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Introduction

Small molecule Organic Light Emitting Diodes (SOLEDSs) are great interest due to their great applicability in flat panel
display and solid state lighting. Tin-doped indium oxide (ITO) with electrical conductivity and visible range transparency of
3 x 10% S/cm to 5 x 10% S/cm and 85% to 90% respectively, is currently the most widely used OLED anode material.
However, rising in costs and other limitations present challenges for next generation optoelectronic devices [1,2]. Also in the
case of ITO anode the diffusion of indium into the organic layers during device operation, which was found to be correlated

with the decay of device performance [3].

In addition, indium tin oxide (ITO) possesses a relatively lower work function (4.4 eV to 4.9 eV) and therefore several
approaches have been employed to overcome relatively high hole injection barrier between the 1TO and the organic emitting
layers by inserting buffer layer; transition metal oxide [4,5], small organic molecule [6] and conducting polymers [7,8].

Because the presence of such injection layer enhanced the hole injection into the organic layers and improves the surface
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roughness of ITO anode system which directly affect the device performance including its turn on voltage. Inorganic
insulating buffer layer such as LiF [9,10], Al,O3 [11], SiO2 [12], MoOs [13] were reported in the literature. Zhang et al. [14]
calculated the J-V characteristics of OLEDs having a uniform buffer layer based on the WKB approximation. Lu and
Yokoyama [15] reported hole block effect due to the insertion of Ta,Os and HfO; buffer layers whereas other reports showed
apparent enhancement of hole injection with the insertion of various buffer layers such as LiF [10], SiO; [12], WO2.5 [16]
etc. Recently, Reddy et al. [17,18] reported some newly bipolar solution process dihydroacridine derivatives for highly

efficient organic light emitting diode.

The Vanadium pentoxide (V20s) has also been used as a modification of ITO anode to enhanced hole injection [19,20] due to
its suitable value of work function. Zhang and Choy [21] investigated Au/V.0Os films on ITO as composite anodes for the
hole injection in OLEDs with maximum current efficiency 3.5 Cd/A. Thus, all the maximum reports are found to be based on
ITO. On the other hand, Fluorine-doped Tin Oxide (FTO) though being cost effective and more stable to oxidation than the
ITO; it is not widely used to fabricate OLEDs because of its less transparency than ITO. There are few published reports that
indium tends to diffuse into the emissive layer under device operation, which may in turn influence the quantum efficiency
and lifetimes of OLEDs. Similarly, the chemical composition, as well as the work function of FTO, was independent of the

cleaning methods employed.

It has also some merit side like it is not classified as a substance dangerous for carriage or supply and not hazardous to the
environment. Also for the FTO anode, no risk or safety phrases are necessary. On the other hand, although pentacene has
high hole mobility but till now it is not used as a buffer layer in the society of OLED. So, in this work we focus our attention
on this specific bilayer combination to increase both the current and power efficiency for the first time on FTO surface which
also acts as a barrier for the metallic diffusion into the organic layer. For this purpose, we take the help of thickness variation
method in which a series of pentacene films of different thicknesses were deposited on FTO anode and we report that
pentacene thin films acting as hole injection layer (HIL) can improve the current efficiency of OLEDs based on Alg3 as the
emission layer and finally we report a better OLED device with maximum current efficiency of 6.6 Cd/A with this bilayer
anode combination at optimized thickness of pentacene. In this paper, OLED were characterized in terms of their current

efficiency (g) and power efficiency (h).

Experimental Details

All devices were fabricated on FTO-coated glass and thermally deposited AL was used as a cathode. The FTO glass was
cleaned in an ultrasonic bath of acetone and isopropanol for 15 minutes and the deposition was carried out at a pressure less
than 5 x 107 torr. All the organic and inorganic layers were evaporated at the deposition rate higher than 10 A/sec. The
devices have an active emissive area of 8 x 8 mm2, All the devices were fabricated by using Thermal Vacuum Evaporation
Unit and the corresponding film thickness were recorded by thickness monitor (Model DTM-10). The sheet resistance of the
different films was recorded by using four-probe resistivity measurement. The current-voltage-luminance characteristics of
the fabricated OLEDs were measured by digitally controlled source-meter unit (SMU) and luminance meter unit under dark
room condition and the transmittance spectra of the different bilayer FTO/pentacene films are recorded by UV-Double beam
spectrophotometer set up. All tests are performed in air at room temperature under dark room condition without any
encapsulation and all materials are purchased from Sigma-Aldrich and used without further purification. A schematic

representation and energy band diagram is shown by following FIG. 1 and FIG. 2 respectively.
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FIG. 1. Schematic presentation of OLED.
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FIG. 2. Energy band diagram of OLED.

Result and Discussion
We have fabricated the standard OLED samples using pentacene as hole injection layer (HIL), N, N’-bis (3-methyle phenyl)-

N, N’(phenyl)- benzidine (TPD), Tris (8-hydroxy quinolinato) aluminium (Alqgs) and lithium fluorides (LiF) are used as hole
transport layer, light emitting layer, and electron injection layer respectively and compared the J-V-L characteristics of
OLEDs with different thickness of HIL and that of HIL free OLED. Without LiF (EIL) layer, electron injection from Al
cathode into Algs is difficult. Because the dissociation of alkali halide into the organic layer improve the electron injection

process. The structures of the bottom emitting OLEDs used in this study are:

Device 1. FTO/Pentacene (0 nm)/TPD (45 nm)/Algs (56 nm)/LiF (5 nm)/Al (100 nm)
Device 2. FTO/pentacene (1 nm)/TPD (45 nm)/Algs (56 nm)/LiF (5 nm)/Al (100 nm)
Device 3. FTO/pentacene (4 nm)/TPD (45 nm)/Algs (56 nm)/LiF (5 nm)/Al (100 nm)
Device 4. FTO/pentacene (6 nm)/TPD (45 nm)/Algs (56 nm)/LiF (5 nm)/Al (100 nm)
Device 5. FTO/pentacene (10 nm)/TPD (45 nm)/Algs (56 nm)/LiF (5 nm)/Al (100 nm)

For proper efficiency in an organic semiconductor requires not only balanced injection but of also similar mobility values for
holes and electrons. This is accomplished by incorporating an electron transport layer (ETL), in which conduction is
dominated by electrons and a separate hole transport layer (HTL), in which conduction is dominated by holes. This
configuration allows independent optimization of the injection and transport characteristics using respectively, properly

selected electrodes and transport materials. Characteristics curve for OLEDs are given below:
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In FIG. 3a, in which device 4 gives the better luminance along with high current efficiency (g) as shown in FIG. 3b. Similarly,
the variation of current efficiency vs applied voltage is shown in FIG. 3d in which device 4 achieve the highest performance.
The behavior of each device is discussed here. The device with the single FTO anode shows poor hole injection and the
luminance is substantially lower than the other pentacene based OLED devices at the same voltages. But however, among the
four-bilayer anode OLED device, device 4 shows a maximum current efficiency of 6.6 Cd/A due to the peculiar behavior of

pentacene film at 6 nm thickness i.e. optimized transmittance and surface resistance property within tunneling region.
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FIG. 3. a) Graph of luminance vs current density and transmittance vs wavelength. b) Graph between current
efficiency and current density. c) Graph of power efficiency (n) and voltage (V). d) Graph between current efficiency

and voltage.
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From the TABLE 1, it is clear that both the electrical and optical properties are decreased with the increasing thickness of the
buffer layer. In fact, at the thickness of 10 nm organic film the average transmittance of bilayer film (within 500 nm to 600 nm)
is larger than 80%, which is greater than the inorganic metal oxide buffer layer OLED device [21] as shown in FIG. 3a.
Therefore, we can say that this inorganic-organic bilayer anode film has the more advantage as transparent performance than the
inorganic-inorganic based bilayer anode device. We also calculated the figure of merit (FOM) values for FTO and pentacene

modified OLED devices. This can be calculated with the help of surface resistance and optical transmittance observation.

TABLE 1. Summary of the surface property of anode combination at different thickness.

o Surface resistance? | Transmittance | Figure of Current Device Turn-
Anode combination ] o
(Q/square) (%) merit (1) | efficiency (cd/A) | on voltage (V)
FTO/Pentacene (0 nm) 23.82 85.35% 8.26 x 10°® 3.7 6.5
FTO/pentacene (1 nm) 23.19 84.81% 8.30 x 10’ 4.3 6.4
FTO/pentacene (4 nm) 21.86 84.35% 8.34 x 10’3 4.8 6.1
FTO/pentacene (6 nm) 20.04 83.65% 8.37 x 103 6.6 5.8
FTO/pentacene (10 nm) 17.61 82.45% 8.24 x 10’3 1.8 7.2

aSurface resistance fluctuate within a range of £ 0.06 Q/square.

Based on this observation, we analyzed the figure of merit (FOM) which is a function of sheet resistance and optical
transmittance. This is an important parameter for study the performance of transparent conducting oxide (TCO) films. The
FOM is defined as FOM=T%R;, where T is the optical transmittance and Rs is the sheet resistance [22]. TABLE 1 shows the
anode surface resistivity of the pentacene modified FTO with a varied thickness from 1 nm to 10 nm with their FOM values.
Since the higher value of the figure of merit indicates the high quality of transparent conducting oxide films. So the FTO
surface with a 6 nm thick pentacene buffer layer will clearly give better performance as a transparent conducting oxide than
that of the single layer FTO film. The two efficiencies i.e., power efficiency (n) and current efficiency (y) are not
independent. Assuming a Lambertian emission pattern [23].

N=nL/NVI=n/V(LI)=rcy/V (1)
where L is measured normal to the emitting surface and V is the applied voltage. While y depends on the optical coupling and
the internal quantum efficiencies [24]. It is fairly constant or weakly varying over a large range of J. On the other hand, h is

clearly bias dependent and inversely proportional to V.

To investigate the influence of the pentacene film on the FTO substrate, the surface resistivity of FTO and pentacene
modified substrate were measured by four probe resistivity measurement. The results revealed that there are optimum
thicknesses of buffer layer at which the OLED current efficiency can be achieved. In this case, the optimum thickness of 6
nm pentacene buffer layer has resulted in 1.78 times enhancement in current efficiency. Too thin (1 nm) or too thick (10 nm)

of pentacene buffer layer does not help in improving the current efficiency.

TABLE 1 shows the anode surface resistivity of the pentacene modified FTO with a varied thickness from 1 nm to 10 nm.

Lower sheet resistance means holes would need less energy to overcome the barrier to inject into the organic layer according
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to the thermionic emission mechanism which would normally result in less threshold voltage, higher current and power
efficiency within tunneling region. In our work, current efficiency gets the highest improvement at the optimal thickness (6
nm) of pentacene buffer layer where the hole and electron injection reach the maximum balance point. But after the critical
thickness device performance is reduced due to more reduction of tunneling effect. This means that although surface
properties are reduced with increasing thickness of buffer layer but there is a more balancing of charge carrier is occur
because of which device efficiency is optimized along with both luminance and current density value. As for the
improvement of power efficiency, it is related to the energy consumption of hole injection. Due to the smooth surface
property, less energy is consumed at the anode/HTL interface. This effect gets an optimal balance at the thickness of 6 nm of
Pentacene buffer layer which exhibits the highest improvement of power efficiency (3.40 Im/W) in our device configuration
as shown in FIG. 3c. Relation between the different thickness of pentacene film and the corresponding turn-on voltage is
shown by the following FIG. 4.
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FIG. 4. Variation of turn-on voltage vs buffer layer thickness.

From this graph, we conclude that the thickness of the buffer layer on the FTO substrate has a direct impact on the injection
of charge carrier (i.e., hole) into the organic layers. In our work, we obtain the lowest turn-on voltage is 5.8 V. The initial
decreasing of the turn-on voltage is caused by a decrease in the effective surface resistance and the barrier energy. This
situation is linked with the energy levels of buffer layer and HTL at their interface which is modulated by the internal electric
field. This internal field modulation mainly causes for the reduction of device turn on voltage. But after the optimal thickness
any addition of buffer layer thickness causes conduction loss increase instead of a further reduction in turn-on voltage. This is
due to the relatively weak modulation by image-force lowering of the buffer layer [25] after critical thickness.

For the surface morphology purpose, we take the FE-SEM images of both the single and bilayer FTO anode as shown in FIG.
5a and 5b. From the study of FE-SEM images it can be concluded that the surface of bilayer anode became smoother
compared to the single anode due to the presence of organic layer. Therefore, this organic buffer layer provides better
organic-organic contact compared with that of the inorganic-organic contact with the HTL layer, because of which we get the
better device efficiency when proper bias is applied within the tunneling region. This is an important reason for reducing the
contact resistance and increases the hole injection.
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FIG. 5 a) FE-SEM image of FTO. b) FE-SEM images of bilayer FTO/Pentacene anode film.

Conclusion

Thin pentacene film deposited by thermal vacuum deposition has been employed as a buffer layer on OLED anode. Current
efficiency and power efficiency of the device with an optimal thickness of 6 nm high-quality pentacene buffer layer were
simultaneously increased compared with bare FTO anode OLED. The improved current efficiency is attributed to a balanced
contribution of thermionic emission of charge carrier in the presence of an optimal thickness of pentacene buffer layer which
are proved by transmittance spectra and surface resistivity measurement. The improved power efficiency is due to the
balanced of energy consumption. The device with FTO/pentacene (6 nm) as anode provides a better charge balance which
makes the current efficiency (6.6 Cd/A) 1.78 times higher than that of the FTO OLED (3.7 Cd/A).
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