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Abstract. In this paper, we report the characteristic properties of an organic light-emitting diode (OLED) using a rubrene
buffer layer over the fluorine-doped tin oxide (FTO) surface. Our study includes both electrical and optical properties of the
device. Here, we study the OLED devices at different thicknesses of the buffer layer, which varies from 3 to 11 nm. For
device fabrication, we use a thermal evaporation unit. Finally, we report that device performance in a bilayer anode form is
always higher than that of a single-FTO-based device. Maximum device efficiency is found to be 6.31 cd A−1 around 8-nm
thickness of rubrene layer over the FTO surface. We also study the stability of both the single-layer and double-layer anode
OLED devices. Through this study, we found that both device efficiency and luminance intensity of the bilayer anode OLED
remain more stable for more number of days compared with the single-FTO OLED device.
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1. Introduction
With the development of the technology of low-cost integrated circuits (ICs), the search for thin-film devices also
began. ICs incorporate numerous active and passive components in single-crystal silicon wafers. Such types of IC are
not suitable, especially in circuits for addressing flat-panel
displays. Hence, an alternative approach is necessary. In this
regard, thin-film fabrication technique is more suitable, which
permits the fabrication of different thin-film devices on both
rigid and flexible substrates. Among these thin-film devices,
an organic light-emitting diode (OLED) has been one of the
most attractive devices in physics and materials science in
the last more than two decades. Because of the interdisciplinary nature of the OLED study, its research became more
attractive and it gained interest among various researchers
in different periods. Thus, OLED draws special attention in
display technology. Despite enormous improvement by different workers starting from 1987, further improvements are
necessary because proper engineering of the device configuration leads to more improvement in the device efficiency
along with better stability of the device. In the literature,
different steps are taken in this regard for achieving better
charge confinement and hence the device efficiency [1,2]. In
this case, the concept of interlayer or buffer layer plays an
important role because it is an effective way to enhance device
performance. This buffer layer is placed between the electrode and the organic hole transport layer of the device. Some
other techniques are also used by different workers for device
engineering such as oxygen plasma and ultraviolet-ozone
treatment, thermal annealing process and self-assembling
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[3–6]. However, among all these procedures, placing an interlayer or buffer layer within the electrode/organic interface is
a more suitable one because it is the easiest method of device
engineering and characterization [7–10]. In case of buffer
layer, energy band level also plays an active role. Therefore,
material selection is an important factor, in which associated values of highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) determine
the energy barrier near the interface region [11,12]. Different
transition metal oxides are used by different workers in the
interface region of the electrode/organic junction for lowering the driving voltage [13–16]. Similarly, different reports are
also found regarding the optimization of metal oxide [10,15–
17]. However, all these studies are inorganic material based.
Although a few works were found to use organic material,
those devices were made over an indium tin oxide (ITO)
electrode and not over fluorine-doped tin oxide (FTO) surface. After the survey of literature we come to know that
although rubrene is a P-type organic semiconducting material, to date there is no report on using this material as a buffer
layer over the electrode surface to increase the device efficiency in OLED society except its application as a dopant
material [18–21] in host/guest system. In our work, we choose
to use rubrene as a buffer layer because its HOMO (5.4 eV)
value is close to the HOMO of TPD (5.5 eV) layer, which
is necessary for the ohmic performance and also it should
provide better stability for the electrochemical process [22].
Rubrene is an organic material that can be easily evaporated
at relatively mild temperature during vacuum deposition. It
also helps in preventing metal penetration in the organic layer
[23]. Similarly, although FTO is a transparent metallic oxide,
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it is not generally used in OLED fabrication because of its
smaller transparency and conductivity than those of ITO [24].
In our previous work, we used vanadium pentoxide (V2 O5 ),
nickel oxide (NiO), perylene and 4,4’-bis(N-carbazoly)-1,1’biphenyl (CBP) as an interlayer for OLED fabrication and
characterization [25–28]. Through this study, we noticed that
the interlayer effect on OLED depends on the critical thickness of the interlayer. This again depends on the conductivity
property of the inorganic or organic nature of the interlayer
material and the corresponding HOMO/LUMO energy level
concerning the organic hole transport layer. We noticed that
HOMO value is directly associated with the device efficiency because higher value of HOMO implies that charge
particles can enter the organic 4,4’-bis[N-(3-methylphenyl)N-phenylamino]biphenyl (TPD) region with higher energy
level with minimum trapping (due to crystal defect) tendency
and hence better conductivity and better device performance.
However, it is important to note that organic molecules are
always formed with weak Van der Walls interaction and possess covalent bonds, while inorganic semiconductors always
possess ionic bonds, which allow them to be better chargeconductors. Thus, inorganic molecules are typically more
conductive than organic compounds. Therefore, perylene
device performance is found to be smaller compared with
NiO device, but this result is greater than that of a vanadium pentoxide (V2 O5 )-based device. Thus, we expect a new
result for a rubrene-based OLED device w.r.t. other devices
of our previously published work. Therefore, through this
work, we try to focus on application of rubrene material using
FTO electrode because this FTO surface also possesses some
advantages compared with ITO. Sometimes, it is found that
indium diffusion into the organic layer ultimately degrades
the device performance [29]. Also, ITO-based device performance depends mainly on the chemical condition of the
ITO electrode while the opposite is true in case of FTO electrode, where there is no indium present, and also it is found
that chemical composition and work function of FTO are
independent of the cleaning methods employed [30]. Hence,
based on this report, we can say that although FTO possesses
less conductivity than that of ITO, it should be more stable
for oxidation during device operation and characterization.
Therefore, in this work, we decided to address the fabrication and characterization of OLED over non-conventional
FTO electrode using rubrene interlayer to increase the efficiency and stability of the devices. To study the optimization
and characterization purposes, we use the thickness variation
method because it is a suitable method of device optimization where the critical thickness of the buffer layer can be
evaluated using a proper procedure.
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the evaporation or physical ejection of the materials from a
source. The most widely used method is vacuum evaporation, through which it is possible to produce films of good
quality and purity. There are two types of the vacuum evaporation process. In this work, we used multiple pumps down
procedure (Model-VT-2015) because of its low production
cost. In our work, we used an FTO electrode as an anode
for OLED fabrication. Before OLED fabrication, FTO substrates were cleaned by a proper cleaning procedure with the
help of acetone and de-ionized water. However, before the
cleaning procedure, these FTO sheets were pre-patterned by
an etching process (a combination of zinc dust and dilute
HCl). These types of steps over the FTO surface are necessary for successful OLED fabrication and characterization.
Here, we deposited all the successive layers of the OLED at a
base pressure less than 3 × 10−6 Torr. On the other hand, the
corresponding film thickness was recorded using a digitalizing and interconnected thickness monitor (Model DTM-10)
whose principle is based on crystal oscillation. That is, our
thickness measuring system acts as an oscillator whose output is controlled by the frequency of crystal oscillation. After
device fabrication, we store the entire OLEDs sample in a
vacuum oven for 15 min for stabilization before characterization. All the electrical and optical characterizations are carried
out using a proper instrumental set-up in air at room temperature under dark room condition without any encapsulation.
A schematic representation and energy level alignment are
shown in figure 1a and b, respectively.

2. Experimental
Physical vapour deposition method is an effective method
that is broadly used for the preparation of thin films. This
method includes the deposition techniques, which depend on

Figure 1. (a) Schematic representation of OLED. (b) Energy level
alignment of the OLED structure.
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3. Results and discussion
Since in this work, we use the thickness variation method of
hole injection layer/buffer layer, we change the thickness of
rubrene layer from 3 to 11 nm within the interface region
of FTO surface and organic hole transport layer by keeping
the other layers thickness constant. The standard sequence of
OLED fabrication during the working period is given as

Device 1: FTO/rubrene (0 nm)/TPD
(40 nm)/LiF (3 nm)/Al (130 nm)
Device 2: FTO/rubrene (3 nm)/TPD
(40 nm)/LiF (3 nm)/Al (130 nm)
Device 3: FTO/rubrene (5 nm)/TPD
(40 nm)/LiF (3 nm)/Al (130 nm)
Device 4: FTO/rubrene (8 nm)/TPD
(40 nm)/LiF (3 nm)/Al (130 nm)
Device 5: FTO/rubrene (11 nm)/TPD
(40 nm)/LiF (3 nm)/Al (130 nm)

(35 nm)/Alq3
(35 nm)/Alq3
(35 nm)/Alq3
(35 nm)/Alq3
(35 nm)/Alq3

The output characteristics, including both electrical and
optical properties for all the OLED devices, are shown in
figure 3 a–c. In this work, we study the optical properties of the
bilayer electrode surface at different thicknesses of rubrene
buffer layer over the FTO surface. This optical spectrum of
bilayer electrode structure is shown in figure 2. From this
figure, it is clear that optical transmission highly depends upon
the thickness of the thin film, and this transmission gradually
decreases with increasing film thickness. During the working
period, we noticed that the maximum value of optical transmission of bilayer anode around 8-nm rubrene layer over FTO
surface is found to be higher than 80% (measured using a UVSpectrometer unit) within the green wavelength region. From
this result, we can conclude that this bilayer anode structure
is a better option for transparent optoelectronics devices. In
the same way, we also study the sheet resistance of bilayer

Figure 2. Transmission spectrum for rubrene layer over FTO
surface.
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anode at different thicknesses of rubrene layer over the FTO
surface with the help of a four-probe experimental set-up. This
variation is shown in figure 3d.
The output characteristics of all the fabricated OLEDs
(measured using a Source-Meter Unit) based on standard
device configuration FTO/buffer layer/TPD (35 nm)/Alq3
(40 nm)/LiF (3 nm)/Al (130 nm) are shown in figure 3. For
comparative analysis, in this work, we study the characteristics graphs for all the OLEDs from 0 to 22 V. Here, we
found that our bilayer anode structure provides the maximum
OLEDs performance at 8-nm thickness of rubrene buffer layer
compared with other thickness. Now, in order to find out this
critical thickness of the buffer layer, we fabricated the devices
such that the thickness of all layers of the devices is constant except that of this buffer layer. Here, we change the
buffer layer thickness from 3 to 11 nm. Finally, we report
that about 8-nm rubrene layer over the FTO surface produces the highest device efficiency of 6.35 cd A−1 compared
with the other OLED devices. Based on our study, we can
say that device efficiency is increased in the case of bilayer
anode OLED compared with that single-FTO-based OLED,
in which maximum efficiency is 3.78 cd A−1 . This increasing value of efficiency is mainly due to the proper charge
confinement process within the organic light active material
from both the electrode sides of the device. We know that
there is always a particular thickness at which device performance is highly enhanced. The buffer layer blocks parts of the
holes injected from the anode to hole transport layer (HTL)
and hence balances the injection number of holes in the emission layer. Initially, when the thickness of the buffer layer
is very small, the mobility of the charge carrier is enhanced
due to the enhancement of charge carrier tunnelling from the
FTO surface of the TPD layer. As a result, the turn-on voltage
is reduced, the overall current density is increased and the
brightness is raised while the efficiency of the device depends
on the magnitude of light generated per unit current density
region. As the buffer layer becomes thicker, both the average value of current density and the electron-luminance layer
(EL) brightness are decreased because of reduced tunnelling,
but more balanced hole and electron injections are achieved
so that the EL efficiency can reach its optimal value around
the critical thickness. Also, the critical thickness of the material is an inherent property (i.e., growing conditions of the
material film) and depends upon the bandgap alignment of the
material concerning the standard device configuration. Hence,
this critical thickness is different for different materials during device optimization. Here, when we increase the rubrene
layer thickness from 3 to 11 nm, the luminance intensity of
the fabricated device decreases, but the opposite case for efficiency is observed. This observation is directly related to the
blocking of positive charge carrier injection from the anode
side by the thickness of the rubrene buffer layer [31]. This
implies that buffer layer thickness mainly affects the mobility
of the positive charge injection by reducing their mobility rate
towards the HTL layer of the OLED device. As a result, the
possibility of the formation of positive charge accumulation
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Figure 3. (a) Graph of applied voltage vs. current density and luminance. (b) Graph of applied voltage vs. current efficiency.
(c) Graph of applied voltage vs. power efficiency. (d) Graph of buffer layer thickness vs. sheet resistance of bilayer anode.

near the HTL/electron transport layer (ETL) is reduced since
the mobilities of electrons and holes always possess different
rates in the organic materials. It is found that electron speed
is always lower in the ETL layer than the speed of holes in
the HTL layer. However, in our work, we overcome this problem using a buffer layer, which reduces the mobility of hole
injection and hence significantly affects the result of OLEDs
efficiency. On the other hand, penetration of metallic ion and
oxygen diffusion into the device from the electrode side are
also minimized when we place a buffer layer between electrode and HTL layer, which finally reduces the probability of
electrical breakdown of the device.
Therefore based on this observation, we can say that
rubrene layer increases the OLED efficiency at a particular critical thickness, which increases the exciton formation
probability by affecting the charge tunnelling mechanism.
We observe that there is a higher value of current density

and luminance of the bilayer anode device at 3-nm thickness of the buffer layer compared with the single-layer anode
device. This result may be due to the tunnelling enhancement of positive charge carrier injection concerning the simple
FTO-based device. However, changing result is observed with
different thicknesses of the buffer layer over the FTO surface
because the tunnelling effect continuously decreases when
the thickness continuously increases from 3 to 11 nm. All
the characteristics graphs of the fabricated devices are shown
in figure 3a–c. Figure 3a shows the variation of current density and luminance intensity of the devices, figure 3b shows
the variation of current efficiency and applied voltages of the
devices and figure 3c shows the variation of power efficiency
and applied voltages of the devices. From figure 3b, it is clear
that as the buffer layer becomes thicker, both the average value
of current density and the EL brightness are decreased because
of reduced tunnelling, but more balanced hole and electron
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injections are achieved so that the EL efficiency can reach
its optimal value around the critical thickness. In this figure,
device 1 indicates the efficiency of the device without any
buffer layer. That is why it is smaller than those of the rubrenebased OLED devices. Current efficiency is increased from 3
to 8 nm continuously (here, 8 nm is the critical thickness, i.e.
device 4). This implies that maximum charge confinement
takes place in device 4 compared with devices 2 and 3. However, after critical thickness, further reduction of tunnelling
takes place. As a result, the current efficiency value rapidly
falls. This is shown in the afore-mentioned figure 3d. Thus,
it is clear that current efficiency increases continuously with
increasing buffer layer thickness up to the critical thickness
and after this, it decreases.
From the study of these characteristics graphs of the fabricated devices, we can conclude that device 4 provides the
maximum current and power efficiency although the average values of current density and luminance are decreased.
Hence, in our work, the optimized device is found to be device
4, where 8-nm rubrene buffer layer is used for OLED fabrication. When we increase the thickness of this buffer layer
beyond 8 nm, it is found that device efficiency again starts
falling. This result is due to the larger reduction of tunnelling
effect at higher thickness buffer layer.
The graph of the standard deviation of current and power
efficiency of OLED devices at different thicknesses of the
buffer layer is given in figure 4. In this figure, we express the
variation of standard deviation (i.e. how efficiency data are
spread) of the efficiency of the OLED devices with rubrene
layer. Here, we calculate the standard deviation using the following formula:


N
1 
(xi − μ)2
σ =
N i=1

Figure 4. Graph of the standard deviation of OLED devices at the
different thicknesses of the buffer layer.
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where μ is the mean value of all the efficiencies of the
OLED device at a particular thickness of rubrene layer during
device operation, xi is the individual value of efficiency term
for that particular device structure and N is the total number of squared differences for a particular structure. Here,
we take the x-axis along the horizontal direction, where no
device is mentioned. Along the vertical direction, the standard deviations of both the current and power efficiency
of OLED devices are taken. The connecting lines in the
graph connect the specific value of the standard deviation
data at a particular thickness of buffer layer, in which basic
components along x-axis are buffer layer thicknesses and
along the y-direction, corresponding components are device
efficiency.
From table 1, we can say that luminance intensity at the
current density of around 40 mA cm−2 is maximum for device
4. Along with this, the average and maximum value of current
efficiency for device 4 are found to be 5.24 and 6.31 cd A−1 ,
respectively. However, here, we observe that there is a regular
tendency that the turn-on voltage increases with the increase
of anode layer thickness. This result is directly linked to the
large voltage drop across the buffer layer [32].
In order to study the effect of morphology on the device
performance, we take the FE-SEM images of both single FTO
electrode and FTO electrode with rubrene layer because surface morphology is also an important factor related to the
device performance. The surface morphology of both the single layer and double layers of FTO film surfaces is shown in
figure 5a and b, respectively. From the surface morphology
structure, it can be concluded that the surface of the bilayer
anode becomes smoother compared with the single anode due
to the presence of the organic layer. Thus, this organic layer
minimizes the FTO surface roughness by uniformly covering
the non-homogeneous region and hence reduces the charge
trapping tendency near the interface region. Hence, bilayer
anode OLEDs provide better device efficiency when bias is
applied within the tunnelling region compared with the singlelayer anode OLED.
To assess the stability of the devices, the OLED samples
were stored in thoroughly cleaned desiccators (charged with
fused CaCl2 ) and then the readings were noted after certain intervals of periods in the ambient atmosphere under
darkroom conditions. After taking the readings, samples
were again left inside the desiccators for a particular time
interval. Thus, in this manner, we noted the readings for current efficiency after 10, 20, 30, 40, 50, 60, 70 and 80 days.
It is found that the performances of the device with direct
contact between the FTO surface and TPD drop very quickly
with time, as shown in figure 6. On the other hand, the device
with buffer layer maintains a higher performance during the
operation time. This shows that the stability of the bilayer
anode devices can be improved by inserting a HIL that prevents direct contact of TPD and the FTO anode. Therefore, it
is easy to understand that rubrene interlayer acts as an encapsulated layer for the permeation of metallic and oxide ion
diffusion from the anode side to the hole transport layer by
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Table 1. Luminance and efficiency characteristics for the devices with different buffer layer thicknesses at the current density of
40 mA cm−2 .

Sl. no.
1
2
3
4
5

Buffer layer
thickness (nm)

Luminance
(cd m−2 )

Turn-on voltage
(V)

Luminous
efficiency
(cd A−1 )

0
3
5
8
11

1498
2150
2350
2524
1180

8.4
5.4
5.8
6.4
7.2

3.78
5.65
5.87
6.31
2.95

Average value of
current efficiency
(cd A−1 )
3.28
4.70
4.91
5.24
2.24

Standard deviation value
of current efficiency
(cd A−1 )
0.55
1.05
1.13
1.54
0.98

Figure 5. (a) FE-SEM images of bare FTO surface. (b) FE-SEM images of FTO/rubrene surface.

Figure 6. Stability characteristics graphs of OLED devices.

forming a blocking layer on the FTO surface and hence an
active layer, which is a major factor [33–35] for affecting
light-emitting region of the device.

In our work, we find that although the stability of bilayer
anode is better than that of the single-anode device from the
afore-mentioned graph, it is clear that there is also some extent
of degradation in it with time. This degradation is mainly due
to the charge trapping in the rubrene/TPD interface region
because it also plays a vital role in device instability [36] during biasing, since in our work we used multiple pumps down
method for device fabrication. The breaking of vacuum after
the evaporation of the organic layer and exposing the film to
the ambient atmosphere before the deposition of the next layer
might introduce sufficient interface states that contain sufficient moisture, and help the oxidation of the film. As a result,
the device efficiency attenuates. Table 2 shows a comparative study of the different bilayer anode structures by some
earlier workers. From this table, it is clear that the value of
current efficiency and power efficiency is different for different bilayer electrode-based structures. Thus, we noticed that
our results (i.e., 6.31 cd A−1 ) are better than that of the earlier FTO-based bilayer anode structure and in fact our result is
also comparable to or better than those of conventional ITObased OLED devices. Hence, although the turn-on voltage of
our device is higher compared with the ITO-based devices,
results are found to be comparable. Therefore, we can say that
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Comparison of OLED study with different bilayer anode structures.

Structure of bilayer anode
FTO+SPAN
FTO+sorbital doped
PEDOT:PSS
ITO + TiO2
ITO+Teflon
ITO +CBP

Previous workers

Current efficiency (cd A−1 )

Power efficiency (lm W−1 )

Benvenho et al [37]
Havare et al [38]

0.80
1.58

0.25
0.76

Zhi-Feng et al [39]
Wang et al [40]
Yang et al [41]

6.11
9.10
5.66

1.44
4.83
2.79

FTO should be a good competitor with popularly known ITO
electrode in OLED society.

4. Conclusion
From the afore-mentioned characterization, we can conclude
that the maximum device efficiency of bilayer anode is found
to be 6.31 cd A−1 . This result is obtained at 8-nm thickness
of buffer layer, which is better than the simple FTO-based
OLED. Here, we optimized device number 4. Thus, at the
same time, it is also clear that very thick buffer layer always
degrades the device efficiency as observed in device number
5. This is due to the decreasing tendency of the positive charge
tunnelling phenomenon. Further, luminance intensity and efficiency values were found to remain more stable with this
rubrene buffer layer compared with the single-FTO OLED
device.
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