Chapter 8

Introduction to Organic Vapor Phase Deposition
(OVPD®) Technology for Organic
(Opto-)electronics

Dietmar Keiper, Nico Meyer, and Michael Heuken

Abstract In this chapter, the organic vapor phase deposition (OVPD®) technology
combined with the Close Coupled Showerhead (CCS) technology for the fabrication
of sophisticated opto-electronic organic devices based on open literature will
be shortly reviewed. Typically, organic (opto-)electronic devices are fabricated
by vacuum thermal evaporation (VTE), which is in contrast with the ovPD®
technology. The deposition of single organic films, the morphology control by
OVPD and the proposed benefits of mixing organic materials, and applying non-
sharp interfaces for the overall organic light emitting diode (OLED) performance
will be discussed.

8.1 Introduction

The first two-layered organic light emitting diode (OLED) consisting of «-NPD
and Alq, was reported by Kodak in 1987 [1]. Since that time organic (opto-)
electronic devices like Thin Film Transistors (TFTs), solar cells, photo detectors
and especially OLEDs for display and solid-state lighting applications have been
intensively investigated [2—-6]. OLEDs feature beneficial intrinsic properties such as
high brightness, low energy consumption, and wide viewing angle characteristics
realized in thin devices on glass or on even flexible substrates. This makes them
attractive for display application, where they are nowadays applied in cell phones or
MP3 players. The next field of commercialization is solid-state lighting [7,8]. Here,
OLEDs reveal additional benefits as area light source with flexible form factors
in different colors ranging from red to blue or color mixtures like white light.
Latest works on white emitting OLEDs significantly extended the external quantum
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efficiency (EQE) and efficacies of 102Im/W (CIE: 0.41; 0.46) [9, 10] and even
124 Im/W (CIE: 0.45; 0.47) were reported using sophisticated organic materials,
multilayer OLED stack designs together with improved light outcoupling (ILO)
structures [11]. These high efficacies could only be achieved by a sophisticated, ILO
approach. Despite the fact that the CIE coordinates are not on the Planckian locus
these results prove the potential of OLEDs for solid-state lighting. But beside the
efficacy also other, maybe interacting, aspects like lifetime, color, internal quantum
efficiency, uniformity, and reproducibility need to be addressed. This needs further
improvements on the applied organic materials and on the overall OLED design and
fabrication.

The above described record OLED stack applied a layer structure with sharp
interfaces and mixtures of in maximum two organic materials [11]. However, other
OLED structures were suggested like using three organic materials in one layer and
different improvements on the overall OLED were observed [12—14]. One group
attributed the improvement of the OLED stack to the fact that the hole transport
in the emissive layer (EML) was improved by shifting it from the dopant to the
co-dopant. The latter has a lower HOMO than the dopant [9, 13]. By the latter
approach a quasi ideal host with perfect HOMO and LUMO levels was created
by the combination of a Host, for the electron transport, and an additional second
dopant for the hole transport.

Beside the use of more than two different organic molecules in one layer, also
a continuously graded transition between the different layers could improve the
OLED performance and lifetime, as reported by Kido [15]. Thus, mixing of more
than two organic materials and none sharp interfaces offer options to improve the
overall OLED performance. Obviously, also other (opto-)electronic organic devices
like OTFTs or organic photovoltaic (OPV) could benefit from such approaches.

Typically, these organic devices are fabricated by vacuum thermal evaporation
(VTE) technology at chamber pressures of approximately 107¢ mbar where the
organic material is heated in a source, e.g., crucible, and the organic vapor is
deposited on the opposite positioned substrate. Due to the geometrical arrangement
of evaporation source and substrate in the same chamber the deposition of material
mixtures or concentration gradients with high uniformity on the substrate is limited.
In contrast, using the organic vapor phase deposition (OVPD®) technology organic
films with material mixtures or even complex concentration variations can be
deposited with high homogeneity on the substrate. A detailed comparison of the
ovPD® technology with the VTE technology is given elsewhere [16, 17].

In the following, we will shortly review the ovrD® technology combined with
the Close Coupled Showerhead (CCS) technology for the fabrication of sophisti-
cated opto-electronic organic devices based on open literature. The deposition of
single organic films, the morphology control by OVPD and the proposed benefits of
mixing organic materials and applying non-sharp interfaces for the overall OLED
performance will be discussed.
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8.2 OVPD® Basics and Industrial Concept

Forrest introduced the OVPD® principle to overcome many limitations of the
standard VTE [18, 19]. Due to the gas phase transport principle of ovpPD®
the arrangement of evaporation and condensation on a substrate is decoupled as
opposed to VTE. Thus, in OVPD the evaporation area, also called source area, and
deposition area can independently be optimized [16]. A schematic of AIXTRON’s
Gen 2 OVPD® equipment is shown in Fig. 8.1. The organic source materials
are placed in physically separated source containers arranged in separate furnaces
remote from the deposition chamber. In this example four furnaces with three
source containers each are shown; however, the amount and arrangement of source
containers is flexible. The temperature of each furnace, thus of the organic materials,
is controlled. As a consequence a defined vapor pressure of organic material is
present in the source container, which is an enclosed volume. Individual pneumatic
high-temperature valves switch the source flows transporting the organic material by
the carrier gas, e.g., nitrogen, towards the hot wall deposition chamber. The amount
of organic material transported to the deposition area (¢material), given in mol/min,
is described by the formula below and depends on the vapor pressure of the organic
material (Pvayp = Pyvap(T)), the total pressure in the source container (Psource), and
source flow of nitrogen carrier gas through the source (gsource). Here Ve is the

molar volume.
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Fig. 8.1 Close Coupled Shower Head Technology for industrial scale production of organic
devices by ovpD®
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By altering the source flow gsoyree using mass flow controllers (MFCs) and keeping
the source temperature constant, thus Py, is constant, enables a linear control of the
organic material gmaerial transported to the deposition chamber [16, 18].

The individual switching of the high-temperature source valves (HT-Valves)
enables a rapid on/off control of the respective deposition offering high precision
control of layer interfaces as well as minimization of material waste. In addition,
due to the heated runlines any unintentional condensation of organic material is
avoided. The organic molecules are homogeneously mixed in the gas phase prior to
be introduced uniformly through the heated showerhead across the entire substrate
leading to a homogeneous condensation of the desired organic film on the substrate.
The latter is placed on the cooling block and can be equipped with an alignment
stage ensuring the required substrate to mask alignment. The advantages of the
ovPD® technology can be fully exploited in combination with the CCS technology.
The latter ensures a uniform deposition and condensation of the organic molecules
over the substrate without any substrate rotation or related methods. Due to the
heated lines and the controlled gas phase transport no unintended deposition of
organic molecules occurs in the hot wall OVPD® chamber. Instead most of the
material is deposited on the cooled substrate resulting in a high material utilization
[16,17].

This approach combining the ovPD® technology with the CCS technology
enables the fabrication of a full OLED stack in a single OVPD® chamber and is
not limited for scaling to any size and can be realized in a vertical or horizontal
arrangement. Furthermore, this ovPD® approach for the deposition of organic
films and devices offers potential for low maintenance cycles, high material
yield, high reproducibility, well-defined doping with multiple dopants, films with
concentration gradients and high throughput, which are key factors for industrial
mass production at low cost of ownership [16, 17].

8.3 OVPD® Deposition of Organic Thin Films and Devices

8.3.1 Single Film Deposition

The basis for the fabrication of organic devices is the homogeneous deposition
of high-quality, single films at high deposition rates with good controllability and
reproducibility, which is important for a high tact-time and production yield. In
OVPD® the source flow is precisely controlled by standard MFCs. Depending on
the material specific vapor pressure the material transport can be controlled by
the amount of carrier gas flow through the source. Thus, the deposition rate of
each material can be adjusted as function of the source carrier flow (gsource) for
individual evaporation temperatures (Pv., = Pvsp(Temp)) and source container
pressures ( Psource) resulting in the expected deposition rate, as shown in Fig. 8.2
for Alq; deposited in a Genl system. With increasing source flow the Alq; rate
increases linearly up to approximately 150 sccm followed by a sub-linear increase
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Fig. 8.2 Algj rate as function of source flow with different source temperatures for a Gen1 system.
The rate increases linearly with source flow up to approximately 150 sccm, followed by a sublinear
increase. The rate is significantly increased with source temperature (313°C vs. 288°C) reaching
100 A/s

towards 500 sccm. The latter is a result of the increased source container pressure
Psource due to the higher source flow. By raising the source container temperature
form 288°C to 313°C the deposition rate increases for 500 sccm up to 100 A/s.
Such high deposition rates are favorable for short tact-times. The drastic increase
in rate by altered source temperature is due to the increased organic vapor pressure
Py,p described by the Clausius—Clapeyron equation. Worth to mention, in VTE the
only option to control and increase the deposition rate is to alter the evaporation
temperature. However, here a small change in source temperature has a large impact
in rate. In contrast, in OVPD® the source temperature is kept at a predefined level
ensuring the required range of deposition rates, but the deposition rate itself is
adjusted by the nitrogen carrier gas source flow through the source container, which
can be controlled in an accurate manner.

Obviously, by adding an additional source container of the same organic material
at the same source temperature, the potential maximum deposition rate is doubled.

The film thickness is determined by the deposition rate and the deposition time.
The latter is the time, when the source valves are open and the nitrogen carrier gas
passes through the source container. The digital on/off of the HT-Valves enables
the exact determination of the film thickness and sharp interfaces of subsequent
organic layers. Figure 8.3 illustrates the in-situ measured Alq, rate for different
source flows ranging from 20 sccm to 500 sccm and open (HT-Valve OPEN = 1)
as well as closed source valves. With opening and closing of the source valve
the in-situ measured deposition rate digitally increases and decreases, ensuring a
precise control and reproducibility of the deposited film thickness. This digital
on/off promotes sharp interfaces of subsequent organic layers. With increased
source flow the Alq; deposition rate increases. Applying the same source flow the
same deposition rate is achieved, obviously, as shown here for a rate of 3.9 Als
at a source flow of 50 sccm. These results demonstrate that abrupt interfaces and
reproducible thickness parameters can be realized with the control of the pneumatic
source valves and precisely controlled nitrogen carrier gas flows [16,20].
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Fig. 8.3 Alq; deposition rate measured in-situ as function of time for different nitrogen source
flows and HT-Valve switching (on/off). The Alq; rate shows a digital on/off and increases with
source flow

In addition, not only the short-term stability but also the long-term stability of
the source conditions and deposition rates was investigated in Genl and Gen2. For
example for the latter at a rate of 12.28 A/s a run-to-run deviation of 0 = 0.3%
was observed and over 500h of continuous operation time at identical process
parameters a standard deviation of only 0 = 1.93% was measured [16].

The uniformity of the deposited organic films is crucial for a high production
yield. OVPD® ensures by applying the CCS technology that the organic film
is deposited with maximum uniformity with respect to thickness deviations over
the substrate. For example for Genl systems thickness deviations below 2%
and even below 1% were measured. In parallel for Gen2 systems an absolute
thickness deviation of 1.7% over the diagonal with standard deviation 0 = 1% were
achieved [16].

These experimental uniformity values confirmed our predictions based on fluid
dynamic simulations together with the material utilization efficiency for Gen2
of 50% or more. Based on these experiences the deposition chamber including
showerhead was scaled and further developed towards Gen4 size (730 x 920 mm?)
and the thickness uniformity evaluated. Figure 8.4 shows the simulated deposition
rate distribution over the Gen4 substrate. Here a deposition rate of 24 A/s is shown as
red color in the graph, 23 A/s as light green and 22 A/s as light blue color. The rates
in between are interpolation from these colors. The entire Gen4 substrate shows a
pure light green color illustrating that the deposition rate is very uniform over the
entire substrate. The inset in the Graph shows the rate deviation assuming different
edge exclusions. For a small edge exclusion of 3mm a rate deviation of 0.52%
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Fig. 8.4 Simulated film thickness uniformity of Alq; deposited on a (730 X 920) mm? glass
substrate

was achieved. Even in case of no edge exclusion at all (0 mm) the rate deviates
only by 1.15%. This feasibility study shows that high uniformities below 2% or
even below 1% can be achieved proving the good scalability of the ovpD®-ccs
technology, Fig. 8.4. In addition, the material utilization efficiency is expected to
increase significantly from Gen2 towards Gen4 [20].

In conclusion, we have demonstrated that the combination of CCS and ovpPD®
enables highly reproducible deposition rates with remarkable thickness uniformi-
ties. Extending this precise process controllability of a single material to several
materials offers a valuable technology for the co-evaporation of several materials
for example mixed hosts or accurate doping of dyes as will be discussed in the
following.

8.3.2 Organic Film Morphology

The layer morphology, thus the physical properties, of the deposited layer are
affected not only by the substrate but also by the deposition process itself and the
deposition parameters, like deposition rate or substrate temperature [16,21-23].
In VTE the source (crucible) is placed opposite the substrate. To increase the
deposition rate, the crucible is heated to a higher temperature leading to higher
heat radiation which passively increases the substrate temperature. Thus rate and
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Fig. 8.5 RMS roughness of 50-nm thick «-NPD films on silicon substrates deposited with
different deposition rates ranging up to 87 A/s

substrate temperature are changed simultaneously. In contrast, in ovPD® altering
the deposition rate, e.g., by changing the nitrogen source flow, has no impact on the
substrate temperature due to the separation of source area and deposition area. The
deposition parameters rate and substrate temperature can be altered independently
[16, 17]. Furthermore OVPD® offers an additional deposition parameter, the
deposition pressure, thus in total three deposition parameters to control and modify
the morphology of organic films [24].

In first approximation, OLED devices require smooth films and smooth organic
interfaces. To achieve a low CoO for the OLED production the tact-time should
be short thus the deposition rate should be high. However, it was observed that
with increased deposition rates the roughness of the deposited organic films was
increased [16, 22, 23]. Thus, it is crucial to ensure that even for high deposition
rates smooth organic films can be deposited. For evaluation «-NPD films with
different high deposition rates ranging from 8.2 A/s up to 87 A/s were deposited
on silicon substrates. The rates and thickness of these films were ex-situ verified
by ellipsometry. The surface roughness of these 50-nm thick organic films was
determined by AFM measurements and the results are shown in Fig. 8.5. The RMS-
roughness of these films varies within 0.6 nm and 1.0 nm whereas the RMS value for
87 A/s is 0.7 nm. These RMS values are in the order of the dimensions of the used
organic molecules. This, proves, that even for deposition rates as high as 87 A/s
monomolecular smooth films of «-NPD were deposited, see Fig. 8.5 [25].

Whereas for OLEDs smooth interfaces are preferred the requirements for OPV
cells are different. For example, to enhance the OPV efficiency the concept of a bulk
heterojunction was introduced to extend the interface responsible for the electron
hole splitting. As a consequence a rough morphology composed from well-defined
polycrystalline or even crystalline layers are preferred instead of smooth amorphous
films as preferred for OLED stacks [20,26,27]. Besides getting a rough morphology
on a smooth substrate, also the planarization of a rough substrate can be an issue of
interest.

Beside the topology of the organic film also the physical properties can
be affected by the optimisation of the deposition parameters. Figure 8.6 shows
the measured current density for a hole-only-device as function of the substrate
temperature during deposition of the HIL material. Increasing the substrate
temperature towards 40°C results in a significant increase of the current density
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Fig. 8.6 Current density of a hole-only-device based on a material for a hole injection layer (HIL).
When deposited at higher substrate temperature the current density improves

improving the electrical conductivity of the investigated HIL material [25]. This
demonstrates, that the potential of an organic material, which shows, e.g., at the first
investigation no promising material properties, can be fully exploited by optimizing
the deposition parameters. This parameter optimisation is obviously not limited to
the substrate temperature but also the deposition pressure or rate could be used for
optimisation.

Typically the used organic materials offer a broad deposition parameter window
with respect to rate, substrate temperature, and pressure for the deposition of smooth
films. However, some organic film and material properties might by possible to be
improved with respect to the device and production requirements. This is especially
true for OPV application, where rough and even crystalline films are preferred for
some applications. It can be concluded that OVPD® offers the option to achieve
specific organic film morphologies required by individual process parameters.

8.3.3 OLED Stack Designs Fabricated by OVPD® —
Cross-Fading

Research on organic semiconductor materials has shown remarkable progress with
the introduction of material combinations using hosts and single or multiple guests
or additional host materials [9, 13, 28]. In the previous chapter we have explained
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the OVPD® process parameters, which are essential for the deposition of single
layers. Applying this concept of precise source flow controllability and long-term
source stability to additional sources enables precise deposition, co-deposition, and
doping of multi-component layers. In general, doping ranges from 0.1 to 50%
are of interest in actual device development which can be processed by ovrD®
[16]. Besides this huge doping range the standard MFC guarantees an accurate and
reproducible controllability for the deposition of single layers and even allows a
dynamic variation of each individual source flow. OVPD® uyses physically separated
sources such that organic material transport can be extended from a single source to
a high number of sources leading consequently to the deposition of any mixtures or
doped layers, known as co-evaporation or co-hosting. For example, the deposition
of an OLED stack with an EML consisting of a host and two dopants, a red and
a green dye molecule. Here the controllability and reproducibility of the ovPD®
process is proven by the reproduction of layer composition even for a red dopant
concentration of 0.26% and reproduced emission spectrum of the OLED [20].

By controlling the organic flux of two or even more organic materials the
concentration of each organic species can be homogenously adjusted to any desired
ratio in an abrupt or a ramping mode offering the potential to create precise
constant mixtures or mixtures with a gradual concentration within the layer [16].
Figure 8.7 gives an overview of different potential constant or gradual material
mixtures controlled by the deposition rates of, e.g., three materials (ry, 72, and r3).
The organic materials are mixed in the gas phase and homogeneously deposited over
the substrate due to the CCS technology.

In zone 1, the source flow of materials 1 and 2 is switched on and the total
deposition rate is the sum of both individual rates (rc = 71 + r2). In zone 2, the
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Fig. 8.7 Each zone represents a schematic material mixture based on three organic materials. Zone
1 is a mixture of the materials 1 and 2 and zone 3 of the materials 1 and 2 and 3. In zone 2 the rate
r3 of the material 3 is ramped leading to a concentration gradient. Whereas in zone 4 the rate r| is
reduced and simultaneously the rate r3 increased which is described as layer cross-fading [29]
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Fig. 8.9 HOMO and LUMO schematic for the reference red OLED, here without the CFL layer.
The electrons are injected from the ETL towards the EML and the holes from the HIL via HTL
towards the EML. At the interface HTL to EML a charge accumulation occurs [29]

rate of material 3 is increased linearly increasing the total deposition rate (r =
r1 + r» + r3) and simultaneously the concentration of material 3 in the deposited
layer. This leads to a concentration gradient. In zone 3, a constant mixture of the
materials 1 and 2 and 3 is deposited. In zone 4, the deposition rate of material 2 is
kept constant, whereas material 1 is linearly “faded out” and rate of material 3 is
increased with the opposite slope. This special version of a concentration gradient
is an example for cross-fading.

The benefit of a concentration gradient on the device performance was already
reported either for OLEDs [15, 30] or for OPV fabricated by ovPD® [26]. How
the concept of cross-fading can be applied to an organic device and enables a new
parameter of freedom for the overall stack and design and will be demonstrated
in the following [25, 30-32]. Figure 8.8 shows a reference red OLED stack with
40nm EML and 20 nm HTL which serves as reference for this investigation. The
corresponding HOMO and LUMO levels are given in Fig. 8.9. Due to the gap in the
HOMO levels at the HTL to EML interface a charge accumulation is present which
is especially relevant at larger currents leading to the well-known roll-off-effect,
which is a reduction of the current efficacy as function of the luminance [25, 31].
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Fig. 8.10 Reference red OLED stack with additional cross-fading layer (CFL) between HTL and
EML. The total thickness of HTL+CFL+EML was kept constant with 60 nm [29]
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Fig. 8.11 Current and luminous efficacy vs. thickness of CFL and constant mixture interlayers
[29]

The cross-fading concept was applied for the red reference OLED by introduc-
tion of an additional cross-fading layer (CFL) between HTL and EML as illustrated
in Fig. 8.10 [25, 29, 31]. In the CFL is the rate of the hole transport material
(HTMO0O01) linearly reduced towards zero whereas the rate of the Host material
(HOO1) and of the red guest respectively red dopant (G0OO1) are linearly increased
starting from zero. The total thickness of HTL4+CFL+EML was 60 nm and kept
constant throughout these experiments. In addition and for comparison a structure
with an interlayer between HTL and EML with constant ratio of 1:1 for the HTM001
and HOO1 were also investigated. The impact of the CFL layer with varying thick-
ness between HTL and EML on the OLED performance is shown in Fig. 8.11 [29].
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For this investigation, the reference phosphorescent red OLED device had at
1,000nits a luminous efficacy of 14.1Im/W and a current efficacy of 18.8 cd/A
at 4.18V [25,29, 31]. The color point of all investigated OLEDs either with or
without CFL is the same with CIE (0.62/0.38). The motivation for the cross-fading
approach is the reduction of charge carrier accumulation at the interface of HTL
to EML and a broadening of the recombination zone at higher current densities,
thus an improved carrier distribution in the EML. Thus, at the interface HTL to
EML an additional layer will be introduced consisting either of a constant mixture
of the neighboring organic materials or a cross-fading composition, as illustrated
in Fig. 8.10. To ensure an objective judgment and comparison on the achieved
the total thickness of HTL4-CFL+EML was kept with 60 nm the same as for the
reference red OLED stack, see Fig. 8.8. Figure 8.11 shows the measured current
efficacy (left axis) and luminous efficacy (right axis) vs. the interlayer thickness in
comparison of devices utilizing cross-fading (red) and layers with constant mixing
ratio (blue). Increasing the interlayer thickness improves for the layer with a 1:1
mixture as well as for the CFL structure the current efficacy as well as the luminous
efficacy. However, at an interlayer thickness of 20 nm the efficacy for the mixture
structure reaches its maximum and decreases with increasing interlayer thickness. In
contrast the efficacy for the CFL structure improves further. The maximum efficacy
is achieved at a CFL thickness of 40 nm with a current efficacy of 29.3 cd/A and
luminous efficacy of 25.9Im/W [25,29,31]. Thus, by using the CFL concept the
luminous efficacy could be improved by 139% compared to the reference OLED.
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
HOO1 compared to the HTMOOI1. In addition, cross-fading of the predominately
hole conducting zone with the predominately electron conducting zone enables a
interpenetrating molecular network resulting in a broadening of the recombination
zone, especially a higher current densities [29, 31]. As a consequence, the roll-off
effect improves due to the CFL approach [25, 31]. Further increase of the CFL
thickness beyond 40 nm results in decreasing efficacies attributed to a shift of the
recombination zone. It can be concluded that the introduction of an interlayer with
a mixture and even with a cross-fading concept are options to enhance the overall
device performances [25,29,31,33].

In the above example, an additional CFL was introduced. However, the cross-
fading concept can be extended to the EML design itself. Additional optimisation
of the red OLED stack lead to 34 1m/W and an EQE of 18% without applying no
ILO techniques [29]. Furthermore, the concept of cross-fading can be extended
even to an OLED stack with two or more optical dopants. For example, using a
phosphorescent green and red dopant in a cross-faded EML enables an efficient
and easy adjustable OLED emission ranging from red via yellow towards green
[32]. The concept of creating a virtual host material by mixing a predominately
hole conducting host with a predominately electron conducting host creating a
host with locally preferential electrical properties. This leads to an efficient carrier
balancing in the emission zone. Nearly luminance independent CIE coordinates
were observed and the external quantum efficacy (EQE) was 16.2%, the luminous
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efficacy 32.81m/W and the current efficacy 36.5cd/A at 1,000nits. Applying an
EML with a constant mixture of the two host materials does not achieve such results
[32]. The limiting factor for the EQE is likely related to the applied phosphorescent
green dopant. Further improvements on the yellow OLED stack by improved cross-
fading are promising. Thus, the cross-fading concept truly is a measure to improve
the OLED performance of monochrome but also mixed OLEDs.

In summary, the realization of vertical doping profiles like simple gradients or
CFLs and multi-material mixtures allow a precise layer fine-tuning to optimize
device performance. Here, OVPD® combined with the CCS technology offers the
ability to fabricate such kind of OLED stacks either in R&D or production and this
with high uniformity and further benefits offered by the ovrD® technology.

8.4 Conclusion

The OVPD® technology uses a carrier gas to transport the evaporated organic
materials from the source area towards the substrate. This is in contrast to the VTE
technology. Beside the pure deposition of the organic film also the morphology
and physical properties are crucial, which can be altered and controlled by the
ovPD® deposition parameters rate, substrate temperature, and process pressure.
A detailed comparison of the ovPD® technology with the VTE technology is
given elsewhere [16]. OVPD® combines the individual control of deposition rate
of organic materials, their homogenous mixing in the gas phase and deposition as
film on the substrate with the option of multi-layer deposition with different layer
compositions and even complex concentration gradients like cross-fading. Applying
the cross-fading concept to monochrome and multicolor OLED shows significant
improvements in the device performance. Thus, in parallel to the replacement
of MBE by MOCVD the ovPD® technology has the potential to overcome the
limitation of VTE.
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