followed by IZO(1) and IZO(2), whose ∆E2 is reduced by
∼ 50%, with respect to the bulk case. We can thus conclude that
In-doping imparts a n-type conductive character to ZnO wires,
while the details of the electronic properties depend on the spe-
cific doping site: the inner site (1), thanks to the optimal coor-
dination with the next-neighbor oxygen atoms, displays a very
good charge delocalization, very similar to the 3D case. On the
contrary, the undercoordinated In-atom on the surface (IZO(2))
favors a charge localization around the defect site and a reduction
of the available free conduction charge. This is confirmed also by
a residual magnetism for IZO(2) system, not detected in the other
cases.

By using a semiclassical Drude-Lorentz model, based on inde-
pendent particle band-to-band transitions, we calculated the com-
plex dielectric function ε̂ = ε1 + iε2 and the corresponding elec-
tron energy loss (EEL) function L(ω) = Im{−1/ε̂}. The spectral
plots for the real and imaginary part of the dielectric function
are shown in ESI (Figure S5). The results confirm that the un-
doped wire exhibits the typical features of a wide bandgap semi-
conductor. The inclusion of Indium imparts a metallic behavior
in the infrared (i.e. negative ε1), while it induces a blue-shift of
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Fig. 3 EELS spectra of (a) un-doped ZnO wire, (b) IZO wire,

configuration 1, (c) IZO wire, configuration 2, (d) IZO bulk.

the absorption edge in the UV-range, which preserves the trans-
parency of the doped systems. The transparency in the visible
range along with the electrical n-type characteristics confirms the
TCO behavior displayed by both wire and bulk IZO compounds.
The demonstration of TCO-like properties for the wire systems is
a particularly important result, as low-dimensional TCO materi-
als may be exploited as transparent contacts in a large range of
optoelectronic nanostructured devices.

Figure 3 shows the EEL spectra for the IZO materials. When
ε1 = 0 and ε2 ≪ 1, the loss function has a peak, corresponding to
the plasma frequency ωp of the system (Table 1). As the plasma
frequency lies in the near-IR for both wires and bulk, while the
absorption energy is the UV, we expect a drastic reduction of the
energy losses due to interband transitions in the NIR-vis operat-
ing range, the one with the maximum sunlight power distribu-
tion. This would optimize the conversion of the incoming radia-
tion into thermal energy through the excitation/de-excitation of
plasmon resonances, and minimize the energy dissipation via ab-
sorption/emission radiative processes.

In agreement with the analysis of the electronic structure, we
identify some numerical differences in the energy position ωp,
despite the fact that three systems have the same formal doping
level. This can be directly related to the amount of injected free
electron charge. Starting from the definition of the plasma fre-

quency ωp =
√

e2ne

ε0m∗
e

(where e is the electron charge, ε0 the dielec-
tric permittivity of vacuum and m∗

e the electron effective mass),
we extracted the free electron density ne. Consistently with the
DOS results presented above, configuration (2) presents lower
available charge than configuration (1) and IZO bulk. The result-
ing values for the IZO wires are however larger than the empirical
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Fig. 4 Electron transmittance for (a) un-doped ZnO wire, (b) IZO wire,

configuration 1, (c) IZO wire, configuration 2. (d) Phonon thermal

transmittance for un-doped ZnO wire.

lower concentration (1019 cm−3), required to sustain a plasma
excitation.

The interface between IZO wires and vacuum can be con-
sidered as the simplest metal/dielectric interface, along which
it is possible to excite a surface-plasmon polariton. As in our
simulation we explicitly take into account the effect of the sur-
face/vacuum interface, the calculated ωp can be directly as-
sumed as the frequency of the surface plasmon polariton ωspp.
Notably, the ideal SPP frequency obtained from the expression
ωspp = ω

bulk
p /

√
2 = 0.88 eV is only slightly larger than the value

directly obtained from IZO wire (Table 1). This difference ac-
counts for the confinement effect acting on the true 1D systems
and absent in bulk calculations.

We can conclude that In-doped ZnO nanowires act as 1D TCO
materials that can be exploited as low loss plasmonic elements
in the near-IR and visible range. Thus, they are very promising
candidates to realize a plasmon heater, i.e. converting the solar
light into thermal radiation through the excitation/de-excitation
of a SPP along the wire.

2.2 Transport properties

For ultrasmall nanowires, as the ones we are considering here, the
scattering contributions with the boundaries, due to extremely
high surface-to-volume ratio, are the predominant effects that af-
fect both electron and thermal transport.42,43 Thus, the coherent
regime is a good first approximation for the description of trans-
port in a large range of temperature, almost up to room temper-
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ature. For larger diameter wires or for very high temperature,
the transport becomes rather diffusive and dissipative scattering
terms (e.g. el-el, el-ph, ph-ph) should be carefully included.

We simulated both electron and thermal coherent transport
along ZnO nanowires by using the WanT code,44 which exploits
the complete energy band structures and phonon dispersions to
solve an extended Landauer problem, within a real-space Green’s
function framework. This approach allows us to directly link the
transport properties (e.g. quantum conductance and I/V charac-
teristics) to the dimensionality, and atomistic structure of the sys-
tem. The method holds for a generic two-terminal open device
(Left-lead/Conductor/Right-lead). We here focus on the intrinsic
conduction properties of the wires that are the theoretical pre-
requisite for any further two-terminal device simulation. This is
easily done considering the two external leads made of the same
material of the conductor (i.e. the ZnO wire). We refer to orig-
inal papers45–48 for the complete description of the theory and
the code implementation.

In the Landauer approach, a key quantity to be calculated is
the quantum transmittance, which represents the probability that
a carrier (either electrons or phonons) may cross the conductor
at a certain energy. The electron (Tel) and phonon (Tph) trans-
mittance plots are shown in panels (a-c) and (d) of Figure 4,
respectively (see ESI for further details). The electronic contri-
butions have been explicitly evaluated for the ZnO and the two
IZO wires under investigation. In the case of thermal transport,
as the In-substitution only slightly perturbs the atomic structure,
we calculated the Tph function only for the undoped ZnO wire,
assuming negligible the effect of Indium. In order to prove this
statement, we checked a posteriori that the vibrational properties
and, thus, the thermal transport were not changed, when the in-
clusion of In was considered in the mass defect approximation.49

All the spectra in Figure 4 have a step-like behavior typical of
periodic systems. In the absence of external leads, at a given value
of energy (wavenumber), the quantum transmittance is constant
and proportional to the number of transmitting channels avail-
able for charge (phonon) mobility, which are equal to the number
of conducting bands at the same energy (see also Fig. S6, ESI).
The electron quantum transmittance in particular well describes
the electron donor effect due to doping, along with the quantita-
tive differences in the position of the Fermi level between internal
and external doping sites.

Although in periodic systems there is a direct correlation be-
tween transmittance and band structure, not all the states con-
tribute to transport. This is particularly important in the case
of thermal transport, that should be as low as possible in or-
der maximize the thermoelectric response of the system. In or-
der to understand the features of the thermal conductance, we
have carried out a microscopic analysis of the transmittance in
terms of the most relevant contribution from the vibrational nor-

Fig. 5 (a) Phonon density of states of ZnO bulk (shaded area) and wire

(thick line). Top (left) and side (right) view of atomic displacement of

selected phonon modes at (b) 99.6 cm−1 (surf-transverse mode) and (c)

88.2 cm−1 (core-longitudinal mode).

mal modes. The phonon DOS of the ZnO wire is shown in Figure
5a, along with the corresponding bulk one, taken as a reference.
Following the irreducible representation of the wurtzite symme-
try group C6v, the phonon modes of ZnO bulk can be classified
as Γ = 2A1 +2B1 +2E1 +2E2. One low energy A1 and one double
E1 modes correspond to the transverse and longitudinal acoustic
branches, while the others are optical modes.

In the nanowire, the presence of the surface breaks the atom
equivalence of the bulk, introducing new phonon modes. This re-
sults in the spread of optical phonon branch at about ∼ 350−430

and at 600-700 cm−1 and in a general redistribution of the spec-
tral weight in the entire wavenumber range, in agreement with
Raman experimental data.50 The rotational invariance along the
wire axis gives rise to a fourth zero-frequency mode at q=0. This
can be directly detected in the transmittance, which is Tph = 4, in
the zero-frequency limit. From the analysis of the single phonon
displacements we can also distinguish between core-longitudinal

and surf-transverse modes. The former contribute to coherent
thermal transport, the latter do not transmit along the wire. Two
representative phonon modes are displayed in panels (b, c) of
Figure 5. It is evident that the surface acts as an extended scat-
tering defect that blocks part of the phonon modes. This is par-
ticularly true for ultrathin nanowires, where the ratio between
surface and core modes is very high. The phonon component of
the thermal conductance (Kph), resulting from the integration of
the corresponding thermal transmittance Tph (see Fig. S6, ESI)
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green energy conversion.

4 METHODS

Ground state structural and electronic structure optimization is
carried out by using total-energy-and-forces approaches, based on
Density Functional Theory (DFT); as implemented in the QUAN-
TUM ESPRESSO suite of codes.54 Single particle wavefuctions
(charge) are expanded in a planewave basis set, up to an en-
ergy cutoff of 28 Ry (280 Ry). Atomic potentials for each chem-
ical specie are described by Vanderbilt like ultrasoft psudopoten-
tials;55 Zn 3d and In 4d electrons are explicitly included in the
valence shell.

The pathological underestimation of the ZnO bandgap (char-
acteristic of the standard DFT semi-local approaches) is corrected
by using the newly developed ACBN0 functional.33 ACBN0 is a
pseudo-hybrid Hubbard density functional that is a fast, accurate
and parameter-free extension of traditional DFT+U that has been
proved to correct both the band gap and the relative position of
the different bands in transition metal compounds, in particular
the ones deriving from the d orbitals of transition metal atoms.
Within ACBN0, the values of U and J are functionals of the elec-
tron density and depend directly on the chemical environment
and crystalline field, thus providing a direct way of computing
the Hubbard corrections for any individual atom in any local en-
vironment. ACBN0 self-consistent U values are 12.8 eV 5.29 eV
for the 3d orbitals of zinc and 2p orbitals of oxygen, respectively,
in perfect agreement with previous parameters reported by Cal-
zolari et al.34 (U3d = 12.0, U2p = 6.5 eV) and Ma et al.56 (U3d

= 10,U2p = 7 eV), both of which were found by a fitting proce-
dure to reproduce the experimental bandgap and position of the
3d bands.

ZnO nanowires are simulated by using periodically repeated or-
thorhombic supercells (108 atoms). Parallel replica are separated
by ∼12Å of vacuum in the directions perpendicular to the wire
axis. IZO wires are obtained substituting one Zn atom with an In
one in different positions (see Figure 1), this corresponds to for-
mal doping of ∼ 1.0%. 10 k-points along wire directions are used
to sample the 1D Brillouin Zone (BZ). 3D IZO bulk is simulated
by using a hexagonal (3×3×3) ZnO supercell, also including 108
atoms; i.e. corresponding to the same doping value. In this case,
a (6×6×6) k-point mesh is used for the BZ sampling. All struc-
tures were relaxed until forces on all atoms were lower than 0.03
eV/Å.

The complex dielectric function ε̂ is calculated in the inde-
pendent particle approximation, using the code epsilon.x, also
included in the QUANTUM ESPRESSO suite. The code imple-
ments a band-to-band formulation of the Drude-Lorentz model
for solids.57,58 The complete theoretical treatment and the accu-
racy tests for the case of Al-doped ZnO system can be found in
Ref.18. In this case DFT calculations are performed employing

norm conserving pseudopotentials with an energy cutoff of 100
Ry. Once the complete dielectric function is known, the electron
energy loss function can be easily obtained as L(ω) = Im{−1/ε̂}.

Electronic and thermal coherent transport characteristics are
simulated by using the WanT package44, which provides a uni-
fied real-space implementation of the Landauer theory based
on Green’s function technique,45,59 for both electron46 and
phonon48 carriers. Real space electronic hamiltonian is obtained
from the DFT calculation through a pseudo-atomic projection
procedure, as described in Ref.47. Phonon spectrum and Inter-
atomic Force Constant (IFC) matrix are simulated with a joint
finite-differences/finite-fields approach, also implemented in the
QUANTUM ESPRESSO /package.60 For the calculation of phonon
modes we considered a (3× 1× 1) orthorhombic supercell (324
atoms) and we calculated forces (i.e. IFC) displacing only 108
atoms in primitive cell along the three spatial directions. This
corresponds to a set of 324 DFT calculations.
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