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Abstract 
Organic Vapor Phase Deposition (OVPD) equipment 
enables the accurate and simultaneous control of deposition 
rates of multiple materials as well as their homogenous 
mixing in the gas phase. Graded or even cross-faded layers 
by varying carrier gas flow are options to improve OLED 
performances. As example, we will show how the efficacies 
of standard red phosphorescent OLEDs with sharp 
interfaces can be increased from 18.8 cd/A and 14.1  lm/W 
(1,000 cd/m2) to 36.5 cd/A (+94 %, 18 % EQE) and 
33.7 lm/W (+139 %) by the introduction of cross-fading, 
which is a controlled composition variation in the organic 
film. 

 
 

1. Introduction 
 

Nowadays, organic light-emitting diodes (OLEDs) 
are used for small displays and are attracting much 
attention for future light sources[1]. Here, white 
emitting OLEDs are promising as area light sources 
and latest results significantly extended the efficacy. 
Even 124 lm/W (CIE: 0.45; 0.47) were reported 
attributed predominately to an improved light 
outcoupling[2]. The fabricated OLED stack applied a 
layer structure with sharp interfaces and mixtures of 
maximum two materials[2]. However, other OLED 
structures were suggested like using three organic 
materials in one layer[3,4,5] and various improvements 
on the overall OLED performance were observed[3,4]. 
One group attributed the improvement of their OLED 
stack to the improved hole transport in the emissive 
layer (EML), since the hole transport was shifted from 

 
the optical dopant to the co-dopant with a lower 
HOMO level than the optical dopant[4]. By this 
approach, a quasi ideal host with perfect HOMO and 
LUMO levels was created by the combination of a 
conventional host for the electron transport and the 
co-dopant for the hole transport.  

Beside the use of more than two different organic 
molecules in one layer, also a continuous transition 
between the different layers could improve the OLED 
performance. For example, studying a simple bi-layer 
OLED of NPB and Alq3 with sharp or continuously 
graded interface, Kido observed that the efficacy is 
the same but the lifetime could be improved by a 
factor of 2.5 for the non-sharp heterojunction[6]. This 
can be attributed to a reduced charge accumulation at 
the heterojunction and an improved distribution of 
charge carriers and excitons. 

Consequently, mixing of more than two organic 
materials and non-sharp interfaces offer options to 
improve the overall OLED performance. Here, OVPD 
combines the individual control of deposition rate of 
organic materials, their homogenous mixing in the gas 
phase, and thus allows multi-layer deposition with 
different layer compositions and even complex 
concentration gradients in the layer[7,8,9]. The OVPD 
enables not only varying one rate, resulting in a 
concentration gradient, but even multiple rates at the 
same time, enabling cross-fading, e.g. one rate is 
decreased and another increased keeping the total 
deposition rate on a predefined level. 
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2. Cross-fading concept 
 

The cross-fading concept is illustrated in the 
following. In Fig. 1, a virtual example is given for 
controlling deposition rates of three materials (r1, r2, 
r3), which are superposed as they mix in the gas phase. 
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Fig. 1: Example of superposition of multiple 

deposition rates in OVPD 
 
 

In zone 1, the flow of materials 1 and 2 is switched 
on and the total deposition rate is the sum of both 
individual rates (rtot = r1 + r2). During zone 2, the rate 
of material 3 is increased linearly increasing the total 
deposition rate (rtot = r1 + r2 + r3) and changing the 
concentration of material 3 during deposition resulting 
in a concentration gradient of material 3 in the 
deposited layer. In zone 3, a constant mixture of three 
materials is deposited. In zone 4, the deposition rate of 
material 2 is kept constant, whereas material 1 is 
“faded out”, by linearly decreasing its rate. At the 
same time, the rate of material 3 is increased with the 
opposite slope. This illustrates an example of cross-
fading. The accurate control of desired variations of 
the deposition rates during continuous deposition is a 
unique feature of the OVPD technology.  
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Fig. 2: Red phosphorescent OLED base structure 
 
 

To illustrate how this concept of cross-fading can 
successfully be applied, we chose as reference a red 
not optimized OLED stack, shown in Fig. 2. The 
OLED consists of 4 organic layers of 20 nm HIM001 
as hole injection layer (HIL), 20 nm HTM001 as hole 
transport layer (HTL), 40 nm host H001 doped with 

7 % of the red dopant G001 as emission layer (EML) 
and 30 nm ETM001 as electron transport layer (ETL) 
followed by a LiF/Al cathode. 

 

H
00

1:
G

00
1

HIL HTL EML

D
ep

os
iti

on
R

at
e

Time / Sequence of deposition

CFL ETL

100 % 93 %

7 %

H
IM

00
1

E
TM

00
1

H
TM

00
1

 
 

Fig. 3: Layer structure with cross-faded layer 
 
 

In Fig. 3, the deposition sequence of our reference 
device (rf. Fig. 2) is shown, in which a cross-fading 
layer (CFL) is introduced between the HTL and EML. 
In this example, the rate of HTM001 is linearly 
reduced whereas the rate of H001 and dopant G001 is 
linearly increased. Even such kind of sophisticated 
concentration gradients like cross-fading layers can be 
implemented by OVPD.  

In the following, we will discuss the application of 
the mixing and cross-fading concept on a red OLED 
stack demonstrating the potential for further 
improvements on OLED stacks for future lighting 
tiles. 

 
 

3. Experimental  
 

In order to deposit the targeted structures, we 
utilized the innovative OVPD technology[7]. Fig. 4 
shows the principle of an OVPD deposition chamber.  
 

 
 

Fig. 4: Schematic diagram of OVPD technology 
 
 

The source materials are stored in heated source 
containers. The inert carrier gas (N2) is saturated by 
subliming molecules and transports them towards the 
substrate. Valves are controlling the organic source 
material flows and allow selecting any desired 
materials (e.g. hosts and/or dopants) which are mixed 
in the gas phase prior to deposition in any desired 
sequence. The showerhead assures uniform and highly 
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efficient deposition on the cooled substrate, on which 
the materials condense to form the desired films. 

In OVPD, utilizing carrier gas transport, the molar 
flow of materials qm is approximately described by: 
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Here, qs is the carrier gas source flow, Vmol is the 

molar gas volume, ps is the source pressure, and pvap is 
the temperature-dependent vapour pressure of the 
organic material. In the experiments, the source 
container, thus the organic material, is kept at a 
constant temperature. Fig. 5 shows deposition rate vs. 
carrier gas source flow of the materials HTM001, 
H001 and G001. The deposition rates increase linearly 
with increasing source flow qs as described by 
equation (1) and are shown by the dashed lines. At 
source flows higher than ca. 100 sccm, the 
dependence is getting sub-linear due to increasing 
source pressure ps with increasing source flow qm, 
which is discussed elsewhere[7]. 
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Fig. 5: Deposition rate vs. carrier gas source flow 

in OVPD for HTM001, H001 and G001 
 
 

In this work, the limits of flow variation have been 
set such that the deposition rate has been changed 
close to their linear fittings. As a result, the rates are 
linearly increased, respectively decreased. Obviously, 
by altering the source flow in a controlled nonlinear 
manner other rate variations can be implemented.  

ITO coated, pre-cleaned and oxygen plasma 
activated glass substrates were used. All OLEDs have 
been deposited at a deposition chamber pressure of 
0.9 mbar. All efficacies have been measured at a 
luminance of 1000 cd/m2. 

 
 

4. Results and discussion 
 

For the reference standard OLED device (Fig. 2), a 
luminous efficacy of 14.1 lm/W and a current efficacy 
of 18.8 cd/A at 4.18 V and 5.32 mA/cm² have been 

measured. The impact of an additional layer with 
varying thickness between HTL and EML as shown in 
Fig. 3 was investigated. Here, interlayers with 
constant mixed HTM001:H001 ratio of 1:1 as well as 
with cross-faded layer (CFL) of HTM001, H001 and 
G001 were fabricated. The total thickness of 
HTL + CFL + EML was kept constant with 60 nm 
comparing to the total thickness of 20 nm HTL and 
40 nm EML of the reference structure, Fig 3. The 
color point of all OLEDs is the same with CIE 
(0.62/0.38). The measured current efficacy (left axis) 
and luminous efficacy (right axis) vs. the interlayer 
thickness in comparison of devices utilizing cross-
fading (crosses) and layers with constant mixing ratio 
(circles) is shown in Fig. 6. 
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Fig. 6: Current and luminous efficacy vs. thickness 

of CFL and constant mixture interlayers 
 
 

For both concepts, i.e. cross-faded and mixed 
interlayer OLEDs, the efficacies are improved 
compared to the reference up to an interlayer 
thickness of 20 nm. Further increase of the interlayer 
thickness leads to continued increase of efficacies for 
the cross-faded device only. The maximum efficacies 
are achieved at a CFL thickness of 40 nm with a 
current efficacy of 29.3 cd/A and luminous efficacy of 
25.9 lm/W. The increase in efficacy is attributed to an 
improved hole injection from the HTL to EML 
suppressing charge accumulation due to the lower 
HOMO level of the H001 compared to the HTM001, 
see Fig. 7. CFL enables an interpenetrating network of 
a predominately hole conducting zone, which fades 
into a predominately electron conducting zone thus 
the recombination zone gets broader as targeted by the 
EML thickness as discussed elsewhere[8,9]. In addition, 
the roll-off effect improves due to the CFL approach[8]. 
Further increase of the CFL thickness beyond 40 nm 
results in decreasing efficacies attributed to a shift of 
the recombination zone. 

This motivated to investigate a different device 
structure in which the EML is replaced by the CFL as 
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shown in Fig. 8 and the corresponding energy levels 
in Fig. 9. 
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Fig. 7: OLED base structure with energy levels 

 
 

Best performance has been achieved with a CFL, in 
which the HTM is decreased from 96 % to 0 % 
deposition rate, while the rate of the host (H001) is 
increased from 0 % to 96 % simultaneously and while 
the rate of the dopant (G001) is kept constant at 4 %. 
This device design leads to even further increased 
efficacies of 36.5 cd/A (18 % EQE) and 33.7 lm/W.  
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5. Summary 
 
We have found that the introduction of a cross-faded 

layer (CFL) can significantly increase both current 
and luminous efficacies of a red phosphorescent 
OLED to 36.5 cd/A and 33.7 lm/W (+ 94 % and 
+ 139 %) demonstrating the effectiveness of new 
OLED stack designs utilizing controlled, non-sharp 
interface and layer concepts like grading or cross-
fading. In further studies, the concentrations in OLED 
with constant mixing ratio as well as the profile shape 
in CFL OLED should be optimized. The investigated 

OLED stack designs were processed by OVPD 
enabling a new approach for overall OLED 
optimization towards future lighting tiles including 
OLEDs with more than one optical dopant. 
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