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Solution-Processed, Alkali Metal-Salt-Doped, Electron-
Transport Layers for High-Performance Phosphorescent 
Organic Light-Emitting Diodes
 High-performance, blue, phosphorescent organic light-emitting diodes 
(PhOLEDs) are achieved by orthogonal solution-processing of small-molecule 
electron-transport material doped with an alkali metal salt, including cesium 
carbonate (Cs 2 CO 3 ) or lithium carbonate (Li 2 CO 3 ). Blue PhOLEDs with 
solution-processed 4,7-diphenyl-1,10-phenanthroline (BPhen) electron-
transport layer (ETL) doped with Cs 2 CO 3  show a luminous effi ciency (LE) 
of 35.1 cd A  − 1  with an external quantum effi ciency (EQE) of 17.9%, which 
are two-fold higher effi ciency than a BPhen ETL without a dopant. These 
solution-processed blue PhOLEDs are much superior compared to devices 
with vacuum-deposited BPhen ETL/alkali metal salt cathode interfacial layer. 
Blue PhOLEDs with solution-processed 1,3,5-tris( m -pyrid-3-yl-phenyl)benzene 
(TmPyPB) ETL doped with Cs 2 CO 3  have a luminous effi ciency of 37.7 cd A  − 1  
with an EQE of 19.0%, which is the best performance observed to date in 
all-solution-processed blue PhOLEDs. The results show that a small-molecule 
ETL doped with alkali metal salt can be realized by solution-processing to 
enhance overall device performance. The solution-processed metal salt-doped 
ETLs exhibit a unique rough surface morphology that facilitates enhanced 
charge-injection and transport in the devices. These results demonstrate that 
orthogonal solution-processing of metal salt-doped electron-transport mate-
rials is a promising strategy for applications in various solution-processed 
multilayered organic electronic devices. 
  1. Introduction 

 Organic light-emitting diodes (OLEDs) are fi nding various appli-
cations in full-color display panels, fl exible displays, and solid-
state lighting. [  1–5  ]  Recently, intensive efforts have been focused 
on developing phosphorescent OLEDs (PhOLEDs), which uti-
lize triplet excitons to achieve superior performance compare 
to conventional fl uorescent OLEDs. [  6–11  ]  Highly effi cient multi-
layered PhOLEDs are generally fabricated by sequential depo-
sition of multilayered structures that facilitate charge-injection 
and transport from both electrodes to the emission layer 
(EML). Most high-performance PhOLEDs have been achieved 
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by vacuum-deposition of small molecules 
involving sequential thermal evaporation 
to obtain the multilayered structures. In 
contrast to the intensive efforts made on 
developing highly effi cient multilayered 
PhOLEDs by thermal vacuum evaporation, 
reports on solution-processed PhOLEDs 
are relatively few. [  12–16  ]  

 Although solution-processing has 
advantages of low-cost fabrication and/or 
large-area devices, [  17  ]  challenges remain in 
sequential solution-processing of a multi-
layered device structure because the sol-
vent used to deposit the subsequent layer 
can easily dissolve or disrupt the under-
layer. One general approach to overcome 
this problem is to employ orthogonal sol-
vent processing. [  18–21  ]  We have reported 
that many conjugated polymers or den-
drimers-based electron-transport materials 
(ETMs) can be solution-processed from an 
organic acid solvent onto various under-
lying polymers, enhancing the perform-
ance of polymer OLEDs, [  22–26  ]  polymer 
transistors, [  18  ]  or polymer solar cells. [  27  ,  28  ]  
More recently, we have shown that high 
performance solution-processed multilay-
ered PhOLEDs can be realized by orthog-
onal solution-processing of new oligoquinoline ETMs [  29  ,  30  ]  and 
other commercially available small molecule ETMs. [  31  ]  

 Despite the demonstration of multilayered device structures 
fabricated by orthogonal solution-processing, improving elec-
tron-injection and transport from the metal cathode is a major 
challenge in realization of all-solution-processed PhOLEDs with 
higher performance. Because widely used metal cathodes (e.g., 
Al, Ag) have a high work function ( ≈ 4.2 eV) which leads to high 
electron-injection barriers between the ETM and the cathode, 
cathode interfacial materials such as alkali metal halides (e.g. 
LiF, CsF) or low work function metals (e.g., Ca, Ba, or Mg) are 
generally inserted as a thin interlayer ( ≈ 0.5 to 2 nm) between the 
ETM and cathode to achieve facile electron injection. Another 
approach to improve electron-injection/transport is by doping 
the ETM with organic, [  32–34  ]  inorganic, [  35  ]  or low-work-function 
metal [  36  ]  n-type dopants to modify the interface electronic struc-
ture and/or to enhance bulk conductivity of the ETMs. 

 Various n-type doping approaches and basic mechanisms 
have been proposed and studied to achieve an increased 
charge carrier concentration with high conductivity to realize 
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high-performance OLEDs. N-type doping of the organic ETMs 
is known to be challenging due to the diffi culty of fi nding suit-
able n-type dopants. For effi cient doping, the HOMO level 
of n-type dopant must be higher than the LUMO level of the 
organic semiconductors, which is generally unstable in the 
air. [  37  ]  The use of alkali metal is well-known approach to improve 
electron-injection from cathode. For example, an evaporation 
of Li metal or LiF monolayer or co-evaporation of the dopants 
into bulk organic ETMs have been known as an effi cient n-type 
doping method. [  38–41  ]  The infl uence of n-doping by Li metal or 
LiF on tris(8-hydroxyquinoline)aluminum (Alq 3 ) ETM has been 
studied in detail by X-ray photoelectron spectroscopy (XPS) 
or ultraviolet photoemission spectroscopy (UPS) indicating a 
chemical reaction of LiF and Al which may release Li ions into 
the bulk organic ETM. [  40  ,  41  ]  

 There also have been many efforts on utilizing organic mate-
rials with a high-lying HOMO as n-type dopants which would 
act as strong electron donor to organic ETMs. The use of strong 
reducing molecule such as cobaltocene (CoCp 2 ) was reported 
and investigated, showing that the Fermi level shifted toward 
the unoccupied states of the host ETM, which resulted in three 
orders of magnitude current increase. [  42  ]  Other examples of 
n-type dopants include electrochemically reduced form of the 
transition metal complex [  43  ]  or salts of cationic dyes as strong 
molecular donors. [  44  ,  45  ]  

 Recently, alkali metal salts have proven to be effective n-type 
dopant to enhance electron-injection and transport of organic 
ETMs. For example, cesium carbonate (Cs 2 CO 3 ), [  46–49  ]  lithium 
carbonate (Li 2 CO 3 ), [  50  ]  cesium fl uoride (CsF), [  51  ]  and lithium 
fl uoride (LiF) [  52  ]  have been co-evaporated as n-type dopants with 
various organic ETMs. The n-type doping effect of alkali metal 
salt was demonstrated by surface analysis techniques showing 
that the Fermi level of the organic ETMs shifts toward the LUMO 
edge. [  35  ]  The proposed mechanism of n-type doping effect was 
that the alkali metal salt such as Cs 2 CO 3  would decompose into 
a mixture of Cs and oxides of Cs during thermal evaporation, 
which may have suffi cient n-doping ability. [  48  ,  49  ]  

 Nevertheless, such a doping is mainly carried out by thermal 
evaporation or co-evaporation under high vacuum especially 
in the case of alkali metal salts. Furthermore, for the co-evap-
oration process, a precise control of the co-deposition rate via 
complicated vacuum thermal evaporation process is critical to 
obtain exact dopant to host ratio and this is highly challenging 
and economically undesirable. 

 In this paper, we report for the fi rst time that organic small-
molecule electron-transport materials can be doped with alkali 
metal salts by solution-processing of the electron transport 
© 2012 WILEY-VCH Verlag Gm

Scheme 1. Molecular structures of electron-transport materials.
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layer (ETL) to achieve high-performance all-solution-processed 
PhOLEDs. We found that incorporation of the dopant into the 
ETL by solution-processing signifi cantly changes the surface 
morphology of ETL forming a good interfacial contact between 
ETL and metal cathode, leading to facile electron-injection 
and transport. Our results suggest that solution-processing of 
metal salt doped small-molecule ETMs is a new strategy that 
could enable the fabrication of various high-performance mul-
tilayered all-solution-processed organic electronic devices. High 
performance solution-processed blue PhOLEDs were achieved 
by sequential solution-processing of electron-transport mate-
rial doped with an alkali metal salt, cesium carbonate (Cs 2 CO 3 ) 
or lithium carbonate (Li 2 CO 3 ). PhOLEDs based on FIrpic blue 
triplet emitter-doped poly( N -vinylcarbazole) emission layer 
and a solution-processed 4,7-diphenyl-1,10-phenanthroline 
(Bathophenanthroline, BPhen) [  53–55  ]  electron-transport layer 
(ETL) doped with Cs 2 CO 3  show a luminous effi ciency (LE) of 
35.1 cd A  − 1  at a brightness of 1820 cd m  − 2  with a power effi -
ciency of 15.0 lm W  − 1  and an external quantum effi ciency of 
17.9%. Furthermore, our approach of solution-processing of 
alkali metal salt doped ETL was readily extended to other small-
molecule electron-transport materials, including 1,3,5-tris(4-
pyridinquinolin-2-yl)benzene (TPyQB), [  30  ]  1,3,5-tris( m -pyrid-3-yl-
phenyl)benzene (TmPyPB), [  56  ,  57  ]  and 1,3-bis(3,5-di(pyridine-3-yl)
phenyl)benzene (BmPyPB) ( Scheme 1 ). [  58  ]  The blue PhOLEDs 
with solution-processed TmPyPB ETL doped with Cs 2 CO 3  show 
a high LE value of 37.7 cd A  − 1  at a brightness of 1300 cd m  − 2  
with a power effi ciency of 14.1 lm W  − 1  and an external quantum 
effi ciency of 19.0%, which is the highest performance reported 
to date for all-solution-processed blue PhOLEDs.  

  2. Results and Discussion 

  2.1. Performance of PhOLEDs with Alkali Metal Salt Doped 
BPhen ETLs 

 We fabricated solution-processed multilayered PhOLEDs with 
polymer-based blue phosphorescent emission layer (EML) and 
solution-deposited BPhen electron-transport layer (ETL) doped 
with an alkali metal salt (M 2 CO 3 , M  =  Li, Cs) dopant, Cs 2 CO 3  
or Li 2 CO 3 . The concentration of the dopant in the ETL was: 
2.5, 5.0, 7.5, 10.0, 12.5 or 15.0 wt% Cs 2 CO 3  and 1.0, 2.5, 5.0, 
7.5 or 10.0 wt% Li 2 CO 3 . The blend of BPhen and alkali metal 
salt, BPhen:Cs 2 CO 3  or BPhen:Li 2 CO 3  ETL, was deposited from 
a formic acid (FA)/water (H 2 O) solvent mixture (FA:H 2 O  =  3:1) 
5127wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  1 .     Blue PhOLEDs with BPhen ETL doped with Cs 2 CO 3 : a) Current density ( J )–voltage 
( V ); b) luminance ( L )–voltage ( V ); c) luminous effi ciency ( LE )–luminance ( L ); and d) power effi -
ciency ( PE )–luminance ( L ) curves. Device structures: ITO/PEDOT:PSS(30 nm)/EML(70 nm)/
solution-processed BPhen:Cs 2 CO 3  ETL(20 nm)/Al (100 nm), ETL doped with different con-
centration of Cs 2 CO 3 ; and ITO/PEDOT:PSS(30 nm)/EML(70 nm)/vacuum-deposited BPhen 
ETL(20 nm)/vacuum-deposited Cs 2 CO 3 (1 nm)/Al (100 nm).  

   Table  1.     Device chracteristics of solution-processesd PhOLEDs with BPhen ETL doped with Cs2

ETL b)  Dopant concentration 
[wt%]

V on  d)  
[V]

Drive voltage 
[V]

Current dens
[mA cm  − 2 ]

BPhen 0.0 7.7 16.4 133.4

 12.6  11.5 

BPhen: 2.5 4.8 13.9 108.9

Cs 2 CO 3  10.2  13.6 

BPhen: 5.0 4.8 13.2 107.5

Cs 2 CO 3  8.9  9.0 

BPhen: 7.5 4.6 12.8 103.3

Cs 2 CO 3  8.7  10.2 

BPhen: 10.0 4.5 12.6 144.3

Cs 2 CO 3  7.8  5.2 

BPhen: 12.5 4.8 12.4 177.5

Cs 2 CO 3  7.5  6.0 

BPhen: 15.0 4.9 13.6 187.8

Cs 2 CO 3  7.6  4.2 

BPhen/ – 5.5 15.1 112.6

Cs 2 CO 3  [c]  7.6  1.2 

    a) Values in italics correspond to those at maximum device effi ciencies;  b) PhOLEDs with solution-deposite
BPhen/Cs 2 CO 3  ETL/EIL. Device structures: ITO/PEDOT:PSS/EML/ETL/Al with solution-deposited doped BP
vacuum-deposited BPhen and Cs 2 CO 3 ;  d) Turn-on voltage (at brightness of 1 cd m  − 2 ).   
onto the EML. [  29  ,  30  ]  A series of PhOLEDs 
with solution-processed BPhen:M 2 CO 3  ETL 
were fabricated: ITO/PEDOT:PSS/EML/
BPhen:M 2 CO 3 /Al; the metal salt (M 2 CO 3 , M  =  
Cs, Li) concentration was varied in the ETL. 
To verify the relative effectiveness of the solu-
tion-processed BPhen:M 2 CO 3 -doped ETLs, 
PhOLEDs with a vacuum-deposited BPhen 
ETL and an alkali metal salt electron-injec-
tion layer (EIL) were also fabricated: ITO/
PEDOT:PSS/EML/vacuum-deposited BPhen/
vacuum-deposited Cs 2 CO 3  or Li 2 CO 3 /Al. The 
detailed PhOLED fabrication procedures are 
described in the Experimental Section. 

   Figure 1   shows the performance 
of PhOLEDs with solution-processed 
BPhen:Cs 2 CO 3  ETL. As shown in Figure  1 a–d 
(Figure S1a, Supporting Information), the 
PhOLEDs with solution-deposited BPhen 
ETL without Cs 2 CO 3  dopant (BPhen: Cs 2 CO 3  
0 wt%) showed a high turn-on voltage of 
7.7 V, a drive voltage of 16.4 V and lower cur-
rent density compared to other devices with 
BPhen ETL doped with Cs 2 CO 3 . The higher 
current density values of the PhOLEDs 
with doped BPhen ETL at low voltages 
imply that charge injection from cathode 
has been improved by increased conduc-
tivity of the doped ETL. The performance of 
the PhOLEDs dramatically changes when 
Cs 2 CO 3  is incorporated into BPhen ETL 
(Figure  1 ,  Table    1  ). PhOLEDs with 2.5 wt% 
inheim

  CO 3 . a)  

ity Luminance 
[cd m  − 2 ]

Device effi ciency 
[cd A  − 1 , lm W  − 1 , (%EQE)]

11200 8.4, 1.6, (4.3)

 1890  16.5, 4.1, (8.4) 

14800 13.6, 3.0, (6.9)

 3600  26.4, 8.5, (13.5) 

14600 13.6, 3.2, (6.9)

 2530  28.1, 10.5, (14.3) 

18200 17.6, 4.3, (8.9)

 3520  34.7, 13.1, (17.7) 

20100 13.9, 3.4, (7.0)

 1820  35.1, 15.0, (17.9) 

17700 9.6, 2.5, (4.9)

 1360  22.9, 9.6, (11.7) 

15100 8.0, 1.9, (4.0)

 830  19.6, 8.1, (10.0) 

13400 11.9, 2.5, (6.1)

 320  26.9, 11.7, (13.7) 

d BPhen ETL doped with Cs 2 CO 3  or with vacuum-deposited 
hen ETL; and  c) ITO/PEDOT:PSS/EML/BPhen/Cs 2 CO 3 /Al with 

Adv. Funct. Mater. 2012, 22, 5126–5136
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     Figure  2 .     Blue PhOLEDs with BPhen ETL doped with Li 2 CO 3 : a) current density ( J )–voltage ( V ); 
b) luminance ( L )–voltage ( V ); c) luminous effi ciency ( LE )–luminance ( L ); and d) power effi -
ciency ( PE )–luminance ( L ) curves. Device structures: ITO/PEDOT:PSS(30 nm)/EML(70 nm)/
solution-processed BPhen:Li 2 CO 3  ETL(20 nm)/Al (100 nm), BPhen ETL doped with different 
concentration of Li 2 CO 3 ; and ITO/PEDOT:PSS(30 nm)/EML(70 nm)/vacuum-deposited BPhen 
ETL(20 nm)/vacuum-deposited Li 2 CO 3 (1 nm)/Al (100 nm).  
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Cs 2 CO 3  dopant showed a signifi cantly 
reduced turn-on voltage (4.8 V), drive voltage 
(13.9 V), and also a signifi cantly increased 
luminous effi ciency (LE) of 26.4 cd A  − 1  with a 
power effi ciency (PE) of 8.5 lm W  − 1  (external 
quantum effi ciency (EQE)  =  13.5%). This 
represents a 1.6-fold higher effi ciency com-
pared to the device without Cs 2 CO 3  dopant. 
As the concentration of Cs 2 CO 3  in BPhen 
ETL increased from 2.5 to 10.0 wt%, the 
PhOLEDs showed much enhanced perform-
ance; the current density and maximum 
luminance (brightness) increased while the 
turn-on voltage and drive voltage decreased 
(Figure  1 a,b, Table  1 ). The blue PhOLEDs 
with solution-processed BPhen:Cs 2 CO 3  
(10.0 wt% Cs 2 CO 3 ) showed the highest 
luminous effi ciency (LE) of 35.1 cd A  − 1  (at 
1820 cd m  − 2 ) (Figure  1 c) and the maximum 
power effi ciency (PE) of 15.0 lm W  − 1  (Figure 
 1 d) with an EQE of 17.9%, which is more 
than two-fold superior compared to the 
devices without Cs 2 CO 3  doping. Even com-
pared to the devices with vacuum-deposited 
BPhen ETL and Cs 2 CO 3  EIL layers, PhOLEDs 
with solution-processed BPhen ETL doped 
with Cs 2 CO 3  showed much superior perform-
ance. We note that PhOLEDs with solution-
processed ETL reached the maximum effi -
ciency at high brightness (1820–3600 cd m  − 2 ) 
while the devices with vacuum-deposited 
ETL/EIL showed the maximum effi ciency at 
low brightness of 320 cd m  − 2 . Furthermore, 
PhOLEDs with vacuum-deposited ETL/EIL 

showed much more severe effi ciency roll-off (Figure  1 c,d) com-
pared to the devices with solution-processed doped ETLs. 
These results suggest that the solution-processing of metal salt 
doped small-molecule electron-transport layer is promising for 
achieving high effi ciency devices with high brightness.   

 A further increase of the Cs 2 CO 3  concentration in 
BPhen:Cs 2 CO 3  ETL to 12.5 and 15.0 wt% resulted in decreased 
device performance, even though these later PhOLEDs have 
similar current density ( J–V ) characteristics as the devices with 
10.0 wt% Cs 2 CO 3  (Figure  1 a). PhOLEDs with 12.5 and 15.0 wt% 
Cs 2 CO 3 –doped ETLs showed a higher turn-on and drive volt-
ages and lower device effi ciencies compared to the devices with 
10.0 wt% Cs 2 CO 3  (Figure  1 b–d, Table  1 ). These later PhOLEDs 
( >  10% Cs 2 CO 3  ETLs) also showed severe effi ciency roll-off as 
the brightness increases, similar to the devices with vacuum-
deposited ETL/EIL. The optimum doping concentration in 
BPhen:Cs 2 CO 3  ETLs is thus 10.0 wt% Cs 2 CO 3 . 

 The  J–V ,  L–V ,  LE–L , and the  PE–L  characteristics of 
PhOLEDs with BPhen ETLs doped with Li 2 CO 3  are shown in 
 Figure    2  a–d (Figure S1b, Supporting Information). Incorpo-
ration of Li 2 CO 3  in the solution-processed BPhen ETL show 
signifi cantly improved device performance. PhOLED with 
1.0 wt% of Li 2 CO 3  showed an increased LE value of 19.8 cd A  − 1  
(at 4030 cd m  − 2 ) and a PE value of 5.7 lm W  − 1  (EQE of 10.1%) 
compared to the device without Li 2 CO 3  doping. As the Li 2 CO 3  
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 5126–5136
concentration increased to 2.5 and 5.0 wt%, the PhOLEDs 
showed much more enhanced performance. PhOLEDs with 
solution-deposited BPhen ETL doped with 2.5 wt% Li 2 CO 3  gave 
a LE value of 27.1 cd A  − 1  and a PE value of 10.4 lm W  − 1  (EQE 
of 13.8%), while the PhOLEDs with 5.0 wt% Li 2 CO 3  showed 
the highest device performance with an LE value of 27.9 cd A  − 1  
and EQE of 14.2% (PE  =  10.1 lm W  − 1 ) with signifi cantly 
reduced turn-on voltage of 4.4 V and a drive voltage of 12.3 V 
compared to the devices without Li 2 CO 3  dopant (Figure  2 c,d, 
 Table    2  ). However, a further increase of the Li 2 CO 3  concentra-
tion to 7.5 and 10.0 wt% resulted in a decreased device per-
formance with LE values of 26.0 and 20.7 cd A  − 1  (PE values of 
9.2 and 8.0 lm W  − 1 ), respectively, even though the  J–V  char-
acteristics of these later devices were similar compared to the 
devices with 5.0 wt% Li 2 CO 3 -doped ETL (Figure  2 a).   

 Similar to the PhOLEDs with BPhen:Cs 2 CO 3  ETLs, PhOLEDs 
with solution-processed BPhen ETL doped with 2.5–5.0 wt% 
Li 2 CO 3  had superior performances compare to the devices 
with vacuum-deposited BPhen ETL/Li 2 CO 3  EIL. We also note 
that PhOLEDs with vacuum-deposited ETL/EIL showed the 
maximum LE value (23.0 cd A  − 1 ) and PE value (11.8 lm W  − 1 ) 
at low brightness ( ≈ 120 cd m  − 2 ), whereas the devices with 
solution-processed ETL doped with Li 2 CO 3  showed the highest 
effi ciency at high brightness (1720–4340 cd m  − 2 ). These results 
clearly demonstrate that the solution-processing of ETL doped 
5129wileyonlinelibrary.combH & Co. KGaA, Weinheim
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   Table  2.     Device chracteristics of solution-processed PhOLEDs with BPhen ETL doped with Li 2 CO 3 . a)  

ETL b) Dopant concentration 
[wt%]

V on  d)  
[V]

Drive voltage 
[V]

Current density 
[mA cm  − 2 ]

Luminance 
[cd m  − 2 ]

Device effi ciency 
[cd A  − 1 , lm W  − 1 , (%EQE)]

BPhen 0.0 7.7 16.4 133.4 11200 8.4, 1.6, (4.3)

 12.6  11.5  1890  16.5, 4.1, (8.4) 

BPhen: 1.0 5.5 14.8 148.4 15700 10.6, 2.5, (5.4)

Li 2 CO 3  11.4  20.4  4030  19.8, 5.7, (10.1) 

BPhen: 2.5 5.4 13.8 162.9 17800 11.0, 2.5, (5.6)

Li 2 CO 3  9.1  6.4  1720  27.1, 10.4, (13.8) 

BPhen: 5.0 4.4 12.3 100.8 14500 14.5, 3.7, (7.4)

Li 2 CO 3  8.9  12.8  3600  27.9, 10.1, (14.2) 

BPhen: 7.5 4.5 12.5 120.0 15600 13.0, 3.3, (6.6)

Li 2 CO 3  9.2  16.7  4340  26.0, 9.2, (13.2) 

BPhen: 10.0 4.6 12.5 162.2 15800 9.8, 2.5, (5.0)

Li 2 CO 3  8.4  11.7  2430  20.7, 8.0, (10.6) 

BPhen/ – 4.6 14.7 163.9 13400 8.1, 1.7, (4.1)

Li 2 CO 3  c)  6.5  0.52  120  23.0, 11.7, (11.7) 

    a) Values in italics correspond to those at maximum device effi ciencies;  b) PhOLEDs with solution-deposited BPhen ETL doped with Li 2 CO 3  or with vacuum-deposited 
BPhen/Li 2 CO 3  ETL. Device structures: ITO/PEDOT:PSS/EML/ETL/Al with solution-deposited doped BPhen ETL; and  c) ITO/PEDOT:PSS/EML/BPhen/Li 2 CO 3 /Al with 
vacuum-deposited BPhen and Li 2 CO 3 ;  d) Turn-on voltage (at brightness of 1 cd m  − 2 ).   

     Figure  3 .     Normalized EL spectra of blue PhOLEDs with: a) BPhen:Cs 2 CO 3  
and b) BPhen:Li 2 CO 3  ETLs at the maximum brightness.  
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with alkali metal salt is a promising strategy to achieve high-
performance blue PhOLEDs with high brightness. The device 
characteristics of the blue PhOLEDs with solution-processed 
BPhen ETL are summarized in Table  1  and  2 . 

 The electroluminescence (EL) spectra of all the blue 
PhOLEDs, including those containing BPhen:Cs 2 CO 3  or 
BPhen:Li 2 CO 3  ETLs, are identical in lineshape with a maximum 
peak at 472 nm, which originates from the FIrpic blue triplet 
emitter ( Figure    3  ). [  26  ,  27  ]  The Commission Internationale de 
L’Eclairage (CIE) 1931 coordinates of the devices were identical 
at (0.14, 0.28). We observed a slight increase of the vibronic 
shoulder around 500 nm in the case of PhOLEDs with solu-
tion-processed BPhen ETLs doped with 7.5 wt% Cs 2 CO 3  and 
5.0 wt% Li 2 CO 3 , which can be due to microcavity effects. [  38  ]    

  2.2. PhOLEDs with Various Small-Molecule ETMs Doped 
with Cs 2 CO 3  

 To test how general our approach of solution-processing of 
alkali metal salt doped electron transport materials is, we 
investigated various other known electron transport materials, 
including 1,3,5-tris(4-pyridinquinolin-2-yl)benzene (TPyQB), [  30  ]  
1,3,5-tris( m -pyrid-3-yl-phenyl)benzene (TmPyPB), [  56  ,  57  ]  and 
1,3-bis(3,5-di(pyridine-3-yl)phenyl)benzene (BmPyPB). [  58  ]  The 
solution-processed ETL was doped with 5.0, 7.5, or 12.5 wt% 
Cs 2 CO 3  and incorporated into multilayered blue PhOLEDs sim-
ilar to BPhen:Cs 2 CO 3  ETL devices described above. 

 We initially fabricated PhOLEDs using solution-processed 
TPyQB ETL doped with Cs 2 CO 3 . (Figure S2, Supporting Infor-
mation). PhOLEDs with solution-processed TPyQB ETL without 
Cs 2 CO 3  doping showed a turn-on voltage of 5.5 V, a drive voltage 
0 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 5126–5136
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     Figure  4 .     Blue PhOLEDs with TmPyPB ETL doped with Cs 2 CO 3 : a) Current density ( J )–voltage 
( V ); b) luminance ( L )–voltage ( V ); c) luminous effi ciency ( LE )–luminance ( L ); and d) power effi -
ciency ( PE )–luminance ( L ) curves. Device structures: ITO/PEDOT:PSS(30 nm)/EML(70 nm)/
solution-processed TmPyPB:Cs 2 CO 3  ETL(20 nm)/Al (100 nm), TmPyPB ETL doped with dif-
ferent concentration of Cs 2 CO 3 .  

1

10

100

1000

1x104

0 5 10 15 20

TmPyPB
TmPyPB:Cs2CO3 5.0 wt%
TmPyPB:Cs2CO3 7.5 wt%
TmPyPB:Cs2CO3 12.5 wt%

Voltage [V]

0

10

20

30

40

0 2000 4000 6000 8000 1x104

TmPyPB
TmPyPB:Cs2CO3 5.0 wt%
TmPyPB:Cs2CO3 7.5 wt%
TmPyPB:Cs2CO3 12.5 wt%

Luminance [cd m-2]

0

5

10

15

0 2000 4000 6000 8000 1x104

TmPyPB
TmPyPB:Cs2CO3 5.0 wt%
TmPyPB:Cs2CO3 7.5 wt%
TmPyPB:Cs2CO3 12.5 wt%

Luminance [cd m-2]

(a) (b)

(c) (d)

10-4

10-3

10-2

10-1

100

101

102

0 5 10 15 20

TmPyPB
TmPyPB:Cs2CO3 5.0 wt%
TmPyPB:Cs2CO3 7.5 wt%
TmPyPB:Cs2CO3 12.5 wt%

Voltage [V]
of 13.7 V and a lower current density compared to devices 
with TPyQB ETL doped with Cs 2 CO 3 . The performance of the 
PhOLEDs increased dramatically after incorporating Cs 2 CO 3  
into the TPyQB ETL. PhOLEDs with 7.5 wt% Cs 2 CO 3 -doped 
TPyQB ETL showed the highest performance with a reduced 
turn-on voltage (4.4 V), drive voltage (12.8 V), and a signifi cantly 
increased LE value of 33.6 cd A  − 1  with a PE value of 8.2 lm W  − 1  
(EQE  =  17.1%). Clearly, PhOLEDs with Cs 2 CO 3 -doped TPyQB 
ETL have far superior performance than those without Cs 2 CO 3  
doping. (Figure S2c,d, Supporting Information). 

 Electron-transport materials with pyridyl groups were reported 
by Kido and co-workers [  44  ,  45  ]  as high triplet energy ETMs. For 
example, TmPyPB was reported to have a high triplet energy of 
2.78 eV and a high electron mobility of   μ   e   =  1.0   ×  10  − 3  cm 2  V  − 1 s  − 1 . 
As shown in  Figure    4  , the PhOLEDs with undoped TmPyPB had 
a much lower performance (LE  =  16.5 cd A  − 1 , PE  =  4.7 lm W  − 1 , 
and EQE  =  8.4%), whereas Cs 2 CO 3 -doped TmPyPB ETL led to 
a large enhancement of device performance. The performance 
of PhOLEDs with TmPyPB:Cs 2 CO 3  (7.5 wt%) ETL showed a LE 
value of 37.7 cd A  − 1  (PE  =  14.1 lm W  − 1 , EQE  =  19.0%), which 
is the highest performance reported to date for all-solution-
processed blue PhOLEDs. We also fabricated PhOLEDs with 
solution-processed BmPyPB:Cs 2 CO 3  ETLs and, as expected, the 
PhOLEDs with BmPyPB ETL doped with Cs 2 CO 3  similarly had 
a large enhancement in performance compared to non-doped 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2012, 22, 5126–5136
ETL devices. The devices with BmPyPB ETL 
doped with 7.5 wt% Cs 2 CO 3  showed an LE 
value of 37.4 cd A  − 1  at a high brightness of 
1760 cd m  − 2 , and a PE value of 16.1 lm W  − 1  
(Figure S3, Supporting Information). The 
performance of blue PhOLEDs incorporating 
BmPyPB:Cs 2 CO 3  ETL at the optimum doping 
concentration of 7.5 wt% Cs 2 CO 3  is essen-
tially identical with that of devices incorpo-
rating TmPyPB:Cs 2 CO 3  at the same doping 
concentration. Further increase of the Cs 2 CO 3  
concentration in the TmPyPB:Cs 2 CO 3  and 
BmPyPB:Cs 2 CO 3  ETLs resulted in decreased 
performance of the PhOLEDs (Figure  4  and 
Figure S3, Supporting Information) and these 
trends are very similar to those of PhOLEDs 
incorporating BPhen:Cs 2 CO 3  ETLs.  

 These results demonstrate that the solu-
tion-processing of ETL doped with alkali 
metal salt is applicable to various small-mole-
cule electron-transport materials [  31  ]  of current 
interest for the fabrication of all-solution-
processed multilayered OLEDs and other 
organic electronic devices. Among the four 
electron-transport materials investigated, 
blue PhOLEDs with solution-processed 
TmPyPB:Cs 2 CO 3  ETLs and BmPyPB:Cs 2 CO 3  
ETLs have the best performance and thus 
TmPyPB and BmPyPB are superior to BPhen 
and TPyQB in this respect. We can also con-
clude that Cs 2 CO 3  is superior to Li 2 CO 3  as an 
alkali metal salt dopant of the series of small-
molecule electron-transport materials.  
  2.3. Surface Morphology of Doped BPhen ETLs 

 The surface morphology of solution-deposited alkali metal 
salt-doped ETLs was investigated by atomic force microscopy 
(AFM).  Figure    5   shows AFM topographical height and the 
corresponding phase images of solution-deposited BPhen 
ETLs with different concentrations of Cs 2 CO 3 . BPhen ETL 
without Cs 2 CO 3  doping has a smooth surface with root-mean-
square (RMS) roughness of 0.312 nm (Figure  5 a) whereas 
the solution-deposited Cs 2 CO 3 -doped BPhen ETLs show a 
signifi cant change in surface morphology as the Cs 2 CO 3  con-
centration increases (Figure  5 b–f). BPhen ETLs with 5.0 and 
7.5 wt% Cs 2 CO 3  have rougher surfaces (RMS values  =  0.570 
and 0.840 nm) compared to the BPhen ETL without Cs 2 CO 3  
doping (Figure  5 b,c). As the Cs 2 CO 3  concentration increases 
to 10.0 wt%, the ETL surface morphology becomes even much 
rougher, having an RMS roughness value of 1.12 nm (Figure  5 d). 
In the light of the surface morphology variation with Cs 2 CO 3  
concentration in the ETL, we suggest that in addition to 
n-doping effects of the alkali metal salt, the surface rough-
ness of the solution-processed ETL, which enhances the ETL/
Al contact area and thus facilitates effi cient electron-injection. 
According to our previous reports, the rough surface mor-
phology and vertical nanopillars formed in the solution-proc-
essed ETL leads to enhanced charge transport in the vertical 
5131wileyonlinelibrary.comeim
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     Figure  5 .     AFM topographical height images (left, 5  μ m  ×  5  μ m) and the corresponding phase images (right, 5  μ m  ×  5  μ m) of solution-processed BPhen 
ETL fi lms doped with different concentration of Cs 2 CO 3 : a) 0 wt%; b) 5.0 wt%; c) 7.5 wt%; d) 10.0 wt%; e) 12.5 wt%; and f) 15.0 wt%.  
direction and also provide good contact between ETL and Al 
cathode for facile electron-injection. [  29–31  ]   

 On the other hand, BPhen ETLs with a high Cs 2 CO 3  con-
centration of 12.5 and 15.0 wt% have extremely rough surfaces 
with RMS roughness values of 2.53 and 5.53 nm (Figure  5 e,f). 
At these high concentrations a clear phase separation in 
the BPhen:Cs 2 CO 3  blend appears to occur and explains the 
observed decrease in device performance at high ( > 10.0 wt%) 
Cs 2 CO 3  concentrations. A signifi cantly decreased charge-
injection from cathode and charge-transport in the ETL can be 
expected when a separate insulating Cs 2 CO 3  phase emerges in 
the ETL. 

 A similar trend was observed in the solution-processed BPhen 
ETLs doped with Li 2 CO 3 . A smooth surface was observed in the 
AFM images of the solution-deposited BPhen ETL without the 
dopant (RMS value  =  0.312 nm,  Figure    6  a) and the BPhen ETL 
doped with 1.0 wt% Li 2 CO 3  (RMS value  =  0.331 nm, Figure  6 b), 
whereas BPhen ETLs doped with 2.5 (Figure  6 c) and 5.0 wt% 
(Figure  6 d) showed increased surface roughness with RMS 
values of 0.477 and 0.581 nm, respectively. The increased sur-
face roughness is consistent with the improved performance 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G

     Figure  6 .     AFM topographical height images (left, 5  μ m  ×  5  μ m) and the corre
ETL fi lms doped with different concentration of Li 2 CO 3 : a) 0 wt%; b) 1.0 wt%
of PhOLEDs with ETLs at these doping levels. However, solu-
tion-processed BPhen ETL at a higher concentration (10.0 wt% 
Li 2 CO 3 ) showed severe phase-separated surface morphology 
(Figure  6 f). We can also understand the decreased perform-
ance of devices with BPhen ETLs doped at 10.0 wt% Li 2 CO 3  as 
a consequence of such a phase-separated surface morphology. 
The observed surface morphology variation with alkali metal 
salt concentration in the doped ETL correlates very well with a 
similar observed variation of device performance with concen-
tration of the alkali metal salt.   

  2.4. Electron- and Hole-Dominant Devices 

 To further investigate the charge-injection and transport 
properties in PhOLEDs containing solution-processed ETL 
doped with alkali metal salts (M 2 CO 3 , M  =  Cs, Li), two types 
of single-carrier dominant devices were fabricated, including 
electron-dominant devices, ITO/polymer host (70 nm)/solu-
tion-deposited BPhen:M 2 CO 3  ETL (20nm)/Al, and hole-domi-
nant devices, ITO/PEDOT:PSS (30 nm)/polymer host (70 nm)/
mbH & Co. KGaA, Weinheim

sponding phase images (right, 5  μ m  ×  5  μ m) of solution-processed BPhen 
; c) 2.5 wt%; d) 5.0 wt%; e) 7.5 wt%; and f) 10.0 wt%.  
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     Figure  7 .     Single charge-carrier dominant devices: a) electron-dominant devices with solu-
tion-processed BPhen:Cs 2 CO 3  ETLs; b) electron-dominant devices with solution-processed 
BPhen:Li 2 CO 3  ETLs; c) hole-dominant devices with solution-processed BPhen:Cs 2 CO 3  ETLs; 
and d) hole-dominant devices with solution-processed BPhen:Li 2 CO 3  ETLs. Device structures 
of electron-dominant devices: ITO/polymer host(70 nm)/solution-processed BPhen:Cs 2 CO 3  
ETL (20 nm)/Al; and hole-dominant devices: ITO/PEDOT:PSS(30 nm)/polymer host(70 nm)/
solution-processed BPhen:Li 2 CO 3  ETL (20 nm)/Au.  
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solution-deposited BPhen:M 2 CO 3  ETL (20 nm)/Au. The 
poly mer host consisted of PVK and OXD-7 with the same ratio 
of 6:4 as in the PhOLEDs, except that the blue triplet emitter 
FIrpic was excluded. It is assumed that hole-injection from the 
ITO can be suppressed by the large energy barrier between the 
work function of ITO ( Φ   f     ≈  4.5 eV) and the ionization potential 
(IP) values of the polymer host (5.8 eV for PVK and 6.2 eV for 
OXD-7) in the electron-dominant devices. Similarly, electron-
injection can be prevented by the energy barrier between the 
work function of Au ( Φ   f     =  5.0 eV) and the electron affi nity (EA) 
of BPhen (3.0 eV) in the hole-dominant devices. 

   Figure 7   shows the single charge carrier-dominant devices 
with solution-processed BPhen:M 2 CO 3  ETL with varying 
concentration of the M 2 CO 3  dopants (M  =  Cs, Li). The  J–V  
characteristics of the electron-dominant devices with solu-
tion-processed BPhen ETL doped with Cs 2 CO 3  and Li 2 CO 3  are 
shown in Figure  7 a and  7 b, respectively. A signifi cant increase 
of the current density was observed when the BPhen ETL was 
doped by the alkali metal salt in electron-dominant devices. As 
shown by the highest current densities, the electron-injection 
and transport was the most effi cient when the Cs 2 CO 3  and 
Li 2 CO 3  doping concentrations were 10.0 wt% and 5.0 wt%, 
respectively. This trend matches well with the observed highest 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2012, 22, 5126–5136
performance of PhOLEDs with BPhen doped 
with alkali metal salt. These results imply 
that electron-injection and transport are 
enhanced by incorporating alkali metal salt 
into the ETL, achieving the maximum cur-
rent density at optimum concentration of the 
alkali metal salt. However, further increase 
of the M 2 CO 3  dopant concentration (12.5 
and 15.0 wt% for Cs 2 CO 3 , 7.5 and 10.0 wt% 
for Li 2 CO 3 ) results in decrease of the cur-
rent density. The trend also matches with 
the observed decrease PhOLED performance 
at the higher doping levels, presumably due 
to the phase separation in the solution-proc-
essed BPhen:M 2 CO 3  blend ETLs which inter-
rupts facile electron-injection and transport.  

 The  J–V  characteristics of the hole-
dominant devices containing the solution-
processed BPhen ETL doped with Cs 2 CO 3  
and Li 2 CO 3  are shown in Figure  7 c and  7 d, 
respectively. The trends are similar to 
those for electron-dominant devices in that 
increased current density is seen with incor-
poration of alkali metal salt doped ETL. It has 
been reported that devices with BPhen ETL 
doped with Li 2 CO 3  by vacuum co-deposition 
showed reduced hole-current as the dopant 
concentration increased. [  50  ]  In contrast, the 
solution-processed BPhen ETL doped with 
alkali metal salt show enhanced hole-current 
and this can be understood to result from a 
good contact between the ETL and Au elec-
trode enabled by solution-processing. This 
result implies that the strategy applied to 
improve charge-injection and transport by 
tuning the surface morphology of the ETMs 
to improve the interfacial contact between the ETL and metal 
cathode is not limited to Al, but can also be applied to other 
metal electrodes. However, the current density of the hole-
dominant devices is severely reduced at higher concentrations 
of the dopant (Cs 2 CO 3   =  12.5 – 15.0 wt%, Li 2 CO 3   =  10.0 wt%), 
presumably due to the reduced charge-injection and transport 
when phase separation occurs in the BPhen:M 2 CO 3  blend ETL. 
This means that for a given electron-transport material there 
is an optimum alkali metal salt doping level for maximum 
PhOLED performance.  

  2.5. Space-Charge-Limited Current (SCLC) Measurement 
of Solution-Processed BPhen ETLs 

 We investigated the electron transport properties of the solu-
tion-processed alkali metal salt doped BPhen ETL fi lms by 
space-charge-limited current (SCLC) measurement. The cur-
rent-voltage ( I–V ) characteristics of the SCLC devices with the 
structure of ITO/ETL( ≈ 200 nm)/Al, are shown in  Figure    8  . 
The BPhen:M 2 CO 3  blend ETLs were spin coated from FA:H 2 O 
(3:1) solutions with different concentrations of the alkali metal 
salts to form  ≈ 200-nm thick layers, which were vacuum dried 
5133wileyonlinelibrary.comheim
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     Figure  8 .     Current-voltage ( I–V ) characteristics of ITO/solution-processed 
BPhen:alkali metal salt dopant fi lm ( ≈ 200 nm)/Al devices in ambient 
conditions. a) BPhen doped with different concentration of Cs 2 CO 3  and 
b) Li 2 CO 3.   
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   Table  3.     SCLC electron mobility of BPhen ETL at various doping levels. 

Dopant concentration 
[wt%]

 L  
[nm]

  β   
[cm 1/2  V  − 1/2 ]

 E max   
[V cm  − 1 ]

  μ  e   ( E  =  0 ) 
[cm 2  V  − 1  s  − 1 ]

None 0 200 8.7  ×  10  − 6 1.8  ×  10 5 4.2  ×  10  − 5 

Cs 2 CO 3 5.0 200 6.8  ×  10  − 7 1.8  ×  10 5 5.6  ×  10  − 4 

Cs 2 CO 3 10.0 200 8.3  ×  10  − 6 1.8  ×  10 5 3.7  ×  10  − 3 

Cs 2 CO 3 15.0 200 4.9  ×  10  − 5 1.8  ×  10 5 1.8  ×  10  − 5 

Li 2 CO 3 5.0 200 1.3  ×  10  − 5 1.5  ×  10 5 1.3  ×  10  − 3 

Li 2 CO 3 7.5 200 1.1  ×  10  − 5 1.5  ×  10 5 1.0  ×  10  − 3 

Li 2 CO 3 10.0 190 1.5  ×  10  − 5 1.6  ×  10 5 7.4  ×  10  − 5 
overnight at 50  ° C followed by Al deposition. The thickness 
of the BPhen ETLs was measured by a profi lometer and also 
confi rmed by AFM measurement. The electron mobility was 
extracted by fi tting the  J–V  curves in the near quadratic region 
according to the modifi ed Mott-Gurney equation, [  59  ,  60  ] 

 
J =
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0.89
0

2

3εε μ
V
L

β
V
L

exp )(
     

 where  J  is the current density,  ε  0  is the permittivity of free space, 
  ε   is the relative permittivity,   μ   is the zero-fi eld mobility,  V  is the 
applied voltage,  L  is the thickness of active layer, and   β   is the 
fi eld-activation factor ( Table    3  ). The zero-fi eld electron mobility 
of the solution-deposited BPhen:M 2 CO 3  blend fi lms varied 
from 4.2  ×  10  − 5  cm 2  V  − 1  s  − 1  without doping, which is consistent 
with the reported value by SCLC measurement, [  55  ]  to 3.7  ×  
10  − 3  cm 2  V  − 1  s  − 1  when the doping concentration is 10.0 wt% 
Cs 2 CO 3  (Figure  8 a, Table  3 ). The electron mobility of BPhen 
with 10.0 wt% Cs 2 CO 3  was an order of magnitude higher than 
that with 5.0 wt% Cs 2 CO 3  and two orders of magnitude higher 
than the non-doped BPhen. Similarly, BPhen doped with 
2.5–5.0 wt% Li 2 CO 3  had two orders of magnitude higher 
mobility (1.3  ×  10  − 3  cm 2  V  − 1  s  − 1 ) than that of non-doped BPhen.  
4 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
 However, further increase of the doping concentration 
to 15.0 wt% for Cs 2 CO 3  and 10.0 wt% for Li 2 CO 3 , resulted 
in the electron mobilities dropping to 1.8  ×  10  − 5  and 7.4  ×  
10  − 5  cm 2  V  − 1  s  − 1 , respectively. Interestingly,  I−V  curves of the 
SCLC devices with the highest doping concentrations (15.0 wt% 
Cs 2 CO 3 , 7.5 – 10.0 wt% Li 2 CO 3 ) showed steep slopes at high 
electric fi eld, implying that the current increases faster than  V 2  . 
These curvatures indicate the presence of charge trapping sites, 
which likely originate from the phase separated morphology of 
the solution-processed BPhen:M 2 CO 3  blend ETLs. [  61  ,  62  ]    

  3. Conclusions 

 We have showed for the fi rst time that alkali metal salt doped 
electron-transport layers (ETLs) can be solution-deposited to 
fabricate high performance, multi-layered, phosphorescent 
OLEDs. The solution-processing approach is applicable to 
diverse electron-transport materials and any desirable metal 
salt. Blue PhOLEDs with solution-deposited Cs 2 CO 3 -doped 
TmPyPB ETLs have a luminous effi ciency of 37.7 cd A  − 1  with 
an EQE of 19.0% at a high brightness 1300 cd m  − 2 , which is the 
highest performance reported to date for all-solution-processed 
blue PhOLEDs. Studies of the surface morphology and elec-
tron transport properties of the alkali metal salt doped electron 
transport layers showed that doping dramatically enhances the 
electron mobility and modifi es the ETL/cathode interface mor-
phology, enabling effi cient electron-injection and transport. The 
results demonstrated that the properties and nanomorphology 
of the solution-processed ETLs can be fi ne-tuned by the concen-
tration of the metal salt (M 2 CO 3 ) and type of metal (M  =  Cs, Li). 
The orthogonal solution-processing of multilayered high per-
formance PhOLEDs and metal salt-doped ETLs demonstrated 
here are also useful for the fabrication of other multi-layered 
organic electronic devices.  

  4. Experimental Section 
  Materials : Poly( N -vinyl carbazole) (PVK, average  M  w   =  1,100,000 g mol  − 1 ), 

4,7-diphenyl-1,10-phenanthroline (BPhen, 99%, sublimed grade), 
cesium carbonate (Cs 2 CO 3 , 99.9% trace metals basis), and lithium 
carbonate (Li 2 CO 3 , 99%) were purchased from Sigma-Aldrich Co. 
1,3-Bis(2-(4-tert-butylphenyl)-1,3,4-oxadiazo-5-yl)benzene (OXD-7), 
bis(3,5-difluoro-2-(2-pyridyl)phenyl-(2-carboxypyridyl)iridium(III) 
(FIrpic), 1,3,5-Tris(m-pyrid-3-yl-phenyl)benzene (TmPyPB), and 
1,3-bis(3,5-di(pyridine-3-yl)phenyl)benzene (BmPyPB) were purchased 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 5126–5136
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from Luminescence Technology (LumTec) Co., Taiwan. 1,3,5-tris(4-
pyridinquinolin-2-yl)benzene (TPyQB) was synthesized as previously 
reported. [  30  ]  A solution of PEDOT:PSS (poly-(ethylenedioxythiophene):-
polystyrenesulfonate, Clevios P VP CH 8000) dispersed in water was 
purchased from Heraeus GmBH, Germany. All purchased chemicals 
were used as received without further purifi cation. 

  Device Fabrication : The phosphorescent emission layer (EML) 
consisted of a blend of PVK and OXD-7 (PVK:OXD-7  =  60:40, wt/wt) as 
a host and 10.0 wt% FIrpic as the blue dopant. A solution of PEDOT:PSS 
was diluted with DI water by 1:1 ratio and fi ltered before spin-coating to 
make a 30-nm hole-injection layer onto a pre-cleaned ITO glass. Clevios 
P VP CH 8000 (PEDOT:PSS) was used to prevent current leakage and 
suppressing of hole-current. [  63  ]  The fi lm was then annealed at 150 ºC 
under vacuum to remove residual water. The 70-nm polymer EML was 
obtained by spin coating of the PVK:OXD-7:FIrpic blend in chlorobenzene 
onto the PEDOT:PSS layer and vacuum dried at 100 ºC. A small-molecule 
electron-transport material (ETM, e.g. BPhen) was co-dissolved with 
alkali metal salt (Cs 2 CO 3  or Li 2 CO 3 ) in formic acid:water (FA:H 2 O  =  
3:1) mixture and spun cast onto the EML at a spin speed of 7000 rpm 
followed by vacuum drying at 50 ºC to form an electron-transport layer 
(ETL). After drying, thermally evaporated Al cathode was deposited onto 
the ETL. The structure of PhOLEDs with solution-processed ETLs was: 
ITO/PEDOT:PSS(30 nm)/EML(70 nm)/solution-processed ETM:alkali 
metal salt (20 nm)/Al (100 nm). The device structure of PhOLEDs 
with a vacuum-deposited bilayer of BPhen ETL and alkali metal salt 
was: ITO/PEDOT:PSS(30 nm)/EML(70 nm)/vacuum-deposited BPhen 
ETL (20 nm)/vacuum-deposited Cs 2 CO 3  or Li 2 CO 3  (1 nm)/Al. BPhen 
and alkali metal salt were sequentially vacuum-deposited by thermal 
evaporation onto EML using Edwards Auto Vacuum 306, followed by a 
deposition of Al without breaking the vacuum ( < 2.0  ×  10  − 6  torr). 

 For the single charge carrier-dominant devices, two types of devices 
were fabricated. Electron-dominant devices: ITO/polymer host (70 nm)/
solution-deposited BPhen:M 2 CO 3  ETL (20nm)/Al; and hole-dominant 
devices: ITO/PEDOT:PSS (30 nm)/polymer host (70 nm)/solution-
deposited BPhen: M 2 CO 3  ETL (20 nm)/Au. All layers were deposited 
under exactly the same conditions as the fabrication of PhOLEDs. 

 Devices for space-charge-limited current (SCLC) measurement were 
fabricated with ITO/solution-processed BPhen:M 2 CO 3  ETL ( ∼ 200 nm)/
Al structure. The organic layer was obtained by the spin-coating of ETM 
solution onto the substrate followed by deposition of Al electrode. 

  Characterization : Film thickness was measured by an Alpha-Step 500 
profi lometer (KLA-Tencor, San Jose, CA) and also confi rmed by Atomic 
Force Microscopy (AFM). Electroluminescence (EL) spectra were 
obtained using the same spectrofl uorimeter described above. Current-
voltage ( J–V ) characteristics of the PhOLEDs were measured by using a 
HP4155A semiconductor parameter analyzer (Yokogawa Hewlett-Packard, 
Tokyo). The luminance (brightness) was simultaneously measured 
by using a model 370 optometer (UDT Instruments, Baltimore, MD) 
equipped with a calibrated luminance sensor head (Model 211) and a 
5x objective lens. The device external quantum effi ciencies (EQEs) were 
calculated from the forward viewing luminance, current density and EL 
spectrum assuming a Lambertian distribution using procedures reported 
previously. [  64  ]  All the device fabrication and device characterization steps 
were carried out under ambient laboratory condition. 

 Current-voltage characteristics of single charge carrier dominant and 
SCLC devices were measured using the same semiconductor parameter 
analyzer as used for PhOLED devices. The measurements were 
performed under dark and ambient conditions. AFM characterization 
of surface morphology was done on a Veeco Dimension 3100 
Scanning Probe Microscope (SPM) system. The AFM topographical 
images were directly measured on the same PhOLEDs used for device 
characterization.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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