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Abstract: 

The doping effect of Titanyl phthalocyanine (TioPc) in Tris(8-hydroxyquinolinate) 

aluminum (Alq3) (Alq3:T; where T represents TioPc)  used as  electron transport layer 

(ETL)  for organic light emitting diodes (OLEDs) was investigated. The surface 

roughness of the doped thin films increases with doping concentration as a result of 

needle like 3D growth of TioPc in Alq3. The electron mobility depends on doping 

concentration. Electron mobility calculated in the trap-free space-charge limited region 

(SCLC) for 2% doped Alq3 thin film was found to be 0.17×10-5 cm2V-1s-1 which is of four 

orders in compare to pristine Alq3. The electroluminescence at a constant current 

density of 10 mA/cm2 is 3098, 4700, 7800, 3600 and 520 cd/m2 for Alq3 to Alq3:T(1%, 

2%,3% and 5%) devices, respectively. Similarly the power efficiency at constant current 

density of 10mA/cm2 is 2.1, 2.7, 4.2, 1.3 and 0.48 lm/W for the different doping device 

Alq3 to Alq3:T(1%, 2%,3% and 5%) , respectively. The optimized 2% doped TioPc in 

Alq3 based OLEDs shows four times increase in electrolumiscence as well as almost 

double of power efficiency. There are interfacial charges near the doped layer. The 

Cole-Cole plot indicates the device can be modeled as the combination of three parallel 

resistance-capacitance (R-C) equivalent circuits.  
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 Introduction 

 Since first successful demonstration of   organic light emitting diodes (OLEDs) by 

Tang and Van Slyke [1,2], good steady progress has been made in improving these 

devices for use in practical applications. The power consumption and reliability of 

OLEDs have been key issues for real applications and have shown remarkable 

progress through intensive research in the past decade [3-5]. Functional devices based 

on conjugated polymers or small molecules such as light emitting diodes (OLEDs), 

organic solar cells (OSC) and organic field - effect transistor (OFETs) have great 

potential toward light weight, flexible and low-cost electronic and optoelectronic 

applications [6]. To obtain highly efficient and low-voltage OLEDs, optimization of 

charge injection and carrier transport is critically important towards the improvement of 

device performance. [7,8] The doping of organic semiconductors was first studied in the 

year 1960 [9], however they have been extensively studied only after their use in 

enhancing the charge carrier injection and transport properties in optoelectronic devices 

[10-15], such as OLEDs and OSC. Despite the extensive studies on p-type, n-type 

doping of organic semiconductors, Doping optimization in organic semiconductor still 

remains a challenge.    

  In all of these organic device embodiments, optimization of charge 

injection/extraction and carrier transport is critically important towards their technological 

success [16-18]. Efficient injection or extraction requires low energetic barriers while 

competent transport demands highly conductive transport layers. Organic 

semiconductors have low carrier concentration and low carrier mobility [18, 19]. A 

widely used method for improving electron injection and transport is to employ low-
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work-function metals, either as individual layer in contact with cathode or as n-type 

conductive dopants in the organic electron-injection layers (EILs), which can help to 

reduce the injection barrier at the electrode/organic interface and provide excellent 

electron injection from cathode to organic layer [20-24]. Alkali metals like Li, Cs and 

their oxides are also used for n-type conductive doping of organic electron transport 

materials [25-27] and were found useful in many instances. But this type of doping has 

lots of problems, like damage to underlying organic layers due to the tendency to diffuse 

in the organic materials. Due to this reason, there is a need for molecular dopants for 

enhancement of electron transporting properties and its use in OLED applications. 

  Here, we have compared the TioPc as the n-type dopant of Alq3 with 

different concentrations.  The thin films of doped and undoped films were studied and 

checked for the application of lighting devices (OLEDs) 

Experimental methods 

 The electron only devices were fabricated with the structure of Al|Alq3:TioPc|Al. 

The Alq3 is doped with TioPc by weight percentage doping concentration of 1,2,3 and 

5%; those thin films and devices were named as Alq3, Alq3:T1, Alq3:T2, Alq3:T3 and 

Alq3:T5, respectively.  The doping of organic layers was performed by thermal co-

evaporation process.  Similarly; Light emitting dioded (OLEDs) was fabricated on 

indium-tin-oxide (ITO) (purchased from Vin Karola USA) coated glass substrates with a 

sheet resistance of 20 Ω/sq. Before depositing all organic materials, ITO substrates 

were cleaned ultrasonically with de-ionized water, acetone and isopropyl alcohol and 

finally dried them.  The deposition rate was kept 1-2 A⁰/s for organic layers and 2-5 A⁰/s 
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for aluminum as metal cathode. The overlap of ITO anode and Al cathode defines the 

active area of the device to be 6 mm2.  

Current density-voltage (J-V), current density-voltage-luminescence (J-V-L) and current 

efficiency-current density-power efficiency characteristics of OLEDs were measured 

simultaneously with a programmable keithley 2400 power source and Luminance meter 

(LMT-1009). Impedance spectroscopy (IS) measurement was performed by using 

Impedance/Gain-Phase Analyzer (Solartron, model SI 1260) Characterization System. 

A 100 mV amplitude AC signal superimposed on a DC bias was used to measure 

device impedance as a function of AC frequency and DC bias.   

Results and discussion 

 The surface morphologies of doped and undoped Alq3 thin films were 

characterized by atomic force microscopy (AFM). Figure 1   (A)-(E) show the AFM 

images of Alq3, Alq3:T1, Alq3:T2, Alq3:T3 and Alq3:T5. The surface roughness increases 

with increasing concentration of TiOPc. The RMS values of roughness are 0.3914 nm, 

0.5549 nm, 0.5742 nm, 0.6146 nm and 6.2326 nm for Alq3, Alq3:T1, Alq3:T2, Alq3:T3 

and Alq3:T5 respectively. The thin film of Alq3, Alq3:T1 and Alq3:T2 consists of small 

uniform 3D islands with a compact shape. The  surface morphology changes drastically 

if doping concentration  was  increased  from  2%:  island  shape  transition  occurs  

resulting  in  typical needle-like  structures  with  elongated  3D-islands.  Figure  2(E)  

show  that  the  islands  become thereby  progressively  longer,  quickly  reaching  a  

fixed  asymptotic width while  their  height remains  much  longer   than  their    width. 

Hence it is not suitable to have high doping concentration of TiOPc for device 

application.  
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Since Al work function is about 4.2 eV and the Alq3 LUMO value is 3.0 eV [28], the 

electron injection between Al and Alq3 will be very high. However, in between Al and 

Alq3 films it is observed that there are large interface dipoles present [29], which 

reduces electron injection barrier by about 1.0 eV hence the net barrier present is now 

0.2 eV. In the same way, the energy barrier for hole injection is increased by 1.0 eV due 

to interface dipole and the resultant barrier for hole injection turns to 2.5 eV. Therefore, 

hole is not injected in compare to electron injection, and any current observed in the 

device will be only due to electrons flowing between two Al electrodes. Therefore, the 

electron only devices can be considered in the structure of Al/organic/Al. The 

thicknesses of organic films were kept at 100 nm for all the five devices. Figure 2 shows 

the J-V characteristics of electron only Alq3, Alq3:T1, Alq3:T2, Alq3:T3 and Alq3:T5 

devices. The inset of figure 2 shows the enlarged J-V characteristics taking x axis as log 

scale. It is clearly shown in the inset figure that the driving voltage of the electron only 

device shifts with doping concentration. The current density increases linearly with the 

increase of voltage in low region, at high region the current density increases non-

linearly for all the devices. At low voltages (first region of I-V curve), the slope of the Log 

I-V plots are approximately unity, while at higher voltages, the slope is about 2 or more. 

Hence the conductivity is clearly Ohmic  at low voltage and space charge limited 

conductivity (SCLC) at higher voltages. In the Ohmic region of the conductivity, the 

current density 
d

v
qnJ µ

0
= , Where no is the concentration of thermally activated 

carriers, µ is the mobility and d is the thickness of the organic semiconductor used (d 

=100nm). At high voltages region (second region of I-V curve) J∝  V2 indicates a limited 

current controlled by a space charge with a single discrete set of shallow traps. The 
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current density in this region is 
3

2

8

9

d

v
J εµθ= , Where ε is the organic semiconductor 

dielectric constant (taken as 3.5) , µ is the charge carrier mobility and θ is the trapping 

fraction. The trapping fraction can be represented by 
t

o

nn

n

+
=

0

θ ,
 

Where no is the free 

charge carrier density and nt is the trapped charge carrier density. The electron mobility 

of   Alq3 calculated assuming trap free SCLC ( nt = 0) was 0.62×10-8 cm2 V-1s-1  which  is 

comparable  to the mobility obtained from the TOF technique [30].  The mobility for 

doped thin film are 0.7×10-7, 0.17×10-5 , 0.75×10-6 and 0.68×10-9 cm2 V-1s-1 for Alq3:T1, 

Alq3:T2, Alq3:T3 and Alq3:T5 , respectively.  The mobility for Alq3:T2 thin film is higher 

than all the four different concentration of doped thin film. The electron mobility of 

Alq3:T2 thin film is of four orders in compare to Alq3 device. The suitable doping 

concentration opens the new hoping sites for the carrier that leads to increase of 

mobility in organic semiconductor. The other reasons for the enhancement of electron 

mobility may be broadening of density of states and charge transfer [31]. The common 

inorganic insulator (Li salts) doping in Alq3 creates radical ions of Alq3 responsible for 

the n type doping effect. Similar negative charge enriched thin films are achieved by 

organic molecular doping.[32] 

Figure 3 show (A) the energy level diagram of the OLED (B) the electroluminescence 

spectra of the device at different bias voltage; inset of figure B shows the camera image 

of light output at bias voltage of  8V and 15V.  The fabricated  OLED structure consists  

of  35 nm  N,N’-di(naphthalene-1-yl)-N,N’-diphenyl-benzidine (NPB) as hole-transporting 

layer (HTL),  35 nm tris(2-phenylpyridine)iridium(III) [Ir(ppy)3] (5%) doped in 4,4’-bis-

(corbozol-9-yl)-biphenyl (CBP) green light emitting layer (EML) ,  6 nm-thick 2,9-
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dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) hole-blocking layer (HBL)  and  28 

nm-thick Titanyl phthalocyanine (TiOPc) doped Tris(8-hydroxyquinolinato) aluminum 

(Alq3) electron transport layer (ETL). The doping of Ir(ppy)3  in CBP facilitated the control 

of triplet quenching at the interfaces.  ITO and Lithium fluoride (LiF) (1 nm)/Aluminium 

(Al) (100 nm) were used for the anode and cathode, respectively. The device structure 

of green phosphorescent OLEDs is [ITO/NPB/CBP:Ir(ppy)3/BCP/Alq3:T(x)/LiF/Al])]. EL 

spectra showed an emission only from Ir(ppy)3 with no emission from neighboring 

materials. The emission pattern is in the green spectral range of the visible regime, with 

its main peaks at 515nm and an additional shoulder at 550nm. There is no significant 

shift in the position of the emission peaks with the applied bias range. The emission 

color is stable in the investigated bias voltage region.   

Figure 4 shows the J-V-L characteristics of OLEDs containing Alq3, Alq3:T1, Alq3:T2, 

Alq3:T3 and Alq3:T5 as the ETLs, respectively. The current density at high voltage 

increases with TiOPc doping concentration upto 2%, above 2% doping the value of 

current density is found to be low in compare to undoped ETL. At fixed bias of 11 V, the 

current density of devices Alq3, Alq3:T1, Alq3:T2, Alq3:T3 and Alq3:T5 are 57.81, 24.35, 

72.35, 47.62 and 11.26 mA/cm2, respectively. The current density of Alq3:T2 OLED 

increased 25 % compare to pristine Alq3 device. The driving voltage is reduced for T2 

device that indicates the enhancement of electron injection and transport by suitable 

ETLs. The luminescences at a current density 10 mA/cm2 of devices Alq3 to Alq3:T5 are 

3098, 4700, 7800, 3600 and cd/m2, respectively. At this value of current density, the 

increase in luminescence is two  times. This enhancement in electroluminescent may 

be attributed to the enhancement of holes and electrons recombination rate.  
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 Figure 5 (a) and (b) shows the current efficiency and power efficiency as a 

function of current density for Alq3 to Alq3:T5 devices, respectively. It is clearly observed 

in figure 5 (a) and (b) that the trend in efficiencies is consistent with the variation of 

electrical properties of devices with the use of different ETLs and the improved electrical 

properties lead to the enhanced device efficiency. These results indicate that the TiOPc 

doping provides a balance of carrier. The control of both carriers in the device gives 

high yield electroluminence.  At 35.19 mA/cm2 current density, the current efficiency of 

Alq3: T2 is five times comparing to Alq3 devices. At current density of 10 mA/cm2,   the 

power efficiency of Alq3: T2 device increased two times compare to pristine Alq3 device. 

The overall current efficiency and power efficiency has increased for 2% doped devices.   

 The capacitance - voltage (C-V) studies provides electronic properties of OLEDs. 

The C-V characteristics were measured at a fixed frequency of 1000 Hz under the dark 

condition as shown in Figure 6.  At negative to positive bias (-4 to 4 V); constant 

capacitance was observed that corresponds to the geometrical capacitance of the 

device. The capacitance of all devices starts increasing with increase of bias voltage 

(above 4 V) and after reaching maximum values, they start to decrease for further 

increase of bias voltage. The increase of capacitance may be due to the accumulation 

of charges at the Alq3: TiOPc interface. As the electrons and holes recombined, the 

charge is annihilated, thus the capacitance decreases rapidly with the increasing of 

applied bias. Since, Vt ≠ Vbi  it simply means  that a negative interfacial charge density 

��� is present. Its value can be calculated from the following equation:[33,34] 

                                            ��� =	��� �⁄ = 	
	
	�

����:�
	 . ��� − ����                   -----     (3) 
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With εr ≈ 3, A = 6 mm2 and dAlq3 = 30 nm, The Qif and  ���	for all studied devices Alq3 to 

Alq3: T5  are  -2.95,-2.9,-4.6,-4.2,-2.5 nC and -0.49,-0.48,-0.77,-0.7,-0.42 mC/m2, 

respectively.  In case of no interfacial charge the threshold voltage and the built-in 

voltage would be equal (Vt = Vbi), as the flat-band case would be reached 

simultaneously in the TiOPc and the Alq3 layer.  

The Cole-Cole plots of all devices at 0 V bias and room temperature are shown 

in figure 7. The equivalent circuit of these devices consists of a parallel resistance (RP) 

and capacitance (CP) network in series with the contact resistance (RS). The RS circuit 

element that corresponds to the intersection of the semicircle at high frequencies 

represents resistive losses at ITO and Al electrodes. In this work, we have shown the 

equivalent R-C electrical circuit for a three layered structure of a device, NPB is the hole 

transporting layer, CBP:Ir(ppy)3 is the emissive layer and Alq3:T is the electron 

Transport layer, which consists of three parallel R-C circuits connected in series with 

contact resistance (RS ~ 0Ω) as inset of figure 7. From figure 7, it is observed that the 

diameter of the semicircle is highly dependent on the resistance of the devices, which 

represents the bulk resistance of organic layers Rb1 to Rb3. The decrease in the 

diameter of the semicircle is in response to the increase of the resistance of TiOPc 

doped Alq3 layer which is also reflected in J-V characteristics (figure 4).The equivalent 

resistance for devices Alq3 to Alq3: T5 are 10MΩ, 8MΩ, 70kΩ, 90kΩ and 6MΩ, 

respectively.  

Conclusion 

 In conclusion, the doping of TiOPc in Alq3 contributes for increase of electron 

mobility in Alq3 as a result the performance of related OLED enhance. The increase in 
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mobility is attributed to the addition of new hopping sites for carriers after doping.  The 

surface roughness increases with doping concentrations, the optimized roughness is 

found to be 0.5742nm for 2% doping.  The electron transport is well described by 

space-charge limited current in the doped and pristine studied thin films of Alq3. The 

electron mobility of 2% doped thin films is 0.17×10-5 cm2 V-1s-1 which is three order 

increases compare to Alq3 film. The electro-luminescence (~ 7800 cd/m2) at a current 

density 10mA/cm2 is 2.6 times higher than the undoped device. The interfacial charge 

density for 2% doped OLEDs device is -0.77mC/m2. The Cole-Cole plot of the OLEDs 

can be modeled as the combination of three parallel resistance-capacitance (R-C) 

equivalent circuits with a series resistance (RS~ 0 Ω) of the devices. The equivalent 

resistance of the optimized device (2% doped) is 70kΩ where as other devices 

resistances are in Mega-ohm range.  
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Figure captions 

Figure 1 The AFM images (5 µm × 5 µm) TiOPc doped Alq3 thin film (A) Alq3, (B) 

Alq3:T1, (C) Alq3: T2, (D) Alq3:T3 and (E) Alq3:T5. 

Figure 2 The Current density - Voltage (J-V) characteristics of the electron only 

devices of Alq3:TioPc thin film. The structure of device Al/Alq3: T (1-5%)/Al. Inset- 

the enlarged J-V characteristics with log of x axis.      

Figure 3 (A) The molecular structure of TiOPc and Energy level diagram of 

OLEDs (B) The electroluminescence spectra of the OLED at different bias 

voltage; inset- the camera image of light output at 8V and 15V bias voltage  

Figure 4 The Current density-Voltage-Luminescence (J-V-L) characteristics of 

devices for different doping of TioPc with Alq3  

Figure 5 (a) Current efficiency Vs current density characteristics of the Alq3, 

Alq3:T(1, 2,3 &5%) devices  (b) Power efficiency-current density characteristics of 

the Alq3, Alq3:T(1, 2,3 &5%) devices.   

Figure 6 Capacitance-Voltage (C-V) characteristics of OLED at a frequency of 

1000 Hz.  

Figure 7 Cole-Cole plot of Alq3, Alq3:T(1, 2,3 &5%)  OLEDs at 0 V bias, Inset - 

the enlarged curve of Alq3:T2 and Alq3:T3 devices.  
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