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Effect of doping of 8-hydroxyquinolinatolithium (Liq) on the electron transport properties of tris(8-

hydroxyquinolinato)aluminum (Alq3) has been investigated as a function of temperature and

doping concentration by fabricating electron only devices. It has been observed that current density

in the devices increases with the doping of Liq up to a doping concentration of 33 wt. % and then

decreases. Current density-voltage (J-V) characteristics of 0, 15, and 33 wt. % Liq doped Alq3

devices were found to be bulk limited and analyzed on the basis of trap charge limited conduction

model. The J-V characteristics of 50 and 100 wt. % Liq doped Alq3 devices were found to be

injection limited and were analyzed using the Fowler-Nordheim model. The increase in current

density with doping up to 33 wt. % was found to be due to an increase in electron mobility upon

doping, whereas the decrease in current density above 33 wt. % was due to the switching of

transport mechanism from bulk limited to injection limited type due to an increase in barrier

height. Electron mobility and variance of energy distribution have been measured by using

transient electroluminescence technique to support our analysis. Electron mobility for pure Alq3

was found to be 1� 10�6 cm2/V s, which increased to 3� 10�5 cm2/V s upon doping with 33 wt.

% Liq. The measured values of variance were 95, 87.5, 80, 72, and 65 meV for 0, 15, 33, 50, and

100 wt. % Liq doped Alq3 respectively. The increase in electron mobility upon doping has been

attributed to a decrease in energetic disorder upon doping as evidenced by the decrease in variance.

The increase in barrier height for the higher doping concentration was due to the disorder related

correction r2/2kT in the barrier height, which decreases with the increase in doping concentration.
VC 2011 American Institute of Physics. [doi:10.1063/1.3596523]

I. INTRODUCTION

Doping of organic semiconductors was first studied in

the 1960s,1 however they have been extensively studied only

after their use in enhancing the carrier injection and transport

properties in optoelectronic devices,2–15 such as organic

light-emitting diodes (OLEDs) and organic solar cells

(OSCs). p-type doping of organic semiconductors has been

studied by using a series of techniques such as ultraviolet

photoelectron spectroscopy (UPS), x-ray photoelectron spec-

troscopy (XPS), and low temperature conductivity measure-

ments.16–24 As a result, p-type doping has been explained

with a simple picture of doping where holes are generated in

the transport level by thermal excitation of electrons to a

well defined acceptor level provided by the dopant.25 2,3,5,6-

tetrafluoro-7,7’,8,8’-tetracyanoquinodimethane (F4-TCNQ)

has become a vital p-type dopant16–24 for hole transport and

injecting materials in organic light-emitting diodes.

Despite the extensive studies on p-type doping, n-type dop-

ing of organic semiconductors still remains a challenge. To cre-

ate a free negative carrier in an organic semiconductor, a donor

molecule is required whose highest occupied molecular orbital

(HOMO) value should match with the lowest unoccupied molec-

ular orbital (LUMO) of the host molecule. Systematic studies of

n-type doping have been performed on materials with low-lying

LUMO levels, that is, high electron affinity. Reasonable

increases in conductivity have been achieved in naphthalenete-

tracarboxylic dianhydride (NTCDA) using the dopant bis(ethyle-

nedithio)tetrathiafulvalene (BEDT-TTF).9 The common electron

transporting molecules used in OLEDs, however, have LUMO

value around 3 eV which limits the choice of donor molecules

for this application. Further, organic molecules with HOMO

around 3 eV are highly unstable in air. Alkali metals like Li and

Cs and their oxides are also used for n-type doping of organic

electron transport materials10–12 and were found useful in many

instances. But this type of doping has many serious problems,

like damage to underlying organic layers due to high evaporation

temperatures. Furthermore, they have also been reported as lumi-

nescence quenchers,26 which act to reduce the lifetime and sta-

bility of devices. Hence, there is a need for molecular dopants

for enhancement of electron transporting properties in OLED

applications. Recently 8-hydroxyquinolinatolithium (Liq) has

been used as a dopant in electron transporting molecules Batho

phenanthroline (Bphen) and tris(8-hydroxyquinolinato) alumi-

num (Alq3).
27–29 But the reason for the enhanced electron trans-

port property of these molecules was not well understood,

especially the requirement of high doping concentrations (around
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30%) in these molecular systems. To shed light on the physical

process behind the doping, we have selected the Liq doped Alq3

system to carry out electron transport studies. Since Bphen has

very low glass transition temperature (�75�C), which causes

issues related to device lifetimes, Alq3 has been chosen in its

place. For electron transport studies, we have fabricated electron

only devices with device structure Al/Organic/Al and studied the

effect of doping concentration of Liq on current density-voltage

(J-V) characteristics of these devices. Furthermore, electron

mobilities have been measured in the doped Alq3 films by the

transient electroluminescence technique. These measurements

have been used to explain the enhanced electron mobilities in

Liq doped Alq3 films.

II. EXPERIMENTAL

Electron only devices were fabricated onto glass sub-

strates, which were cleaned using de-ionized water, acetone,

trichloroethylene and isopropyl alcohol in sequence for 20

min each using an ultrasonic bath and then dried in vacuum.

The devices were fabricated in a sandwich structure, with a

vacuum evaporated active organic layer sandwiched between

two vacuum evaporated aluminum electrodes. The active or-

ganic layer was pure Alq3 and Liq doped Alq3. Doped Alq3

films were deposited by co evaporation. Thicknesses of pure

and doped Alq3 were 100 nm. The size of the pixels was

4� 4 mm2. The organic material was deposited at the rate of

0.1 nm/s and Al was evaporated at 0.5 nm/sec. The thickness

of the Al electrode was 150 nm and the whole deposition

sequence were done without breaking the vacuum. The

thickness of deposited films was controlled using a quartz

crystal thickness monitor. The J-V characteristics of the

devices were measured under vacuum using a Keithley 2400

source measure unit and a homemade liquid nitrogen cryo-

stat. The injection properties of organic on metal and metal

on organic were also checked by reversing the biasing and

were found to be similar and within experimental error. The

thicknesses of the organic layers were reconfirmed by ellip-

sometric methods. The active area was measured by using an

optical microscope with a traveling xy stage to confirm x and

y dimensions.

For the time resolved electroluminescence (EL) meas-

urements, the OLEDs were fabricated on indium-tin-oxide

(ITO) coated glass substrates having a sheet resistance of 20

X/sq and a thickness of 120 nm. The substrates were pat-

terned and cleaned using de-ionized water, acetone, trichlo-

roethylene, and isopropyl alcohol sequentially for 20 min

each using an ultrasonic bath and dried in a vacuum oven.

Prior to organic film deposition ITO surface was treated with

oxygen plasma for 5 min to increase ITO work function.30,31

Organic layers were deposited onto glass substrates under

high vacuum (4� 10�6 Torr) at a deposition rate of 0.4 Å/s.

Thicknesses of the deposited layers were measured in situ by

a quartz crystal thickness monitor. OLEDs have device struc-

ture of ITO (120 nm)/N,N’-di-[(1-naphthalenyl)-N,N’-
diphenyl]-(1,1’ biphenyl)-4,4’-diamine (a-NPD) doped with

0.4 wt. % F4-TCNQ (40 nm)/Liq doped Alq3 (70 nm)/Al

(120 nm). The device was transferred to a liquid nitrogen

cryostat where transient electroluminescence studies were

carried out at different temperatures in vacuum at about 10�3

Torr. The capacitance of the EL device was calculated to be

about 1.5 nF. Assuming the equivalent circuit of the OLED

device to be a series-connected circuit of a resistor and a ca-

pacitor, the series resistance was found to be �80 X and the

overall RC time constant of the experimental setup was esti-

mated to be less than 0.2 ls. The equivalence circuit of the

OLED device was studied using a Solartron impedance gain-

phase analyzer SI 1260. The transient EL setup consists of a

pulse generator, a fast photo detector (photo multiplier tube;

PMT) and a fast storage oscilloscope. OLED was electrically

excited by applying a fast square electrical pulse from a 15

MHz function generator HAMEG HM8131-2 with accurate

repetition, rise, and decay time. To study the EL rise time at

different voltages the pulses with a frequency of 1 KHz and

duty of 50% were applied. The time-resolved EL response of

the device was measured using the PMT detector. Along

with the input pulse, the detector’s output was coupled to

one of the input channels of a HAMEG Analog-Digital

Scope HM1507-3, where the input pulse and the output EL

response of the device were recorded simultaneously. By the

overlapping of the input voltage pulse and the transient EL

response of device, a delay in the onset of EL was clearly

seen.

III. RESULTS AND DISCUSSION

Electron only devices were fabricated by sandwiching x
wt. % Liq doped Alq3 (here x¼ 0, 15, 33, 50, 100) between

two Al electrodes. Since the work function of Al is about 4.0

eV and the LUMO value of Alq3 is 2.7 eV,32 the electron

injection barrier between Al and Alq3 will be very high.

However, it is observed from UPS measurements that there

are large interface dipoles present between Al and Alq3

films,33 which reduce the barrier by about 1.0 eV and thereby

the actual electron injection barrier reduces to about 0.3 eV.

Similarly, the energy barrier for hole injection also increases

by about 1.0 eV due to interface dipoles and the resultant

barrier increases to about 2.4 eV. Therefore, hole injection is

expected to be very inefficient in comparison to electron

injection, and any current observed in the devices will be

due to electrons flowing between two Al electrodes. There-

fore, the Al/organic/Al devices can be considered as electron

only devices. Thicknesses of the organic films were kept at

100 nm for all five devices. Figure 1 shows the J-V charac-

teristics for all the devices at room temperature. The current

density increases nonlinearly with the increase in voltage for

all the devices. A current density of 1 A/m2 was reached at

15 V for the pure Alq3 device, whereas the same current den-

sity was reached at 8 V for Alq3 doped with 15 wt. % Liq.

The voltage required to get the same current density further

reduced to 5.5 V at a higher doping ratio of 33 wt. %, indi-

cating substantial reduction in film resistance upon doping.

Higher doping concentrations (50 and 100%), however,

resulted in the increase in operating voltage to 13 V and 20

V for this current density, respectively.

To investigate the conduction mechanism in Liq doped

Alq3, the J-V characteristics of the devices were measured at

different temperatures. Figures 2(a)–(e) show the J-V
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characteristics of devices for 0, 15, 33, 50, and 100 wt. %,

respectively, in double log scale. It can be seen that the cur-

rent density is temperature dependent for devices with 0, 15,

and 33 wt. % Liq doped Alq3 as the active layer and becomes

temperature independent for devices with 50 and 100 wt. %

Liq doped Alq3. This indicates a switching of conduction

mechanism with the increase in doping concentration.

Hence, a detailed analysis of temperature dependency of J-V
characteristics has been carried out.

The analysis of the J-V characteristics of devices with 0,

15, and 33 wt. % Liq doped Alq3 as the active layer was

done on the basis of a trap charge limited conduction

(TCLC) model. Figure 3 shows the J-V characteristics of a

device with 33 wt. % Liq doped Alq3 as the active layer at

room temperature in log scale. At low applied bias voltages

(below 1 V), the J-V characteristics show ohmic conduction,

which may be due to the dominance of charge carriers gener-

ated from background doping over the injected charge car-

riers. As the voltage is further increased, current increases

nonlinearly and logJ versus logV plot shows a straight line

with slope more than one, indicating a power law depend-

ence of current density on voltage (JaVlþ1). It can be seen

from Fig. 2(c) that the value of the exponent l increases with

the decrease in temperature. The results can be fitted into a

trap charge limited conduction (TCLC) model in which the

current density J can be written in the form34–36

J ¼ q1�llNv
2lþ 1

lþ 1

� �lþ1 l

lþ 1

ese0

Hb

� �l Vlþ1

d2lþ1
; (1)

FIG. 2. (Color online) Current density-voltage characteristics of (a) 0%, (b) 15%, (c) 33%, (d) 50%, (e) 100% Liq doped Alq3 electron only devices at differ-

ent temperatures.

FIG. 1. (Color online) Current density-voltage characteristics of electron

only devices with active layer composed with different doping ratios

(0%, 15%, 33%, 50%, and 100%) of Liq in Alq3.
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where l is the mobility of charge carriers, Nv the molecular

density, Hb the trap density, l ¼ Tc

T where Tc is the critical

temperature given by trap energy Et¼ kTc, es is the relative

permittivity of the medium, e0 is the permittivity of free

space, q is the charge of an electron, V is the applied voltage,

and d is the thickness of the organic layer.

In the TCLC model the value of exponent l is given by

Tc/T, where Tc is a constant. Therefore the value of l is

expected to increase with decreasing temperatures. The value

of the exponent l has been measured from the slope of J-V
characteristics plotted in double logarithmic scale for all the

temperatures from Figs. 2(a)–(c). To find out the critical tem-

perature and hence the trap energy, the value of l has been

plotted against 1000/T and shown in Fig. 4 for the devices

with 0, 15, and 33 wt. % Liq doped Alq3 as the active layer.

The slope of these straight lines gives Et/k, from which the

value of trap energy (Et) was calculated. The calculated values

of trap energy were 0.153, 0.135, and 0.132 eV for 0, 15, and

33% Liq doped Alq3, respectively, showing a decrease in trap

energy with an increase in doping concentration. The trap

energy has shown a tendency to saturate, and further increases

in doping concentration did not affect the trap energy.

The TCLC model is developed for materials that have

field-independent charge carrier mobility. However, the

charge carrier mobility in organic semiconductors is reported

to be dependent on electric field and this dependency is of

Poole-Frenkel (PF) type lðF; TÞ ¼ l0 expðbðTÞ
ffiffiffi
F
p
Þ, where

parameters l0 and b are the zero field mobility and field low-

ering factor, respectively. For further detailed analysis of J-V
characteristics, the field dependence of mobility has been

included in Eq. (1) and experimental J-V characteristics have

been fitted by adjusting the values of l0 and b. The used val-

ues of material parameters were Nv¼ 1021 per cm3 and �¼ 3.

Figures 5 (a)–(c) shows the plot of fitted values of l0 and b
against 1000/T. It can be seen from the figure that zero field

mobility decreases, while the field lowering factor increases

with the decrease in temperature. Similar behavior has been

observed by many authors for different sets of materials.34–36

The estimated values of zero field mobility at 300 K for 0, 15,

and 33 wt. % Liq doped Alq3 were 2� 10�7, 3� 10�7,

3� 10�6 cm2/Vs, respectively, and the values l0 of b were

0.0045, 0.009, and 0.009 (cm/V)1 respectively. This indicates

that the mobility (lðF; TÞ ¼ l0 expðbðTÞ
ffiffiffi
F
p
Þ) increases with

an increase in doping concentration of Liq into Alq3. Previous

theoretical studies and Monte Carlo simulation results37–41

show that for organic semiconductors the temperature depend-

ence of zero field mobility can be written as37–41

l0 ¼ lðF ¼ 0; TÞ ¼ l1 exp � 2r̂=3ð Þ2
� �

: (2)

Here l1 is a prefactor and r̂ ¼ r
kT, where r is the variance of

energy distribution, which has great fundamental and techno-

logical interest. This gives a measure of energetic disorder in

amorphous organic semiconductors. It can be seen from Eq.

(2), that log l0 is proportional to 1/T2. The value of l0 from

the above analysis has been plotted against 1/T2 and from the

slope of the log l0 versus 1/T2 plot the value of r has been

calculated for 0, 15, and 33 wt. % Liq doped Alq3. The experi-

mentally observed values of r were 100, 90, and 82 meV,

respectively, for the above concentrations. This value of r
obtained for Alq3 almost matches with the reported val-

ues.34,35 From these values of r it can be seen that as the dop-

ing concentration increases, r decreases, indicating a decrease

in energetic disorder. In order to check the effect of doping on

disorder, x-ray diffraction (XRD) of undoped and doped Alq3

films has been performed. Thicknesses of the films used for

the XRD studies were 100 nm on glass substrates. Figure 5(d)

shows the XRD of undoped Alq3 and 33% wt. Liq doped

Alq3. Full width at half maximum (FWHM) of the XRD peak

has decreased for doped samples. This indicates an increase in

the order of the film. It has been reported that Liq is a more or-

dered organic semiconductor as compared to Alq3. As more

and more Liq is doped into Alq3, the energetic disorder of the

matrix has decreased. Since charge carrier mobility increases

with the decrease in energetic disorder, the addition of Liq

into Alq3 leads to a decrease in energetic disorder and an

increase in the charge carrier mobility, resulting in an

enhancement in current density of electron only devices.

However, it has been observed that the current density

decreases with further increase in doping concentration.

FIG. 3. Current density-voltage characteristics of 33% Liq doped Alq3 elec-

tron only device at 298 K.

FIG. 4. (Color online) Variation of l from power law with 1000/T for 0%,

15%, and 33% Liq doped Alq3.
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To clarify this anomaly, a detailed analysis of J-V char-

acteristics of 50 wt. % Liq doped Alq3 and pure Liq devices

has been carried out. Figures 2(d) and 2(e) show the temper-

ature dependence of these devices. It has been seen that the

J-V characteristics of a 50 wt. % Liq doped Alq3 device is

showing temperature-independent behavior above 5 V. The

variation in current density with temperature is too low to

account for the thermionic emission based injection mecha-

nism. Furthermore, the value of current density is too low to

account for space charge limited conduction and also the

log J versus logV plot does not obey Child’s law, which is

the characteristic of space charge limited conduction model.

The current densities in the TCLC model are highly tempera-

ture dependent and, hence, trap charge limited conduction

has been ruled out. The Fowler-Nordheim (FN) tunneling

mechanism is usually used to explain the injection process in

the case of temperature-independent J-V characteristics. In

the case of FN tunneling, the injection current density

depends on the electric field (F) by the following equation:21

J ¼ AF2 exp �K

F

� �
(3)

where

A ¼ q3

8ph/

K ¼ 8p

ffiffiffiffiffiffi
2m
p

/3=2

3qh

(4)

Here / is barrier height, m the effective mass of electrons

in the active material, q the charge of an electron, and h is

Planck’s constant. It can be seen from Eq. (3) that the plot

of log(J/F2) versus 1/F is a straight line for FN tunneling

mechanism. Therefore, log(J/F2) has been plotted against

1/F for 50 wt. % Liq doped Alq3 and is shown in Fig. 6.

The plots give straight lines in the voltage range 5–15 V.

From the slope of the straight line, the barrier height has

been obtained as 0.25 eV. Similar results were obtained for

the pure Liq device, and the barrier height in that case was

0.30 eV. Therefore, the decrease in current density from 33

wt. % Liq doped Alq3 device to 50 wt. % Liq doped Alq3

device and the temperature-independent nature of the J-V
characteristics can be attributed as due to the tunneling of

charge carriers through the barrier, and the increased barrier

height prevents carrier injection from Richardson-Schottky

FIG. 5. (Color online) Variation of zero field mobility (l0) and field lowering factor (b) with 1000/T estimated from TCLC model with Poole-Frenkel type mo-

bility for (a) pure Alq3, (b) 15% Liq doped Alq3, and (c) 33% Liq doped Alq3 devices. (d) X-ray diffraction of pure Alq3 and 33% Liq doped Alq3 thin films.
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(RS) mechanism. The further decrease in current density

for the pure Liq device may be due to the increase in barrier

height.

Transport studies of Liq doped Alq3 films have shown

that the current density increases upon doping upto 33 wt. %

and then decreases upon further increase in the doping con-

centation. The increase in current density for doping concen-

tration up to 33 wt. % has been attributed to an increase in

charge carrier mobility, whereas the decrease in current den-

sity above 33 wt. % has been attributed to switching of trans-

port mechanism from bulk limited to injection limited type

due to the increase in barrier height. Furthermore, the

increase in charge carrier mobility has been attributed as due

to the decrease in the energetic disorder with the increase in

doping concentration. To verify the increase in charge carrier

mobility upon doping of Liq into Alq3, we have measured

the electron mobility and variance of energy distribution in

Liq doped Alq3 by transient electroluminescence method.

Electroluminescent devices were fabricated with a device

structure of ITO (120 nm)/a-NPD doped with 0.4 wt. % F4-

TCNQ (40 nm)/Liq doped Alq3 (70 nm)/Al. In this technique,

a square voltage pulse of duration spulse is applied to the de-

vice, maintaining a constant repetition frequency. The corre-

sponding EL pulse was detected using a photomultiplier

(PMT) tube. The delay time between the electrical and optical

pulse was measured using a digital oscilloscope. This delay

time is a direct measure of the transit time of the fastest carrier

(electrons) toward the recombination zone. This transit time

has been measured for all the devices at different electric

fields and temperatures. Charge carrier mobility has been cal-

culated from the transit time by using the expression37

l ¼ d2

ttr � V
: (5)

Hole mobility in F4-TCNQ doped a-NPD film is about

1� 10�3 cm2/Vs, which is far greater than the electron mo-

bility in Alq3 and, hence, the time taken by the holes to reach

the F4-TCNQ doped a-NPD/Alq3 interface is negligible. F4-

TCNQ doped a-NPD/Alq3 interface can be considered as a

virtual collecting electrode for electrons because the move-

ment of holes in Alq3 will be negligible due to low hole mo-

bility in Alq3.42 Hence, the delay in EL can be considered as

the time taken by the electrons to travel from the electrode to

the recombination zone. Therefore, the effective thickness

traversed by the electrons was considered as the thickness of

the Alq3 layer for the calculation of mobility. Figure 7 shows

the plot of mobility against square root of electric field for 0,

15, 33, 50, and 100 wt. % Liq doped Alq3. For Alq3, the

measured value of mobility was 1� 10�6 cm2/Vs at a field

106 V/cm, which is very much closer to the value observed

in many reports.43,44 The measured mobility increases with

the increase in doping concentration. For the field 106 V/cm,

the electron mobility for 15 wt. % Liq doped Alq3 was

3.5� 10�6 cm2/Vs and for 33 wt. % Liq doped Alq3, it was

3� 10�5 cm2/Vs. Hence, the electron mobility has increased

by about 30 times for 33 wt. % Liq doped Alq3 compared to

pure Alq3. But further increase in doping concentration did

not increase the mobility of electrons in the Liq doped Alq3

system. To find the reason behind the increase of mobility

with doping, mobility has also been measured at different

temperatures. Previous theoretical studies and Monte Carlo

simulation results37–41 shows that for organic semiconduc-

tors the temperature and field dependence of mobility is

given by37–41

l ¼ l1 exp � 2

3
r̂

� �2
 !

exp C r̂2 � R2
� � ffiffiffi

F
p� �

: (6)

Here C is a constant and R is positional disorder. For the cal-

culation of the parameters, first the data of mobility has been

extrapolated to obtain the zero field mobility. Log of zero

field mobility has then been plotted against 1/T2. The slope

and intercept of this plot gives the value of r and l1. By

using the calculated values of l1 and r, positional disorder

and the value of constant C have also been calculated. Table

I shows the value of these parameters at different doping

concentrations. It was seen that as the doping concentration

increases, variance has decreased and the mobility has

increased. Now after this analysis, it is possible to explain

the following three important observations on Liq doped

Alq3 system: (1) Enhancement of mobility with increase in

doping concentration, (2) Saturation of mobility after 33 wt.

% doping, and (3) Switching of conduction mechanism from

33 wt. % Liq doped Alq3 electron only devices to 50 wt. %

Liq doped Alq3 electron only devices.

FIG. 6. Plot of ln(J/F2) against 1/F for 50% Liq doped Alq3 device.

FIG. 7. (Color online) Field dependence of mobility measured using tran-

sient electroluminescence technique for 0%, 15%, 33%, 50%, and 100% Liq

doped Alq3.
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It can be seen from various theoretical calculation and

Monte Carlo simulation37 that the energetic disorder is

directly related to the charge carrier mobility and as ener-

getic disorder decreases, charge carrier mobility increases. In

our experiments as the doping concentration increases, the

variance has decreased, which leads to the increase in charge

carrier mobility. In this system it can be understood by fol-

lowing arguments. Liq molecule has very similar electronic

properties as Alq3 and the energy level mismatch between

the two molecules is minimal. Furthermore, Liq has electron

affinity of 2.8 eV and ionization energy of 5.4 eV,45 com-

pared to 2.7 eV and 5.4 eV respectively for Alq3.32 Hence,

the injected electrons transfer easily from LUMO of Alq3 to

LUMO of Liq. Since Liq has been found to possess low ener-

getic disorder, this decreases the energetic disorder of the

matrix and increases the mobility. When doping concentra-

tion reached 33 wt. %, the electron mobility of Liq doped

Alq3 system reaches the value of electron mobility for Liq

(Fig. 7). Hence, further increases in doping concentration

does not increase the mobility and it saturates.

Now the third observation of switching of conduction

mechanism can be explained by taking the variance depend-

ence of injection barrier. It was proposed by Gartstein and

Conwell46 that the injection barrier has a energetic disorder

related correction term which is experimentally observed by

Marohn et al.,47 this term is given by r2/2kT. Thus the effec-

tive injection barrier can be written as (Ub� r2/2kT), where

Ub is the difference between the metal work function and

electron affinity of organic semiconductor. This disorder

related correction makes the injected carrier density depend-

ent on energetic disorder. Figure 8 shows the typical energy

level diagram for the Al/Liq doped Alq3 junctions for differ-

ent doping concentrations of Liq. If interface dipoles are

taken into account, the injection barrier at Al/Alq3 interface

is about 0.3 eV. This injection barrier decreases after includ-

ing the energetic disorder related correction term. The calcu-

lated values of variance were 95, 87.5, 80, 72, and 65 meV

for 0, 15, 33, 50, and 100 wt. % Liq doped Alq3, respec-

tively. The correction term will be 0.19, 0.15, 0.13, 0.11, and

0.08 eV for the above doping concentrations, respectively.

Hence, the effective injection barrier will be 0.11, 0.15, 0.17,

0.19, and 0.22 eV for 0, 15, 33, 50, and 100 wt. % Liq doped

Alq3, respectively. This shows that as the energetic disorder

decreases, the effective injection barrier at metal/organic

semiconductor interface increases. In organic semiconduc-

tors the injected carrier density is dependent on the injection

barrier by the equation46,47

q ¼ q0 exp �ub

kT

� �
; (7)

where q0 is the molecular density at the metal organic inter-

face. Therefore, as the energy barrier Ub increases, the

injected carrier density decreases. In our experiments, the

decrease in carrier density with increase in doping concentra-

tion may be due to the increase in barrier height induced by

decrease in energetic disorder. This increase in barrier height

with doping concentration has resulted in a decrease in injec-

tion rate, leading to injection limited conduction at higher

doping ratios.

IV. CONCLUSION

Effect of doping of Liq on the electron transport in Alq3

has been studied as a function of doping concentration. Var-

iance of energy distribution has been found to be decreasing

with the increase in doping concentration of Liq into Alq3.

Decrease in variance gives rise to the decrease in energetic

disorder of Liq doped Alq3 matrix, thus increasing the elec-

tron mobility in Alq3 with doping of Liq. Furthermore, the

energetic disorder related correction r2/2kT in barrier height

decreases with the decrease in variance of energy distribu-

tion with doping. This causes the increase in barrier height

with doping of Liq, which then resulted in a switching of

conduction mechanism from bulk to injection limited type.
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TABLE I. Values ofl1, r, and positional disorder for 0, 15, 33, 50, and

100% Liq doped Alq3.

Doping

concentration (wt. %)

l1
(cm2/Vs)

r
(meV) R

C

(cm/V)1/2

0 4� 10�5 95 2.1 2.9� 10�4

15 4.8� 10�5 87.5 2.075 2.8� 10�4

33 5.4� 10�5 80 2.09 2.75� 10�4

50 7.6� 10�5 72 2.12 2.7� 10�4

100 7.8� 10�5 65 2.1 2.65� 10�4

FIG. 8. Energy level diagram for Al/organic interface after taking the cor-

rection due to energetic disorder.
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