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A correlation between small-molecule dependent
nanomorphology and device performance of
organic light-emitting diodes with ternary blend
emitting layers†

Francis Okello Odongo Ngome,a Young-Tae Kim, *a Hyeon-Dong Lee,a

Young-Hoon Kim,b Tae-Woo Leebcd and Chan-Gyung Park*ae

The morphology of emitting layers (EMLs) plays a vital role in determining the overall performance of solution

processed phosphorescent organic light emitting diodes (PhOLEDs). Herein, the morphology of undoped small

molecule binary blend EMLs prepared by blending tris(4-carbazoyle-9-ylphenyl)amine (TCTA) hole transport

material (HTM) with a series of electron transport materials (ETMLs) was studied using a transmission electron

microscope (TEM). Experimental results show that phase separation of the binary blend EMLs significantly

depends on the polarity of the host. The binary blend ELMs were further doped with tris(2-phenylpyridine)-

iridium(III) (Ir(ppy)3) to form ternary blend EMLs and the resulting morphology was examined using scanning

transmission electron microscopy-energy dispersive X-ray spectroscopy (STEM-EDS). The results report for the

first time the existence of Ir(ppy)3 needle-like aggregates in small molecule ternary blend EMLs. By comparing

the size of the aggregates formed in small molecule ternary blend EMLs with those formed in polymer–small

molecule blends, our results showed that small molecule blend EMLs exhibit minimal Ir(ppy)3 aggregates

with a low aspect ratio in contrast to polymer–small molecule blends. The effect of mixed solvent on

the distribution of the aggregates was also examined using a TEM and an atomic force microscope

(AFM). The disappearance of the aggregates with varying solvent mixture ratios signifies that solvent mix-

ture is an effective way to control homogeneous distribution of Ir(ppy)3 in the emitting layers of

PhOLEDs. This was further evidenced by an improvement in light emitting efficiency and current

efficiency of OLED devices fabricated using a mixed solvent.

1. Introduction

Organic light emitting diodes (OLEDs) have received a great deal of
attention since their first introduction into the market in 1987 by C.
W. Tang et al.1 This is due to their superior properties such as high
resolution from their self-emissive properties, flexibility, low power
consumption, light weight, wide color gamut, wide viewing angle
etc. which make them ideal for application in areas that require

flat-panel displays and solid state lighting.1–7 OLEDs are manufac-
tured by thermal vacuum deposition and solution processing
methods. The latter, however, is increasingly gaining much research
interest due to its simplicity, low material waste, scalability and cost-
effectiveness in large-area displays.8–12 Nevertheless, one of the main
issues in the solution processing technique is the ability to develop
high performance-solution processed OLED materials.

To enhance the internal quantum efficiency (IQE) of OLEDs,
significant efforts have been made towards broadening the
exciton recombination zone to minimize the accumulation of
charge density in the emitting layer which would otherwise
result in triplet–triplet annihilation (TTA) as well as triplet–
polaron annihilation (TPA).13 This is achieved by employing a
binary blend consisting of hole and electron transport materials
to make emitting layers (EMLs).5,14 By using a binary host, the
chances of excitons recombining within the emitting layer can
be boosted which leads to improved device performance.
Furthermore, incorporation of phosphorescent dopants in the
emitting layer has been adopted to upgrade the device efficiency.
The phosphorescent guest materials can promote intersystem
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crossing (IC) and increase the IQE to a theoretical maximum
value of 100% by means of emissions from both singlet and
triplet states.16–20 Nonetheless, phosphorescent dyes at high
concentration can sometimes cause deteriorated device perfor-
mance through a quenching mechanism. For instance, J. J. Park
et al. reported on the efficiency roll-off in solution processed
small molecule PhOLEDs with highly doped ternary EMLs.17

Additionally, degraded film morphology caused by phase separa-
tion/aggregation of the constituent hosts and guests is another
serious factor that contributes to decreased IQE of OLEDs.21–23 It
is well known that the employed phosphorescent guest material
such as tris(2-phenylpyridine)iridium(III) Ir(ppy)3 tends to aggre-
gate, especially when a high concentration is employed.16

Furthermore, decreased luminescence lifetime in solution pro-
cessed OLEDs caused by aggregation-induced self-quenching of
dopant materials has been reported.24–28 The morphological
stability of EMLs and its impact on the device efficiency and
lifetime can no longer be neglected.29 Although homogeneous
distribution of the Ir(ppy)3 dopant in the EMLs is crucial for
enhanced device performance, in practice, this can be very hard
to realize due to the influence of several other factors such as the
dopant concentration, annealing temperature, and nature of the
solvent employed. In addition, the use of non-doped self-host
dendrimers which act as the host of the emissive cores them-
selves has been proposed as a potential approach of avoiding the
tortuous doping technology as well as the inherent aggregation
associated with the doping material in the EML. Nevertheless,
not only are such materials limited, but also tuning their
molecular structure could be quite convoluted.13,30–32

More recently, Y.-T. Kim et al. performed an in situ transmission
electron microscope (TEM) experiment to elucidate the temperature
dependent nanomorphology of Ir(ppy)3 doped polyvinyl carba-
zole (PVK:Ir(ppy)3) binary blend films.26 In their findings, it was
reported that the Ir(ppy)3 needle-like aggregates formed at high
dopant concentration can be fine-tuned through optimization of
annealing temperature to improve device performance. Although
their work was based on polymer–small molecule blend EMLs,
exploration of dopant distribution in the EMLs processed from
purely small molecules is still limited. Small molecules exhibit
several unique advantages such as well-defined chemical structure,
high color purity, high charge mobility and efficiency which make
them potential material candidates for solution processed
OLEDs.9,10,33,34 Nevertheless, to achieve better device operation,
precise control of the morphology of small molecule based ternary
blend emitting layers is still a great challenge owing to aggregation
and phase separation of certain organic blends.3,35

Herein, we focus on the correlation between small-molecule
dependent nanomorphology and device performance of PhO-
LEDs with ternary blend emitting layers. To investigate the
effect of various electron transport materials on the EML
morphology, the tris(4-carbazoyl-9-ylphenyl)amine (TCTA) hole
transport material (HTL) was blended separately with 2-(4-tert-
butylphenyl)-5-biphenylyl-1,3,4-oxadiazole (PBD), 4,40-bis(carbazol-
9-yl)biphenyl (CBP), 2,20200-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-
benzimidazole) (TPBI) and tris(2,4,6-trimethyl-3-(pyridin-3-yl)-
phenyl) borane (3TPYMB) electron transport materials (ETMs) to

make binary blend films in a chlorobenzene solvent. The resulting
morphologies of the films were investigated using conventional
TEM. A similar procedure was repeated with the Ir(ppy)3 incorpo-
rated in the mixture to form a ternary blend. A comparison between
the Ir(ppy)3 dopant distribution in small molecule based EMLs with
polymer based EML films was performed by substituting TCTA with
PVK. Finally, a combinatorial approach to investigate the effect of
different solvents on the film morphology and device performance
was performed using a TEM and an atomic force microscope (AFM)
on the TCTA:TPBI:Ir(ppy)3 based film. The experimental observa-
tions indicate that, the nature of solvent and host materials not only
affects the film surface roughness but also film thickness and
distribution of the Ir(ppy)3 dopant.

2. Experimental

The physical properties of the materials that were used here are
presented in Table S1 (ESI†). All the employed host materials
exhibit high triplet energy Et with respect to the guest material
which means that back flow of energy from the guest to host is
inhibited. Additionally, TCTA was preferably selected for study
due to its relatively high glass transition temperature (Tg) which
guarantees device stability and also prevents temperature-
induced crystallization during annealing.

Indium tin oxide (ITO)-patterned glass substrates were
cleaned using acetone and 2-isopropanol (IPA) in an ultra-
sonification bath for 15 min, then boiled in IPA for 10 min. The
cleaned substrates were UVO-treated for 15 min. Then, a GraHIL as a
hole injection layer (HIL) was spin-coated and annealed at 150 1C for
15 min.14,15,36 At the outset, small molecules of PBD, CBP, TPBI and
3TPYMB electron transport materials, each mixed with TCTA hole
transport materials in the ratio 1 : 1, were dissolved in 0.4 wt%
chlorobenzene (CB) solvent and then spin-coated on the PED-
OT:PSS:PFI substrate. Then, the same procedure was repeated by
incorporating 20 wt% of the Ir(ppy)3 green phosphorescent dopant
to make ternary blend emitting layers of TCTA:PBD:Ir(ppy)3, TCTA:
CBP:Ir(ppy)3, TCTA:TPBI:Ir(ppy)3, and TCTA:3TPYMB:Ir(ppy)3. The
dopant concentration of 20 wt% was chosen to clearly investigate the
distribution of the Ir(ppy)3 dopant and to show solvent-dependent
morphological evolution of small molecule based ternary blend
emitting layers. This is because such a high (20 wt%) dopant
concentration can effectively induce the dopant aggregation.

For comparison, a separate experimental setup was used by
substituting the TCTA hole transport material with a PVK
polymer hole transport material to make PVK:3TPYMB:Ir(ppy)3

and PVK:TPBI:Ir(ppy)3 in chlorobenzene. It is important to note
that the same (20 wt%) dopant concentration was used for both
PVK and TCTA based ternary blend EMLs. Finally, to investigate
the solvent-dependent Ir(ppy)3 dopant distribution, TCTA:TP-
BI:Ir(ppy)3 was prepared in a solvent mixture of (1) chloro-
benzene (CB) and 1,2-dichlorobenzene (DCB), (2) CB and toluene
in the ratios of 100 : 0, 75 : 25, 50 : 50, 25 : 75, 0 : 100 (wt%). The
employed solvents exhibit varying physical properties such as
boiling point, evaporation rate, polarity (as evidenced by varying
dipole moments) and are commonly used as solvents in the
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spin coating process (Table S2, ESI†). Besides, our main focus
was based on how solvent polarity affects the distribution of
TCTA:TPBI:Ir(ppy)3 in the EMLs. The film samples for TEM
observations were prepared by a floating technique which
involves dissolving the HIL of PEDOT:PSS:PFI in distilled water
leaving the EML comprising of TCTA:TPBI:Ir(ppy)3 floating on
the water surface which is then picked by the TEM mesh grid
for analysis. This technique is employed prior to deposition of
LiF electron injection layers (EILs) and Al cathodes. The morpho-
logical characterization of the blend films was performed using
the TEM (JEM 2010F) set at an accelerating voltage of 200 kV. To
characterize the distribution of iridium, energy dispersive X-ray
spectrometry (EDS) of aberration-corrected scanning TEM
(Cs-STEM) installed with a high angle annular dark field (HAADF)
detector was employed.

For device fabrication, the ITO-patterned glass substrate
with GraHIL was loaded into the N2-filled glove box. Then,
the TCTA : TPBI : Ir(ppy)3 based emitting layer dissolved in
varying solvent mixture ratios was deposited on the GraHIL
containing ITO-patterned glass substrate at a speed of 500 rpm
for 7 s and 3000 rpm for 90 s, followed by 20 min annealing at
40 1C. To deposit the electron transport layer (ETL) and the
cathode, samples were loaded into the high vacuum chamber
(B10�7 Torr). TPBI as an ETL, 1 nm-thick LiF and 100 nm thick
Al cathode were subsequently thermally-deposited. The TEM
cross-section of the complete device is shown in Fig. S1 (ESI†).
The steady state photoluminescence (PL) spectra were recorded
using a JASCO FP-8500 spectrofluorometer (excitation wave-
length of 350 nm).

Topographical morphology characterization of the 40 1C
annealed films were performed using VEECO Dimension 3100
AFM in a tapping mode with the following parameters: line
scan of 512, scan size of 2.0 mm, scan rate of 0.996 Hz, aspect
ratio of 1, integral gain of 0.2000, proportional gain of 0.8000
and tip velocity of 2000 Mv. The electrical properties of the
thermally annealed samples were determined by their current
density–voltage ( J–V), current efficiency–voltage (Ieff–V), obtained
using a source-meter (Keithley 236) while the luminance–voltage
(L–V) characteristics were measured using a spectroradiometer
(Minolta CS2000).

3. Results and discussion

The TEM bright field (BF) images of the small molecule binary
blends of (a) TCTA:PBD, (b) TCTA:CBP, (c) TCTA:TPBI, and (d)
TCTA:3TPYMB, which are spin-coated from chlorobenzene
solvent (CB) are presented in Fig. 1. Both (a and b) exhibit
heterogeneous morphology compared to (c and d) binary blend
films, which suggest that TCTA exhibits good miscibility with
TPBI and 3TPYMB under CB. The distinctive morphological
variation of the blend films can be attributed to the chemical
structure, dipole moment of the individual small molecules, and
the type of solvent employed during spin-coating (Tables S1
and S2, ESI†). Since all the hosts employed were small organic
molecules, the phase separation resulting from dissimilar

molecular weights, which is commonly observed in polymer–
small molecule blends may not occur in the present work.27,37,38

Nonetheless, as shown in Fig. 1a and b, the polarity of the
individual small molecules is likely to be the main factor
contributing to phase separation in the film blends.39 PBD is a
weak polar material taking into account its structural geometry,
whereas the chlorobenzene solvent and TCTA host material are
polar. The dipole moments of biphenylyl and tert-butylphenyl
side groups would cancel out and the nitrogen containing group
would slightly contribute to the overall dipole moment. Further-
more, the non-polar benzene and the hydrophobic group of
biphenylyl and tert-butylphenyl would prefer to segregate in a
polar solvent resulting in phase separation (Fig. 1a). Conversely,
the CBP molecule has a dipole moment of about 0.0 D which
signifies non-polarity. Therefore, phase separation is likely to
occur in a TCTA:CBP binary blend (Fig. 1b). On the other hand,
TPBI and 3TPYMB both are polar materials as evidenced by their
relatively high dipole moments of 3.0 D and 3.5 D respectively
(Table S1, ESI†). Thus, a relatively more homogeneous film
morphology is expected. Based on the experimental results, it
can therefore be argued that the polarity of the individual small
molecule blends played a key role in determining the final
morphology of the emitting layers.

To improve the quantum efficiency of OLEDs, an Ir(ppy)3

green dopant was incorporated into the previously studied
blends to form ternary blend EMLs. The corresponding TEM
images of (a) TCTA:PBD:Ir(ppy)3, (b) TCTA:CBP:Ir(ppy)3, (c)
TCTA:TPBI:Ir(ppy)3 and (d) TCTA:3TPYMB:Ir(ppy)3 ternary
blend films are shown in Fig. 2. Notably, the inhomogeneous
morphology of PBD and CBP based ternary blend films still
prevailed after incorporating green phosphorescent dye (insets
of Fig. 2a and b). Such inhomogeneity is known to decrease the

Fig. 1 TEM bright field morphologies of (a) TCTA:PBD, (b) TCTA:CBP,
(c) TCTA:TPBI, and (d) TCTA:3TPYMB binary blend films spin-coated from
chlorobenzene solvent.
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device efficiency as it may account for current leakage and
increased operational voltage.40 Further analysis showed that
the morphology of TCTA:TPBI:Ir(ppy)3, TCTA:3TPYMB:Ir(ppy)3

ternary blend emitting layers slightly became inhomogeneous
after incorporating the Ir(ppy)3 dopant. More intriguingly, the
presence of needle-like aggregates with dark contrast, which
was previously absent in the pre-doped binary blend films,
corresponding to TCTA:TPBI (Fig. 1a) and TCTA:3TPYMB
(Fig. 1b) were observed.

To elucidate the composition of the needle-like aggregates,
we selected one of the samples (TCTA:TPBI:Ir(ppy)3) containing
the needle-like aggregates and performed additional tests using
scanning TEM (STEM)-energy dispersive spectrometry (EDS).
For the TEM analysis, the needle-like aggregates showed bright
contrast in high angle annular dark field (HAADF) mode
(Fig. S2b, ESI†). Based on common knowledge, the atomic
number of an element determines its atomic scattering factor.
Thus, heavy elements scatter more electrons and exhibit bright
contrast in HAADF mode (Rutherford scattering cross-section is
proportional to Z2, where Z represents the atomic number). It is
therefore convincing to argue that the needle-like aggregates
represent Ir(ppy)3 green dopant which contains iridium atoms
of high atomic number.41 This was further confirmed by the
EDS mapping that showed green domains depicting iridium Ma

signals corresponding to 1.977 eV (Fig. S2b, ESI†). The aggregation of
the Ir(ppy)3 dopant in the TCTA:TPBI:Ir(ppy)3, TCTA:3TPYMB:
Ir(ppy)3 ternary blend films reveal poor miscibility between the
dopant and the small molecule based host materials.

The formation process of the Ir(ppy)3 needle-like aggregates
has been explained in several ways. For instance, researchers
have attributed the existence of the dopant aggregates as
well as phase separation between the host and dopants to large

interfacial energy difference. In other words, host–guest blends
tend to form homogeneous film morphology, at decreased
interfacial energy, while inhomogeneous morphology originating
from phase separation of host–guest blends have been reported at
increased interfacial energies.21 To that end, we propose that the
interfacial energy difference involved in the ternary blend films of
TCTA:PBD:Ir(ppy)3 and TCTA:CBP:Ir(ppy)3 blends is likely to be
large compared to that in TCTA:TPBI:Ir(ppy)3 and TCTA:TPBI:
Ir(ppy)3 blends. In addition, the formation of the needle-like
aggregates especially at high dopant concentrations has been
expounded in terms of dipole–dipole interaction. In this study,
the 20 wt% dopant concentration was employed. Therefore,
increased dipole–dipole interaction is likely to cause self-
assembly of the dopant molecules which subsequently leads to
the formation of the Ir(ppy)3 needle-like aggregates. This is
because at high dopant concentration, the intermolecular dis-
tance is decreased and the dipole–dipole interaction of the high
(6.26 D) dipole moment Ir(ppy)3 small molecule is expected to
increase. This is justified from the fact that dipole–dipole
interaction between two molecules vary inversely as the third
power of the distance between them.42

Another explanation for the formation of the needle-like
aggregates is designated to offset p–p stacking between the
neighboring aromatic rings in the chain of small molecules.
With decreased distance between the neighboring aromatic rings,
there exist electron–electron repulsion as well as electron–nucleus
attraction between the benzene rings. This results in various
molecular stacking geometries of which the most energetically
stable p–p stacking is preferred.22,38 Nevertheless, aggregation of
the dopant material in the emitting layer not only increases the
driving voltage due to inhomogeneous morphology but also
decreases the light-emitting efficiency through bimolecular
quenching.20,21,43 This implies that meticulous control of the
dopant distribution in the emitting layer of small molecule based
OLEDs with ternary EMLs is inevitable.

Although several reports on surface morphology-dependent
device performance are available, spectroscopic evidence
elucidating the dopant aggregation-induced poor device perfor-
mance, more particularly, in the solution processed small
molecule based OLEDs is still limited. In this work, our novel
report on the existence of Ir(ppy)3 aggregates in the small
molecule based solution processed OLEDs with ternary blend
emitting layers has a great implication in attempting to unravel
one of the root causes of luminance quenching in the solution
processed small molecule OLEDs.

For comparison, polymer–small molecule ternary blend
emitting layers of PVK:TPBI:Ir(ppy)3, PVK:3TPYMB:Ir(ppy)3

were also prepared and analyzed using conventional TEM
(Fig. S3a and b, ESI†). The resulting morphologies were in
contrast to those of TCTA:TPBI:Ir(ppy)3 and TCTA:3TPYM-
B:Ir(ppy)3 respectively (Fig. 2c and d). Our findings show that
the Ir(ppy)3 needle-like aggregations are less pronounced in the
small molecule based emitting layers in contrast to the poly-
mer–small molecule blend emitting layers. Although limited
reports are available concerning the needle-like aggregation in
polymer–small molecule binary blend EMLs of Ir(ppy)3 doped

Fig. 2 TEM BF images of (a) TCTA:PBD:Ir(ppy)3, (b) TCTA:CBP:Ir(ppy)3
exhibiting phase separation (inset images), (c) TCTA:TPBI:Ir(ppy3), and
(d) TCTA:3TPYMB:Ir(ppy)3 ternary blend films with needle-like aggregates.
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poly[9,9-di-n-hexyl-2,7-fluorene-alt-1,4-(2,5-di-n-hexyloxy)phenylene]
(PFHP:Ir(ppy)3), Ir(ppy)3 doped PVK (PVK:Ir(ppy)3), and Ir(ppy)3

doped poly(3-hexylthiophene) (P3HT:Ir(ppy)3), to the best of our
knowledge, we for the first time, report the Ir(ppy)3 needle-like
aggregates in small molecule based ternary blend EMLs.43–45 The
average dimensions of the needle-like aggregates were 439 nm in
length and 35 nm in width for the small molecule based ternary
EMLs whereas an average length of 1053 nm and width of 70 nm
were analyzed in the case of the polymer–small molecule based
ternary emitting layers. In view of this, we can conclude that the
aggregation of Ir(ppy)3 is minimal in the small molecule based
emitting layer as opposed to that of the polymer–small molecule
based emitting layer. This is further supported by the fact that
there is a small molecular weight difference in the small molecule
based ternary blend emitting layers in contrast to the large
molecular weight difference in the polymer–small molecule based
ternary blend emitting layer. Therefore, it is reasonable to argue
that by purely using small molecule host–guest blends during the
spin-coating process, we are more likely to obtain EMLs with more
homogenous morphology compared to polymer–small molecule
blend systems.

Achieving EMLs with homogeneous morphology is a key
factor to consider when designing high performance solution
processed OLED devices. Phase separation of host blends and
aggregation of dopants in the EMLs is detrimental to proper
device performance. More particularly, host materials greatly
influence device performance in terms of stability and
lifetime.22 This is because, phase separation between the host
materials can generate increased host–guest distance R, where
R represents the capture radius of guest molecules for efficient
Foster energy transfer process.46 In this study, we selected the
TCTA:TPBI:Ir(ppy)3 based EML with relatively homogeneous
morphology out of the four prepared sets of small molecule
based ternary EMLs and focused on controlling the distribution
of the Ir(ppy)3 dopant through the solvent mixture method. The
solvent method was adopted because of its simplicity and due
to the fact that most of the commonly used solvents are already
available on the market. Moreover, many researchers have also
proposed the method as an effective way of dissolving certain
organic molecule blends with poor miscibility.47 For instance,

M. H. Rezvani et al. employed aromatic and non-aromatic
solvents with different evaporation rates to tune the electrical
properties of polymer–small molecule PhOLEDs comprising
PVK:PBD:C6(3-(2-benzothiazolyl)-7-(diethylamino) coumarin)
emitting layers.30 Nevertheless, they failed to present in their
work spectroscopic evidence correlating the emitting layer
morphology and the device performance.

In our work, we provide direct evidence on solvent dependent
Ir(ppy)3 dopant distribution as well as the overall morphological
evolution of the EML and its impact on the device performance.
The TEM analysis was conducted on the TCTA : TPBI : Ir(ppy)3

ternary blend EMLs spin-coated from the solvent mixtures of
varying ratios. Fig. 3a–e represents the TEM BF images of the
TCTA : TPBI : Ir(ppy)3 based emitting layers spin-coated from
DCB and CB solvent blends, while Fig. 3f–j shows the same
emitting layer structure spin-coated from a CB : toluene solvent
blend with different blending ratios. Based on the results, it is
evident that the Ir(ppy)3 needle-like aggregates initially present
in the TCTA : TPBI : Ir(ppy)3 ternary blend prepared from chloro-
benzene disappear with increasing dichlorobenzene (DCB)
ratio (Fig. 3a–d). DCB solvent exhibits a high dipole moment
of 2.27 D which is higher than that of CB. This implies that DCB
is more polar compared to CB (Table S2, ESI†). We can therefore
expect enhanced dissolution of the Ir(ppy)3 dopant with less or
no aggregates formed when DCB is used. However, it is worth
mentioning that the thickness of the EML fabricated from 100%
DCB is too thin for normal operation of the device and therefore,
the thickness is controlled by blending DCB with CB. We also
observed that the needle-like aggregates completely disappear at
50 wt% DCB mixed with 50 wt% CB (expressed as 50DCB : 50CB)
as shown by the TEM image in Fig. 3c. Surprisingly, although
toluene is a non-polar solvent, the needle-like aggregates also
disappeared with increasing toluene ratio (Fig. 3g–j). This is
quiet inconsistent with some of the previous research findings
which proposed the use of a high polar solvent to enhance
dispersion of the highly polar Ir(ppy)3 dopant during spin-
coating.24,40 Even though, we cannot accurately explain the
dynamics behind dissolution of the Ir(ppy)3 in toluene solvent,
we speculate that other than polarity of the solvent employed,
other factors such as dipole-induced dipole and dispersion

Fig. 3 TEM BF images of solvent effect nanomorphology of TCTA : TPBI : Ir(ppy)3 based devices spin-coated from (a–e) DCB : CB and (f–j), CB : toluene
solvent. The mixing ratios are in terms of wt%.
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forces might as well contribute to the dissolution of the Ir(ppy)3

aggregates.48

To further interrogate the evolution of the needle-like aggre-
gates with increasing toluene solvent, steady-state photo-
luminescence (SSPL) measurements were performed. As can
be observed in Fig. S4 (ESI†), the hypsochromic shift of the
SSPL from 520 nm to 510 nm (low to high wavelength) further
signals the disappearance of the needle-like aggregates which is
consistent with our TEM findings (Fig. 3). Furthermore, it is
well documented that a decrease in the molecular aggregate
due to low conjugation is accompanied by a hypsochromic shift
in the SSPL.56 Nevertheless, as would be expected, the emitting
layer morphology of the toluene based films deteriorated
with increasing toluene ratio (Fig. 3j). The deteriorated film mor-
phology can be attributed to the high evaporation rate constant of
toluene which is 6.1, Table S2 (ESI†). This implies that fast
depletion of toluene solvent molecules would lead to a decreased
solvent–solute interaction time, which is the prerequisite for poor
thinning and inhomogeneous spread of the film.49

The electrical properties i.e., (a) current density, (b) luminance–
voltage, (c) current efficiency and (d) electroluminescence intensity–
wavelength characteristics of the solution processed small molecule
PhOLED devices fabricated from different solvent blends are pre-
sented in Fig. 4. A summary of the electrical properties of all the
devices is also shown in Table 1. Other than the electrolumines-
cence intensity, other device electrical characteristics varied signifi-
cantly depending on the type of solvent employed. From the
current density–voltage characteristics (Fig. 4a), the high current
density value observed in the device prepared from DCB can be
assigned to the reduced EML thickness. The effective electric field
depends on the EML thickness, i.e. thinner layers experience higher
electric field at a given voltage corresponding to higher current
density.30,53 On the other hand, devices prepared from toluene
solvent exhibited lower current density which is due to thick
inhomogeneous EMLs.

The luminance–voltage characteristics (Fig. 4b) indicate that
the device prepared from 50DCB : 50CB exhibited the highest
luminance of 2116.5 cd m�2. This is in agreement with the TEM
observation in Fig. 3c, which shows the absence of the Ir(ppy)3

needle-like aggregates. This improved luminance performance
can be attributed to the enhanced dopant dispersion within the
EML as a result of blending the CB solvent with a high dipole
moment DCB solvent. Controlling the Ir(ppy)3 dopant distribu-
tion in the EML is crucial for enhancing emissions from both
singlet and triplet excitons as well as decreasing bimolecular
quenching.20,21,25

On the other hand, the device prepared from 50 wt% CB
mixed with 50 wt% toluene (expressed as 50CB : 50T) showed
the highest current efficiency of 45.17 cd A�1 (Fig. 4c). The
relatively lower current efficiency of our solution-processed
OLEDs compared to the ones in the previous literature is
possibly due to the high dopant concentration of 20 wt% which
was chosen to induce the aggregation in the emitting layer.36

To investigate other possible cause for this, we examined the
TEM cross-sections of the devices (Fig. 5). It is well known that
the EML thickness plays an important role in determining the
performance of OLEDs.30,50–52 Although our results could not
define the exact EML thickness due to low contrast of organic
layers comprising TPBI, EML, PEDOT:PSS:PFI, we could clearly
notice the increment in the thickness of the organic layer
regions with change in solvent from CB to toluene. It is worth
noting that the thickness of TPBI and PEDOT:PSS:PFI for all the
devices as measured by ellipsometry were constant due to
identical processing conditions. Based on our results, we suggest
that the origin of the enhanced current efficiency observed in the
50CB : 50T based EML was due to thicker EML thickness with
relatively homogeneous surface morphology.30,53,54 The thicker
EML signifies a broader electron–hole recombination zone
which consequently results in the improved current efficiency.
On the other hand, although the device prepared from 100% toluene
solvent exhibited the thickest emitting layer, its morphology
was severely deteriorated (Fig. 5d). We therefore argue that the
inhomogeneous morphology resulted in poor contact between
the organic layers and the electrodes leading to the low lumi-
nance, as well as high operating voltage recorded.48–55

Furthermore, the interface between the electrodes and the
organic layers is known to play a crucial role in determining
the efficiency of charge carrier injection from the electrodes to
the active emitting layer.44,45 The large difference in the vapor
pressure as well as the evaporation rate constant of the
employed solvents greatly affected the thickness of the emitting

Fig. 4 (a) Current density–voltage, (b) luminance–voltage, (c) current
efficiency–voltage, and (d) electroluminescence–wavelength character-
istics of TCTA:TPBI:Ir(ppy)3 devices spin-coated from varying solvent
blends.

Table 1 Summary of solvent-dependence device electrical performance

Solvent
ratio (wt%)

Operating
voltage
(Vt)

Max.
luminance
(cd m�2)

Max. current
density
(mA cm�2)

Max. current
efficiency
(cd A�1)

100DCB 3.5 1725.3 20.1 14.1
50DCB : 50CB 3.5 2116.5 16.2 27.3
100CB 4.0 1967.1 9.68 37.1
50CB : 50T 4.5 1869.0 7.1 45.3
100T 5.0 1599.3 5.8 44.1
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layer, i.e. toluene solvent, is characterized by high vapor pressure
and high evaporation rate constants of 20 hPa and 6.1 respectively
(Table S2, ESI†). Therefore, toluene based films would be expected
to freeze faster and concurrently lead to an increase in the layer
thickness.49 The reverse behavior was observed in chlorobenzene
and dichlorobenzene solvent respectively. Blending the solvents

significantly tunes the EMLs. However, it is worth noting that, the
imperfect optimization of experimental conditions still contributed
to the large change in the EML thickness with solvent variation.

Fig. 4d indicates electroluminescent peaks at around
514 nm which well matched with EL peaks in the green
emitting Ir(ppy)3 dopant in all the devices. These sharp peaks
suggest that sufficient energy transfer occurred from the host to
guest materials in all the devices. Although it is known that the
EML film thickness affects the device properties, the present
work attempts to elucidate the nanomorphology dependent
device performance of organic light emitting diodes with
ternary blend emitting layers. More importantly, we employed
solvent mixture to aim at expounding on the distribution of
Ir(ppy)3 within the EML as well as the overall morphology of the
EML depending on the type of solvent used.

AFM analysis was performed to further explore solvent
dependent-surface morphology and device performance. The
root mean square roughness (RMS) of the EMLs fabricated
from 50DCB : 50CB, CB, 50CB : 50T, toluene is presented in
Fig. 6. Based on the results, it is evident that the film surface
roughness increases from 0.2 nm of 50DCB : 50CB to 0.7 nm of
toluene. This is in agreement with our previous TEM results
shown in Fig. 3 (inset images). For further clarification, we
considered the evaporation rates of DCB, CB and toluene
solvents presented in Table S2 (ESI†).57,58 Toluene, which has
the highest evaporation rate constant of 6.1, is expected to
vaporize much faster during spin-coating. This implies that not
enough time is available for solvent–solute interaction conse-
quently resulting in the inhomogeneous film morphology
observed. By blending toluene with chlorobenzene, the high

Fig. 5 STEM BF cross-sections of TCTA:TPBI:Ir(ppy)3 based small mole-
cule devices fabricated from (a) 50DCB : 50CB, (b) CB, (c) 50CB : 50toluene
and (d) 100% toluene. Notably, EML spin-coated from 100% DCB was too
thin to be prepared by the FIB technique hence it was not included here.

Fig. 6 AFM images of EMLs prepared from (a) 50DCB : 50CB, (b) CB, (c) 50DCB : toluene, and (d) toluene solvent, respectively. The corresponding TEM
images are shown on the right side of each AFM image.
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evaporation rate of toluene solvent is fine-tuned accordingly
thereby improving the EML morphology and subsequently the
device performance.

Although the device processing conditions were not per-
fectly optimized for all the devices, nevertheless, our main
objective of presenting a direct evidence on the distribution
of the Ir(ppy)3 dopant as well as solvent-dependent morpho-
logical evolution of small molecule based ternary blend EMLs
was successfully achieved. The devices consisting of the emit-
ting layers made from 50DCB : 50CB and 50CB : 50T showed
enhanced luminance and current efficiency, respectively, which
is attributed to the improved dopant distribution and relatively
homogeneous film morphology. However, further advance-
ment can be made by controlling other processing parameters
such as spin-coating speed and annealing temperatures to
achieve high performance small molecule based optoelectronic
devices.

4. Conclusions

The effects of host materials, solvent type and dopant distribu-
tion on the morphology of solution processed small molecule
based ternary blend emitting layers were investigated. The
main findings can be summarized as follows:

(1) The polarity of host materials significantly influences the
emitting layer morphology i.e. host materials of comparable
polarity are more likely to form homogeneous emitting layers.

(2) For the first time, a STEM-EDS study on the Ir(ppy)3

dopant distribution in the small-molecule based ternary blend
emitting layer revealed the existence of Ir(ppy)3 dopant needle-
like aggregates. This is also confirmed by variation in the peak
shift as illustrated by the steady state photoluminescence
spectra.

(3) The size of the Ir(ppy)3 needle-like aggregates are less
pronounced in small molecule ternary blend emitting layers
(TCTA:TPBI:Ir(ppy)3) compared to polymer–small molecule
ternary blend emitting layers (PVK:TPBI:Ir(ppy)3).

(4) Mixed solvent can be employed to fine-tune the distribu-
tion of the Ir(ppy)3 dopant material as well as to improve the
overall morphology of solution processed small molecule
based films.

We believe that our experimental approach has a great
potential for application not only in solution processed small
molecule based OLED devices but also in polymer–small mole-
cule blend films.
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