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ABSTRACT: A trade-off between the carrier concentration and carrier mobility is
an inherent problem of traditional transparent conducting oxide (TCO) films. In this
study, we demonstrate that the electron concentration of TCO films can be increased
without deteriorating the carrier mobility by embedding Ag nanoparticles (NPs) into
Al-doped ZnO (AZO) films. An increment of Ag NP content up to 0.7 vol % in the
AZO causes the electron concentration rising to 4 × 1020 cm−3. A dependence of the
conductivity on temperature suggests that the energy barrier for the electron
donation from Ag NPs at room temperature is similar to the Schottky barrier height
at the Ag−AZO interface. In spite of an increase in the electron concentration,
embedded Ag NPs do not compromise the carrier mobility at room temperature.
This is evidence showing that this electron donation mechanism by Ag NPs is
different from impurity doping, which produces both electrons and ionized scattering
centers. Instead, an increase in the Fermi energy level of the AZO matrix partially
neutralizes Al impurities, and the carrier mobility of Ag NP embedded AZO film is
slightly increased. The optical transmittance of mixture films with resistivity less than 1 × 10−3 Ω·cm still maintains above 85% in
visible wavelengths. This opens a new paradigm to the design of alternative TCO composite materials which circumvent an
inherent problem of the impurity doping.

KEYWORDS: silver nanoparticle, aluminum-doped ZnO, metal−metal oxide interface, electron transfer,
transparent conducting oxide film

■ INTRODUCTION

Transparent conducting oxides (TCOs) are wide band gap
(>3.0 eV) materials doped with a certain amount of shallow
donors or acceptors. Therefore, they exhibit high electrical
conductivity and excellent optical transparency, which are
required for transparent electrode materials in the field of
optoelectronics. Indium tin oxide (ITO) film is a well-known
TCO, and its sheet resistivity and transmittance can be 2 ×
10−4 Ω·cm and above 80% for the visible light. Although ITO
has such attractive electrical and optical properties, there are
several issues such as the scarcity of elemental indium. Also, the
brittleness of ITO limits its application to polymer substrates
for flexible electronics. These problems have rekindled research
interests on new TCO materials. A common and effective way
to improve the electric conductivity of degenerated semi-
conductors such as TCOs is to increase carrier concentration
by adding more localized shallow donor states.1−9 However, the
heavy doping of impurities results in a trade-off between the
carrier concentration and the electron mobility because charged
impurities work as scattering centers of carriers. Therefore, the
carrier mobility is decreased, and the electric conductivity in

heavily doped TCOs is saturated.10 Moreover, excessively
doped impurities can also form color centers that often reduce
the light transmittance through the TCO film.
To circumvent this correlation between the carrier

concentration, mobility, and the optical transmittance, carrier
doping without adding impurities has been pursued. Cohen and
Barnett proposed a simulated structure originated from the
modulation doping, which consists of two alternating semi-
conducting layers:11,12 the heavily doped layer provides
conducting electrons to the lightly doped layer, where electrons
can travel without the impurity scattering. Although this type of
electron donation predicts the high carrier mobility in the
semiconductor with the high electron concentration, exper-
imental validation has not been fully performed yet. In the past
few years, electrical and optical properties of electron-rich metal
films or nanowire/TCO composite films have been stud-
ied.13−19 Their results indicate that electrons travel only
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through the metal film or the interconnected network of the
nanowires (NWs), which results in the poor carrier mobility of
∼10 cm2 V−1·s−1 due to the scattering at the interface of the
metal constituent and the TCO layer. Moreover, the optical
transmittance of such composite films decreases significantly
down to 60% or lower, as the thickness of the metal layer or the
amount of the nanowires in the composite film increases for
high electric conductivity.20 In terms of electron transport
behavior, the metal NW/TCO composite films are comparable
to the TCO/metal/TCO sandwiched films because their metal
constituents form a percolation path that allows electrons to go
through the metal network. A minimum amount of NWs that
can create the percolation path is 0.5−1.0 vol % in the NW-
based composite system, which depends on the aspect ratio of
the metal nanowires.20,21 On the other hand, we recently
reported the electric properties of ZnO/Au/ZnO multilayer
film grown by e-beam and sol−gel methods. When the Au layer
was thermally annealed to form isolated Au nanoparticles (Au
NPs) in ZnO matrix, the thermionic emission of electrons from
Au NPs to ZnO occurred, and the electron concentration
increased.22 This mechanism is different from the metal
nanowire-based TCOs, where the NWs work as a highway
for electron transport.
In the present study, we demonstrate that metal nano-

particles (NPs) embedded in Al-doped ZnO (AZO) film can
increase the carrier concentration of AZO matrix. Due to a
difficulty in controlling the formation of inherent defects
(oxygen vacancy and zinc interstitials) in pure ZnO, we chose
AZO with a controlled impurity concentration (Al in Zn site)
as a matrix material. A source of n-type conductivity and major
types of defects are well-known in Al-doped ZnO. In this way,
any increments of electron concentrations will be directly
related to the Ag nanoparticles. Ag NPs-AZO film is fabricated
via wet solution method, which offers a better controllability
over the size and the distribution of Ag NPs in the AZO matrix
in comparison with that of physical or chemical vapor
deposition techniques. Because a small amount of well-
distributed Ag NPs is not physically connected, the effect of
the Ag NPs on the conductivity of the TCO matrix is not due
to the percolation of NPs. The increased electric conductivity
of Ag NPs embedded AZO is explained using the electron
donation at Ag−AZO interface where the Schottky barrier
serves as an energetic barrier height.

■ RESULTS AND DISCUSSION
A synthesis of Ag NPs with assistance of cellulose fibers is
illustrated in Figure 1. The size and morphology of Ag NPs
grown on the cellulose fibers were first examined using several

characterization tools. Figures 2a and b show the transmission
electron microscopy (TEM) image of Ag NPs and the particle

size distribution obtained from the TEM image. The particle
size was 21 ± 8.0 nm. In addition, the size distribution of Ag
NPs in the AZO solutions with different amounts of Ag NPs
was measured by dynamic light scattering (DLS). As shown in
Figure 2c, the size of Ag NPs ranges from 5 to 30 nm with an
average of 15 nm regardless of initial Ag concentrations (0.01 ∼
0.05 M) in colloidal solutions. Results of TEM and DLS
analyses indicates that use of cellulose fibers during the
reduction process results in Ag NPs with the uniform size of
15−20 nm. A moderate release of Ag ions from the cellulose
fibers into the reducing media results in slow and uniform
reduction of Ag NPs. The size of Ag NPs was also confirmed
using UV−vis spectroscopy. All Ag NPs solutions synthesized
from precursors with different Ag ion concentrations exhibit a
similar absorption peak sharp surface plasmonic absorption at λ
= 395 nm. Figure 2d shows a characteristic peak of Ag NPs with
the size of about 20 nm.
The compositions of Ag NP added AZO films were

measured by electron probe micro-analyzer (EPMA) and X-

Figure 1. Illustration of the Ag NP synthesis with assistance of cellulose fibers.

Figure 2. (a) TEM image of as-synthesized Ag NPs. (b) Size analysis
of Ag NPs based on the TEM image. (c) Size distribution of Ag
colloids obtained from DLS measurement (initial silver ion
concentration in the solution vary: colloid A, 0.01 M; colloid B, 0.1
M; colloid C, 0.5 M) and (d) UV−vis spectrum of Ag NPs in 2-
methoxyethanol.
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ray photoelectron spectroscopy (XPS) measurements. The
ratio of Ag/Zn ratios obtained from EPMA and XPS were all
converted into the volume ratios (vol %). Ag contents of the
mixture films from EPMA and XPS were fairly consistent
(Table 1). Given that XPS is very sensitive to the film surface

(∼10 nm depth) and EPMA collects signals from the entire
film with 200 nm thickness, the consistency of the two
measurements suggests that the Ag NPs are well-dispersed in
the AZO matrix. The diffusion of Ag to the film surface during
the thermal annealing was not observed in this study. In
addition to the composition, the oxidation state of Ag NPs
embedded in the AZO matrix was examined by XPS. The XPS
analysis was conducted after Ar+ ion sputtering for 10 s in order
to remove undesired native oxide or another contamination
layer on the surface. XPS spectra of the mixture films are shown
in Figure 3. Photoemission peaks of the mixture films are

centered at 368.04 eV in all mixture films with different Ag NP
content. Peak positions are corrected using C 1s peak as an
internal reference. This peak corresponds to the binding energy
(BE) of electrons at Ag 3d5/2 level and shift of BE, which is a
proof of Ag−O bonding was not observed. The XPS analysis
indicates that Ag NPs are in the metallic state even after the
heat treatment. This is because Ag is inert, and AZO matrix
shields Ag NPs from the ambience. Therefore, an oxidation
reaction of Ag NPs is retarded. Surface morphologies of the
thermally annealed mixture films are examined by AFM. As
shown in Figure 4, all mixture films have a similar micro-
structure with the average grain size of ∼50 nm. The surface
roughness of the mixture films characterized by an average root-
mean-square (RMS) value did not show a significant difference
as a function of Ag NP content. This suggests the addition of a
small amount of Ag NPs into AZO film does not influence the
microstructure of the mixture films, and light scattering at the
surface and grain boundary is similar in pure and Ag NP added
AZO films. Grazing-angle X-ray diffractions (GAXRD)

measurements were performed at the incident angle of 0.1°
for pure and Ag NP added AZO films. GAXRD patterns are
represented in Figure S2. All mixture films exhibit the same
peaks that are indexed as wurtzite phase of ZnO. As Ag NP
content increases, (111) peak of cubic Ag appears at 2θ = 44.6°.
These GAXRD results suggest that AZO matrix has the
polycrystalline structure of wurtzite ZnO and that Ag forms
nanoparticles instead being incorporated in the AZO matrix.
Table 1 shows the effect of Ag NP addition on the electric

properties of AZO film at room temperature as a function of Ag
NP content. Measurements were performed in a dark condition
to exclude the possibility of electron emission from surface
plasmonic resonance. Though the resistivity of PLD grown
AZO film can be as low as 3 × 10−4 Ω·cm, the resistivity of
sol−gel grown AZD films is higher than that of PLD grown
ALD film. The addition of Ag NPs decreases the resistivity of
the films. The resistivity of 0.7 vol % Ag NP:AZO film is 20
times smaller than that of pure AZO film. A decrease in the
resistivity of Ag NP:AZO film can be attributed to the increase
in both the electron concentration and the mobility. This result
is intriguingly different from other degenerated semiconductors
(highly doped semiconductors). In general, an increase in the
doping concentration produces not only charge carriers but also
ionized impurities. These ionized impurities work as scattering
centers that reduce the carrier mobility significantly. On the
aspect of the optical transmittance of pure AZO and Ag NP
added AZO films (Figure 5), an increase in the content of Ag
NPs up to 0.7 vol % does not change the transmittance of the

Table 1. Electrical Resistivity of Mixture Films with Regard
to the Ag Content

sample
Ag content by EPMA

(vol %)
Ag content by XPS

(vol %)
resistivity (Ω·

cm)

AZO 1.85 × 10−2

A 0.07 0.14 8.62 × 10−3

B 0.35 0.37 2.72 × 10−3

C 0.70 0.68 9.60 × 10−4

pure
ZnO

8.2 × 10−1

D 0.70 0.72 1.56 × 10−3

Figure 3. Chemical analysis for (a) Zn 2p3/2 and (b) Ag 3d5/2 of the
AZO:Ag NP mixture films.

Figure 4. AFM image reveals the morphologies of the mixture films
with varied Ag content.

Figure 5. Optical transmittance of AZO and Ag NP added AZO films.
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mixture films noticeably. The transmittance of Ag NP added
AZO film maintains over 85% in the visible wavelengths. This
suggests that the small amount of Ag NPs does not cause
significant scattering of incident light by the mixture films due
to the small volume % of Ag NPs.
To understand the physical mechanism underlying the

enhanced conductivity of Ag NP added AZO films, the
concentration and mobility of electrons were characterized as a
function of temperature. In addition to Ag NP added AZO
films, pure AZO film and Ag film were included as control
samples (Figure 6a). Moreover, the electric properties of Au

NP added AZO film (Au NP content: 0.54 vol %) were also
measured to compare the effect of the metal work function on
the electric properties of metal NP embedded AZO (Figure
6b). The electron concentration of Ag NP added AZO
increases to 3 × 1020 cm−3 with increasing the content of Ag
NPs. In addition, the temperature dependence of electron
concentration is different between pure AZO film and Ag NP
added AZO film. The Arrhenius plot shows that the activation
energy of n vs 1/T of Ag NP added AZO films is ∼11 meV,
irrespective of Ag content. As for the electron concentration of
pure AZO film, the activation energy of Al impurities is 20
meV, which corresponds to the energy required for the thermal
excitation of electrons from Al impurity energy level to the
conduction band edge.23 Ag film in Figure 6a exhibits an
activation energy close to 0 meV. This is consistent with
electric properties of metals such as bulk Ag and Au. The
electron concentration of metals is mainly determined by the
valence states and their unit cell volume and is almost constant
below room temperature. A difference in the temperature
dependence of the electron concentration between Ag NP
added AZO film, pure AZO film, and pure Ag film indicates
that they have different free electron generation mechanisms.
Because Ag NPs are isolated in the AZO matrix, the increase in
the electron concentration by Ag NPs cannot be explained by
the formation of a metallic Ag NP network. Furthermore, the
trace amount of Ag NPs (0.07−0.7 vol %) in AZO is not
sufficient to make a percolation path. Thus, this excludes the
possibility that those electrons are conducting through the
metallic network of adjacent Ag NPs.
Recently, we reported that the electron could be transferred

from the embedded metal nanoparticles to the matrix through
the thermionic emission.22 The activation energy of the carrier
concentration is attributed to the Schottky barrier at the
metal−oxide interface. A barrier height is an offset of metal’s
work function and semiconductor’s electron affinity. To
examine the work function of AZO and Ag NPs of this
study, ultraviolet photon emission (UPS) measurements were

performed for pure AZO and Ag NP arrays in AZO. UPS
results in Figure 7 shows that AZO film and Ag NP arrays have

the work functions of 4.15 and 4.24 eV, respectively. This is
comparable with previous studies reporting the work function
of AZO to be in the range of 3.7−4.7 eV24 and that of Ag to be
4.2−4.6 eV.25 Larger work functions of Ag NPs results in a
Schottky barrier which prevents electron flow from Ag NPs to
AZO, and the work function difference between Ag NPs and
AZO explains the activation energy (11 meV) of n vs 1/T
curve. In addition, larger Ag−AZO interfacial area in the
mixture film of higher Ag NP content accelerates donation of
more electrons to AZO matrix, leading to higher electron
concentration. To study the role of Schottky junction at metal
nanoparticle−AZO matrix, we also added Au NPs into AZO
film and examined its electron concentration. Because the work
function of Au (4.8−5.4 eV) is larger than that of Ag (4.3−4.7
eV), a higher Schottky junction barrier is expected at the Au−
AZO interface.25 In Figure 6b, n vs 1/T curve of Au NP (0.54
vol %) added AZO is compared with that of Ag NP (0.35 and
0.7 vol %) added AZO film. The activation energy for Au NP
added AZO film is 54 meV above 180 K, which is 4.2 times
larger than that of Ag NP added AZO film. It is noted that the
thermal activation of electron donation is valid above 180 K.
The activation energy decreases below 180 K in both Ag and
Au NP added AZO. A change in the activation energy is
attributed to a transition of the electron donation mechanism
from a thermionic emission to a tunneling, which was reported
in our previous study.22 Consequently, the electron concen-
tration of Au NP added AZO film increases 20 times as the
temperature increases from 200 to 333 K, while Ag NP added
AZO film exhibits only 30% increase in the electron
concentration for the same temperature change. Because the
work function of Au is 50−60 meV larger than that of Ag, a
difference in the activation energy of n vs 1/T curve between
Ag NP added and Au NP added AZO films confirms that
electrons can be donated into the semiconductor matrix
through the thermionic emission at the metal−semiconductor
interface. On the basis of experimental results above, the
electron donation mechanism is schematically explained in
Figure 8.
We also examined the electron mobility of AZO films as a

function of temperature. The electron mobility in Figure 9 is in
the range from 10 to 20 cm2 V−1·s−1, which is comparable to or
better than that of electron-rich AZO films synthesized by sol−
gel method.1,26 Arrhenius plots (electron mobility vs 1/T) of
pure AZO and 0.07 vol % Ag NP added AZO film exhibit
similar slopes in the temperature range from 200 to 340 K. This
suggests that the electron scattering mechanism is the same for

Figure 6. (a) Carrier concentrations of AZO:Ag NP mixture films as a
function of temperature via the Hall effect measurements and (b)
comparison in Arrhenius activation energies of Ag and Au NPs
embedded AZO films with similar metal NP contents.

Figure 7. UPS results of (a) Ag NP array and (b) AZO film showing
their Fermi energy (EF) and their work functions.
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these two samples. Once electrons are donated to the AZO
matrix, electrons travel through only AZO matrix and
impurities. This transport behavior is very different from
metal NW/TCO films and other TCO/metal/TCO sand-
wiched films where the metal component is a major electron
transport path.20,21 It is noted that an increase in Ag NPs
content increases the electron mobility as well as the electron
concentration. Results in Figure 9 are not consistent with
previous studies, which show that donor impurities in
degenerate TCO semiconductors add free electrons but
decrease the electron mobility due to electron-impurity
scatterings.27 We explain the increase in the mobility of 0.7
and 1.4 vol % added AZO film from the standpoint of the
ionized impurity deactivation. As Ag NPs increase the electron
concentration, the Fermi level of the Ag NP added films
gradually rises toward the conduction band edge. Figure 10
schematically shows that a change in the Fermi level from EF1
toward EF2 leaves the donor energy level (D°) below the Fermi

energy level of the mixture film. Then, the Fermi energy level
becomes higher than D°, and the probability for the activation
of donor impurities decreases. This suggests that donor
impurities which would have been activated in pure AZO
film become deactivated and neutralized in Ag NP added AZO.
In comparison to activated impurities, the neutral impurities
have much smaller electron scattering cross section, and the
effect of Al impurities on the mobility of AZO matrix is
reduced.28,29 The reduced scattering of Al impurities by the
increase in the Fermi energy level results in the higher mobility
of 0.7 and 1.4 vol % Ag NP added AZO films.
The increased mobility is partially attributed to a decrease in

the grain boundary scattering effect. Because the energy barrier
at the grain boundary also scatters charge carriers, excess
electrons can passivate the grain boundary barrier and suppress
the scattering. This also increases the electron mobility. Optical
mobility measurement may clearly show a relative contribution
of the defect neutralization and the grain boundary scattering.

■ CONCLUSION
The electric properties of AZO films containing well-dispersed
Ag NPs with the size of 21 ± 8.0 nm were studied. All films
were synthesized via simple wet chemistry techniques. Ag NPs
in the mixture films remain metallic without being oxidized and
increase the electron concentration of the mixture film to 4 ×
1020 cm−3. In addition, the electron mobility of the mixture film
is also doubled, although the electron concentration is
increased by an order of magnitude. Temperature dependent
electron concentration and the comparison of Ag NPs and Au
NPs show the fact that the effect of Ag NP addition is due to
the electron transfer from Ag NPs to the AZO matrix through
the Schottky barrier (∼11 meV) at the Ag−AZO interface. This
electron doping by Ag NPs increases the Fermi energy level of
the AZO film without changing the impurity concentration.
Then, Al impurities are neutralized and their scattering power is
reduced. Consequently, Ag NP added AZO film exhibits the
electron mobility of 20 cm2 V−1·s−1 at the electron
concentration of 3 × 1020 cm−3, which is higher than the
mobility of pure AZO film. Our study shows a new carrier
donation mechanism for the design of highly electrically
conductive degenerated semiconductors, which are useful for
TCO applications.

■ EXPERIMENTAL SECTION
Preparation of AZO Sol. The starting precursor for AZO film was

a mixture of zinc acetate dehydrate (Zn(O2CCH3)2·2H2O, 99.99%)
and aluminum(III) nitrate nonahydrate (Al(NO3)3·9H2O, ≥98%) that
was dissolved in 2-methoxyethanol (CH3O(CH2)2OH, 99.8%).
Monoethanolamine (MEA, NH2(CH2)2OH, 98%) was also added as
a sol stabilizer, and the ratio of [MEA]/[Zn] was fixed at 1. The
starting precursor was stirred at 80 °C until a clear solution was
obtained. Then, the precursor was cooled to room temperature and set
aside for 1 day for aging before further mixing with Ag colloidal
solutions.

Synthesis of Ag Nanoparticles. Undesired agglomeration of Ag
NPs was frequently observed during the synthesis process.30−32

Instead of adding common surfactants such as polyvinylpyrrolidone
(PVP), we used cellulose fibers as a solid template to mediate the
chemical reduction of metal salt. The surface of the cellulose fibers
contains many hydroxide groups that anchor metal species and prevent
abrupt release of the metal species.33−36 Thus, the Ag NPs and their
agglomeration by the surfactants are significantly inhibited, which
results in uniform Ag NPs well dispersed in liquid medium. The silver
nitrate (AgNO3, 99.9999%) was dissolved in the deionized water with
the resistance of 18.3 MΩ. A piece of cellulose fiber paper was soaked

Figure 8. (a) Ag NP and AZO band diagrams before contact and (b)
the equilibrium band diagram and the Schottky barrier formed at the
Ag−AZO interface.

Figure 9. Hall mobility of mixture films as a function of temperature.

Figure 10. Band diagram of AZO showing that defect formation is
governed by the relative position of Fermi level and the donor
impurity level.
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in AgNO3 aqueous solution for 10 min to adsorb Ag ions. This fabric
piece was later gently dipped in the dilute sodium borohydride
aqueous solution (NaBH4, 98%). Released Ag ions were reduced to Ag
NPs, and the color of the solution immediately turned into citrus
orange. By repeating the soaking and dipping process several times, the
initial Ag NP contents in colloidal solutions were varied from 0.01 to
0.05 M estimated by the Beer−Lambert’s law without changing the
size of Ag NPs. Then, Ag NPs were collected via centrifuging and were
redispersed in 2-methoxyethanol. This chemical reduction method
with assistance of cellulose fibers is illustrated in Figure 1.
AZO Films Containing Ag Nanoparticles. Ag NP alcoholic

solution was mixed with AZO sol and aged for 1 day. Ag NP-AZO
mixture solutions with different Ag content were spin-coated at a rate
of 3000 rpm on soda-lime glass substrates repeatedly until the
thickness of 200 nm was achieved (Figure S1). Glass substrates were
sonicated in acetone and ethanol for 10 min in sequence and dried in
the fume hood. Ag NP-AZO films were dried on a hot plate and
annealed in nitrogen at 500 °C followed by the second treatment in
N2/H2 mixture gas at 400 °C. The ramping rate of this thermal
annealing was 2 °C min−1.
Characterization. The Ag NP size and size distribution were

measured using TEM (2000-CX, JEOL) and DLS LB550, Horiba)
techniques. The TEM specimen was prepared by dropping 10 μL of
Ag NP colloid solution onto a TEM copper grid. The crystal structures
of the pure and Ag NP added AZO films were examined by GAXRD
(X’Pert, PaNalytical) with Co Kα radiation of λ = 0.179 nm. The
surface morphology of the films was characterized using AFM
(Dimension 3100, Vecco). In addition, the chemical compositions of
Ag NP added AZO films and the oxidation state of Ag NPs were
investigated by the EPMA (JXA-8530F, JEOL) and XPS (ESCALAB
250Xi, Thermo Scientific). Ag contents of mixture films were also
estimated by XPS and EPMA measurements. Ag contents in the film
are summarized in Table 1. EPMA analysis shows that Ag content is
0.07, 0.35, and 0.7 vol %, which is close to the results of XPS analysis.
Furthermore, the band structures at the Ag−AZO interfaces were
studied by UPS (ESCALAB 250Xi, Thermo Scientific) equipped with
a UV source of He II (hν = 40.6 eV). Sheet resistance of the mixture
films was characterized by the four-point probe method. Electron
concentration and mobility in the mixture films were characterized
using Hall effect measurements (HMS-5000, Ecopia) as a function of
temperature. Measurements were performed in a dark condition to
exclude the possibility of electron emission from surface plasmonic
resonance. The temperature was elevated from 200 to 340 K (−73 to
68 °C) with an interval of 10 K. Magnetic field of 0.5 T was applied to
the films during Hall effect measurements. The optical transmittance
of the mixture films was also measured by UV−vis spectrometer
(Lambda35, PerkinElmer) equipped with an integrating sphere.
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