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ABSTRACT: The addition of Ag nanoparticles (Ag NPs) with an average size of 30 nm into ZnO increases the electric conductivity
up to 1000 times. While a similar increase in the conductivity is observed in a mixture of Ag nanoparticles and Al-doped ZnO (AZO)
films, a physical mechanism underlying the change in electric conductivity is not the same for Ag NP-added ZnO and Ag NP-added
AZ0. In Ag NP-added ZnO, an ohmic junction is formed at the ZnO—Ag interface, and electrons are accumulated in ZnO near the
ZnO—Ag interface until electron-rich islands are connected. However, in Ag NP-added AZO, electrons in Ag NPs move to the AZO
matrix via thermionic emission and travel through the AZO matrix. This change in electron transport at ZnO—Ag and AZO—Ag
interfaces is due to the fact that the work function of ZnO (4.62 V) is larger than those of Ag (4.24 eV) and AZO (4.15 eV). An
increase in Ag NP content in the ZnO matrix leads to the overlap of the electron accumulation regions and forms a percolation path
for the electron transport without deteriorating the electron mobility. Hence, the electron concentration increases to 2.4 X 10*°/cm?
in the 1.4 vol % Ag NP-added ZnO film. In addition, Ag NPs have a negligible effect on the transmittance, and the best Haacke
figure of merit (®y) values are 2.86 and 5.18 for ZnO:Ag NP and AZO:Ag NP, respectively.

KEYWORDS: ZnO, Ag nanoparticles, metal—metal oxide interface, percolation, transparent conductor

I. INTRODUCTION concentration of donor impurities is necessary to increase the
electron concentration of doped ZnO. However, the large
amount of impurities in ZnO adversely affects the electron
mobility. When donor impurities are activated in ZnO, they
turn to positively charged defects and decrease the electron
mobility by scattering free electrons. Electron mobility and
concentration of impurity-doped ZnO in the literature are

Transparent conducting oxides (TCOs) are wide-band-gap
(>3.0 eV) materials, which are doped with aliovalent elements.
Therefore, TCOs are optically transparent for visible light and
electrically conductive. Due to a unique combination of electric
and optical properties, TCOs have been utilized as an
electrode material of transparent thin-film transistors, photo-

voltaics, display panels, and touch screens.' """ Among a variety summarized in Figure 1."'*'°7>% Tt shows that the electron
of TCO materials, indium tin oxide (ITO) films exhibit low mobility becomes close to or smaller than 1 ecm®/V-s at the
sheet resistance and high transmittance. The sheet resistance doping level of 10%/cm?.

values of ITO are 100 Q/[] and 10 Q/[] when the Several approaches have been proposed to circumvent an
transmittance is 90 and 80%, respectively.'"">~% Despite inherent conflict between carrier concentration and mobility in
ITO’s excellent electric and optical properties, it has an TCO. One of them is to insert nanostructured metals such as
inherent drawback resulting from scarcity of indium. An Au, Ag, or Cu into the TCO matrix.'**"**7*" A sandwich
alternative is ZnO films doped with III-A metal group impurity structure of composite films including the metal layer can be
(Al, Ga, and In). Zinc is more abundant than indium, and the

electric conductivity of Al-doped ZnO is comparable to that of Received: October 7, 2019

ITO." ™" One question about impurity-doped ZnO is Accepted: December 30, 2019

whether the electron concentration can be increased without Published: December 30, 2019

deteriorating the mobility. Since an electron concentration is
proportional to the impurity-doping level in ZnO, a high
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Figure 1. Carrier concentration and mobility of TCO films in the
literature'*~** showing that an increase in the carrier concentration
generally decreases the carrier mobility.

electrically conductive and optically transparent. In this
composite film, the continuous metal nanolayer is a major
path for free electron transport. Recently, a different
conduction mechanism in metal-TCO composite films has
been reported. When a small amount of Au or Ag nanoparticles
(NPs) was introduced into ZnO or the Al-doped ZnO matrix,
an unconventional increment in the electron concentration (up
to 10*' cm™3) was observed.”®” This was explained by the
thermionic emission of electrons at an interface between metal
NPs and the ZnO matrix. Since the composite films do not
need donor impurities for high electron concentration, the
concentration of electrically charged scattering centers is low
and the electron mobility is 10 cm®/V-s or higher in a high
electron concentration regime.

In this study, we examined the nature of the interface barrier
between Ag NPs and the ZnO matrix in the electron transfer
from Ag NPs to the ZnO matrix. Ag-doped ZnO and AZO
films have been studied in the past. The focus of these previous
studies was how Ag doping changes the electric and optical
properties of ZnO and AZO films. Ag in the Zn site modifies
the concentration and type of charge carriers and the optical
band gap.””* In contrast, in this study, Ag is not doped into
ZnO or AZO. The film is a composite of Ag nanoparticles and
ZnO (or AZO) films. From these composite films, it is found
that the electron concentration is 2.4 X 10*°/cm® in the 1.4 vol
% Ag NP-added ZnO film. To control the barrier type at the
interface, the work function of the ZnO matrix was changed by
doping 1.0 atom % Al into ZnO. The work function of silver
(@ay) was found to be larger than that of ZnO (@y,0) but
smaller than that of Al-doped ZnO (@,70).”"** Due to the
work function difference, the energy barrier was different at the
ZnO—Ag and AZO—Ag interfaces. This change in junction
type, in return, changed the relation between electric
conductivity and Ag NP content. In the case of the ohmic
junction at the ZnO—Ag interface, an overlap of electron
accumulation regions creates a percolation path where the
electron concentration of the ZnO:Ag NP film is dramatically
increased without a change in electron mobility. This leads to
an increase in the electric conductivity of the ZnO:Ag NP film.

Il. EXPERIMENTS

IlLA. Preparation of ZnO and AZO Sol-Gel. The ZnO
precursor was prepared by dissolving 0.75S M zinc acetate dehydrate
in 40 mL of 2-methoxyethanol in a three-necked round flask.
Monoethanolamine (MEA) was added to stabilize the precursor. For
the AZO film, aluminum nitrate was added in the ZnO precursor as a
source of donor impurity. The molar ratio of [Al] to [Zn] was 1:99.
ZnO and AZO precursors were magnetically stirred at 80 °C for 1 h
to obtain homogeneous and transparent sols. ZnO and AZO sols were
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both naturally cooled down to room temperature and aged for a day
before Ag nanoparticles were added.

Il.B. Synthesis of Ag Nanoparticles via a Polyol Method. Ag
NPs were synthesized using a polyol method. Silver nitrate (20 mM;
AgNO;, 99.9999%) was dissolved in ethylene glycol (EG), which
works not only as a solvent but also as a weak reducing agent.
Polyvinylpyrrolidone (1 mM) was also added as a surfactant that
controls the size and dispersion of Ag NPs. The solution was heated at
120 °C for 30 min under a constant N, flow to prevent the oxidation.
The colorless Ag NP precursor immediately turned to a yellowish
solution during the reaction. The color of the final Ag NP solution
was light brown. The Ag NP solution was washed several times with
acetone and centrifuged at 12,000 rpm for 30 min. Ag NPs collected
from the centrifuge were redispersed in ethanol for further
experiment. Transmission electron microscopy (TEM) images and
UV—Vis absorption spectra of Ag NPs are shown in Figure S1. The
average particle size of Ag NPs was 30.4 & 8 nm, and the absorption
peak of Ag NPs in ethanol was found at 395 nm.

II.C. Ag NP-Embedded ZnO and AZO Films. To prepare the
coating solution, Ag NPs in ethanol were added to ZnO and AZO
sols. A soda—lime glass was sonicated in acetone and ethanol for 10
min in sequence and then dried. The mixture solution was spin-coated
multiple times at a rate of 3000 rpm on the soda—lime glass substrates
until the film thickness reached ~200 nm. AZO:Ag NP and ZnO:Ag
NP films were annealed in nitrogen at 500 °C for 30 min to crystallize
the oxide matrix. Then, films were treated in reducing ambience (95%
N, mixed with 5% H,) at 400 °C for 30 min to increase the electric
conductivity. Scanning electron microscopy (SEM) images in Figure
S2 show that the thickness of annealed films was 200 nm.
Transmission electron microscopy (TEM) images of the 1.4 vol %
Ag NP-embedded ZnO film are shown in Figure S3. This shows that
Ag nanoparticles that are much smaller than 100 nm are uniformly
distributed in the ZnO film.

I.LD. Characterization of Crystal Structure and Electric
Property. The crystal structures of mixture films were characterized
by X-ray diffraction (XRD, X'Pert PANalytical) with Co Ka radiation
of A = 0.179 nm. The chemical state of embedded Ag NPs and the
composition of AZO:Ag NP and ZnO:Ag NP films were analyzed
using electron probe micro-analysis (EPMA). Table S1 shows the
results of EPMA analysis. The Ag/Zn ratio was converted into volume
ratio (vol %) since a minor phase content in composite materials is
commonly expressed in volume percent. In Table S1, Ag NP contents
in the ZnO matrix are rounded as 0.07, 0.35, 0.69, and 1.42 vol %.
The oxidation status of Ag in ZnO and AZO matrices was
characterized by X-ray photoelectron spectroscopy (XPS). Before
XPS analysis was conducted, the surface of the films was sputtered for
10 s using 500 kV Ar ions to remove surface adsorbates. A peak
position was calibrated using C 1s peak as an internal reference of
284.6 eV. Hall effect measurement (HMS-5000, Ecopia) and 4-probe
resistivity measurement were performed to determine the carrier
concentration and mobility of the films. The optical transmittance of
the films was investigated by measuring the UV—Vis absorption
spectra. The transmittance spectra of ZnO:Ag NP and AZO:Ag NP
films are shown in Figure S4.

Basic materials properties of pure ZnO and AZO films such as
resistivity, transmittance (at S50 nm), and mobility are summarized in
Table S2. They are comparable to those of previous studies on sol—
gel ZnO and AZO films."***7*® To study the band structures at
ZnO—Ag and AZO—Ag interfaces in AZO:Ag NP and ZnO:Ag NP
films, the work functions of Ag, ZnO, and AZO films were probed
using ultraviolet photoelectron spectroscopy (UPS) equipped with a
UV source of He II (hv = 40.6 eV). To accurately measure the work
function of Ag, ZnO, and AZO near the metal/oxide interface, ZnO/
Ag/ZnO and AZO/Ag/AZO multilayer films that mimicked ZnO:Ag
NP and AZO:Ag NP films were prepared. Forty nanometer-thick
semiconductor layers were spin-coated, and a 3 nm-thick Ag layer was
deposited using electron beam evaporation. Before UPS analysis, the
sandwich structure films were annealed at 500 °C in N,, which was
the annealing condition of ZnO:Ag NP and AZO:Ag NP films.
During the measurement, the top semiconductor layer was sputtered
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using 3 keV Ar" ions, and the gradual change in the photoemission
peaks was monitored. To calibrate the UPS spectra, the Fermi level of
a clean Au film was used as a reference.

lll. RESULTS AND DISCUSSION

Figure S5 shows the XPS spectra of ZnO:Ag NP films with
different Ag contents. The binding energy (BE) extracted from
Ag 3d;,, photoemission peaks is 368.04 eV in all films, which
coincides with that of metallic Ag. In addition, an increase in
Ag content does not change the BE of Zn—O bond. The BE of
Ag and Zn peaks indicates that Ag is neither oxidized nor
incorporated into ZnO during thermal treatment in N,. The
high stability of Ag NPs is attributed to the encapsulation effect
of the ZnO matrix.

The crystal structure of ZnO:Ag NP films was investigated
using XRD in a glancing angle geometry. XRD patterns are
shown in Figure S6. Regardless of the Ag content, sol—gel-
grown ZnO films have a hexagonal structure with a preferred
orientation along the (002) direction. Ag NP addition does not
shift ZnO (002) peak position, but the broadness of the (002)
peak slightly increases in the 1.4 vol % ZnO:Ag NP film. This
indicates that Ag is not incorporated into ZnO and the
embedded Ag NPs produce a residual strain in the ZnO matrix.
As Ag NP content becomes 0.7 vol % or higher, (111) and
(200) peaks of cubic Ag are found at 20 = 44.6° and 52.5°,
respectively. The appearance of metallic Ag in XRD patterns
indicates that embedded Ag NPs are not oxidized during high-
temperature thermal annealing in N,, which is consistent with
the result of XPS analysis.

The electron concentration of ZnO:Ag NP and AZO:Ag NP
films was also investigated using Hall effect measurements and
4-probe resistivity measurement. Figure 2 shows a change in
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Figure 2. Electron concentration of AZO:Ag NP and ZnO:Ag NP
films containing different volume percent values of Ag NPs.

the electron concentration of films as a function of Ag NP
content. In ZnO:Ag NP films, as Ag NP content increases from
0 to 0.35 vol %, the carrier concentration increases marginally
from 1.3 X 10"/cm® to 1.6 X 10'/cm®. However, when Ag
NP content is larger than 0.35 vol %, the electron
concentration increases dramatically. The electron concen-
tration of the ZnO:1.4 vol % Ag NP film is 2.4 X 10*°/cm’,
which is 1000 times larger than that of a pure ZnO film. In
contrast, AZO:Ag NP films show a linear correlation between
the Ag NP content and the electron concentration. The Ag NP
increases the electron concentration of the AZO film by 15
times from 2.9 X 10'/cm® (pure AZO film) to 4.5 X 10*°/cm?®
(1.4 vol % Ag NP-added AZO film). These different trends
suggest that the effect of Ag NPs on the electron concentration
depends on the composition of the oxide matrix.
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To understand the different roles of ZnO and AZO matrices
in the enhancement of the electron concentration, the Fermi
energy level of Ag, ZnO, and AZO was examined by the UPS
equipped with the excitation energies of He II (hv = 40.6 V).
ZnO/Ag/ZnO and AZO/Ag/AZO multilayer films that
mimicked ZnO:Ag NP and AZO:Ag NP films were chosen.
Given that metal spheres and bulk have different work
functions, the interface between Ag nanoparticles and ZnO
needs to be examined to get the accurate work function.*”*"
The reason behind using the ZnO/Ag/ZnO multilayer to
mimic the ZnO:Ag NP film is that the Ag nanolayer between
sol—gel ZnO layers turns into a Ag nanoparticle film during the
thermal annealing process. Because of high interface energy of
the noble metal film—substrate, the metal thin film dewets
during thermal annealing, and spherical nanoparticles are
formed.”®*"*> Therefore, the ZnO—Ag interface of the
thermally annealed ZnO/Ag/ZnO multilayer is similar to
that of ZnO:Ag NP films. During the measurement, the top
oxide layer was sputtered until the Ag layer appeared. A change
in the photoemission peak was monitored to determine the
work functions of ZnO, AZO, and Ag at Ag/ZnO and Ag/
AZO interfaces. To calibrate the UPS spectra, the Fermi level
of a clean Au film was used as a reference. The work functions
of ZnO, AZO, and Ag (¢z.0, Pazo, and ¢hy,) that were
extracted from the secondary electron cut-off (Eg) (Figure
S7) are 4.62, 4.15, and 4.24 eV, respectively. In addition, linear
fitting toward the low binding energy edge shows that the
highest valence band energy (E,) values of ZnO and AZO are
7.45 and 7.37 eV below the vacuum energy level, respectively.
In addition, from UV—Vis absorption measurement, the band
gaps of pure ZnO and pure AZO turn out to be 3.3 and 3.4 eV
at room temperature, respectively. A slightly larger band gap of
AZO is due to the Moss—Burstein effect, which is often
observed in degenerate semiconductors.”® Based on these
observations, the band structures of AZO—Ag and ZnO—Ag
interfaces are plotted in Figure 3. Since the work function of
Ag is larger than that of AZO, a Schottky barrier is formed at
the AZO—Ag interface. In contrast, ZnO has larger work
function than Ag, and there is no energetic barrier at the
ZnO—Ag interface (i.e., ohmic junction).

The discrepancy in the interfacial junction can change the
electron transport mechanism. Figure 4 schematically explains
how free electrons inside Ag NPs move to ZnO and AZO
matrices. In AZO:Ag NP films, the Schottky barrier regulates
electron transfer at the interface. The thermionic emission
allows electrons in Ag NPs to overcome the barrier and jump
to the AZO matrix. Once free electrons jump to the AZO
matrix, they move freely in the conduction band of AZO and
increase the free electron concentration. In the ZnO—Ag NP
interface, on the other hand, the ohmic junction is formed, and
free electrons of Ag NPs are donated to the ZnO matrix at no
energy cost. These surplus electrons in ZnO are accumulated
near the ZnO—Ag interface due to bending of Ey,. of ZnO
near the ZnO—Ag interface. The difference in the band
structures of AZO:Ag and ZnO:Ag is schematically explained
in Figure 7. The width of the electron accumulation region
(w) %f 4tile ohmic junction at the oxide side is calculated using
eq L.™”

2¢e,€,kpT
A 2
qn

(1)
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with AZO and (b) with ZnO. (reproduced with permission from ref
29. Copyright 2017 American Chemical Society)

where g is the permittivity in free space, kg is the Boltzmann
constant, T is the temperature, q is the elemental electron
charge, ¢, is the relative permittivity of undoped ZnO, and n is
the charged impurity concentration.

According to eq 1, the electron accumulation width is
estimated to be 25 nm from the ZnO—Ag interface toward the
ZnO matrix. If Ag NPs are uniformly distributed in 0.1 vol %
Ag NP-added ZnO, the center-to-center distance between Ag
NPs and the volume ratio of the electron accumulation region
are calculated as 242 nm and 1.8 vol %, respectively. This
indicates that the electron accumulation regions surrounding
Ag NPs are isolated from each other and surplus electrons of
ZnO are confined near the ZnO—Ag NP interface. Therefore,
when an amount of Ag NPs is less than 0.5 vol %, the free
electron concentration of the ZnO:Ag NP film is much smaller
than that of AZO:Ag NP film. In the 1.4 vol % Ag NP-added
ZnO film, however, the center-to-center distance between Ag
NPs is calculated as 100 nm, and the electron accumulation
region occupies 25 vol % of the ZnO:Ag NP film that is close
to a percolation threshold of spheres in three dimensions. This
suggests that the electron accumulation regions can overlap to
form a percolation path in the 1.4 vol % Ag NP-added ZnO
film. The percolation path allows surplus electrons to flow
under an electric field. This appearance of the channel of high
electron density explains why the free electron concentration
and electric conductivity of the ZnO:Ag NP film increase
abruptly as the amount of Ag NPs increases from 0.4 to 1.4 vol
%.

Figure S shows conductive atomic force microscopy (c-
AFM) images of ZnO:Ag NP and AZO:Ag NP films. The
measurement was performed in a contact mode, and +1.0 V
DC bias was applied between the sample surface and a
conducting AFM tip. In ZnO:Ag NP films, the electric current
representing local electric conductivity varies significantly
between measurement points. Localized conductive domains
are observed, and the size of domains is smaller than 100 nm.
In contrast, the c-AFM image of AZO:Ag NP films is very
different from that of ZnO:Ag NP films. The variation of the
electric current is much reduced, and the conductive domains
are not localized. This different morphology of electrically
conductive domains supports our hypothesis that the electron
accumulation near the metal/oxide interface occurs only in
ZnO:Ag NP films.

The effect of Ag NP content on the electron mobility of
ZnO:Ag NP and AZO:Ag NP films also supports the idea on
the formation of the percolation path. Figure 6 shows the
mobility of ZnO:Ag NP films. The electron mobility of 1.4 vol
% Ag NP-added ZnO is 32 cm?/V-s, which is almost the same
as that of pure ZnO (34 cm?/V:s). Given that the electron
concentration increases 3 orders of magnitude by adding 1.4
vol % of Ag NPs, a negligible difference in the mobility
between pure ZnO and ZnO:Ag NP films was not expected.
For instance, in n-type Si, an increase in the electron
concentration from 10'"/cm® to 10*°/cm® accompanies a
decrease in the mobility by 10 times, which is due to the donor
impurity scattering. However, additional impurities are not
added to the ZnO matrix of the ZnO:Ag NP film. Instead of
the impurity doping, the percolation path of the electron
accumulation region in the ZnO matrix allows the transport
and free electrons through the ZnO matrix of ZnO:Ag NP
films. Therefore, pure ZnO and ZnO:Ag films have a similar
collision length of free electrons, and their electron mobility is
almost same. The mobility of AZO:Ag NP films is lower than
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Figure 6. Hall mobility of ZnO:Ag NP and AZO:Ag NP films as a
function of Ag NP content.

that of ZnO:Ag NP films due to the ionized Al impurities in
AZO, although an increase in Ag content does not decrease the
mobility of AZO:Ag NP films. The effect of Ag NP content on
the mobility of AZO:Ag NP films can be explained by a change
in the Fermi energy level. An increase in Ag NP content

4719

increases the Fermi energy level and neutralizes donor
impurities, which would have been activated in a pure AZO
film. In comparison to activated impurities, the neutral
impurities have a much smaller electron scattering cross
section, and the effect of Al impurities on the mobility of the
AZO matrix is reduced.””**¢

Figure 7 shows optical transmittances (4 = 550 nm) versus
sheet resistance of ZnO:Ag NP and AZO:Ag NP films.
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Figure 7. Transmittance versus sheet resistance of ZnO:Ag NP and
AZO:Ag NP films (properties of Ag NW and CNT films in references
are also plotted).

Previous results on transparent conductors are also included as
a reference.”” The optical transmittance is above 90% for
ZnO:Ag NP films. An increase in Ag NP content slightly
decreases the optical transmittance, which is attributed to light
scattering by Ag NPs. The transmittance of AZO:Ag NP films
is in the range of 86—90%. A few percent decrease in the
transmittance of AZO:Ag NP films is due to the fact that the
addition of Al into ZnO forms a defect center such as oxygen
vacancies. The figure of merits (FOM) of the films was
calculated using Haacke’s method.* The best FOM values of
ZnO:Ag NP and AZO:Ag NP films are 2.86 X 1072/ and
5.18 X 107%/Q, respectively. These values are larger than the
FOM of Ag NW-based transparent electrode (FOM = 1.34 X
1072/Q2) and that of CNT-based transparent electrodes (FOM
= 0.74 X 1072/Q)."

IV. CONCLUSIONS

The addition of Ag NPs into ZnO and AZO films increases the
electric conductivity of films via different mechanisms due to
different work functions of ZnO and AZO. While ohmic
contact is formed for the ZnO—Ag interface, a Schottky barrier
is found at the AZO—Ag interface. This leads to different roles
of Ag NPs in the electric conductivity of ZnO:Ag NP and
AZ0:Ag NP films. In the ZnO:Ag NP film, excess electrons are
accumulated in the ZnO matrix near Ag NPs, and an increase
in Ag NP content causes the appearance of the percolation
path consisting of the electron accumulation region. The high
electric conductivity of the ZnO:Ag NP film is attributed to
this percolation path. In contrast, electrons in Ag NPs that
overcome the Schottky barrier at the interface through
thermionic emission can travel freely in the AZO matrix and
contribute to electric conductivity. Transmittance of ZnO and
AZ0 films embedded with 0.7 vol % Ag NPs is 85% or higher
for visible light at the 550 nm wavelength. The best Haacke
FOM values of ZnO:Ag NP and AZO:Ag NP films are 2.85
and S5.18, which show their promising potential as new
transparent conductors.
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