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Abstract. We demonstrate a novel technique for fabricating fully solution processed 
white OLEDs. For the first time we have used Atomic Layer Deposition (ALD) 
technique to create ultra thin films of Al 2O3 oxide between sequential depositions of 
organic layers by spin coating, preventing intermixing between the various layers.  We 
demonstrate that using this new approach we can fabricate devices with very good white 
coordinates (0.37, 0.37) from commercially available and well known polymers like 
PFO and MEH.  
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Introduction: 

Organic electronics received much attention for the last 10 years or so because of its promise for 
low cost, large area photovoltaics, as well as interesting lighting applications. The fact that they 
can be fabricated on flexible substrates is definitively an advantage but even more the small 
driving powers needed for such devices, leading to energy saving.  Since approximately 5% of 
year energy consumption on the earth goes for lighting, therefore to reduce that number would 
be in interest of us all. 

Although the OLED display technology is already well established, white OLEDs for lighting 
applications are not yet on the market.  Even if few products exist, the prices make them rather 
exotic phenomena for solid state lighting rather than a real candidate for replacing traditional 
light sources. One of the reasons for those astronomical prices is the costly fabrication process, 
consisting of thermal evaporation of the organic layers.  For very efficient white OLED the 
number of layers required is usually more than five [1] and up to now this is only possible to 
make with thermal evaporation of the organics layers under high vacuum condition. 
 
The alternative solution would be the deposition of the organic layers by wet processing (from 
solution). Although much work has been done on this topic, making white OLED by solution 
process is extremely hard task. Lack of solvents and the dissolution of bottom organic layers by 
successive spin coating are at the moment the main limitations of fabricating efficient, fully 
solution processed white OLEDs.  
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In this work we propose a novel

We grow ultra thin films of aluminum oxide (
protect them from dissolving 
this technique, we are able to fabricate full
CIE coordinates as good as (0.37,0.37). 

 

What is an organic semiconductor?

Semiconducting properties of organic materials arise from special 
possible configuration of carbon atoms called sp2
formed by pz orbitals which energy difference between the occupied b
the unoccupied anti-bonding orbital (
visible spectral range (Figure 1b, Figure 3
(exp. polymer chains) π -bonds sta
semiconductor with a filled valence band originating from the 
orbitals (HOMOs) and an empty conduction band originating from the 
molecular orbitals (LUMOs) (Figure 1c).
hopping between nearby molecules. There is no band transport like in inorganic materials since 
electrons are quite localized on the molecules. 
semiconductors is several orders of magnitude lower than that of their inorganic counterparts
 

.  
                   

 

 

 

                        (a)                                    

Figure 1. Orbitals and bonds for two sp
hybridised carbon atoms

 
Two types of organic materials 
used for their efficient light emission and the small molecules for their good charge transport 
properties. The main difference between them is that while small molecules are mainly 
evaporated (due to its poor solubility in common solvents), polymer devices are only fabricated 
by wet processing (like spin-coating or inject printing).
 
 
How does an OLED device work?
 
Organic light emitting diode (OLED) 
sandwiched between two electrodes
then 1µm, and at least one of the electrodes has to be transparent for light to escape. 
the emissive layer, the charge transport layers 
from the electrodes into the organic 
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ovel approach for fabricating fully solution processed white OLED

thin films of aluminum oxide (Al 2O3) directly on top of the 
protect them from dissolving while giving a choice of the solvents completely free. 

we are able to fabricate fully solution processed multilayer white OLEDs with 
s (0.37,0.37).  

What is an organic semiconductor? 

Semiconducting properties of organic materials arise from special type of bonding in 
possible configuration of carbon atoms called sp2-hybridisation (Figure 1a). Th

orbitals which energy difference between the occupied bonding orbital (
nding orbital (π +) is small enough (few eV) to absorb near or in the 

ectral range (Figure 1b, Figure 3). In presence of many sp2-hybridized car
bonds start to form bands. Organic material behaves then like a 

semiconductor with a filled valence band originating from the highest occupied molecular 
HOMOs) and an empty conduction band originating from the lowest unoccupied 

s (LUMOs) (Figure 1c). Charge carrier transport in organic materials occurs by 
hopping between nearby molecules. There is no band transport like in inorganic materials since 
electrons are quite localized on the molecules. For that reason the conductivity of organic 
semiconductors is several orders of magnitude lower than that of their inorganic counterparts

                                                       (b)                                                    

rbitals and bonds for two sp2-hybridised carbon atom (a). Energy structure of 
hybridised carbon atoms (b) and organic semiconductor (c) [2]

Two types of organic materials exist: polymers and small molecules. The polymers are usually 
used for their efficient light emission and the small molecules for their good charge transport 
properties. The main difference between them is that while small molecules are mainly 

due to its poor solubility in common solvents), polymer devices are only fabricated 
coating or inject printing). 

How does an OLED device work?  

ight emitting diode (OLED) is a stack of layers of functional 
between two electrodes, as shown in Figure 2. The full device 

t least one of the electrodes has to be transparent for light to escape. 
charge transport layers are also required to facilitate the 

organic layers (Fig. 2a).  Under bias (Fig.2b), the injected electrons 

solution processed white OLED. 

the organic layers to 
choice of the solvents completely free. By using 
solution processed multilayer white OLEDs with 

type of bonding in one of the 
These are π -bonds 

nding orbital (π -) and 
+) is small enough (few eV) to absorb near or in the 

hybridized carbon atoms 
t to form bands. Organic material behaves then like a 

highest occupied molecular 
owest unoccupied 

harge carrier transport in organic materials occurs by 
hopping between nearby molecules. There is no band transport like in inorganic materials since 

For that reason the conductivity of organic 
semiconductors is several orders of magnitude lower than that of their inorganic counterparts. 

                (c) 

nergy structure of sp2-
]  

exist: polymers and small molecules. The polymers are usually 
used for their efficient light emission and the small molecules for their good charge transport 
properties. The main difference between them is that while small molecules are mainly 

due to its poor solubility in common solvents), polymer devices are only fabricated 

functional organic materials 
device is usually thinner 

t least one of the electrodes has to be transparent for light to escape. Apart from 
the charge injection 

the injected electrons 
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and holes can recombine in 
properties of the organic emissive 
hole pair will form excitons which are strongly bounded and can travel several nm before 
recombination. Good excitons harvesting within OLED
performance devices.  

Typical emission spectra of organic molecule
several different emitting layers in a single device the total emi
including white at any color temperature. 

 

 
 
 
 
 
 
 
                                              
                                           (a)                                    

Figure 2. Simple OLED: (a) device structure (b) energy 
 

 

RESULTS AND DISSCUSSION:

In our work to produce white light we have chosen two commercially available polymers
known for being complementary colors
poly(9,9-dioctylfluorene) (PFO) and yellowish
hexyloxy)-p-phenylene vinylene]
their chemical structures are shown in Figure 3. 

 

            

 

 

 

  

                                

                                          (a)                                                                  

Figure 3.: OA and PL of PFO and MEH

The only difference is that until now, these polymers have always been used as a blend
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 the organic layers and emit light of a color depending on the 
emissive material. However before decaying radiatively, an electron

excitons which are strongly bounded and can travel several nm before 
Good excitons harvesting within OLED stack is the key for fabricating high 

Typical emission spectra of organic molecules are broad as shown in Figure 3
several different emitting layers in a single device the total emission can be tuned to 

temperature.  

 
 
 

a)                                                                     (b) 
 

. Simple OLED: (a) device structure (b) energy levels [3

RESULTS AND DISSCUSSION: 

In our work to produce white light we have chosen two commercially available polymers
complementary colors for making white OLEDs [4], [5]. That is

(PFO) and yellowish-red emitting Poly[2-methoxy
phenylene vinylene] (MEH-PPV). Their absorption and emission spectra 

are shown in Figure 3.  

                                                                        (b)                

and PL of PFO and MEH-PPV (a), chemical structures (b)

The only difference is that until now, these polymers have always been used as a blend
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radiatively, an electron-

excitons which are strongly bounded and can travel several nm before 
is the key for fabricating high 

shown in Figure 3. By stacking 
ssion can be tuned to every color 

[3]  

In our work to produce white light we have chosen two commercially available polymers, well 
. That is blue emitting 

methoxy-5-(2'-ethyl-
Their absorption and emission spectra as well as 

(b)                 

PPV (a), chemical structures (b) 

The only difference is that until now, these polymers have always been used as a blend (not as a 
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multilayer structure).  Blend solutions are very difficult to control, very sensitive to any 
of concentration of any component. White spectrum is rather a product of molecular interaction 
between blend components than a single color mixing from different layers (like it is obtained in
multilayer structures). That might result in poor color 
devices.  

One great advantage of multilayer devices over blend ones is the easy control of color 
coordinates (CIE). It is done simply by changing the thickness of the 
easier to reproduce colors, since they are not so sensitive 
variations.  

To find the optimal layer thicknesses 
balance) we performed various 
on glass different thicknesses of 
spin-coated on top different thicknesses of 

In order to grow ultra thin oxide films
Deposition (ALD). It’s a chemical vapour deposition technique
conformal films with atomic level thickness control 
already used to encapsulate OLEDs [7
demonstrated as potential barrier films for organic

To ensure the protective function of 
solvent (without polymer) several times on prepared MEH
photoluminescence. The results

 

                         

 

           

                                     

                                                (a)                                                                     (b)

Figure 4. ALD as a protective layer: (a) PL of solvent test (b) photo of samples with and without 
ALD protective layer under solvent test.

 

A small shift in the wavelength emission can be seen but no significant decrease in intensity.  It 
means that no major chemical or physical structural damage takes place
spin-coated on top of the organic layer. 

Furthermore, as a visual proof, photos were taken for the organic layer with and without ALD 
protective layer, after a solvent spin coat process. 
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Blend solutions are very difficult to control, very sensitive to any 
of concentration of any component. White spectrum is rather a product of molecular interaction 
between blend components than a single color mixing from different layers (like it is obtained in

That might result in poor color stability and reproducibility of blend 

One great advantage of multilayer devices over blend ones is the easy control of color 
coordinates (CIE). It is done simply by changing the thickness of the layers.  I

s, since they are not so sensitive to slight thickness changes or voltage 

optimal layer thicknesses for the emissive layers (and therefore a 
various series of photoluminescence (PL) measurements.

different thicknesses of MEH-PPV layer covered with 2nm of Al2O3 ox
on top different thicknesses of PFO layer from the same solvent.  

o grow ultra thin oxide films of only few nanometers we have used Atomic Layer 
chemical vapour deposition technique used for grow high quality, 

with atomic level thickness control [6]. Al 2O3 films grown by ALD have been 
dy used to encapsulate OLEDs [7] or organic photovoltaic cells (OPV) [

potential barrier films for organic devices [9]. 

function of the ALD layer before depositing PFO w
several times on prepared MEH-PPV layers 

The results are shown on Figure 5a.  

 

 

(a)                                                                     (b) 

. ALD as a protective layer: (a) PL of solvent test (b) photo of samples with and without 
ALD protective layer under solvent test. 

A small shift in the wavelength emission can be seen but no significant decrease in intensity.  It 
chemical or physical structural damage takes place when the solvent is 

coated on top of the organic layer.  

proof, photos were taken for the organic layer with and without ALD 
protective layer, after a solvent spin coat process. It is clearly visible that without the ALD 

Blend solutions are very difficult to control, very sensitive to any change 
of concentration of any component. White spectrum is rather a product of molecular interaction 
between blend components than a single color mixing from different layers (like it is obtained in 

stability and reproducibility of blend 

One great advantage of multilayer devices over blend ones is the easy control of color 
layers.  It is also much 

slight thickness changes or voltage 

therefore a good color 
measurements. We prepared 

oxide film and  we 

used Atomic Layer 
grow high quality, 

films grown by ALD have been 
ltaic cells (OPV) [8] and have been 

we spin-coated the 
 and check their 

. ALD as a protective layer: (a) PL of solvent test (b) photo of samples with and without 

A small shift in the wavelength emission can be seen but no significant decrease in intensity.  It 
when the solvent is 

proof, photos were taken for the organic layer with and without ALD 
ly visible that without the ALD 
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layer, the bottom organic layer gets dissolved (discoloration of the layer) while when the ALD 
layer is present, the organic layer retains the same coloration as the original MEH

For 30nm MEH-PPV and 60nm 
(0.44, 0.38) which corresponds to 

Using the thicknesses obtained previously for the PL measurements, the device A was 
fabricated (Fig. 5a).        

 

 

 

 

 

                 

 

                                  (a)                              

 

 

 

                                                               

              

                          

 

                                  (c)                                                                    

Figure 5.: White OLEDs: DEVICE A structure (a) and energy levels (b). 

 
Fabrication: 
50nm PEDOT-PSS layer (hole 
followed by spin coating 30nm of MEH
a 2nm thickness. We have done various tests to find out the exact thickness of the ALD layer to 
be used in our devices. We have found that 2nm is the optimal thickness to protect the bottom 
organic layer from dissolving as 
On top of the Al2O3 film, a
Aluminum  layer cathode. 
APPENDIX A. 
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layer, the bottom organic layer gets dissolved (discoloration of the layer) while when the ALD 
layer is present, the organic layer retains the same coloration as the original MEH

and 60nm PFO layer, the PL measurements gave the CIE 
corresponds to “warm white light” - illuminant A (tungsten light bulb

Using the thicknesses obtained previously for the PL measurements, the device A was 

                                                                                            (b)  

                                                                                             

 
 

(c)                                                                                             (d) 
                 
 

.: White OLEDs: DEVICE A structure (a) and energy levels (b). DEVICE B
structure (c) and energy levels (d) 

hole transport) was deposited on ITO-covered glass substrates, 
spin coating 30nm of MEH-PPV layer. The Al2O3 layer was then grown at 80C for 

have done various tests to find out the exact thickness of the ALD layer to 
d in our devices. We have found that 2nm is the optimal thickness to protect the bottom 

organic layer from dissolving as well as to allow the electrons to tunnel through the oxide layer.  
a 60nm PFO layer was spincoated , followed by a thick 100nm

layer cathode. More details about the device fabrication can be found in 

layer, the bottom organic layer gets dissolved (discoloration of the layer) while when the ALD 
layer is present, the organic layer retains the same coloration as the original MEH-PPV layer.  

CIE coordinate to be 
(tungsten light bulb, Fig.9). 

Using the thicknesses obtained previously for the PL measurements, the device A was 

 

 

DEVICE B 1 and B2 

covered glass substrates, 
layer was then grown at 80C for 

have done various tests to find out the exact thickness of the ALD layer to 
d in our devices. We have found that 2nm is the optimal thickness to protect the bottom 

well as to allow the electrons to tunnel through the oxide layer.  
, followed by a thick 100nm 

More details about the device fabrication can be found in 
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Figure 4 shows the normalized EL and PL spectra obtained for the structure A. As can be seen, 
both spectra are very similar, showing both contributions from the MEH-PPV (peak at 550nm) 
and the PFO emission (peak at 430nm and 460nm). 

 

 
 
 
 
 
 
 
 
 
 
 
 

                                           (a)                                                                                    (b) 
          
Figure 6. : Normalized PL and  EL spectra for structure A (a),  comparison of the normalized EL  

spectra for  devices (b). 
 

The I/V and L/V characteristics and the corresponding efficiencies of DEVICE A are depicted 
on Figure 7. 

 

 
  

 

  

  

 

 

 (a)                                                                                  (b) 

Figure 7. : (a) I/V and L/V diagrams (b) efficiencies. 

High turn on voltage and low efficiency of device A would indicate pure carrier injection into 
device and some internal losses.  In organic materials before decaying radiatively, the excitons 
can travel several nm before recombination. Most probably in device A, part of the excitons 
created in the PFO emissive layer is quenched (“escape”) by the proximity of the Al cathode. 

To prevent this quenching and to enhance the blue light emission (and therefore the device 
efficiency) we introduced a 1, 3, 5-tris (2-N-phenylbenzimidazolyl) benzene (TPBI) blocking 
layer between the PFO emissive layer and the Al contact (device B1, Figure 5c).  

The fabrication of the device B was the same as for the device A, the only difference was that 
after the PFO layer, we deposited an additional Al2O3 layer and spin-coated 10nm of TPBI layer 
on it.  
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The HOMO level of TPBI is so low that it is energetically very hard for the holes to reach the 
Al cathode(Fig.5d). Most of them 
As expected, we can see an efficiency enhancement (
blue light coming out of the OLED

Moreover we can see a significant drop in the threshold voltage
would indicate a better carrier injection into 
alignment (smaller energy barrier for electron injection) 
work function of Al cathode (Fig

What is surprising and promising for future applications is that we don’t see much 
influence from the additional ALD layer neither in the threshold voltage nor in the 
efficiency. 

Figure.8 shows two pictures of
the TPBI layer. 

Figure 8. : (a) DEVICE A, no TPBI (b) DEVICE B

To further improve the CIE coordinates
and the PFO thickness to 40nm (
for the device B1. The only difference was 

For the device B2, we obtained 
perfect white (0.33, 0,33) coordinates. 
the increase in the blue emission contribution from device A to device B1 to device B2, which 
corresponds to an improvement

The threshold voltage in device B2
This is also the lowest possible voltage that could be obtained since it corresponds to 
band gap (3.10±0.10 eV [10]).

Table 1. 

 

DEVICE A PEDOT/MEH_30nm/Al2O3_2nm/PFO_60nm

DEVICE B1 PEDOT/MEH_
/TPBI_10nm

DEVICE B2 PEDOT/MEH_20nm/Al2O3_2nm/PFO_40nm/ Al2O3_2nm 
/TPBI_10nm
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is so low that it is energetically very hard for the holes to reach the 
Most of them stay within the device to finally recombine with the electrons.

efficiency enhancement (Fig. 7b) and an increase in 
OLED, thus CIE improvement (Fig. 6b, Fig. 9) in device

Moreover we can see a significant drop in the threshold voltage (comparing to device
better carrier injection into the device (Fig. 7a). This is due to a better energy 

(smaller energy barrier for electron injection) between the LUMO 
(Fig. 5d).  

What is surprising and promising for future applications is that we don’t see much 
additional ALD layer neither in the threshold voltage nor in the 

two pictures of white OLEDs, one with (device B1) and one without 

 

: (a) DEVICE A, no TPBI (b) DEVICE B 1, with TPBI.

CIE coordinates, we decreased the thickness of the MEH layer to 20nm 
PFO thickness to 40nm (device B2). The fabrication of the device B2 was the same as 

for the device B1. The only difference was in emissive layer thicknesses.   

we obtained the CIE coordinates of (0.37,0.37) which are very
perfect white (0.33, 0,33) coordinates. The normalized EL spectra in Figure 6
the increase in the blue emission contribution from device A to device B1 to device B2, which 
corresponds to an improvement in the CIE coordinates towards “pure white”. 

device B2 is as low as 3V which indicates very good carrier injection. 
This is also the lowest possible voltage that could be obtained since it corresponds to 

).  

Table 1. CIE coordinates of devices A, B1 and B2. 

Device structure 

PEDOT/MEH_30nm/Al2O3_2nm/PFO_60nm 

MEH_30nm/Al2O3_2nm/PFO_60nm /Al2O3_2nm 
/TPBI_10nm 

PEDOT/MEH_20nm/Al2O3_2nm/PFO_40nm/ Al2O3_2nm 
10nm 

is so low that it is energetically very hard for the holes to reach the 
within the device to finally recombine with the electrons. 

increase in the amount of 
in device B.  

(comparing to device A) which 
due to a better energy 

between the LUMO of TPBI and the 

What is surprising and promising for future applications is that we don’t see much 
additional ALD layer neither in the threshold voltage nor in the 

without (device A) 

, with TPBI.  

thickness of the MEH layer to 20nm 
The fabrication of the device B2 was the same as 

) which are very close to a 
ormalized EL spectra in Figure 6b show very well 

the increase in the blue emission contribution from device A to device B1 to device B2, which 

is as low as 3V which indicates very good carrier injection. 
This is also the lowest possible voltage that could be obtained since it corresponds to the PFO 

CIE 

0.42,0.44 

0.41, 0.39 

0.37,0.37 
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Figure 9.  CIE coordinates of devices A, B1 and B2. 
 
 

The efficiency of all the devices could be dramatically improved (orders of magnitude) using 
novel phosphorescent materials with almost 100% internal quantum efficiencies (comparing to 
25% for polymers materials) and by replacing the Al cathode with other cathode with higher 
work function (exp.Ca) to facilitate the electron injection. 

Conclusions 

In our work, we have demonstrated the fabrication of a fully solution processed white OLED 
with very good CIE coordinates (0.37, 0.37). We show that inserting an ultrathin insulator layer 
in between the solution processed organic layer avoids the dissolving of the bottom organic 
layers and leads to efficient working devices. Such approach enables a complete freedom of 
choice for the solvents to use for the organic materials. We show that the addition of more than 
one ALD layer does not seem to increase the operating voltage of the device and does not affect 
the efficiency of the device. We showed that, by obtaining a proper energy alignment of the 
organic layers, we can increase the device efficiency independently of the numbers of ALD 
layers present in the device structure. Such results show that the ALD technique opens up new 
possibilities for the fabrication of fully solution processed, efficient white OLEDs.  
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APENDIX A.  

ITO glass plates (Laboratory für Bildschirmtechnik, University Stuttgart) (100 nm, 15 Ω / sq) 
were extensively cleaned, using a sequence of acetone and isopropanol ultrasonic washing steps 
and were exposed to UV-Ozone just before the deposition of the organic film.   A thin PEDOT-
PSS (HCStarck) hole injection layer was first deposited then heated  10min at 120C. Next the 
red emissive layer was spin coated from MEH-PPV (3mg/ml) solution in CHCl3. Atomic Layer 
Deposition technique (ALD), model Savannah 100 ALD system from Cambridge Nanotech was 
used to deposit an ultra thin layer of Al2O3 on top of the MEH-PPV  layer.  The deposition 
temperature was 80 o C, the chamber pressure 0.1 Torr and the N2 flow 20 sccm, with successive 
pulses of H2O and trimethylaluminum (TMA) for 15 ms each, for a deposition rate of 0.11 nm / 
cycle.  The thickness deposited was 2 nm, which corresponds to a deposition time of about 20 
mins. Then a   blue emissive layer was spincoated on top of the ALD layer, using a solution of 
PFO (8mg/ml) in CHCl3,  then an ALD layer of 2nm again and finally a TPBI layer also 
deposited by spin coating. Finally, thermally evaporated (< 5 x 10-6 mbar base pressure) Al 
films were used as cathode for the devices. Devices were characterized in darkness and in an 
inert atmosphere (< 0.1 ppm H2O and O2).  Current density and luminance versus voltage curves 
were measured using the Keithley 236 Source Measure Units and a photodiode coupled to a 
Keithley 6485 picoampmeter, using a luminance meter Minolta LS100 to calibrate the 
photocurrent.   CIE of PL spectra were taken by integrated sphere. CIE EL calculated from EL 
spectrum using following formula:   � �  � � ��λ	 
�λ	 �λ  

�


 where: i = x, y, z  ; xi =  color 

weighting functions ;  Xi = numbers ;  S(λ) – normalized  EL spectrum 

x coordinate: � �  
�

�����
  ;  y coordinate: � �  

�

�����
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