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Abstract. In this study, high performance of organic light emitting diodes (OLEDs) with a buffer layer of
dicarbazole-biphenyl (CBP) film is demonstrated. With an optimal thickness of CBP (12 nm), the luminance
efficiency of OLED is found to increase compared to the single-layer anode OLED. To study the performance
of OLED using the buffer layer, we deposited CBP films of different thicknesses on the fluorine-doped tin oxide
(FTO) surface and observed their J –V and L–V characteristics. Further analysis was carried out by making the
host–guest combination within the light emitting region using iridium (III) complexes (Ir(ppy)3) as the dopant
material to enhance the efficiency of the device. We also measure the sheet resistance, optical transmittance and
surface morphology of both the single and bilayer electrode surfaces using the FE-SEM images. Here the maximum
value of current efficiency is found to be 12.45 cd/A under optimised doped and quantum tunnelling conditions.
Keywords. Hole injection layer; organic light emitting diode; surface resistance; optical transmittance; current
efficiency.
PACS Nos 68.35.Ct; 68.65.Ac; 68.47.Fg

1. Introduction
The organic light emitting diodes (OLED) have drawn
enormous interest because, compared to the conventional LCD, OLEDs have many advantages: the fabrication process is simple, switching speed is fast, viewing
angle is wide and fabrication cost is less. The rapid
development of organic electronics is the result of a
large-scale, concerted effort from the science and engineering research community. Interfacial engineering has
been one of the major areas of development of OLEDs.
Therefore, great efforts have been made to improve
their performance by modifying the interface structure to achieve an effective and balanced injection of
the charge carriers [1,2]. As a result, OLEDs are currently the most advanced devices in the field of organic
electronics. To enhance the efficiency of OLEDs, it is
necessary to develop more optimised devices. Especially, improving the injection of charge carriers from
the electrode to the light emitting layer is necessary to
achieve highly efficient OLEDs. The interface between
the organic layer and the electrodes plays a significant

role in the performance of OLED because it determines
the efficiency of the charge carrier injection from the
electrode into the light emitting layer [3]. The insertion of a buffer/injection layer between the anode and
the hole transport layer (HTL) is one of the simplest
and efficient methods to improve the performance of
the device. Mu et al reported an OLED using both CuPc
and PEDOT as the hole buffer layer [4] with a maximum
efficiency of 8.2 cd/A. Meng et al fabricated OLEDs
on bilayer graphene electrode [5]. Daeil Kim studied
the effect of the TiO2 buffer layer on the properties of
ITO films [6]. Also, Chien-Jung Huang et al worked on
flexible OLEDs by the insertion of ultrathin SiO2 buffer
layers [7] in which they obtained efficiency greater than
8 cd/A. Thus, several approaches have been employed
to overcome the relatively high hole injection barrier
between the electrode and the organic hole transport
layers, which include different materials such as transition metal oxide [8,9], small organic molecule [10]
and conducting polymers [11,12]. The presence of such
an injection layer enhanced the hole injection into the
organic layers and also improves the surface roughness
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of the electrode which directly affects the performance
of the device including its turn-on voltage. Inorganic
insulating buffer layers such as LiF [13], Al2 O3 [14],
SiO2 [7], V2 O5 [15,16] are reported in the literature.
Zhang et al [17] calculated the J –V characteristics using
sodium stearate (NaSt) buffer layer based on the WKB
approximation method. Lu and Yokoyama [18] reported
hole block effect due to the insertion of Ta2 O5 and
HfO2 buffer layers. Other reports also showed enhancement of device performance with the introduction of
various buffer layers such as ZnPc [19], tungsten oxide
[20,21], adenine [22], etc. Uniyal and Mittal provided
a comparison of the bilayer and multilayer OLED [23].
Yu-Long Wang et al used tetramethyl-substituted copper (II) phthalocyanine as a hole injection enhancer in
OLEDs [24]. More recently, Xu et al developed a multilayer transparent conducting electrode for OLEDs [25]
while Shan et al reported enhanced hole injection in
OLEDs utilising a copper iodide-doped hole injection
layer [26]. But in the literature, all the reports are found
to be based on ITO electrode. Fluorine-doped tin oxide
(FTO), though being cost-effective compared to ITO, is
not widely used to fabricate OLEDs because its transparency and conductivity are less than ITO [27]. But
there is a published report which says that indium has a
tendency to diffuse into the light emissive layer when the
device is under operation [28] which may in turn influence the quantum efficiency and lifetimes of OLEDs.
But, in the case of FTO anode, there is no indium to diffuse into the light emissive layer in the OLED. Similarly,
chemical composition, as well as the work function of
FTO, is found to be independent of the cleaning methods employed [29] which is not the case with ITO. This
implies that FTO electrode substrates are more stable to
oxidation process than the ITO surface. Therefore, some
material of intermediate layers such as PEDOT: PSS and
sulphonated polyaniline can be used to reduce the potential barrier for FTO-based OLED [30,31]. Currently,
organic materials are also widely used in electroluminance devices, because these materials, as buffer layers
between the electrode and the organic interface region,
offer various advantages. It decreases the contact resistance, provides smoother surface and better uniform
electric field distribution over the entire anode region,
which increases the charge injection and also provides
better adhesion property than that of inorganic materials
[32,33]. Also in the visible region, it is found that the
optical transmission of FTO is independent of fluorine
doping. Therefore, based on the above literature report,
for the first time, we focus our attention on increasing
the power efficiency of non-conventional FTO surface
by using organic CBP interlayer as these materials,
because of their large band gap, prevents the CBP from
absorbing the emitted light from the OLED device. Here
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we deposited the CBP layer over the FTO-coated glass
substrate as a buffer layer using thermal vacuum deposition process which results in the increase in device
efficiency. To complete our work, we used the thickness
variation method of a buffer layer over FTO surface, as
it is the only technique which can give an idea of the
exact thickness of the buffer layer which enhances the
device performance the maximum since film which is
too thin or too thick does not help in improving the performance of the device. On the other hand, in order to
further improve the performance of the device, usually
the active material which forms the EML needs to satisfy
a certain number of properties of the dopant. Generally,
the HOMOs and LUMOs of the host and the emitter
dopant need to be carefully chosen for good exciton confinement within the EML. Iridium (III) complexes are
the most widely used dopants in OLEDs because of their
higher triplet efficiency [34–36]. Therefore, to complete
our work, we considered the variation of buffer layer
thickness near the electrode region and doping concentration in EML region. Here, we characterise the OLED
devices in terms of their power efficiency calculation. It
was found that 12 nm of CBP layer over the FTO surface improves the device efficiency more than the other
devices under optimised doping concentration within
the light-emissive region.
2. Experimental details
In our work, all devices were fabricated on FTO-coated
glass substrates (thickness = 1.6 mm) and thermally
deposited AL was used as the cathode. The FTO
glasses were ultrasonically cleaned with acetone, isopropanol and deionised water for 15 min and then
dried by an air gun before fabrication of OLED. This
cleaning step is used to remove surface contaminants
and to provide a clean FTO surface to increase the
adhesion of another layer onto its substrates. In our
work, the filaments and boats are also flash-cleaned in
vacuum by passing heavy current momentarily. Flash
cleaning of filaments and boats are essential for the
removal of contaminants adhering to them. Before
OLED fabrication, FTO sheets were pre-patterned using
etching (combination of zinc dust and dilute HCl).
In this work, we annealed the FTO sheet at optimised 575 K because the optical properties are more
enhanced under thermal annealing. We carried out
all the depositions at a base pressure of less than
3 × 10−5 torr. All the organic and inorganic layers
were evaporated at a deposition rate higher than 10
Å/s. OLED devices were fabricated by using thermal vacuum evaporation unit (TVEU) and the corresponding film thickness was recorded by a thickness
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Figure 1. (a) Schematic representation of OLED, (b) energy level alignment of the OLED device without doping and (c)
energy level alignment of the host–guest combination of doped EML region.

monitor set-up (Model DTM-10) which is directly
interconnected to the vacuum chamber unit. OLED
devices using Ir(ppy)3 emitters co-evaporated with the
host material Alq3. After device fabrication, we store
all the samples in a vacuum oven for 20 min for
stabilisation before characterisation. Sheet resistance
and optical transmittance are measured by four-probe
resistivity method and UV–Visible double beam spectrophotometer unit. The current–voltage–luminance
characteristics of the fabricated OLEDs were measured
by digitally controlled source-meter (SMU) and luminance meter unit. All tests were performed in air at
room temperature under dark room condition without
any encapsulation and all materials were purchased
from Sigma-Aldrich (USA) and used without any further purification. In this work, we noticed that after
the thermal annealing process, the measured value of
refractive index of FTO is found to be 1.62 which
is nearest to 1.5, the refractive index of glass. This

value is better than that of the typical denser ITO
film whose refractive index is 2.1 [37]. Therefore, we
can say that thermally treated non-conventional FTO
film can be a good replacement for conventional ITO
film.
In the following, figure 1a gives the schematic
representation and figure 1b represents the energy
level alignment of the OLED device.

3. Result and discussion
At the first stage of our work, we have fabricated the
OLED samples using 4,4 -N,N -dicarbazole-biphenyl
(CBP) as the hole injection layer (HIL), N,N -bis
(3-methyle phenyl)-N,N (phenyl)-benzidine (TPD), tris
(8-hydroxy quinolinato) aluminium (Alq3 ) and lithium
fluoride (LiF) as the hole transport layer, emitting layer
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Figure 2. Variation of optical transmittance and sheet resistance of FTO surface with CBP thickness in nanometre.

and electron transport layer respectively and compared
the J –V –L characteristics of the respective OLEDs with
different thicknesses of HIL and also that of the HILfree sample. The output characteristics of all the OLED
devices with buffer thicknesses of 4, 8, 12 and 16 nm
are shown in figure 3. The structures (without doping)
of the bottom OLEDs used in this study are given below:
Device 1. FTO/CBP (0 nm)/TPD (35 nm)/Alq3 (40
nm)/LiF (3 nm)/Al (100 nm)
Device 2. FTO/CBP (4 nm)/TPD (35 nm)/Alq3 (40
nm)/LiF (3 nm)/Al (100 nm)
Device 3. FTO/CBP (8 nm)/TPD (35 nm)/Alq3 (40
nm)/LiF(3 nm)/Al (100 nm)
Device 4. FTO/CBP (12 nm)/TPD (35 nm)/Alq3
(40 nm)/LiF(3 nm)/Al (100 nm)
Device 5. FTO/CBP (16 nm)/TPD (35 nm)/Alq3
(40 nm)/LiF(3 nm)/Al (100 nm)
Figure 2 represents the transmittance spectra of the
bilayer anode for the CBP layer over FTO electrode.
Here the maximum value of the optimised FTO/CBP
bilayer anode is higher than 80% (average value of
85.15% within 530–560 nm wavelength region) which
is a good indicator for transparent electronics. Similarly,
the variation of sheet resistance vs. thickness of the CBP
layer over the FTO surface is also shown here. This
shows a decreasing trend of surface resistance as the
thickness of the buffer layer increases [38].
The current–voltage and luminance–voltage characteristics of the OLED devices are shown in figures 3a–
3d. To study the influence of thickness variation of
CBP on luminance, we kept the thickness of all layers
constant except this layer, which was varied from 4 to

16 nm. It is found that when the thickness of the buffer
continuously increases, the current density decreases.
This indicates that this interlayer has the direct effect of
blocking the flow of positive charge carrier and hence
the hole current across the device.
In our work, it is found that the device with 12 nm
CBP buffer layer has the highest efficiency of 6.30 cd/A
compared to the other OLED devices. Therefore, current efficiency increases compared to the device without
a buffer layer. With the increase in thickness of the
buffer layer, a gradual decrease of luminance and an
increase of device efficiency are observed, which are
due to the blocking of positive charge carrier current
with the increase in thickness of the buffer layer [39].
This improvement in efficiency is due to the proper balancing of charge carrier injection towards the organic
layers. Therefore, it can be said that the insertion of
interlayer enhanced the efficiency by blocking the hole
injection. This interlayer also prevents the diffusion of
metallic ions and oxygen into the organic layer from the
anode side and hence reduces the probability of an electrical breakdown of the device. From the literature, it is
known that the mobility of electron is lower in electron
transport layer than the mobility of holes in the hole
transport layer [40]. As a result, there is an accumulation of positive charge carriers at the interface of the
HTL/ETL layer. Therefore, to enhance the efficiency of
the device, we should either decrease the positive charge
carrier mobility or increase the electron mobility. In our
case, we balance the mobility of positive charge carrier
by using organic CBP buffer layer between the FTO
and TPD layer. Since the mobility of electron is lower
than that of the holes in the organic materials, in this
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Figure 3. (a) Graph of voltage vs. current density, (b) graph of voltage vs. luminance, (c) graph of voltage vs. current efficiency
and (d) graph of voltage vs. power efficiency.

case, organic CBP layer can play an important role for
enhancing the performance of the device. From the
energy level diagram, it is clear that the highest occupied molecular orbital (HOMO) level of the CBP layer
lies below the HOMO level of the TPD layer as shown
in figure 1b. Thus, it is seen that HOMO level of CBP
layer is 6.3 eV which is lower than that of the TPD layer
which is 5.5 eV. Therefore, the energy gap of the positive
charge carrier at the FTO/CBP interface is 1.9 eV, which
is greater than that of the FTO/TPD interface (i.e. 1.1
eV). This implies that the FTO/CBP interface blocks
more hole injection towards the TPD layer. Thus, we
can say that CBP interlayer acts as a hole blocking layer
which enhances the injection of positive charge carrier with respect to the negative charge carrier towards
the emission layer. In other words, this interlayer can
help in preventing the accumulation of excess holes in
the luminance layer and thus increases the probability

of electron–hole pair recombination. Device 2 is more
efficient than device 1 due to this reason. After that
when we increase the thickness of the buffer layer
continuously, it is found that both current density and
luminance of the devices decrease more. This may be
due to the reduction of charge tunnelling effect between
the anode and the hole transport layer with increasing
buffer thickness. From the characteristics graphs shown
in figures 3a–3c, it is clear that though the values of
current density and luminance are decreased, their efficiency is improved continuously with the increase in
thickness of the buffer layer. In our work, maximum efficiency is provided by device 4 with the optimised CBP
thickness of 12 nm. After that, efficiency of the device
is found to decrease due to the reduction of tunnelling
effect with higher thickness of this buffer layer. Figure 3c represents the variation of the current efficiency of
the OLED devices with respect to their applied voltage.
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Similarly, the variation of power efficiency vs. applied
voltage characteristics for all the devices is shown in
figure 3d in which device 4 shows the highest value.
Thus, in the first stage of our work, we get the highest
efficiency of 6.30 cd/A at the optimised thickness of
12 nm CBP layer. Now, to further improve the charge
confinement within the EML region and hence the efficiency, we take the help of doping phenomenon by using
Ir(ppy)3 along with Alq3 in this optimised device 4. By
using iridium (III) complexes, it is possible to minimise
the large band gap of Alq3 from 2.9 to 2.4 and hence
better exciton confinement compared to that of Alq3
device alone within this light emitting region as shown in
figure 1c. The characteristic graphs of the OLED devices
are given in figure 4.
Here, we change the doping concentration from 5
to 10% in Alq3 region by neglecting the other lower
concentration because under the very low concentration
of doping level the distance between the dopant
molecules is comparatively large and appears to be
a hole trap [41,42]. Therefore, in this situation, the
hole trapping limits additional hole injection and as a
result, the operational voltage increases. In our work, we
noticed that when we consider the doping amount at 5%
(device 6 – device 6 is the same as the device 4 except
that the doping level is 5%) both the current density
and luminance characteristics are increased as shown in
figure 4a. This is because charge carriers are confined
more within the Alq3. This process is found to be
maximum at 8% (device 7 – device 7 is the same as
device 4 except that the doping level is 8%) doping
concentration where device efficiency is found to be
increased up to 12.45 cd/A as shown in figure 4b.
After that, there is a reduction of charge confinement
and hence the efficiency is less than for the device
at 10% (device 8 – device 8 is the same as device
4 except that the doping level is 10%) doping concentration. This may be due to the overdoping of
Ir(ppy)3 molecules. There is a possibility that the countercharge carriers (the electrons) may be injected and
transported earlier than holes. Thus, they are easily
crowded at the HTL/EML interface [43–45]. Similarly,
the variation of the power efficiency is also shown in
figure 4c. Thus, from the above analysis, it is clear that
there is an optimum doping level in which the performance of the device is highly enhanced. Under this
condition, the turn-on voltage of the device decreases
up to 7.2 V from 10.5 Vs (without doping). This result
is also found to be comparatively better than the results
from our earlier work [46] in which the maximum device
efficiency was only 2.83 cd/A. Therefore, our present
result is found to be better than the previous result.
Table 1 shows the summary of the result of eight
OLED devices along with their standard deviation
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values of current efficiency (which is a measure of the
spread of their efficiency in a set of data at different
voltages from their mean values).
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Table 1. Luminance and efficiency characteristics of the OLED devices at the current density of 20 mA/cm2 .
Sl. No.

1
2
3
4
5
6
7
8

OLED devices

Doping treatment

Luminace (cd/m2 )

Turn-on
voltage (V)

Luminous
efficiency
(cd/A)

Standard deviation
value of current
efficiency

Device 1
Device 2
Device 3
Device 4
Device 5
Device 6
Device 7
Device 8

Nil
Nil
Nil
Nil
Nil
Yes
Yes
Yes

780
960
1096
1240
540
1420
1560
1370

8.8
9.1
10
10.5
11.4
8.5
7.2
9.6

3.30
4.30
5.43
6.20
2.70
9.36
12.31
7.48

1.33
1.10
1.49
1.62
0.94
3.56
3.54
3.40

Figure 5. (a) FE-SEM images of single FTO surface and (b) FE-SEM images of FTO+CBP surface.

From this table, it is seen that the turn-on voltages
are 8.5, 9.1, 10, 10.5 and 11.4 V for the devices with a
buffer layer in 0, 4, 8, 12 and 16 nm respectively. Thus,
the turn-on voltage is found to be higher than that of
the device without a buffer layer. This is due to the relatively weak modulation of the internal electric field and
hence the larger voltage is dropped across the buffer
layer by increasing their thickness [47]. On the other
hand, when we used the Ir(ppy)3 dopant molecules,
turn-on voltage is reduced to 7.2 V due to more balancing of triplet charge confinement within the Alq3
region. In our work, it is found that the turn-on voltages
of the devices are comparable or better than the earlier
ITO-based devices [48–50] within the tunnelling region.
Similarly, device efficiency is found to be comparatively
better than other reported results [30,31]. This indicates
that the FTO/CBP bilayer structure along with doped
Alq3: Ir(ppy)3 has good potential for OLEDs application and also is a good competitor to the popularly known
ITO electrode in OLED society.
But, the performance of the OLED is highly dependent
on the surface morphology of the electrode surface. For
that purpose, we analyse the surface morphology of both
single and double layers of the FTO surface with the help

of FE-SEM images, which are given in figures 5a and 5b
respectively.
From the study of SEM images, it is found that the
surface of the bilayer anode became smoother compared
to the single anode due to the presence of the organic
buffer layer. This provides a uniform field distribution
over the entire anode region and also reduces the probability of the formation of non-emissive area in the active
region. It implies a better contact of the bilayer anode
surface with respect to the organic hole transport layer.
This is an important reason for reducing the contact
resistance and hence the bulk resistance of the device
which increases the device performance. Therefore, it
can be concluded that smooth uniformity of film surface for improving the interface and contact of the buffer
layer with organic layer is important for injecting and
controlling charge carriers across the organic layers.

4. Conclusion
In this work, we used CBP as the buffer layer and
Ir(ppy)3 as the dopant and systematically studied the
FTO-based OLED structure. From this investigation,
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we have concluded that if the CBP films are too thick,
turn-on voltage increases and the device efficiency
decreases. Similarly, if doping concentration is too high
within the Alq3 region, device performance will not
be good. This result revealed that there is an optimum
region of buffer layer over electrode surface and doping
level within the light emitting region at which OLED
efficiency is highly enhanced. In our work, the optimum
thickness of the CBP buffer layer is found to be 12 nm
and with the optimum doping level of Ir(ppy)3 of 8%,
the current efficiency is increased 3.77 times compared
to single-layer anode OLED device.
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