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By introducing a spacer molecule into the blended exciplex emissive layer, the performance of the

bulk heterojunction exciplex organic light-emitting diodes (OLEDs) was improved dramatically;

the maximum luminous efficiency was enhanced by about 22% from 7.9 cd/A to 9.7 cd/A, and the

luminous efficiency drop was reduced by 28% at 400 mA/cm2. Besides the suppressed annihilation

of exciton, the time-resolved photoluminescence measurements indicated that the spacer enhanced

the delayed fluorescence through increasing the backward intersystem crossing rate from the triplet

to singlet exciplex state. This method is useful for developing high performance exciplex OLEDs.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4871690]

Recently, organic light-emitting diode (OLED) display

panels have become a viable display product in the

market.1–5 On the other hand, OLED lighting development is

relatively falling behind.6–8 For high quality OLED lighting,

a high color rendering index is required. Generally, a broad

band emission spectrum is preferred for high color rendering

index.9,10 With a broad band emission originated from elec-

tronic transition between two different molecule species,

exciplex based OLED should be a good candidate for high

quality OLED lighting.11–15 However, compared to phos-

phorescent OLED, in general exciplex one has a lower lumi-

nous efficiency and faster efficiency roll-off.11–13 Improving

the efficiency and its roll-off of exciplex OLED is important

for exciplex based OLED lighting. In this work, we shall

address these issues by introducing a spacer into the exciplex

system. Significantly, improvement was obtained in terms of

efficiency and its roll-off.

Exciplex can be defined as an exciton formed by

Coulomb attraction between two oppositely charged mole-

cules of different structures with type-II energy level

alignment.16–18 These two molecule precursors forming the

exciplex are called electron donor (D) and electron acceptor

(A). The electron donor has a low ionization potential (the

highest occupied molecular orbit (HOMO) of D is closer to

the vacuum level than that of A), and the electron accepter

has a high electron affinity (the lowest unoccupied molecular

orbit (LUMO) level is lower compared to D). Such two

oppositely charged molecules are bonded by the Coulomb

force and form the excited charge transfer complex (also

called geminate pair18), a kind of weakly bonded charge

transfer exciton (CTE).17 Such CTE could transform into

exciplex exciton or free charge depending on temperature,

electrical field, etc., and these three states can transit into

each other.18,19 Additionally, the LUMO and HOMO of the

charge transfer complex are primarily distributed on donor

and accepter, respectively, and separated by a relatively long

distance, which leads to a very small energy difference

between S1 and T1 state.20 Such characteristics facilitate the

backward intersystem crossing from T1 to S1, i.e., rendering

the long-lived delayed fluorescence.20 Theoretically, the phe-

nomena normally observed in regular OLEDs also exists in

exciplex OLEDs, for example, the exciton annihilation

caused by the exciton-exciton interaction.

Until now, a lot of works in enhancing exciplex-based

OLEDs have been reported, including the utilization of exci-

plex emission directly and DA blended host for some high ef-

ficiency dopants.19,21,22 In this work, we selected 4,4’,

4"-tris(N-3-methyphenyl-N-phenyl-amino)triphenylamine (m-

MTDATA) and 4,7-diphenyl-1,10-phenanthroline (Bphen)

as the electron donor and accepter, respectively. N,N’-di

(naphthalene-1-yl)-N,N’-iphenyl-benzidine (NPB) was used

as the spacer molecule. Other used chemical is cesium carbon-

ate (Cs2CO3). Three OLEDs were fabricated on patterned

tin-doped indium oxide (ITO) glass substrate (10 X/sq) in a

single run without breaking the vacuum for comparison;

Device A: ITO\m-MTDATA (50 nm)\Bphen (50 nm)\ Bphen:

Cs2CO3 (10% wt., 20 nm)\Al (100 nm), Device B: ITO\m-

MTDATA (40 nm)\m-MTDATA:Bphen (1:1 wt., 20 nm)\

Bphen (40 nm)\Bphen:Cs2CO3 (10% wt, 20 nm)\Al (100 nm),

and Device C: ITO\m-MTDATA (40 nm)\ m-MTDATA:

Bphen:NPB (1:1: 8% wt., 20 nm)\Bphen (40 nm)\ Bphen:

Cs2CO3 (10% wt., 20 nm)\Al (100 nm). Device A is a control

device with a planner heterojunction. Device B is another

control device with a bulk heterojunction. Device C is the

target device with an NPB doped bulk heterojunction emis-

sive layer. The ITO substrates were cleaned with de-ionized

water, isopropanol, acetone in sequence first. Then they were

oven-dried and treated in O2 plasma. All functional films and

aluminum electrodes were fabricated by thermal evaporation

in a single run at a base pressure of less than 4� 10�4 Pa

without breaking the vacuum. All the organics and Cs2CO3

were evaporated at a rate of about 0.1–0.2 nm s�1, and the

aluminum electrodes were evaporated at a rate of 0.8–1 nm

s�1. A shadow mask was used to define the cathode and we

could obtain eight devices (with emissive area of 4 � 4 mm2)

on each substrate. The luminance- current-voltage (L-I-V)

characteristics and electroluminescence (EL) spectra were
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measured simultaneously with a Keithley 2400 source meter

and a Photoresearch PR-650 spectrometer. The photolumi-

nescence (PL) experiment was performed on the

m-MTDATA:Bphen:NPB (1:1:x% wt., 30 nm) films depos-

ited on quartz substrate. A third harmonic Nd:YAG laser

(355 nm) with a pulse width and repetition rate of 5 ns and

20 Hz was used as the excitation source, and the signal was

dispersed by a 750 mm monochromator combined with suita-

ble filters, and detected by a photomultiplier tube

(Hamamatsu R928) using standard lock-in amplifier tech-

nique. For the luminescence decay experiment, the detector

output was stored by a digital phosphor oscilloscope

(Tektronix DPO 7254) and averaged over 500 periods to

improve the signal-to-noise ratio. All measurements were

carried out at room temperature in ambient atmosphere.

Figure 2 shows the normalized PL spectra of m-

MTDATA, Bphen, and exciplex, as well the normalized EL

spectra of devices A, B, and C. It can be seen from Fig. 1

that the emission from the two precursors cannot be

observed and a new broad band emission peaking at about

560 nm appears originating from the exciplex formed by

the donor (m-MTDATA) and the acceptor (Bphen), consist-

ent with the literatures.16–19,21,22 As shown in Fig. 1, the

EL spectra of the three devices are almost the same, and

their shape are very similar with the PL spectrum.

Additionally, the emission from the two precursors cannot

be observed in EL spectra, thus all emissions are originated

from the exciplex.16–19,21,22 Furthermore, it is noted that the

spectrum line width of EL is slightly broader and redshifted

compared to the PL spectrum. As EL is obtained under

external electrical bias, the broadening and redshifting of

the EL spectrum are probably related to the Stark Effect

caused by the external field.23,24

As shown in Fig. 2, the turn on voltage of all exciplex

OLEDs is low, which is about 2.2 V (the energy of 560 nm

photon is about 2.2 eV), indicating that the charges can inject

and transport to the recombination zone almost without any

energy barrier. In fact, with its HOMO close to the work

function of ITO, m-MTDATA plays a good role of anode

buffer layer to lower down the hole injection barrier

effectively. The utilization of n-type doped electron injection

layer of Bphen:Cs2CO3 decreases the barrier of electron

injection from Al cathode. The lower driving voltage is an

advantage of exciplex OLEDs comparing to the conventional

OLEDs. In the blended structure of Device B, the charge

transport path was influenced negatively by the introduction

of another precursor because both the charge carrier trans-

port paths were blocked partially, which leads to a higher

driving voltage (2.91 V at 1 mA/cm2) comparing to the pla-

nar structure Device A (2.84 V at 1 mA/cm2). Similarly, for

Device C, the addition of spacer NPB caused a further

increase of driving voltage (3.25 V at 1 mA/cm2), especially

for the electrons because of the low electron mobility and

the high-lying LUMO of NPB.

In Device A with a planar DA heterojunction, because

the high energy barrier for electron and hole at the DA heter-

ojunction interface, almost all charge carriers injected are

concentrated at the two sides of the interface. Therefore, the

recombination zone was localized within a very narrow

region at the interface about two molecules in thickness,

leading to a small amount of CTE recombination but a large

number of polarons. As the driving current increases, the

densities of charge carriers increase correspondingly at the

interface. Such high density of charge carriers caused an

intense polaron-exciton interaction, leading to serious

quenching of the CTE and exciplex exciton, and hence a fast

efficiency drop-off as shows in Fig. 2.25 In Device B with a

bulk heterojunction, the DA heterojunction interface distrib-

utes in the blended layer uniformly, thus the amount of emis-

sion center increases significantly comparing to Device A.

As shown in Fig. 2, the luminous efficiency of Device B is

comparable to that of Device A at low current density, but

significantly higher at high current density; the luminous ef-

ficiency shows a smaller roll-off for Device B. In Device B,

the CTE and exciplex exciton exist in the whole bulk hetero-

junction emissive layer, which resembles the situation of a

low efficiency OLED with un-doped emissive layer.26 The

dipole-dipole interaction is strong as the dipole moment of

the CTE is larger than that of a localized molecular exciton,

leading to serious exciton-exciton annihilation, especially

FIG. 1. The normalized photoluminescence spectra of m-MTDATA, Bphen,

and exciplex; and the normalized electroluminescence spectra of devices A,

B, and C at a driving current density of 1 mA/cm2.

FIG. 2. The current density-voltage and luminous efficiency-current density

curves of devices A, B, and C. The luminous efficiency ratios plots of

Device C to Device B (red circle) and Device C to Device A (black square)

are shown in inset.
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under high driving current density, thus the efficiency roll-

off is fast. Furthermore, the binding of such CTE is much

weaker than that of localized molecular exciton, therefore,

the influence of external field should be more significant,

leading to a more serious dissociation of the CTE with the

presence of the external bias.17,18,23,24,27 As reported, to sup-

press the exciton-exciton annihilation, almost all high effi-

ciency OLEDs are using a doped emissive layer structure

which keeps a suitable distance between neighboring exci-

tons, especially for the phosphorescent devices with longer

triplet exciton lifetime.19 To reduce the exciton-exciton anni-

hilation, we introduced a spacer (S) molecule into the

blended m-MTDATA:Bphen emissive layer (Device C). In

order to avoid generating any new kind of CTE, we selected

a classical blue emission (440 nm) hole transport material

NPB as the spacer, considering its energy levels with respect

to that of Bphen. On the other hand, as the exciplex is an

intermolecular charge transfer process, on which the spacer

will have adverse effect. Thus, there should be an optimal ra-

tio of NPB to donor (or acceptor). In our experiment, we

used a D:A:S weight ratio of 1:1: 8%. As indicated in Fig. 2,

though the added NPB molecules influence the formation of

CTE, leading to a decrease in the density of emission centers

slightly, the exciton-exciton annihilation was also suppressed

effectively through separating neighboring excitons by a lon-

ger distance. Overall, the maximum luminous efficiency was

still enhanced by about 26% and 22% to about 9.7 cd/A com-

paring to the Device A and B, respectively. Additionally, as

the inset of Fig. 2 indicates, both the luminous efficiency

ratios of Device C to Device A and Device C to Device B

increase with the increase of the driving current density,

indicating that the efficiency drop of Device C is lower com-

paring to Device A and Device B; the efficiency drop of

Device C is reduced by 54% and 28% comparing to Device

A and Device B at 400 mA/cm2, respectively.

To furthermore study the enhancement of the device by

NPB spacer, a systematic spectroscopy investigation of tran-

sient PL experiments was performed. In order to avoid the

emission from precursors and spacer molecules, the detected

wavelength was selected at 600 nm in the transient PL test-

ing. Fig. 3 shows the luminescence decay plots of the m-

MTDATA:Bphen:NPB (1:1: x% wt, x¼ 0, 5, 10, and 20)

film at room temperature. The decay curves can be well-

fitted by an exponential fit with reconvolution

I tð Þ ¼
ðt

�1
IRF t0ð ÞAe� t�t0ð Þ=sdt0; (1)

where A is the amplitude of the component at time zero, s is

the corresponding lifetime, and IRF is the instrument

response function. It can be seen from Fig. 3 that, in all films

the exciplex emission contains two components with differ-

ent excited state lifetimes, though their emissive spectra are

identical. For all films, the excited state lifetimes of the

prompt component almost keep a constant value of 32 ns,

which is due to the singlet exciplex exciton relaxation. The

slower one with a lifetime comparable to classical phospho-

rescence emission originates from the long-lived delayed flu-

orescence.20,28,29 As indicated in Fig. 3 (inset (a)), it is

interesting that the decay rate of the delayed component

becomes faster (from 202 ns to 170 ns) after adding the

spacer molecule NPB into the blended film, and the weight-

ing factor (the ratio of amplitude of the two components) of

the delayed component increases with the increase of the

NPB composition. Considering there is no energy accepter

or other quencher in this blended film, we concluded that the

addition of spacer molecule NPB into the blended films

probably enhanced the backward intercrossing crossing

(ISC) rate from the triplet (T1) to singlet exciplex state (S1)

(Fig. 3 (inset (b)). Obviously the shorter T1 lifetime lowers

down the annihilation of triplet exciplex exciton, which is

beneficial to suppressing efficiency roll-off at high driving

current density. Additionally, the enhanced backward ISC

rate from T1 to S1 also plays an important role in device per-

formance improvement.

In conclusion, we have investigated the exciplex emis-

sion of OLEDs with a spacer. Due to the high density of

charge carrier and exciton-exciton interaction, both the pla-

nar heterojunction and bulk heterojunction devices showed

lower luminous efficiency. By introducing a spacer molecule

into the blended emission layer of the bulk heterojunction

device, both the maximum luminous efficiency and roll-off

at high driving current density were improved significantly.

Through the systematic spectroscopy investigation, it is

implied that the spacer not only suppressed the exciton anni-

hilation but also enhanced the delayed fluorescence of exci-

plex. Our work shed light on the high performance exciplex

OLEDs.
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FIG. 3. The transient photoluminescence plots (focus on 600 nm) of the m-

MTDATA:Bphen:NPB (1:1: x% wt., 30 nm) film (x¼ 0, 5, 10, and 20), and

the solid lines are correspondingly fitting curves. Through two exponential

fitting, two components were observed in all films emission. The inset (a)

indicates the plots of the lifetime of the prompt component (black solid

square) and the delayed one (red solid circle) versus NPB concentration and

their weighting factor variations of prompt component (green empty square)

and delayed one (blue empty circle) as NPB concentration increases. The

inset (b) shows the intercrossing crossing (ISC) from singlet (S1) to triplet

exciplex state (T1) and the backward ISC (BISC). S0 is the ground state.
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