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We investigated the effect of embedded Au nanoparticles (Au NPs) on electrical properties of zinc
oxide (ZnO) for highly conductive oxide semiconductor. Au NPs in ZnO films influenced both the
structural and electrical properties of the mixture films. The electrical resistivity decreases by as
much as five orders of magnitude. This is explained by the electron emission from Au NPs to the
ZnO matrix. Temperature-dependent Hall effect measurements show that an electron emission
mechanism changes from tunneling to thermionic emission at T = 180 K. The electron mobility in
the mixture film is mainly limited by the grain boundaries at lower temperature (80-180 K), and the
Au/ZnO heterogeneous interface at higher temperature (180-340K). In addition to the electron
emission, embedded Au NPs alter the ZnO matrix microstructure and improve the electron
mobility. Compared to the undoped ZnO film, the carrier concentration of the Au NP-embedded
ZnO film can be increased by as much as six orders of magnitude with a small change in the
carrier mobility. This result suggests a way to circumvent the inherent tradeoff between the
carrier concentration and the carrier mobility in transparent conductive oxide (TCO) materials.

© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4870648]

ZnO is an abundant TCO material that possesses good
electric and optical properties. These advantages promote ZnO
as an attractive choice for many industrial applications includ-
ing photovoltaics, luminescent displays, and thin film transis-
tors. In order to reduce electric conductivity by increasing
carrier concentration, IIIA dopants such as Al,l_5 Ga,f’_8 and
In,”~'? have been incorporated into the ZnO lattice using sev-
eral physical or chemical methods. In those studies of doped
ZnO films, the carrier concentration reaches the range of
10"9-10%° cm73, the carrier mobility, however, is below
30cm?/V's. An inherent problem in these highly doped ZnO
films is that: increasing the dopant level for high carrier con-
centration lead to an increase in the point defect density,"?
which could also serve as scattering centers for electrons.
Since electron mobility of those doped ZnO films is mainly
determined by point defects (ionized impurities) and extended
defects (grain boundaries), highly doped ZnO with dense point
defects exhibits low electron mobility.'*'> This indicates a
tradeoff between the carrier concentration and carrier mobility
for those highly conductive ZnO films. To avoid this inherent
problem, a sandwich-like structure of ZnO/metal/ZnO films
have exhibited low resistivity when a metal mid-layer was
inserted in the ZnO film.'*™'® Although previous studies sug-
gest that this metal constituent within ZnO film can increase
the carrier concentration of the ZnO matrix, the carrier mobil-
ity was confined within 10 cm?/V s. It has been speculated that
the nanostructured metal donates electrons to the ZnO matrix,
but the surface of the metal constituent works as a new scatter-
ing center. However, a systematic analysis of a carrier trans-
port mechanism in nanostructured metal-ZnO heterogeneous
films have not been performed to date, and a way to mitigate
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the effect of the metal NP scattering on the carrier mobility of
ZnO0 has not been reported.

In this study, temperature-dependent Hall effect meas-
urements were employed to investigate electron injection
and scattering in Au NP-embedded ZnO films. Au nanopar-
ticles (NPs) were chosen because they have an excellent
thermal stability that most metals do not possess.'” The
measurements provide an important clue as to the electron
emission and transport mechanisms in Au NP embedded
ZnO film. Our results demonstrate that Au NPs donate elec-
trons into the ZnO matrix through the tunneling or thermi-
onic emission. In this case, the highly crystalline ZnO matrix
serves as a good transporting path that allows high electron
mobility without the hindrance of scattering at point defects.

A stock solution for the sol-gel coating was composed
of zinc acetate dihydrate dissolved in 2-methoxyethanol plus
monoethanolamine (MEA) as a stabilizer. The solution was
aged for 1 day at room temperature. ZnO thin films were
spin-coated at a rate of 3000 rpm on surface-oxidized silicon
substrates. The coating was repeated until the desired
thickness is achieved. An e-beam evaporated Au mid-layer
was then deposited on the ZnO bottom layer with the thick-
ness controlled at 3, 5, 7, and 10nm. Finally, the capping
ZnO layer was spin-coated in the same way as mentioned.
The samples were labeled as ZnO/ZnO (control sample
without Au layer), ZnO/Au-3nm, ZnO/Au-5nm, ZnO/Au-
7 nm, and ZnO/Au-10 nm. After coating, mixture films were
placed in a tube furnace and thermally annealed at 500 °C in
the N, atmosphere to convert the Au mid-layer into Au NPs
embedded in ZnO films. The structural characterization
was analyzed by X-ray diffraction (XRD, X’pert
Diffractometer, Philips) at glancing angle with Cu-Ko radia-
tion of 2=0.154nm. A cross-sectional view of Au NP
embedded ZnO films was analyzed by transmission electron

© 2014 AIP Publishing LLC
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FIG. 1. XRD patterns of ZnO films with different thickness of the Au mid-
layer (0, 3, 5, 7, and 10nm). The insets show the intensity of the Au (111)
diffraction peaks.

microscopy (TEM, JEM-2100F, JEOL). Temperature-
dependent electrical properties of Au NP-embedded
ZnO films were characterized via the Hall effect measure-
ments with the Van der Pauw configuration (HMS-5000,
Ecopia). During the measurements, a magnetic field of
0.5T was applied to samples. The optical properties were
analyzed by  UV-Vis  spectrometer  (Lambda35,
PerkinElmer).

Crystallographic structures of Au NP-embedded ZnO
films are analyzed using XRD at glancing angle shown in
Figure 1. ZnO/ZnO film exhibited typical hexagonal structure
with a random orientation. However, as the initial Au mid-
layer thickness increases the ZnO (002) peak intensity gradu-
ally rises to prominence with the Au (111) diffraction peak
(see insets). This preferential growth is due to similar lattice
parameters between ZnO (002) and Au (11 1).2° It is notewor-
thy that the textured structure of semiconductor films is
known to reduce the grain boundary scattering and enhance
the carrier mobility consequently. An average Au NP crystal-
lite sizes of ZnO/Au-3 nm, ZnO/Au-5 nm, ZnO/Au-7 nm, and
7ZnO/Au-10nm films are calculated as 21.00, 21.04, 18.40,

ZnO/Au/ZnO
ZnO/Au/ZnO

Count (arb. unit)

(a)
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18.42 nm according to the full-width at half maximum of Au
(111) by Scherrer’s formula. The similar crystallite size of all
samples indicates that: an increase in the Au mid-layer thick-
ness of the mixture films mainly changes the Au NP popula-
tion density instead of the Au NP crystallite size.

The cross-sectional TEM image of the mixture films is
shown in Figure 2. The total thickness of the mixture film is
about 80 nm. Bright field images and backscattered electron
images provide clear evidence of the Au NPs that are embed-
ded in ZnO film. The size of the Au NPs in TEM images
ranges from 15 nm to 30 nm, which agrees with the crystallite
size calculated from XRD patterns. Elemental distribution
mapping was performed by energy-dispersive spectroscopy
(EDS). Au is found only near the center of the films, which
suggests that those NPs are embedded in the ZnO matrix.

Electrical properties of Au NP embedded ZnO films as
well as ZnO/ZnO and Au films are characterized by measuring
the Hall effect. The temperature-dependent resistivity depicted
in Figure 3(a) shows that Au NPs inside ZnO matrix brings a
significant decreases in the electrical resistivity. For instance,
when the initial Au mid-layer thickness reaches 10 nm, the re-
sistivity of the film mixture is almost five orders of magnitude
smaller than that of the ZnO/ZnO film at room temperature.
The temperature dependence on resistivity for our mixture
films is much stronger than that of the Au film. That gives a
clue that the electric conduction mechanism involved in the
mixture films is independent with that of the bulky metallic
film, which is associated with the phonon scattering.
Additionally, the mixture films demonstrate different tempera-
ture dependence as compared with the ZnO/ZnO film as well.

Furthermore, Figure 3(b) shows that a large decrease in
the resistivity of mixture films is due to an increase in electron
concentration. When Au NPs are embedded, the carrier con-
centration can be increased with the elevated temperature. The
Arrhenius slopes (the carrier concentration vs. 1/T curves) of
7ZnO/Au-3nm, ZnO/Au-5nm, ZnO/Au-7nm, and ZnO/Au-
10nm films are similar, regardless of the Au mid-layer thick-
ness. Arrhenius plots indicate that free electrons of our mixture
films have physical origin different either from Au or
Zn0O/Zn0O films. A few recent studies on metal NP-embedded
TCO films suggested that electrons can be emitted from metal
NPs to the oxide matrix,'” but the activation energy of the
emission process was not experimentally presented. A work
function of Au (~5.1¢V) is slightly larger than that of undoped
ZnO (4.6eV—4.9¢eV) and the Schottky barrier is formed at the
Au-ZnO interface in Au NP-embedded ZnO films. Hence,

FIG. 2. TEM images of the ZnO/Au-
Snm; (a) bright field image of ZnO/

Au/ZnO film deposited on SiO,/Si sub-
Au IL strate, (b) high-angle annular dark-field
\! (HAADF) image of the same film at
Zno higher magnification, and (c) the ele-
mental distribution of the same film
along the yellow line measured from
o the EDS analysis.
Location
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electron emission from the Au NP to the ZnO matrix needs to
overcome the Schottky barrier at the Au-ZnO interface. The
Arrhenius slope in Figure 3(b) shows that the activation energy
for free electron generation is about 188 meV for all Au NP-
embedded ZnO films at T > 180K. The activation energy of
188 meV is the height of Schottky barrier at Au-ZnO interface,
which quantitatively corresponds to a difference in the work
functions between Au and ZnO. This reveals that the high elec-
tron concentration of the Au NP-embedded ZnO film is attrib-
uted to the thermionic emission of electrons from Au NPs to
ZnO matrix. However, when the temperature is lower than
180K, energetic barrier heights decrease to 40-50 meV. This
energetic barrier change indicates that the thermionic emission
at the Au-ZnO interface is no longer the primary carrier emis-
sion mechanism in the low temperature regime. Due to the low
thermal energy of free electrons in Au NPs at low temperature,
the thermionic emission probability becomes negligible.
Instead, electrons in Au NPs cross through the interface barrier
via tunneling, which reduces the activation energy for the elec-
tron emission.?" It is noted that all samples show similar activa-
tion energies originating from the same mechanism, regardless
of the initial Au mid-layer thickness. Given that the initial Au
mid-layer only influences the Au NP population density, the
similar activation energies of all samples suggest that more
electrons can go across the Au-ZnO interface in the mixture
film with the thicker initial Au mid-layer.

The electron transport is limited by several possible scat-
tering mechanisms such as grain boundaries, ionized impur-
ities, phonons and extended defects (dislocations or stacking
faults), and neutral centers.”? In an undoped ZnO film, the
grain boundary scattering is dominant over other scattering
mechanisms.***** The temperature-dependent electron mobil-
ity of the Au NP-embedded ZnO film is shown in Figure 3(c).
In a low temperature region (80-180K), the slopes in

mobility vs. 1/T curves of Au NP-embedded and ZnO/ZnO
films are very similar, which means that the electron mobility
is determined by the grain boundary scattering. The mobility
of ZnO/Au-10nm film is larger than that of ZnO/Au-3 nm
film due to the better textured structure (see Figure 1).

However, as the temperature exceeds 180 K, the slope in
mobility vs. 1/T curves of mixture films is several times
larger than that of the pure ZnO. Hence, the electron mobil-
ity of mixture films is significantly lower than that of the
ZnO/ZnO film. To examine the effect of Au-ZnO interface
on the carrier scattering at T > 180 K, we changed the thick-
nesses of ZnO films.

Figure 4 shows the temperature dependence of the car-
rier concentration and carrier mobility in Au NP-embedded
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FIG. 4. Temperature-dependent carrier concentration and carrier mobility of
Au NP added ZnO films with varied ZnO layer thicknesses. The solid square
and circle refer to the carrier concentration, and the hollow square and circle
present the carrier mobility (the initial Au layer thickness is 10 nm for every
sample).
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ZnO films with total thicknesses of 80nm and 160 nm. In
both films, the initial Au mid-layer thickness is fixed at
10nm. Both films exhibit very similar carrier mobility at
T < 180K. When the temperature exceeds 180K, the elec-
tron mobility of the 160nm thick film is much larger than
that of the 80nm thick film. A large mobility difference
between these two mixture films at room temperature dem-
onstrates that the electron scattering centers in Au NP em-
bedded ZnO at T > 180K are not grain boundaries or other
intrinsic defects in the ZnO matrix. Given that the increase
in the ZnO layer thickness reduces the Au-ZnO interface
area per unit volume, electrons scattering in the mixture
film at room temperature is attributed to the presence of the
Au-ZnO interface. The electron mobility of 160nm thick
ZnO/Au-10nm film with a carrier concentration of
2.2 %10 ecm ™ is increased to 47 cm?/Vs. Compared with
the ZnO/ZnO film (n=3.0 x 10"*cm ™, p=70cm?/Vs), the
carrier concentration of Au NP embedded ZnO film becomes
six orders of the magnitude larger, but the mobility of Au NP
embedded ZnO film decreases by only 23%. The results in
this study shows that the carrier concentration and mobility
of the mixture films can be independently controlled without
the hindrance of the ionized impurity scattering that inher-
ently exists in highly doped ZnO films.

We also measured the optical properties of the films.
The transmittance spectra (not shown) of mixture films range
from 68% to 85% at the wavelength of 500 nm, depending
on the amount of Au NPs. As the initial Au layer thickness
increases, the transmittance of the film decreases. In compar-
ison, the ZnO/ZnO film exhibits the transmittance of 93%
for light with the same wavelength (500 nm).

In summary, electrical properties of Au NP embedded
ZnO films are examined systematically. An increase in the
thickness of the initial Au mid-layer in the mixture film
increases the density of Au NPs instead of their size. The
free electron concentration of Au NP embedded ZnO films is
dramatically increased due to the electron emission from Au
NPs to the ZnO matrix. At T > 180K, Au NP electrons are
thermally emitted across the Schottky barrier at the An-ZnO
interface, where the energetic height is approximately
188 meV. In the lower temperature region (T =80-180K),
Au NPs donate electrons to the ZnO matrix through tunnel-
ing phenomena. A relatively small change in the carrier mo-
bility between ZnO/ZnO film and ZnO/Au-10 nm film shows
that the ZnO matrix provides a good electron transport path

Appl. Phys. Lett. 104, 142102 (2014)

for electrons that are emitted from Au NPs. This result offers
a design rule for highly conductive TCO that is free from the
traditional tradeoff between the carrier concentration and the
carrier mobility.
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