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We firstly report a strong enhancement of the photoluminescence (PL) from hybrid structures
of indium zinc oxide (IZO)/Ag/IZO fabricated on glass substrates by DC magnetron sputtering.
The PL intensity of the hybrid structures shows a slight increase with increasing thickness of the
Ag layer (t) up to 12 nm, but for t > 12 nm, it shows a sharp increase, and becomes almost 5
times larger at t = 16 nm than that of the bare IZO film, very consistent with their t-dependent
sheet resistance behaviors. These observations are discussed based on the surface-plasmon-mediated
emission mechanism.
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I. INTRODUCTION

In the last several years, dielectric/metal/dielectric hybrid structures, such as indium tin oxide (ITO)-Ag-ITO
[1], indium zinc tin oxide (IZTO)-Ag-IZTO [2], and indium zinc oxide (IZO)-Ag-IZO [3], have received much
attention for their potential as flexible electrode materials because they show a very low sheet resistance below
5 Ohm/square at room temperature (RT) and a selective
transparent effect by suppressing the reflection from the
metal layer. Especially, the high transmittance of these
materials is very promising for their application in flexible organic light-emitting diodes, transparent displays,
and organic solar cells, but its origin is not clear yet.
There have also been several reports on fabricating and
characterizing IZO films [4–7], but very few attempts
have been made to address their light-emitting properties [6,7]. On the other hand, much research has been
conducted on the luminescence from ZnO films [8–10].
ZnO typically exhibits photoluminescence (PL) spectra
in the visible and the ultra-violet (UV) range. UV PL is
known to be due to the band edge emission while visible
PL is due to defects in the material. Recently, metals
or metal alloys have been used to enhance UV emission
from ZnO based on the matching between the surfaceplasmon (SP) resonance energy of metal or metal alloys
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and the band gap emission energy of ZnO [11–13]. In this
paper, we report for the first time a strong PL enhancement, which is possibly attributed to the SP-mediated
emission, from hybrid structures of IZO/Ag/IZO.

II. EXPERIMENTAL
The 40 nm IZO/Ag/40 nm IZO hybrid structures
were fabricated on glass substrates at RT in a speciallydesigned roll-to-roll DC magnetron sputtering system.
The bottom IZO layer was sputtered on the glass substrate (Samsung corning precision glass) by using a ceramic IZO target with a composition of 10 wt% ZnO +
90 wt% In2 O3 . The sputtering was done under the following preparation conditions: DC power: 800 W, working
pressure: 3 mTorr, and Ar flow rate: 30 sccm without
introducing oxygen gas in order to avoid oxidation of the
Ag target. During the sputtering process, the glass substrate was mechanically attached to the cooling drum in
order to keep the substrate temperature below 50 ◦ C.
Subsequently, a very thin Ag layer was deposited on the
bottom IZO layer at various DC powers of the Ag cathode gun to vary the Ag thickness (t). Then, the top IZO
layer was deposited on the Ag layer under conditions
identical to those used for the bottom IZO layer. Without breaking the vacuum, we were able to prepare the
IZO/Ag/IZO structures on glass substrates. The thick-
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Fig. 1. PL spectra of IZO/Ag/IZO hybrid structures with
various Ag thicknesses and the bare IZO film.

nesses of the IZO and the Ag layers were measured by
using a profilometer, and the sheet resistance was measured by using the four-point probe method.
PL spectra were measured at RT in a closed-cycle refrigerator by using the 325-nm line of a HeCd laser as the
excitation source. Emitted light was collected by using
a lens and was analyzed using a grating monochromator and a GaAs photomultiplier tube. Standard lock-in
detection techniques were used to maximize the signalto-noise ratio. The laser power for the PL excitation was
about 3 mW. Spectroscopic ellipsometric (SE) measurements were performed on the IZO films using variable
angle spectroscopic ellipsometry at incidence angles of
65◦ , 70◦ , and 75◦ . We used the parametric optical constant model [14] to estimate the dielectric functions of
IZO films from the SE results.

III. RESULTS AND DISCUSSION
Figure 1 shows PL spectra of the IZO/Ag/IZO hybrid
structures with various Ag thicknesses and of the bare
IZO film (80 nm). The PL spectrum of the bare IZO is
peaked at ∼2.83 eV, and the hybrid structures have almost the same PL peak energies, irrespective of the Ag
thickness. Previously, PL from IZO films on glass substrates was observed in the range of 2.59 to 3.88 eV without a well-defined peak [6], and IZO nanobelts exhibited cathodoluminescence spectra peaked at ∼2.37 eV,
which was interpreted as a characteristic band of the
IZO nanostructure [7].
As summarized in Fig. 2, the PL intensity of the hybrid structures shows a slight increase with increasing t
up to 12 nm, but at t > 12 nm, it shows a sharp increase and at t = 16 nm becomes almost 5 times larger
than the value for the bare IZO film. Figure 2 also shows
well-matched behaviors of the PL peak intensity and the
sheet resistance as functions of Ag thickness for the hybrid structures, indicating that the strong PL enhancement at t > 12 nm is closely related to the lowered sheet
resistance caused by increased Ag thickness. The Ag
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Fig. 2.
PL peak intensity and sheet resistance of
IZO/Ag/IZO hybrid structures as functions of Ag thickness.

Fig. 3. Surface plasmon dispersion relation of Ag/IZO and
‘Tauc’ plot of a IZO film.

thickness-dependent sheet-resistance behaviors in IZOAg-IZO structures have been well explained before by
the coverage of the Ag film on the bottom IZO layer,
as proved by scanning electron microscopy [3]. The Ag
films are granular and show a disconnected structure at
t ≤ 12 nm, but continuous film structures are formed at
t > 12 nm, thereby reducing the sheet resistance, which
is consistent with the results in Fig. 2.
The optical band gap can be obtained by plotting
the square root of (αhν) versus hν (known as a ‘Tauc’
plot), where α and hν are the absorption coefficient and
the photon energy, respectively. The absorption in many
amorphous materials is observed to obey this relation
above the exponential band tails [15]. When the linear
portion of the plot is extrapolated to zero, the intercept on the ‘hν’ axis gives the optical band gap (Eg ).
A typical plot of (αhν)1/2 versus hν for a IZO thin film
was obtained using the optical constants estimated from
the SE results and is shown in Fig. 3. Eg is estimated
to be ∼3.14 eV, which is larger than the PL peak energy, possibly resulting from the existence of band tail
states in amorphous materials. We attribute this strong
PL enhancement to SP-mediated emission, in which excitons within the IZO film couple into the SP modes at
the Ag/IZO interfaces, as reported for metal or metal
alloys/ZnO interfaces [11–13]. When the band gap emis-
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sion energy of IZO and the SP energy are similar, the
photons emitted from the exciton recombination can induce resonant SP modes. The coupled SP energy can
then be transformed into free-space photons if the interface is sufficiently rough to scatter the SPs, resulting in
enhanced PL emission. To prove that the SP-mediated
emission occurs in the IZO/Ag/IZO hybrid structures,
one should estimate the SP energy to check if it is close
to the PL peak energy of IZO (∼2.83 eV). The SP energy
for such symmetric structures can be estimated by using
the dispersion relation given by [16]

~ksp =

~ω
c

r

εm εd
,
εm + εd

(1)

where ksp is the wave vector of the surface plasmons, m
and d are the dielectric constants of the metal and the
dielectric medium, and ~ω/c is the incident energy. The
dielectric constants of Ag and IZO are obtained from Ref.
17 and the SE results, respectively.
The dispersion relation of Ag/IZO is shown in Fig. 3.
The SP energy at the Ag/IZO interface is estimated to
be ∼3.11 eV, which is very close to the light-emission
energy of IZO (∼2.83 eV). This makes it possible to
have resonantly-coupling between Ag SPs and the lightemission of IZO. The conducting properties of the metal
films are crucial for such SP-mediated luminescence enhancement [11–13]. Therefore, the PL enhancement will
increase as the Ag film in the hybrid structures becomes
more conductive, consistent with the sheet resistancedependent PL behaviors in Fig. 2. Previously, the transmittance of IZO/Ag/IZO structures has been reported to
be enhanced by increasing the Ag thickness up to 12 nm,
but to be decreased by further increasing the Ag thickness [3], indicating that the transmittance is not directly
related to the SP-mediated effect, which is inconsistent
with the PL behaviors in this work.

IV. CONCLUSION
Hybrid structures of 40-nm IZO/Ag/40-nm IZO were
fabricated by varying the Ag thickness from 6 to 16 nm.
The PL intensity of the hybrid structures was sharply
enhanced by increasing the Ag thickness to above 12 nm,
consistent with the lower sheet resistance caused by an
increase in the Ag thickness. These results suggest that
the strong PL enhancement can be attributed to the SPmediated emission mechanism.
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