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ABSTRACT: Based on a solution-processed small molecular elec
tron transporting layer, efficient multilayer solution-processed
polymer yellow-light-emitting diodes were successfully fabricated.
The maximum luminance efficiency and power efficiency reached
41.7 cd/A and 12.5 lm/W, respectively, which are comparable to
and even over those from the PLEDs based on the vacuum-
deposited electron-transporting layer. The solution-processed
small molecular electron transporting layer is based on a mixture
of three electron-transporting materials TmPyPB, TAZ, and TPBI.
By utilization of this mixed system, not only the thickness of the
electron-transporting layer can be easily adjusted, but also device
efficiency can be improved because of their excellent synthetic
properties.
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’ INTRODUCTION

Polymer light-emitting diodes (PLEDs) have attracted con-
tinuous research interests for twenty years due to their low-cost
manufacturing technology, the easy-processability over large-
area size, and the compatibility with flexible substrates.1-4

However, because of the requirement of spin-symmetry con-
servation, the internal quantum efficiency of PLEDs based on
fluorescent polymers is limited to 25%. Phosphorescent
PLEDs can achieve higher quantum efficiency by harvest-
ing near 100% energy from both singlet and triplet excitons.5-7

Recently, the performance of phosphorescent PLEDs has been
improved dramatically because of the great progresses in the
aspect of both materials and device engineering.8-10 Among
these progresses, the multilayered structures are particularly
inviting. Several hole-transport materials and polar solvent
soluble polymers are synthesized and used to fabricate multilayer
structure PLEDs.11-23 Due to the introduction of the functional
layers, the imbalanced charge transport can be adjusted and then
highly efficient PLEDs can be realized. In fact, the multilayer
structures are quite mature in the field of organic light emitting
diodes (OLEDs) benefiting from the vacuum deposition
methods.24,25 Lots of highly efficient charge transport materials
have been reported. The synthesis and purification of these small
molecules are easier than those of polymers. If these efficient
small molecular charge transport materials can be applied to

PLEDs by solution process, it would be great benefits to improve
the efficiency of PLEDs. However, the utilization of small organic
transport materials in the fabrication of multilayer PLEDs is still
relatively difficult due to their poor film-forming ability and
dissolved problem between organic layers, where the solvent has
to be orthographic to avoid this. The poor solubility of the small
molecules in water-methanol mixed solvent, which is often used
in multilayer phosphorescent PLEDs, greatly limits the thickness
of the functional layer and thus affects device performance
further.26-28

In this paper, we solved the thickness limitation and film-
forming ability existing in the small molecule electron transport
material by mixing three kinds of electron-transporting mole-
cules together. Electron-transporting and hole-blocking proper-
ties are also greatly improved by such mixing. Hence, efficient
phosphorescent yellow PLEDs were successfully fabricated. The
maximum luminance efficiency and power efficiency reached
41.7 cd/A and 12.5 lm/W respectively, which are comparable to
and even greater than those from the PLEDs based on vacuum-
deposited electron-transporting layer.
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’EXPERIMENTAL SECTION

Materials. the complex reported in this work (Ir(FP)3) was syn-
thesized by ourselves from IrCl3.3H2O and 2-(9,9-dioctyl-9H-fluoren-2-
yl)pyridine according to a selective low-temperature syntheses method
for facial tris-cyclometalated Iridium(III) complex.29 PEDOT:PSS
(Baytron P VP CH 8000) was obtained from Bayer AG, H. C. Stark,
Inc. PVK was purchased from Aldrich. OXD-7 was purchased from
Lumtec. Corp. All materials were used as received.
Device Fabrication. first, a 50 nm thick layer of PEDOT:PSS

mixture was spin-coated on top of oxygen plasma treated indium tin
oxide (ITO). This coated PEDOT on substrate was baked at 120�C in a
vacuum oven for 30 minute to extract residual water. And then, the
emitting layer (EML), consisting of PVK:OXD-7(60:40 weight/weight):
2 wt % Ir(FP)3 was dissolved in chlorobenzene:chloroform (1:1 volume/
volume) and spin-coated onto PEDOT:PSS. The samples were annealed

in the vacuum oven at 120�C for 30 min to remove residual solvent. The
electron-transporting/hole-blocking (ET/HB) layer was deposited
either by spin-coating or by vacuum evaporation. All of the spin coated
small molecular materials using in the ET/HB layer were dissolved into a
mixed solvent (H2O:MeOH 1:3 volume/volume). The concentrations
of the small molecular solutions are 2 mg/mL TPBI, (1 mg of TPBI þ
1 mg of TmPyPB)/mL, (1 mg of TPBI þ 1 mg of TAZ)/mL, (1 mg of
TPBIþ 1mg of Bphen)/mL and (1.3mg of TPBIþ 0.7mg of TmPyPBþ
1 mg of TAZ) /mL, respectively. Finally, after annealing in the vacuum
oven at 120�C for 30 minutes, the LiF (1 nm) /Al (100 nm) or CsF
(2 nm) /Al (100 nm) were thermally deposited as a cathode. For the
single-carrier devices, the MoO3 (10 nm) and Au(10 nm)/Al(60 nm)
were thermally deposited under high vacuum. The Cs2CO3 interlayer
was spin-coated on the ITO using ethoxy ethanol as the solvent with a
concentration of 5 mg/mL and the EML was spin-coated upon the
Cs2CO3 directly after deposition. All the solutions were filtered using

Figure 1. (a) Device structures and energy diagrams used in this study. (b) Molecular structures of the used materials.
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0.22 μm filter membranes before spin-coating. The vacuum was <10-4 pa.
The device area was 16 mm2. The entire device fabrication was
carried out outside the glove box except for the spin-coated process
of EML.
Measurements. The thickness of evaporated films were moni-

tored by frequency counter, and calibrated by Dektak 6M Profiler
(Veeco). The thicknesses of spin-coated films were controlled byDektak
6M Profiler (Veeco) directly. The EL spectra were measured by a JY
SPEX CCD3000 spectrometer. Current-voltage-brightness characteris-
tics were measured by using a Keithley source measurement unit
(Keithley 2400 and Keithley 2000) with a calibrated silicon photodiode.
AFM studies were carried out directly on the devices after EL perfor-
mance measurement. The entire device testing was carried out in
ambient atmosphere.

’RESULTS AND DISCUSSION

Figure 1 shows device structures and energy diagrams used in
this study.30-32 Two types of devices are fabricated as follows:
A ITO/PEDOT:PSS/EML/CsF/Al
B ITO/PEDOT:PSS/EML/ET/HB layer/LiF/Al
PEDOT:PSS is used as both hole injecting and transporting

layer. A blend consisting of poly(N-vinylcarbazole) (PVK), 1,3-
bis[2-(4-tert-butylphenyl)-1,3,4-oxadiazo- 5-yl]benzene (OXD-7)
and tris[2-(9,9-dioctyl-9H-fluoren-2-yl)pyridinato-C3,N] -
iridium(III) Ir(FP)3 is used as emitting layer (EML). TPBI,
TmPyPB, TAZ and Bphen are used as the ET/HB layer. The
chemical structures of the relevant materials are shown in
Figure 1.

Aswe know, the film-forming ability of the constitutingmaterials
and mixed solvent are indispensable for the multilayer phosphor-
escent PLEDs based on all solution process. Fortunately, as a very

typical small molecular electron-transporting material, we find
that TPBI can be dissolved in the classical mixed solvent (H2O:
MeOH, 1:3) and form high quality film.We successfully fabricate
multilayer phosphorescent PLEDs based on solution-processed
TPBI as ET/HB layer. Figure 2a shows the luminance efficiency
(LE) versus current density (J) characteristics of the multilayer
PLEDs with different systems (vaporized TPBI/LiF/Al, spin
coated TPBI/LiF/Al and CsF/Al). It can be seen that the spin
coated TPBI electron-transporting layer exhibits approximate
luminance efficiency (32.3 cd/A) as that of vaporized TPBI
electron-transporting layer (33.2 cd/A) and CsF interlayer (33.3
cd/A). In Figure 2b, all devices exhibit nearly the same light
emission at 548 nm, which is from Ir(FP)3 dopant. The proces-
sing method of TPBI layer does not affect the emitting color of
the multilayer PLEDs. These results clearly indicate that the
solution-processed TPBI film can play the same role as the
corresponding vacuum-processed TPBI film and CsF. However,
the solubility of TPBI in the mixed solvent (H2O:MeOH, 1:3)
isn’t so good at higher doping concentration, thus the thickness
of TPBI layer is difficult to be over 15 nm by spin-coating.
In other words, it is impossible to further optimize the device
performance by adjusting the thickness of TPBI layer via
spin-coating.

Actually, we have tried to use TmPyPB, TAZ, and Bphen
instead of TPBI as the ET/HB layer to solve the thickness
problem. Unfortunately, the results are not expected by us. The
thickness can not be solved by a single component. Thereupon,
we think of the concept of additive solubility property of
inorganic salt, can it extend to our system? Excitingly, we find

Figure 2. (a) LE-J for the devices ITO/PEDOT: PSS(80 nm)/
EML(80 nm)/cathode (vaporized TPBI (15 nm)/LiF(1 nm)/Al, spin-
coated TPBI (15 nm)/LiF(1 nm)/Al, and CsF(2 nm)/Al). (b) EL
spectra of the three devices.

Figure 3. (a) LE-J for the devices ITO/PEDOT: PSS (80 nm)/
EML(80 nm)/spin coated ET/HB layer(15 nm)/LiF(1 nm)/Al. The
ET/HB layers are TPBI (2:0, I), TPBI:TmPyPB (1:1, II), TPBI:TAZ
(1:1, III) and TPBI:Bphen (1:1, IV) in the H2O: MeOH (1:3, v/v),
respectively. (b) J-B-V characteristics of corresponding devices.
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Figure 4. (a) AFM surface morphology images (50 μm) of the devices coated with different ET/HB layers: TPBI (2:0, I), TPBI:TmPyPB
(1:1, II), TPBI:TAZ (1:1, III), and TPBI:Bphen (1:1, IV) in the H2O:MeOH (1:3, v/v), respectively. (b) AFM phase images (5μm) of corresponding
devices.
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that mixing three kinds of proper electron-transporting mole-
cules together can well-adjust the thickness of ET/HB layer. To
optimize the material systems, we first studied the two-compo-
nent mixture of TPBI, TPBI:TmPyPB, TPBI:TAZ, and TPBI:
Bphen. As we know, TmPyPB, TAZ, and Bphen are also widely
used electron-transporting materials in OLEDs, which show
proper lowest unoccupied molecular orbital (LUMO), much
higher highest occupied molecular orbital (HOMO) and higher
electron mobility. We fabricated four devices based on TPBI
(2:0, I), TPBI:TmPyPB (1:1, II), TPBI:TAZ (1:1, III) and TPBI:
Bphen (1:1, IV), which were dissolved in water/methanol (1:3,
v/v) solvent mixtures. Panels a and b in Figure 3 show the cor-
responding luminance efficiency versus current density and
current density-brightness-voltage characteristics of the four
devices. Except for device IV, which shows high operational
voltage, low brightness, and low LE, devices II and III exhibit
similar LE to device I. The difference is that the operational
voltage is reduced and the brightness is greatly enhanced in
devices II and III.

To explain the above results, we check the microscopic
morphologies of TPBI (I), TPBI:TmPyPB (II), TPBI:TAZ
(III), and TPBI:Bphen (IV) films by atomic force microscope
(AFM). Images a and b in Figure 4 show the corresponding AFM
surface morphology images (50 μm) and phase images (5 μm),
respectively. From Figure 4a, it can be found that the films (I, III,
and IV) are continuous except that the film II has slight pin holes.
In addition, the roughness of the films (I, II, III, and IV) is 1.805,
0.4448, 0.4986, and 1.398 nm in the morphology images (5 μm),
respectively. These results indicate that both TmPyPB and TAZ
can flatten the surface of TPBI film, which should be favorable to
enhance the performances of PLEDs. Figure 4b gives the phase
images (5 μm) of the films (I, II, III, and IV). It can be seen that
the phase separation doesn’t take place in the films (I, II, and III)
except for the film IV. This indicates that TPBI:Bphen film is
easily crystallized, which leads to the low performance. It is
concluded that TPBI:Bphen film is not suitable as ET/HB
layer.

The merits and drawbacks of the four systems are summarized
in the Table 1. As we can see, by introducing TmPyPB or TAZ
into TPBI, the operational voltage can be reduced and the
brightness can be enhanced. The ET/HB layer thickness can
be increased. However, this isn’t the optimized results because
the ET/HB layer thickness still can’t reach the value we expect.
Thus, we attempt to mix three components together. On basis of
synthetically considering, we mixed TmPyPB and TAZ together
into TPBI as ET/HB layer. The optimized mixture ratio is TPBI:

TmPyPB:TAZ =1.3:0.7:1. As expected, the ET/HB layer thick-
ness is easy to increase to 40 nm and the efficiency of the PLEDs
is further improved. Panels a and b in Figure 5 compare the EL
performance of the devices based on TPBI:TmPyPB:TAZ as the
ET/HB layer with different thicknesses and the control device
using vaporized TPBI as ET/HB layer with 40 nm thickness.
Besides that the operational voltage is reduced, the LE is also
enhanced in device with 40 nm spin-coated TPBI:TmPyPB:TAZ
as the ET/HB layer compared to the device with 40 nm
vaporized TBPi as the ET/HB layer. The maximum LE and
external quantum efficiency reached 41.7 cdA-1 and 12.7%. The
maximum brightness is 23926 cd m-2.

Table 1. Comparison of Properties of Four Film Systems

components TPBI TPBIþTmPyPB TPBIþTAZ TPBIþBphen

solubility in mixed solvent mid-level poor good good

phase uniform good very good good poor

film continuity good poor good good

energy-match (LUMO) good good good poor

hole block ability (HOMO) poor very good very good good

mobility lowa very high[b] very low[c] high[d]

device performance better best good poor
aThe electron mobility of vacuum deposited TPBI film is (3.3-8) � 10-5 (cm2/V s) at a field strength of (4.7-7) � 105 V/cm.33 [b]The electron
mobility of vacuum deposited TmPyPB film is (7-10) � 10-4 (cm2/V s) at a field strength of (2.5-6.4) � 105 V/cm.32 [c]The electron mobility of
vacuum deposited TAZ film is (1-3)� 10-5 (cm2/V s) at a field strength of (4.2-6.7)� 105 V/cm.34 [d]The electron mobility of vacuum deposited
Bphen film is ∼3 � 10-4 (cm2/V s) at a field strength of ∼4.9 � 105 V/cm.35

Figure 5. (a) LE-J for the devices ITO/PEDOT:PSS(80 nm)/EML-
(80 nm)/ET/HB layer/LiF(1 nm)/Al. The ET/HB layers are TPBI:
TmPyPB:TAZ (20 nm), TPBI:TmPyPB:TAZ (30 nm), TPBI:
TmPyPB:TAZ (40 nm) in the H2O:MeOH (1:3, v/v), and vaporized
TPBI (40 nm), respectively. (b) V-J-B characteristics of correspond-
ing devices.
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To demonstrate the improvement possibility in device per-
formance, two kinds of single-carrier devices are fabricated as
follows

(a) The hole-dominated device:
• ITO/PEDOT:PSS(80 nm)/EML(80 nm)/TPBI þ
TmPyPB þ TAZ (40 nm, spin coated)/MoO3(10
nm)/Au(10 nm)/Al(60 nm)

• ITO/PEDOT:PSS(80 nm)/EML(80 nm)/TPBI (40 nm,
vaporized)/MoO3(10 nm)/Au(10 nm)/Al(60 nm)

(b) The electron-dominated device:
• ITO/Cs2CO3(2 nm)/EML(80 nm)/TPBI þ TmPyPB
þ TAZ (40 nm, spin coated)/LiF(1 nm)/Al (100 nm)

• ITO/Cs2CO3(2 nm)/EML(80 nm)/TPBI (40 nm,
vaporized)/LiF(1 nm)/Al (100 nm)

As shown in panels a and b in Figure 6, compared with the
control devices with vaporized TBPi as the ET/HB layer, the
hole current density of the device with spin-coated TPBI:
TmPyPB:TAZ as the ET/HB layer is reduced, whereas the
electron current density of the device with spin-coated TPBI:
TmPyPB:TAZ as the ET/HB layer is enhanced. This indicates
that the introduction of TmPyPB and TAZ strengthens the hole-
blocking ability and also improves the electron injection and
transport of ET/HB layer at the same time. The performance
enhancement can be attributed to the better comprehensive
properties of the TPBI:TmPyPB:TAZ film. The higher HOMO
energy levels of the TmPyPB and TAZ make the block of holes
and excitons more efficient. The multifold LUMO energy levels
and the higher electron mobility of TmPyPB make electron
injection and transport easier.

Figure 6. J-V characteristics of the single-carrier devices coated with
different ET/HB layers: TPBI:TmPyPB:TAZ (40 nm) in the H2O:
MeOH (1:3, v/v) and vaporized TPBI (40 nm), respectively. (a) Hole-
dominated device and (b) the electron-dominated device.

Figure 7. (a) AFM surface morphology images (50 μm) of the devices coated with different ET/HB layers: TPBI:TmPyPB:TAZ (40 nm) in the H2O:
MeOH (1:3, v/v) and vaporized TPBI (40 nm), respectively. (b) AFM phase images (5 μm) of corresponding devices.
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To further show the merit of our concept, we also compared
the microscopic morphologies of the spin-coated TPBI:
TmPyPB:TAZ films with the vaporized TPBI film. Images a
and b in Figure 7 how the corresponding AFM surface morphol-
ogy images and phase images in different scales (50 and 5 μm,
respectively). From the surface morphology images in a large
scale of 50 μm, we can find that both of material systems show
continuous films without any pin holes. In the scale of 5 μm, the
roughness of the spin-coated TPBI: TmPyPB: TAZ film and the
vaporized TPBI film is 0.839 nm, and 0.481 nm, respectively, and
the phase separation is not also observed in TPBI:TmPyPB:TAZ
film. These results indicate that TPBI:TmPyPB:TAZ is good
material system as ET/HB layer for fabricating high-efficiency
solution-processed phosphorescent PLEDs.

’CONCLUSIONS

In conclusion, we have successfully fabricated high efficiency
phosphorescent polymer yellow-light-emitting diodes based on
solution-processed small molecular electron transporting layer.
The solution-processed small molecular electron transporting
layer is based on the mixture of three electron-transporting
materials TmPyPB, TAZ, and TPBI. We found that the choice
of proper three electron-transporting materials can not only easily
adjust the thickness of the electron-transporting layer, but also
greatly improve device performance because of the synthetic
properties of good film morphology, good electron transport,
and effective hole blocking role of the mixed system. The max-
imum luminance efficiency and power efficiency, respectively,
reached 41.7 cd/A and 12.5 lm/W, which are comparable to
and even over those from the PLEDs based on vacuum-deposited
electron-transporting layer. We expect the approach to form
solution-processed electron-transporting layer demonstrated here
for high efficiency yellow phosphorescent PLEDs to be also
applicable to green, red, blue, and white multilayer PLEDs.
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