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Transparent conductive WO3/Ag/MoO3 (WAM) multilayer electrodes were fabricated by thermal

evaporation and the effects of Ag layer thickness on the optoelectronic and structural properties of

multilayer electrode as anode in organic light emitting diodes (OLEDs) were investigated using different

analytical methods. For Ag layers with thickness varying between 5 and 20 nm, the best WAM

performances, high optical transmittance (81.7%, at around 550 nm), and low electrical sheet resistance

(9.75 O/cm2) were obtained for 15 nm thickness. Also, the WAM structure with 15 nm of Ag layer

thickness has a very smooth surface with an RMS roughness of 0.37 nm, which is suitable for use as

transparent conductive anode in OLEDs. The current density�voltage� luminance (J�V�L) character-

istics measurement shows that the current density of WAM/PEDOT:PSS/TPD/Alq3/LiF/Al organic diode

increases with the increase in thickness of Ag and WO3/Ag (15 nm)/MoO3 device exhibits a higher

luminance intensity at lower voltage than ITO/PEDOT:PSS/TPD/Alq3/LiF/Al control device. Furthermore,

this device shows the highest power efficiency (0.31 lm/W) and current efficiency (1.2 cd/A) at the

current density of 20 mA/cm2, which is improved 58% and 41% compared with those of the ITO-based

device, respectively. The lifetime of the WO3/Ag (15 nm)/MoO3 device was measured to be 50 h at an

initial luminance of 50 cd/m2, which is five times longer than 10 h for ITO-based device.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, the expanding use of transparent conducting
oxide (TCO) films, especially for numerous optoelectronic devices,
has led to increasing efforts in producing films with higher quality
and lower costs [1–3]. Among the various types of TCO films,
doped oxides such as indium tin oxide (ITO) and aluminum doped
zinc oxide (AZO) are used extensively because of their high
conductivity and high transparency in the visible range and high
reflectivity in the infrared region [4–9]. However, there are some
disadvantages of ITO and AZO films, which are limiting their
application in organic light emitting diodes. For example, the very
low resistance AZO films are only obtained for high substrate
temperature or by an annealing process for special application
[10,11]. Also chemical and thermal stability of these films is low
in various environments [12]. For ITO films, the cost of production
is high due to the indium scarcity and complex sputtering process
[13–15]. Besides, mechanical flexibility of ITO is very poor due to
its ceramic structure and thus it cannot be used in highly flexible
transparent electrodes [16]. Also, it has been reported that
ll rights reserved.
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optimization of OLEDs performance depends on modification of
hole-injecting ITO electrode by various treatment methods
[17–21]. Another group of transparent conductors, oxide/metal/
oxide (O/M/O) structures have been highly regarded because of
their low resistivity and selective transparency effect [22]. These
multilayer films, which are frequently used as optical filters in
heat mirrors, are suitable successors for ITO and AZO transparent
electrodes. Moreover, almost all O/M/O structures can be depos-
ited directly by vacuum thermal evaporation and so their fabrica-
tion process is cheaper and easier than that of other TCOs. One of
the important factors that affect the performance of O/M/O films
is the property of metal layer to behave as efficient sheet
conductance layer. In particular, it is reported that thickness of
metal layer affects transmission and sheet resistance of these
films. So, TCOs based on O/M/O structures with optimal thickness
of metal layer exhibit better optical and electrical properties than
ITO-based structures [23].

In this paper we studied nanostructured WO3/Ag/MoO3

(WAM) films and investigated the effect of Ag layer thickness
on the electrical sheet resistance, crystallinity, surface roughness
and optical transmittance of these films for potential use as an
anode electrode in OLED devices. The current densi-
ty�voltage� luminance (J�V�L) characteristics of OLED devices
with WAM structure as the anode were measured and found that
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for WAM-based devices, the electroluminescence performances
were improved compared to the control ITO-based device.
Furthermore, the results demonstrated that the WAM-based
devices have the improved power and current efficiency as well
as a long lifetime, so that the optimum WAM structure can be
used as a suitable alternative transparent conductive anode to ITO
for efficient OLED devices.
Fig. 1. Sheet resistance of the WAM multilayer samples as a function of silver

thickness.
2. Experimental details

Before fabrication procedure, the glass substrates were rinsed
sequentially in running soapy water, deionized water, acetone,
ethanol, propanol and isopropyl alcohol for 8 min. Then the
substrates were blown dry with filtered nitrogen. Multilayer
structures of WAM were prepared on glass substrates by thermal
evaporation. So, WAM structures were successively formed with-
out vacuum breaks using WO3 (99.999% purity), Ag (99.99% purity)
and MoO3 (99.9995% purity) as source materials. During deposi-
tion, the substrate temperature was kept at 40 1C by circulating
cooling water and distance between the evaporator and the
substrate was fixed at 13 cm. The chamber pressure was kept
below 6�10�6 mbar. The layer thickness and the rate of the
materials deposition were actually controlled by a quartz crystal
thickness monitor. The deposition rate of WO3 and MoO3 films was
0.1 nm s�1 and that of silver was 0.15 nm s�1. Over all thickness of
all WAM multilayer films was 100 nm while varying the thickness
of the silver interlayer from 5 to 20 nm. Structural studies of the
films were carried out by X-ray diffraction measurements with
10 kV, 35 mA, Cu Ka radiation with wavelength of 1.54 Å (Bruker-
AXS D8 Advance diffractometer), in the scan range of 2y between
101 and 901 with a step size of 0.04 (2y/s). Surface morphology of
the films was observed by scanning electron microscopy (SEM).
Roughness of WAM multilayer films was determined by X-ray
reflectometry (XRR). Sheet resistance of thin films was measured
by a four-point probe technique. Optical transmittance was mea-
sured in the range 300–800 nm by a double-beam spectrophot-
ometer (Shimadzu UV 3100) and finally, the operating lifetime of
the OLED devices and current density�voltage� luminance
(J�V�L) characteristics were recorded using a source-measure
unit (Model 2400, Keithley) and JAZ Spectrometer (Ocean Optics).
All the electroluminescence characteristics of OLED devices were
obtained at room temperature and under ambient conditions
without any encapsulation.
3. Results and discussion

3.1. Electrical properties

The electrical properties of the WAM multilayer structures
have been studied. The variation in sheet resistance of films with
Ag layer thickness is shown in Fig. 1. As it can be seen, the sheet
resistance of multilayer films decreases as the silver layer thick-
ness increases. It was observed that the multilayer film resistance
is 492 kO/cm2 for an Ag layer thickness of 5 nm and decreases to
reach 7.1 O/cm2 for an Ag thickness equal to 20 nm. Since Ag as a
metal layer is a good electric conductor, conductivity of the
multilayer films is mainly due to Ag layer [24]. On the other
hand, studies indicate that one of the key factors in achieving low
resistance multilayer films is that in fact metal interlayer should
be uniform and continuous. Therefore, it is expected that with
increasing Ag thickness, a uniform and continuous layer of silver
is formed and so resistance of WAM multilayer films decreases.
This behavior is confirmed by SEM images, which are shown in
Fig. 2(a)–(d). It is obvious from these results that by increasing Ag
thickness, the uniformity of films is better.

3.2. Structural properties

The crystallization properties of WAM multilayer films deposited
on the glass substrates were considered and Fig. 3 shows the XRD
patterns of films. It was revealed that for all the films a peak value is
observed around 2y¼381, which corresponds to the (1 1 1) silver
crystal orientation. Dielectrics films (WO3 and MoO3) showed
diffraction patterns without a diffraction peak, indicating they were
all amorphous in structure. It can be found that (1 1 1) silver peak
intensity of all structures increases with thickness.

The grain size (b) of Ag in the WAM multilayer film was
calculated from the full width at half maximum (FWHM), (b) and
the peak center position (y) of a Gauss fit using the Scherrer
equation [25]:

b¼
Kl

bcosy
ð1Þ

where K denotes the Scherrer constant (K¼0.94) and l is the
wavelength of the Cu-Ka radiation (l¼1.54056 Å) used in the
XRD measurements. Results are shown in Table 1. It is seen that
the grain size of Ag increases with thickness and as a result the
crystallinity of Ag layer improves in WAM multilayer system.

Fig. 2(a)–(d) shows the SEM images of WAM multilayer films
with different thicknesses of Ag layer. It can be found that the
grain size grows, the surface topography of multilayer film
improves and film becomes more continuous with increasing
thickness of Ag layer. The WAM system with a 20 nm Ag layer has
larger grain size and higher structural homogeneity than those of
other films. This result agrees with the XRD analysis.

Surface roughness of WAM electrode can affect the electro-
luminescence characteristics of the OLED devices [26]. Therefore,
it is very important to examine the surface roughness of WAM
films. The root-mean-square (RMS) roughness of WAM multilayer
films with different thicknesses of Ag layer is provided in Table 1,
which are characterized by XRR analysis. It is observed that the
surface roughness of the WAM films is sensitive to the thickness
of Ag layer and the RMS roughness of films decreases with
increasing thickness of Ag layer. When the thickness of the silver
film is 5 nm, the film exhibits an island-like surface morphology
and thus this film has the highest RMS roughness (�3.0)
compared to other films. However, as the thickness of Ag layer



Fig. 2. SEM images of the WAM multilayer films at different thicknesses of silver: (a) 5 nm, (b) 10 nm, (c) 15 nm and (d) 20 nm.

Fig. 3. XRD patterns of the WAM multilayer samples fabricated at various silver

thicknesses.

Table 1
Structural properties of WAM multilayer films with different silver thicknesses

(films thickness is 100 nm).

Silver thickness
(nm)

2h (deg.) b

(deg.)
Particle
size (nm)

RMS roughness
(nm)

5 38.17 0.19 47.3 3.0

10 38.27 0.18 48.6 2.7

15 38.37 0.17 51.3 0.37

20 38.32 0.15 58.4 0.30
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increases, the grains grow in a continuous and uniform structure
and consequently, the RMS roughness of WAM films decreases
and its minimum value is obtained for Ag thickness of 20 nm.
It is known that the surface electronic and morphological proper-
ties at anode�organic interfaces control the hole injection of
OLED devices and hence, these properties play an important role
in determining the devices performance and lifetime [27]. For the
WAM films with a RMS roughness of 42 nm, the hole-injection
process is weak. The localized high electric fields induced by the
rough surface of these structures can also cause a non-uniform
current flow leading to the dark spot formation and a decrease in
device luminous intensity and operation lifetime. However, the
WAM films with 15 and 20 nm Ag layer thicknesses have a
relatively smooth surface with a RMS roughness of o2 nm, which
is suitable for efficient OLED devices fabrication.
3.3. Optical transmittance

Fig. 4 shows the variation in transmittance of WAM multilayer
systems in the wavelength range of 300–800 nm for different
thickness of Ag layer. It can be seen that the transmittance of
WAM films increases when Ag layer thickness varies from 5 to
15 nm and optical transmittance of 81.7% is reached at 550 nm for
Ag thickness of 15 nm. However, optical transmittance decreased
in the case of multilayer film with a 20 nm Ag layer. When the
silver thickness is 15 nm, the maximum transmittance of multi-
layer may be attributed to the molecule–plasmon coupling
phenomena [28]. So, coupling of the incident light with the
surface plasmons of the silver layer causes an increase in the
transmittance of WAM structures. Further Ag layer thickness
increase results in a decrease in transmittance due to the increase
in reflection caused by the free electrons in the Ag layer. It can be
observed that below the critical Ag layer thickness (15 nm),
optical transmittance of films rapidly decreases with a further
decrease in the layer thickness and films with a 5 nm Ag layer
showed the lowest optical transmittance of 54.3%. This behavior
may be attributed to the scattering of the incident light by
distinct islands of silver atoms since below a critical layer



Fig. 4. Optical transmission spectra of the WAM multilayer films at the various

silver thicknesses.

Fig. 5. Figure of merit values (FTC) of the WAM multilayer samples as a function of

silver thickness.

Fig. 6. Schematic illustration of organic light emitting diode configuration.
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thickness, island film structure is obtained and continuous film is
not formed yet.

The figure of merit (FTC) is an important index for evaluating
and comparing the performance of transparent conductive coat-
ings that was defined by Haacke [29] as

FTC ¼
T10

RS
ð2Þ

where T is the average optical transmittance in the visible
wavelength range and RS is the sheet resistance. The FTC is
calculated for WAM structures and results are shown in Fig. 5.
It is seen that the FTC reaches a maximum of 7.93 O�1 for
multilayer film with 15 nm Ag layer thickness, which is higher
than for other structures. Thus, this result indicates that the WAM
multilayer film with 15 nm silver thickness had lower sheet
resistance and higher transparency than other films and conse-
quently this structure is a convenient candidate for use as anode
in OLEDs.

3.4. OLED fabrication

In order to study the influence of Ag thickness on the electrical
characteristic of OLEDs, a light-emitting device with a
WAM/PEDOT:PSS/TPD/Alq3/LiF/Al structure was fabricated as
follows: a 35 nm-thick PEDOT:PSS film was spin coated on
WAM-coated glass substrates and the film is then allowed to
dry for 1 h at 120 1C under nitrogen. On the top of the PEDOT:PSS
layer, TPD and Alq3 layers of 50 nm thicknesses, and a 1-nm-thick
LiF layer were successively vacuum-deposited at a rate of 0.1 A/s.
Finally, 150 nm Al is vacuum-evaporated as a cathode metal
under 6�10�6 mbar to complete the device fabrication. Fig. 6
shows the schematic structure of the bulk-heterojunction OLED
fabricated on the WAM electrode. For comparison, an identical
OLED was deposited on bare ITO anode simultaneously under the
same deposition conditions.
3.5. Electroluminescence characteristics of OLED devices

Fig. 7 shows the current density�voltage� luminance
(J�V�L) characteristics of samples with bare ITO and WAM
anodes. It is well known that the thickness of Ag in WAM
multilayer anodes has influence on the electrical characteristics
of the devices. It is found that increasing the Ag thickness
continuously shifts the organic diode threshold toward a lower
voltage and luminance intensity of OLED device fabricated on
WAM anode is higher than that in the case of bare ITO anode for
the same applied voltage. So, as shown in Table 2, OLED based on
WO3/Ag(15 nm)/MoO3 structure shows the highest luminance of
160 cd/m2 at 4.65 V. This can be attributed to improvement of
hole injection and more balanced hole and electron fluxes in
WAM/PEDOT:PSS/TPD/Alq3/LiF/Al devices. In other words, as the
thickness of the Ag layer increases, the uniformity and morphol-
ogy of WAM structures improve, which results in the increase of
the hole injection [30]. Moreover, the work function of MoO3 as
the upper layer of the WAM anode is 5.43 eV, which can be
reasonably well-matched by the HOMO level of PEDOT:PSS
(5.1 eV); this suggests improved charge injection and balance in
the number of holes and electrons as well as the recombination
efficiency in the emission layer and consequently the J�V�L

performance increases [31].
The current and power efficiency as a function of current density

are shown in Fig. 8(a) and (b). The OLED devices with WAM anode
exhibit superior improvement in the current and power efficiency



Fig. 7. J�V�L characteristics of organic light emitting diodes at different silver

thicknesses.

Table 2
Optical characteristics and lifetime of the devices, which have the structure of

glass/anode/PEDOT:PSS/TPD/Alq3/LiF/Al.

Anode Luminance at
a bias voltage
of 4 V (cd/m2)

Lmax

(cd/m2)
Lifetime
(h)

ITO 8.35 99.9 10

WO3/Ag (5 nm)/MoO3 3.68 66.2 10.5

WO3/Ag (10 nm)/MoO3 25.9 107 20

WO3/Ag (15 nm)/MoO3 97.8 160 50

WO3/Ag (20 nm)/MoO3 36.8 125 30

Fig. 8. (a) Current efficiency�current density and (b) power efficiency–current

density characteristics of organic light emitting diodes at different silver thicknesses.
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with respect to those of the ITO-based device. For example, at a
current density of 20 mA/cm2, the current and power efficiency can,
respectively, reach 1.2 cd/A and 0.31 lm/W for the WO3/Ag (15 nm)/
MoO3 device, to be compared with 0.72 cd/A and 0.13 m/W for the
ITO-based device. These improvements can be attributed to an
improved WAM–HTL interfacial quality, an enhanced hole injection
and a more balanced hole�electron current that increase the WAM-
based devices performances.

The operating lifetime of the devices, defined as the time for
the light emission decaying to half of its initial value under
continuous constant current operation, was tested and results
are listed in Table 2. Initial luminance for all devices was 50 cd/
m2. It is clear that the WAM-based devices operation lifetime is
longer than the ITO-based device. The WO3/Ag (15 nm)/MoO3

device exhibits a longer operation lifetime of 50 h, which is five
times longer than 10 h for ITO-based device. The improvement of
operation lifetime in this device can be attributed to the high
morphological stability and smooth surface of the WAM anode.
It should also be noted that the low work function of WAM anode
help reduce the energy barriers at the anode�organic interface,
facilitate the transportation of the hole carriers, confines the
opposite charges inside the emission layer and therefore ulti-
mately improves the power efficiency and operation lifetime of
the device.
4. Conclusion

Multilayer structure of WO3/Ag/MoO3 type was deposited as a
transparent conductive film on glass substrates. It was found that the
changes in Ag layer thickness can affect the electrical, structural and
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optical properties of the WAM multilayer system. Structural analysis
shows that crystallization and uniformity of WAM multilayer system
improved as a result of the increased Ag layer thickness. Electrical
conductivity of films increases with increasing thickness of Ag layer.
The maximum optical transmittance of 81.7% at 550 nm was
obtained from the WO3/Ag (15 nm)/MoO3 multilayer system. The
figure of merit shows that the WAM multilayer film with 15 nm Ag
layer thickness is the best candidate as transparent conductive
electrode for optoelectronic applications. Finally, OLED devices
WAM/PEDOT:PSS/TPD/Alq3/LiF/Al were prepared and found that
electroluminescence characteristics of organic diodes are sensitive
to the variation in thickness of silver layer. So, the power and current
efficiency of WO3/Ag (15 nm)/MoO3 device is higher than that in the
case of control ITO anode for the same current density. Furthermore,
the results show that the operating lifetime of WAM-based devices is
longer than ITO-based OLEDs.
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