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The carrier recombination coefficient (γ) in dye molecule-
doped multilayer organic light-emitting diodes was quantified 
by transient electroluminescence. It was found that γ and 
device efficiency were both strongly dependent on the 
molecular structures of the dopants. 

Organic light-emitting diodes (OLEDs) have been extensively 
studied for their promising applications in flexible displays,1 and 
solid state lighting.2,3 High performance organic materials, new 
device structures and advanced processing technologies are 
developed to advance the development of the OLED community.4-6 

So far, OLEDs are the most successful application of organic 
semiconductors.  It is well acknowledged that electrical processes in 
OLEDs include three key steps, i.e. charge injection, charge 
transport, and charge carrier recombination. All of these three 
processes play very important roles in device performance.7-11  
      Transient electroluminescence (EL) (time resolved EL) has been 
widely used to investigate the electrical processes in OLEDs, 
enabling us to analyse charge transport and recombination in 
OLEDs.12-22 When a square voltage pulse is applied over the device, 
the EL starts to rise with a time delay, which has been interpreted as 
the transit time of the majority charge carriers. As the RC time 
constant of the setup is well below the delay time, it is unlikely that 
the RC constant is responsible for the delay time. The interpretation 
of the response time of the device in terms of transit time gives the 
mobility value.12-18 When the square voltage pulse is removed, the 
EL starts to decay, and it gradually decreases to zero EL. This decay 
time is closely related with bimolecular recombination of electrons 
and holes. The recombination coefficient (γ) then can be obtained 
from the decay part in transient EL,19-21 which is considered to be 
very important to understand the operating mechanism in OLEDs. 
However, most mechanistic investigations of OLEDs from transient 
EL are focused on the simple structure of electron-transport 

layer/emissive layer/hole-transport layer;12-21 there are very less 
device physics studies on the multilayer structure,22 which is adopted 
in practical applications. In addition, although many highly efficient 
molecules are developed in OLEDs, with different side groups to 
adjust the solubility,23 suppress the crystallization at ITO/organic 
interface,24 reduce concentration quenching in phosphorescence,25 or 
inhibit the aggregation light-emission,26 it is still not clear how these 
side groups affect the device efficiency from the understanding of 
device physics. 
      In this communication, we employed transient EL to investigate 
charge carrier recombination in multilayer OLEDs. We used dye-
doped CBP to work as the emissive layer. By keeping the backbone 
the same and changing the side groups, we were able to quantify the 
effect of the side groups on charge carrier recombination, and hence 
the device performance. The recombination coefficient (γ) of charge 
carriers are obtained from the decay part of transient EL through 
elaborate design of device structure. Our results are in good 
agreement with the predictions of the Langevin model of charge 
carrier recombination assuming the process controlled by charge 
carrier diffusion.27 The analysis of charge carrier recombination 
kinetics clearly demonstrates that the donor groups and π-conjugated 
structure of the molecule assure high EL efficiency with the same 
EL spectra. Based on the results of device performance and transient 
EL, we discuss the relationship between γ and molecular structure, 
which may guide the molecule design by modification of side groups 
to realize highly efficient OLEDs. 
      The device had a molecule-doped multilayer structure with pre-
cleaned indium–tin-oxide (ITO) as the anode and aluminium (Al) as 
the cathode. N,N´-Bis(naphthalen-1-yl)-N,N´-bis(phenyl)benzidine 
(NPB) and tris(8-hydroxyquinoline) aluminium (Alq3) were used as 
hole and electron transport layer, respectively. 4,4´-Bis(N-
carbazolyl)-1,1´-biphenyl (CBP) was employed as the host, and 
Bathocuproine (BCP) worked as the hole blocking layer. LiF was 
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deposited as the buffer layer. Dye molecules with different side 
groups were used as dopants (Figure 1). 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Chemical structures of CBP, BCP, molecule 1: N-alkyl-4-
benzofuran-1,8-naphthalimides, molecule 2: N-alkyl-4-arylacetylene-1,8-
napthalimides and molecule 3: 2-(E)-stilbene benzoxazole. (R1 and R2 
indicate side groups in the molecules). 
 
      The devices were fabricated with the structure: ITO/NPB (40 
nm)/CBP:X (1 %)(20 nm)/BCP (20 nm)/Alq3 (40 nm)/LiF (1 nm)/Al 
(200 nm), in which X indicated the dye molecules used in the 
experiments (Figure 2). All layers were prepared in a high-vacuum 
chamber with the pressure less than 5×10−4 Pa by thermal 
evaporation without breaking the vacuum. All organic films except 
dye molecules were deposited at the rate of 0.1~0.3 nm/s, and the 
doping (1%) was realized by controlling the rate ratio between the 
host and dye molecules. LiF and Al were deposited at a rate of 0.01 
nm/s and 0.8~1.0 nm/s, respectively. The rate is determined by a 
calibrated quartz microbalance, and the active area is 3 × 3 mm2. 

 
Figure 2. Device structure and energy levels for dye molecule doped 
multilayer OLEDs. 
 
      Current density-Luminance-Voltage (J-L-V) characteristics were 
measured using a Keithley sourcemeter unit (Keithley 2400 and 
Keithley 2000) with a calibrated silicon photodiode. The EL spectra 
were measured by a JY SPEX CCD3000 spectrometer. The UV-vis 
and PL spectra were measured using a Perkin-Elmer Lambda 35 
UV-vis spectrometer and a Perkin-Elmer LS 50B 
spectrofluorometer, respectively. For the transient EL, an Agilent 
8114A 100 V/2A programmable pulse generator was used to apply 
rectangular voltage pulse to the devices. The repetition rate of the 

pulse was 1 kHz, and the pulse length was 20µs. The time-dependent 
EL signals were detected by the 50 Ω input resistance of a digital 
oscilloscope (Agilent Model 54825A, 500 MHz/2 Gs/s) together 
with a photomultiplier (time resolution ≅0.65 ns) located directly on 
top of the emitting devices. All measurements were carried out at 
room temperature under ambient conditions. 
 
Table 1. List of Molecule 1 with different side groups 

Sample R1 R2 λUV, max  
(nm) 

λFL, max  
(nm) 

Melt point  
(℃) 

1a n-Bu t-Bu 397.0 508.5 170.0-171.5 
1b n-Bu CH3 398.5 508.0 140.0-141.0 
1c n-Bu Cl 386.5 493.0 174.5-176.0 
1d n-Hexyl CN 378.5 470.0 213.0-214.0 

 
      The dye molecule dopants used in this experiment are derivatives 
of naphthalimide and stilbene, which have been reported to be very 
promising molecules in OLEDs. They have very good 
photochemical and thermal stability, and their molecule structures 
can be easily modified to obtain colour adjustable emission.28-33 We 
use three different dye molecules (Figure 1) in the experiments. 
Considering that consistent results can be drawn from these three 
different molecules, we focus on the discussions on Molecule 1 in 
the main text and leave Molecules 2 and 3 in the Supplementary 
Information. Table 1 summarises the physical properties of Molecule 
1 with different side groups. 
      The device structure is shown in Figure 2 and the related energy 
levels are collected from the references.34-36 As shown in Figure 3a, 
four devices have almost the same EL spectra peaked at around 500 
nm. This peak is significantly different from the peak at ~ 550 nm 
from pure Alq3,

37 meaning that the carrier recombination is mainly 
confined in the molecule doping layer. At the same time, we notice 
that the four molecules with different side groups give very different 
device performance (Figure 3b). Table 2 lists the performance for all 
four devices. Device 1a has the highest current efficiency of 3.7 
cd/A with luminance of 3640 cd/m2, while Device 1d gives the 
lowest efficiency (less than 1 cd/A) with luminance about 760 cd/m2. 
The performance of Devices 1b and 1c lies between that of 1a and 
1d.  
 
Table 2. List of device performance and related parameters for Molecule 1 
 Slope 

(S) 
Intercept 

(A) 
γ  

(10-12 cm3/s) 
Efficiency 

(cd/A) 
Luminance 

(cd/m2) 
1a 2.25 2.22 5.80 ± 0.05 3.7 3640 
1b 2.03 2.11 5.22 ± 0.05 3.0 2550 
1c 3.32 4.09 3.72 ± 0.05 2.5 1040 
1d 1.28 2.48 1.50 ± 0.05 0.8 760 
* The unit is 106 (cm3/s)1/2 for S, and (cm3s)1/2 for A. 
      In order to understand the operation mechanisms of the devices 
as well as the physics behind the significant difference between these 
four devices, we examined their J-V curves. As shown in Figure 4a, 
all the J-V characteristics follow power-law dependence, which has 
been proposed to be charge-trap limited transport.38,39 Assuming an 
exponential trap energy distribution, the J-V relationship can be 
described by J∼Vm+1, where m = Tt/T with T being the absolute 
temperature and Tt being the characteristic temperature of the trap 
distribution. The value of the exponent m is related with trap 
concentrations and mobility, and higher value of m means deeper 
traps in the devices. For all the four devices, they share an exponent 
value of around 9, indicating that there are similar trap distributions 
in the four devices. Considering the dye dopants have similar 
molecular structures, it is reasonable that the four devices have 
similar trap distributions. The fact that the current is dominated by 
traps also indicates that J-V curves are determined by the bulk 
properties rather than by contact effects.19 
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Figure 3. Device performance for dye molecule-doped multilayer OLEDs 
with Molecule 1 doping. (a) EL spectra and (b) Current efficiency-current 
density. 
 
      Further information regarding the device operation is revealed 
from the luminance-current density (L-J) curves. As shown in Figure 
4b, all the L-J curves have a linear relationship in log-log plot with a 
slope of 1 at high electric fields, meaning that the devices work in 
the volume-controlled EL mode,19 consistent with our conclusion 
based on the J-V curves. Both the power-law dependence of J-V and 
the linear relation of L-J confirm the Langevin bimolecular 
recombination in the devices.27 Holes injected from the ITO are 
transported through the hole transport layer NPB to the doping 
emission layer, and their transport to Alq3 side is blocked by the 
BCP layer because of high injection barrier at CBP/BCP interface. 
Therefore, holes are confined in the doped emission layer and have 
to wait for the electrons to arrive. Electrons injected from LiF/Al 
cathode are transported through the electron transport layer Alq3 and 
the hole blocking layer BCP. Electrons finally transport to the doped 
emission layer to recombine with the waiting holes, producing light 
emission from the dye molecule. The low mobility of NPB and Alq3 
make the effective transit time in the device very long, resulting in 
high recombination probability.12,19 As a result, the devices operate 
in the volume-limited mode.  
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Figure 4. Steady state characterization for the devices with Molecule 1 
doping. (a) Current density-voltage and (b) Luminance-current density. 
 
      For volume-limited current, with bimolecular recombination in 
the narrow zone of the emission layer to be the main channel for 
carriers decay, the free carrier kinetics can be described by the 
following equations:19 

2n
eL

j

dt

dn

h

hh γ−≅                                                                         (1) 

2n
eL

j

dt

dn

e

ee γ−≅                                                                         (2) 

Where n, j and L are the charge carrier concentration, current density 
and the thickness of transport layer, respectively. γ is the bimolecular 
recombination coefficient. The subscripts h and e represent hole and 
electron. Here, “electron transport” layer can be approximately 
considered to include Alq3 and BCP since there is almost no barrier 
for electron injection at the interface; “hole transport” layer includes 
NPB and CBP because of small barrier for hole injection and its 

higher mobility. As a result, the transport layer has the same 
thickness of 60 nm for electrons and holes. Because jh = je = j, the 
initial concentration of charge carriers is 2/1

0 )/( Lejn γ=  under the 

steady-state conditions (Lh = Le = L). 
      Although the hole mobility in NPB is larger than the electron 
mobility in Alq3, there is a high barrier at CBP/BCP interface for 
hole injection into Alq3 layer. As a result, the excess holes will 
accumulate in doped emission layer near CBP/BCP interface. For 
electrons, it is easier for them to inject through BCP to the emission 
layer. Therefore the light-emission is dominated by the 
recombination in doped layer rather than in Alq3, as confirmed by 
the spectra results. In addition, because of the relatively large value 
of the columbic capture radius, the recombination time is 
substantially shorter than the trapping time. This means that the 
injected electrons and holes in the recombination zone will 
recombine rapidly, and hence no excess charge carriers exist. 
Consequently, except for the accumulated holes, holes as well as 
electrons in the recombination zone may be considered to be free 
and approximately equal each other in concentration ( nnn eh =≅ ). 

The charge decay after the voltage pulse is turned off can then be 
simplified as 

2n
dt

dn γ−≅                                                                                (3) 

Thus, 

t
nn

γ+=
0

11
                                                                             (4) 

Taking into account the EL yield, 

[ ]2)(tnPsPLEL γϕ=Φ                                                                  (5) 

Where PLϕ  is the fluorescent quantum efficiency, sP  is the function 

that a singlet rather than a triplet is generated. The EL decay can 
then be expressed as 

t
PnPt sPLsPLEL

ϕ
γ

γϕ
+=

Φ 2
0

1

)(

1
                                          (6)                    

      This equation clearly indicates that the reciprocal of the square 
root of the decay EL intensity is in linear relationship with the time 

scale. From the ratio of slope ( ) 2/1/ sPLPS ϕγ=  to intercept

( ) 2/12
0

−= nPA sPL γϕ , the electron-hole recombination coefficient then 

can be calculated as: 

( )
j

eLAS 2/=γ                                                                          (7) 

      Equation 7 enables us to investigate the charge carrier 
recombination immediately after switching off the bias. Therefore, 
here we employed transient EL to investigate charge carrier 
recombination in the devices, aiming to further understand the 
difference between these four devices.  
      Figure 5a shows the relationship of transient EL intensity-time in 
dye molecule-doped OLEDs at the same equilibrium current of 170 
mA/cm2, and it shows different EL decay for devices with different 
doping molecules, providing useful information on charge carrier 
recombination in different devices. In order to quantify the charge 
carrier recombination, we further plot the transient EL decay 
(���)

	
/� versus time in Figure 5b, where the inset shows the 
���(
) decay curves. Here t=0 corresponds to the voltage fall of the 
pulse. Perfect straight lines can be fitted to the experimental data 
withing experimental error range. The values of slopes (S) and 
intercepts (A) are obtained from the linear relationship, and then the 
charge carrier recombination coefficient γ can be calculated with j= 
170 mA/cm2 and L= 60 nm (refer to Equation 7). The values are 
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summarised in Table 2. The device with Molecule 1a doping has 
shown the highest γ of (5.80 ± 0.05)×10-12 cm3/s, which is nearly 
four times of the lowest value of (1.50 ± 0.05)×10-12 cm3/s for the 
device with Molecule 1d doping. As well known, high γ means that 
highly efficient recombination of holes and electrons in the devices. 
Therefore the fitted γ values are consistent with the device 
performance, with the device with Molecule 1a showing the highest 
efficiency. Considering that the only difference between different 
molecules lies in the side groups, it is reasonable to conclude that the 
difference in EL efficiency may result from the side groups. As 
reported before, donor group (e.g. in Molecule 1a) is considered to 
form strong push-pull electron structure, and hence the electron can 
easily transfer to the aromatic ring to form expanded π-conjugated 
structure, enhancing fluorescence emission from the molecule 
backbone,28,29 while strong acceptor group (e.g. in Molecule 1d) will 
decrease the fluorescence emission as it reduces the electron density 
in the system. Indeed, in our experiments, donor groups assure 
higher EL efficiency for the molecule-doping multilayer OLEDs, 
and the higher γ values are consistent with the device results. 
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Figure 5. Transient EL characterization for the devices with Molecule 1 
doping. (a) Transient EL intensity-time and (b) comparison of the transient 
EL decay at the same equilibrium current density of 170 mA/cm2 plotted in 
(���)

	�/� versus time scale. The ���(�) decay curves are shown in the 
inserted. Here t=0 corresponds to the voltage fall of the pulse. 
 
      We have also extended our measurements to other molecules to 
generalise our observations. For Molecule 2, we obtain similar 
results and conclusions as Molecule 1 (see supplementary Figures s1 
and s2), in which the donor groups, such as –CH3, guarantee higher γ 
and EL efficiency, while the acceptor groups, such as –F and –CF3, 
decrease the γ and EL efficiency. Molecule 3, though a little bit 
complicated, also shows results consistent with Molecules 1 and 2. 
R1 group shows stronger donor in 3a and 3b (t-Bu) than in 3c (-H). 
In addition, R2 group, -COOCH3 (3a) and p-C6H6 (3b) can bring 
bigger π-conjugated structure than 2,5-OCH3 (3c) in the backbone. 
Therefore, more delocalized electrons can be excited, and then the 
devices with Molecules 3a and 3b show higher γ and EL efficiency 
compared with Molecule 3c (Figure s3 and s4). 
      In conclusion, multilayer OLEDs was designed and fabricated 
based on molecule-doping technology, in which derivatives of 
naphthalimide and stilbene with different side groups were used as 
the dopants in CBP host as the light-emission layer. All devices for 
each set of molecules showed almost the same EL spectra, but very 
different efficiency. Transient EL, by which the kinetics of the 
charge carrier recombination was investigated, was used to 
understand the physics behind the different EL efficiency. The 
coefficient (γ) of electron-hole recombination was determined from 
the long-time component of the temporal decay of the EL intensity 
after a rectangular voltage pulse was turned off. It was found that γ 
and EL efficiency were both strongly dependent on the side groups 
of the dopants. Donor structures in the side groups guarantee much 
higher γ and EL efficiency than the acceptor ones. Our results 
provide a promising guide for the structure design for molecular 
materials in highly efficient OLEDs. Chemists can slightly change 
the side groups to maintain the desired emission spectra while 

significantly enhance the device efficiency. In addition, this report 
may provide useful hints on how to design molecule structure to 
reduce charge carrier recombination, which is considered to be the 
main cause of efficiency loss in organic solar cells.40-42 
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