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

Organic light-emitting diodes (OLEDs) have beereastvely
studied for their promising applications in flexdtdisplays, and
solid state lightind:® High performance organic materials, new
device structures and advanced processing techieslage
developed to advance the development of the OLEBnuanity*®
So far, OLEDs are the most successful applicatfarganic
semiconductors. It is well acknowledged that eieak processes in
OLEDs include three key steps, i.e. charge injectitnarge
transport, and charge carrier recombination. Alhefse three
processes play very important roles in device pevémce’ !

Transient electroluminescence (EL) (time he=tb EL) has been
widely used to investigate the electrical process€3LEDs,
enabling us to analyse charge transport and recation in
OLEDs!*#When a square voltage pulse is applied over thieele
the EL starts to rise with a time delay, which haen interpreted as
the transit time of the majority charge carriers.the RC time
constant of the setup is well below the delay tiinis, unlikely that
the RC constant is responsible for the delay time. ifterpretation
of the response time of the device in terms ofditstime gives the
mobility value'**®When the square voltage pulse is removed, the
EL starts to decay, and it gradually decreasesito EL. This decay
time is closely related with bimolecular recombioatof electrons
and holes. The recombination coefficieftthen can be obtained
from the decay part in transient EX? which is considered to be
very important to understand the operating mechamsOLEDs.
However, most mechanistic investigations of OLEerf transient
EL are focused on the simple structure of electransport
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layer/emissive layer/hole-transport lay&f* there are very less
device physics studies on the multilayer structérehich is adopted
in practical applications. In addition, althoughnypdighly efficient
molecules are developed in OLEDs, with differedesjroups to
adjust the solubilit?? suppress the crystallization at ITO/organic
interface®* reduce concentration quenching in phosphoresceree,
inhibit the aggregation light-emissiéhit is still not clear how these
side groups affect the device efficiency from theerstanding of
device physics.

In this communication, we employed transibtto investigate
charge carrier recombination in multilayer OLEDse \Wsed dye-
doped CBP to work as the emissive layer. By keeflirghackbone
the same and changing the side groups, we werdableantify the
effect of the side groups on charge carrier recaatinn, and hence
the device performance. The recombination coefficfg of charge
carriers are obtained from the decay part of teamdtL through
elaborate design of device structure. Our resuétsragood
agreement with the predictions of the Langevin nhofleharge
carrier recombination assuming the process coetidlly charge
carrier diffusior?’ The analysis of charge carrier recombination
kinetics clearly demonstrates that the donor gr@umst-conjugated
structure of the molecule assure high EL efficienith the same
EL spectra. Based on the results of device perfocmand transient
EL, we discuss the relationship betwegeand molecular structure,
which may guide the molecule design by modificatidside groups
to realize highly efficient OLEDs.

The device had a molecule-doped multilayercstire with pre-
cleaned indium-tin-oxide (ITO) as the anode andhalium (Al) as
the cathode. N,N’-Bis(naphthalen-1-yl)-N,N"-bis(pyipenzidine
(NPB) and tris(8-hydroxyquinoline) aluminium (A)qwere used as
hole and electron transport layer, respectivel/.-Bjs(N-
carbazolyl)-1,1"-biphenyl (CBP) was employed as th&t,hand
Bathocuproine (BCP) worked as the hole blocking laligt was
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deposited as the buffer layer. Dye molecules witferegnt side pulse was 1 kHz, and the pulse length wass2The time-dependent
groups were used as dopants (Figure 1). EL signals were detected by the@0nput resistance of a digital
oscilloscope (Agilent Model 54825A, 500 MHz/2 Gsitsyether

O Q I\ S with a photomultiplier (time resolutio®0.65 ns) located directly on
NN _Q\ / top of the emitting devices. All measurements veangied out at
O O i ! room temperature under ambient conditions.
BCF

Table 1. List of Molecule 1 with different side groups
Sample R R. v, max AL max Melt point
(nm) (nm) 0

0, 0,
7 o _ 1a n-Bu tBu 3970 5085 170.0-1715
- Q S O o Q e 1b n-Bu CH 3985 5080 140.0-141.0
Q Q 1c n-Bu cl 3865  493.0 174.5-176.0
o o
1
2

CBF

1d n-Hexyl CN 378.5 470.0 213.0-214.0

The dye molecule dopants used in this expertrare derivatives
R, =N of naphthalimide and stilbene, which have beenntegddo be very
\CEOR promising molecules in OLEDs. They have very good
’ photochemical and thermal stability, and their roole structures
4 can be easily modified to obtain colour adjustastessior?®*we

use three different dye molecul@sgure 1) in the experiments.

Figure 1. Chemical structures of CBP, BQRplecule 1: N-alkyl-4- Considering that consistent results can be drawn fhese three

benzofuran-1,8-naphthalimidesplecule 2: N-alkyl-4-arylacetylene-1,8-  different molecules, we focus on the discussionMotecule 1 in

napthalimides antholecule 3: 2-(E)-stilbene benzoxazole. (R1 and R2 the main text and leave Molecules 2 and 3 in thEpfumentary

indicate side groups in the molecules). Information. Table 1 summarises the physical prigenf Molecule
1 with different side groups.

The devices were fabricated with the strettifO/NPB (40 The device structure is shown in Figure 2 thedrelated energy
nm)/CBP:X (1 %)(20 nm)/BCP (20 nm)/AJ0 nm)/LiF (1 nm)/Al  |evels are collected from the referent&® As shown in Figure 3a,
(200 nm), in which X indicated the dye moleculesdid the four devices have almost the same EL spectra peatkamund 500
experiments (Figure 2). All layers were prepared ftigh-vacuum  nm. This peak is significantly different from thegk at ~ 550 nm
chamber with the pressure less than 5%F@ by thermal from pure Alg,®” meaning that the carrier recombination is mainly

evaporation without breaking the vacuum. All orgaiilims except  confined in the molecule doping layer. At the saime, we notice
dye molecules were deposited at the rate of 0.1/@/3, and the that the four molecules with different side grogpee very different
doping (1%) was realized by controlling the ratiorbetween the  device performance (Figure 3b). Table 2 lists tedgsmance for all
host and dye molecules. LiF and Al were depositedrate of 0.01  four devices. Device 1a has the highest curreitieffcy of 3.7
nm/s and 0.8~1.0 nm/s, respectively. The ratetisradened by a cd/A with luminance of 3640 cd/ywhile Device 1d gives the

calibrated quartz microbalance, and the active iar8a< 3 mrf. lowest efficiency (less than 1 cd/A) with luminarateout 760 cd/f
21 The performance of Devices 1b and 1c lies betweandf 1a and
1d.
3. Table2. List of device performance and related paramdterslolecule 1
LiE/Al Slope Intercept Y Efficiency  Luminance
- - - —_— (S) (A) (10%cnt/s) (cd/A) (cd/n?)
3.7 la 225 222 5.80 + 0.05 3.7 3640
Dopant 1b 2.03 2.11 5.22 +0.05 3.0 2550
ITO 1c 3.32 4.09 3.72£0.05 25 1040
- 1d 1.28 2.48 1.50 £ 0.05 0.8 760
4 NPB |= = = * The unit is 16 (cm/s)? for S, andcns)*? for A.
5.4 Alds In order to understand the operation mechaisf the devices
5.8 as well as the physics behind the significant dififiee between these

four devices, we examined their J-V curves. As showFigure 4a,

all the J-V characteristics follow power-law depende, which has

been proposed to be charge-trap limited transpdtAssuming an
Figure 2. Device structure and energy levels fdye molecule doped €xponential trap energy distribution, the J-V rieleghip can be
multilayer OLEDs. described by<JV™?, where m = ¥T with T being the absolute

temperature and; Being the characteristic temperature of the trap

Current density-Luminance-Voltage (J-L-V) charaistiizs were distribution. The value of the exponent m is redatéth trap

measured using a Keithley sourcemeter unit (KeitB#00 and concentrations and mobility, and higher value aheans deeper
Keithley 2000) with a calibrated silicon photodiodé&e EL spectra traps in the devicebor all the four devices, they share an exponent
were measured by a JY SPEX CCD3000 spectrometetUVhés value of around 9, indicating that there are sintilap distributions

and PL spectra were measured using a Perkin-Elarabta 35 in the four devices. Considering the dye dopante Isamilar
UV-vis spectrometer and a Perkin-Elmer LS 50B molecular structures, it is reasonable that the devices have
spectrofluorometer, respectively. For the transkeintan Agilent similar trap distributions. The fact that the catris dominated by
8114A 100 V/2A programmable pulse generator wad ts@pply  traps also indicates that J-V curves are deterniyetie bulk
rectangular voltage pulse to the devices. The téapetate of the properties rather than by contact effeéts.
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higher mobility. As a result, the transport layastthe same
thickness of 60 nm for electrons and holes. Becgpusé = j, the

@ o - %ﬁﬁ ] ® initial concentration of charge carriersnis= (j /e)L)”? under the
- v 5 90900858, 00, steady-state conditionsyE L, = L).
f; g Ty Although the hole mobility in NPB is largeiaththe electron
E go'p s . mobility in Algs, there is a high barrier at CBP/BCP interface for
E 5 g o® hole injection into Alg layer. As a result, the excess holes will
Sl - v accumulate in doped emission layer near CBP/BCP auerfor

!'j ) ) ) s . D ..
e Peem— .1 electrons, it is easier for them to inject throlBfBP to the emission

Wavelength (nm) Current density (mA/em’) layer. Therefore the light-emission is dominatedhsy

recombination in doped layer rather than inAlEs confirmed by

Figure 3. Device performance for dye molecule-doped multita@EDs the spectra results. In addition, because of tagively large value

with Molecule 1 doping. (a) EL spectra and (b) @utrefficiency-current of the columbic capture radius, the recombinatiome tis

density. substantially shorter than the trapping time. Theans that the

) ) ] ) o injected electrons and holes in the recombinat@reavill
Further information regarding the device agien is revealed recombine rapidly, and hence no excess chargescasxist.

from the luminance-current density (L-J) curves.sAswn in Figure Consequentlyexcept for the accumulated holes, holes as well as

4b, all the L-J curves have a linear relationshippg-log plot with a  gjectrons in the recombination zone may be consitier be free

slope of 1 at high electric fields, meaning that devices work in and approximately equal each other in concentratigrin, =n).

the volume-controlled EL mod& consistent with our conclusion The ch d fter th | lse | hen b
based on the J-V curves. Both the power-law deperedeh-V and 1€ charge decay after the voltage pulse is tuoffechn then be

o}

the linear relation of L-J confirm the Langevin oil@cular simplified as

recombination in the devicéSHoles injected from the ITO are @ O-yn? @)
transported through the hole transport layer NP@¢adoping dt

emission layer, and their transport to Aside is blocked by the Thus,

BCP layer because of high injection barrier at CBP/B@&face. 1 1

Therefore, holes are confined in the doped emidsiger and have —=—7*}1 (4)

to wait for the electrons to arrive. Electrons atgal from LiF/Al 0 .
cathode are transported through the electron taahkgyer Alg, and  12king into account the EL yield,

the hole blocking layer BCP. Electrons finally trantdo the doped ®, :¢PLPsy[n(t)]2 (5)
emission layer to recombine with the waiting hofgsducing light  \yhere g s the fluorescent quantum efficiend, is the function
emission from the dye molecule. The low mobilityNF*B and Alg
make the effective transit time in the device Menyg, resulting in
high recombination probabilit}?'° As a result, the devices operate

in the volume-limited mode. 1 _ 1 + / Yy . ©)
. \/CDEL ®) \/¢p|. Psl'ﬂg #a P

F@ This equation clearly indicates that thepemial of the square
root of the decay EL intensity is in linear relaship with the time

scale. From the ratio of slop@=(y/ ¢, P.)* to intercept

that a singlet rather than a triplet is generatée EL decay can
then be expressed as

=3
5

Sample Slope
o 1a 8

<

-1/2 . . -
2" 0% A= (¢PL Psyng) , the electron-hole recombination coefficient then

o 1b 087

5
Luminance (cd/m?)

Current density (mAlcmZ)

<
9
<
9

o oy <l am can be calculated as:
of
wb " R S/ AfeL
Ui Voltage (V) 1 ” Curreni density (:r?A/cmz) o = Q (7)
Figure 4. Steady state characterization for the devices Mittecule 1 J . . ) .
doping. (a) Current density-voltage and (b) Lumiresurrent density. Equation 7 enables us to investigate thegehearrier

recombination immediately after switching off tha$ Therefore,
For volume-limited current, with bimolecul@combination in ~ here we employed transient EL to investigate chaesgger

the narrow zone of the emission layer to be thexroaannel for recombination in the devices, aiming to further enstand the
carriers decay, the free carrier kinetics can tsereed by the difference between these four devices.
following equations? Figure 5a shows the relationship of transklnintensity-time in
dn, _ i, , dye molecule-doped OLEDs at the same equilibriurmect of 170
T DI_W 1) mA/cr?, and it shows different EL decay for devices vdifierent

n doping molecules, providing useful information drarge carrier
dn, DL—WZ @) recombination in different devices. In order to wjifgt the charge

dt el carrier recombination, we further plot the transigb decay

e

Where n, j and L are the charge carrier concentratiurrent density (®£1)~*/? versus time in Figure 5b, where the inset shows th
and the thickness of transport layer, respectively.the bimolecular ®£L(t) decay curves. Here t=0 corresponds to the vofelgef the
recombination coefficient. The subscripts h andp@esent hole and Pulse. Perfect straight lines can be fitted toekgerimental data
electron. Here, “electron transport” layer can ppraximately withing experimental error range. The values opsk(S) and
considered to include Algand BCP since there is almost no barrieriNtercepts (A) are obtained from the linear relastaip, and then the
for electron injection at the interface; “hole tsport” layer includes charge carrier recombination coefficigntan be calculated with j=
NPB and CBP because of small barrier for hole injectind its 170 mA/enf and L= 60 nm (refer to Equation 7). The values are

This journal is © The Royal Society of Chemistry 2012 J. Mater. Chem. C 2012, 00, 1-3 | 3
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summarised in Table 2. The device with Molecul@dping has
shown the highestof (5.80 + 0.05)x18%cm/s, which is nearly
four times of the lowest value of (1.50 + 0.05)%i6ms for the
device with Molecule 1d doping. As well known, higmeans that
highly efficient recombination of holes and eleasadn the devices.
Therefore the fitteq values are consistent with the device
performance, with the device with Molecule 1a shaythe highest
efficiency. Considering that the only differenceavieeen different
molecules lies in the side groups, it is reasonabt®nclude that the
difference in EL efficiency may result from the sigroups. As
reported before, donor group (e.g. in Moleculeid@pnsidered to
form strong push-pull electron structure, and heheeslectron can
easily transfer to the aromatic ring to form expethd-conjugated
structure, enhancing fluorescence emission fronmtbkecule
backbon&®*while strong acceptor group (e.g. in Molecule W)
decrease the fluorescence emission as it redueesddttron density
in the system. Indeed, in our experiments, donougs assure
higher EL efficiency for the molecule-doping mugier OLEDs,
and the highey values are consistent with the device results.

015

¢, (@u)

o 10 20 30 40 0 1 2 N 4 5 6
Time (us) Time (ps)

Figure5. Transient EL characterization for the devices Wiiblecule 1
doping. (a) Transient EL intensity-time and (b) @amison of the transient
EL decay at the same equilibrium current density & mA/cn? plotted in
(@g) Y2 versus time scale. The;, (t) decay curves are shown in the
inserted. Here t=0 corresponds to the voltageofathe pulse.

We have also extended our measurements ¢o oihlecules to
generalise our observations. For Molecule 2, waialdimilar
results and conclusions as Molecule 1 (see supplemeFigures s1
and s2), in which the donor groups, such as ;z@Hiarantee higher
and EL efficiency, while the acceptor groups, sask-F and —C§-
decrease theand EL efficiency. Molecule 3, though a little bit
complicated, also shows results consistent withddalles 1 and 2.
R: group shows stronger donor in 3a and 3b (t-Bu) tha8c (-H).
In addition, R2 group, -COOGH3a) and p-gHg (3b) can bring
biggern-conjugated structure than 2,5-O¢(3c) in the backbone.
Therefore, more delocalized electrons can be ekcited then the
devices with Molecules 3a and 3b show highand EL efficiency
compared with Molecule 3c (Figure s3 and s4).

In conclusion, multilayer OLEDs was desiged fabricated
based on molecule-doping technology, in which deives of
naphthalimide and stilbene with different side grewere used as
the dopants in CBP host as the light-emission |2k devices for
each set of molecules showed almost the same HKitrapbut very
different efficiency. Transient EL, by which thenktics of the
charge carrier recombination was investigated, wgasl to
understand the physics behind the different Elcifficy. The
coefficient §) of electron-hole recombination was determinednfro
the long-time component of the temporal decay efgh intensity
after a rectangular voltage pulse was turned bffials found thag
and EL efficiency were both strongly dependentlandide groups
of the dopants. Donor structures in the side grguasantee much
highery and EL efficiency than the acceptor ones. Ourltgsu
provide a promising guide for the structure desagrmolecular
materials in highly efficient OLEDs. Chemists cdigl#ly change
the side groups to maintain the desired emissientspwhile

4 | J. Mater. Chem. C 2012, 00, 1-3
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significantly enhance the device efficiency. In #idd, this report
may provide useful hints on how to design molestilecture to
reduce charge carrier recombination, which is aered to be the
main cause of efficiency loss in organic solar<8if?
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