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Week 7

Growth and Patterning

Materials purification
Thin film growth

Device patterning
Packaging

Chapter 5
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Objectives

• Provide a “hands-on” description about how 
devices are made
• Describe material purification methods
• Describe the various techniques for high quality 

materials growth
ØSingle crystals
ØSolution deposition
ØVapor phase deposition

• Describe methods of device patterning
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To achieve high quality optoelectronic properties, materials must be purified

Impurities take many different forms:

Ø Extrinsic defects
- Dopants and “dirt”
- Substitutional
- Interstitial

Ø Intrinsic defects
- Vacancies
- Stacking faults

Material Purity

This is different  from doping to change the conductivity of a semiconductor

Due to lack of bonds in vdW solids,
impurities have different effects
• Create stacking faults
• React with molecular constituents

² Create unwanted bonds
² Create fragments

In all cases, the inclusion of unwanted impurities leads to undesirable outcomes
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Purification by Thermal Gradient Sublimation

• Reasonably fast and simple
• Material must be sublimable
• Multiple cycles result in higher purity
• Can occur in vacuum or under inert gas 

flow
• Small crystal growth on chamber walls 

possibleTetracene after sublimation Pyrene

Useful for obtaining very high purity small molecule materials
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Purification of CuPc via Multi-cycle 
Sublimation in Vacuum

Salzman, et al., Organ. Electron. 6, 242 (2005)

H2Pc main
impurity

Mobility increases with sublimation cycle
due to increased purity

reduction of impurity signatures
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Eluents
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Purification via Solution

Column High Pressure Liquid Chromatography (HPLC) Solvent Washing

Soxhlet
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Purification via Centrifugation

Black plate (61,1)

electrostatically bound hydration layers. To gain insight into the
structure–density relationship for SWNTs and the role of
encapsulating agents, we first compared two different families
of surfactants—anionic-alkyl amphiphiles19 and bile salts20.
Specifically, we used two amphiphiles with anionic head groups and
flexible alkyl tails: sodium dodecyl sulphate (SDS) and sodium
dodecylbenzene sulphonate (SDBS). The three bile salts used

were sodium cholate (SC), sodium deoxycholate and sodium
taurodeoxycholate. The bile salts are more molecularly rigid and
planar amphiphiles with a charged face opposing a hydrophobic
one21, which is expected to interact with the SWNT surface (Fig. 1a).

Initially, we explored the sorting of SWNTs in the 7–11 Å
diameter range synthesized by the CoMoCAT method, using SC
and SDBS encapsulations, as depicted in Fig. 1. For the case of
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Figure 1 Sorting of SWNTs by diameter, bandgap and electronic type using density gradient ultracentrifugation. a, Schematic of surfactant encapsulation and
sorting, where r is density. b–g, Photographs and optical absorbance (1 cm path length) spectra after separation using density gradient ultracentrifugation. A rich
structure–density relationship is observed for SC-encapsulated SWNTs, enabling their separation by diameter, bandgap and electronic type. In contrast, no separation
is observed for SDBS-encapsulated SWNTs. b,c, SC encapsulated, CoMoCAT-grown SWNTs (7–11 Å). Visually, the separation is made evident by the formation of

coloured bands (b) of isolated SWNTs sorted by diameter and bandgap. Bundles, aggregates and insoluble material sediment to lower in the gradient. The spectra
indicate SWNTs of increasing diameter are more concentrated at larger densities. Three diameter ranges of semiconducting SWNTs are maximized in the third, sixth
and seventh fractions (highlighted by the pink, green and light brown bands). These have chiralities of (6,5), (7,5) and (9,5)/(8,7), and diameters of 7.6, 8.3 and
9.8/10.3 Å respectively. d,e, SDBS-encapsulated CoMoCAT-grown SWNTs (7–11 Å). In contrast, all of the SWNTs have converged to a narrow black band (d) and
diameter or bandgap separation is not indicated (e). f,g, SC-encapsulated, laser-ablation-grown SWNTs (11–16 Å). Both enrichment by diameter and electronic type

are observed. Visually, coloured bands of SWNTs (f) are apparent, suggesting separation by electronic structure. In the optical absorbance spectra, the second- and
third-order semiconducting (highlighted pink) and first-order metallic (highlighted blue) optical transitions are labelled S22, S33 and M11, respectively5,22. The purple
highlighted regions show where the semiconducting and metallic transitions overlap. The diameter separation is indicated by a red shift in the S22 band for fractions
of increasing density. Additionally, the metallic SWNTs (M11) are depleted in the most buoyant fractions. Dr from top to bottom fraction, and r for the top fraction
for c, e and g are 0.022, 0.096 and 0.026 g cm23 and 1.08, 1.11 and 1.08+0.02 g cm23, respectively. pH ¼ 7 for all parts. SWNTs before sorting are depicted as

a dashed grey line in c and g.

ARTICLES

nature nanotechnology | VOL 1 | OCTOBER 2006 | www.nature.com/naturenanotechnology 61

Natu re  Pu blishin g Gro u p ©2 0 0 6

Carbon Nanotubes

Density gradient centrifugation

Quantum Dots: 2 Solvent Mixture

• Solvent density is graded from top (low density) to bottom (high density)
• Centripetal force (G) applied at 20 – 80K rpm. (a) Heavier particles float to bottom, (b) lighter to the top. 

(c) Particles of different densities separate independent of size.
• Micropipette extracts particles of desired size and density

Bai et al., J. Am. Chem. Soc. 132, 2333 (2010) Arnold et al., Nat. Nanotech. 1, 60 (2006)7
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Crystal Growth: Bridgeman Process

Two different, 
immiscible liquids

Three ways to manage the growth front temperature
(a) bias-wound heating coil, (b) reflective shield around top coils, (c) immersion 
into a fluid with two immiscible liquids to conduct heat

anthracene single crystal

Growth front moved 
from position of seed

Material has to have a solution (melt) phase
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Crystal Growth: Czochralski Process

 

Fig 1.4 Schematic of Czochralski process Ingots of crystalline semiconductor, such as Si, GaAs 

and InP are grown using the Czochralski process. Reproduced from reference 3. 

 

Fig 1.5 shows a schematic of horizontal bridgeman and gradient-freeze growths, which can 

be used for the ingot growth. Both processes are furnace growth techniques where a seed crystal 

placed in a quartz boat is heated in the sealed quartz tube, then crystallized by slowly lowering the 

boat temperature from the end of seed by either moving the hot zone of the furnace along the tube 

or slowly pulling out the boat.3 This method is relatively inexpensive and especially useful to grow 

phosphorus-containing compound semiconductors ingot which requires high group V 

overpressure; however, ingot size and shape control is limited by the boat geometry, and the 

contact with crucible during growth may cause the issue of dopant incorporation and stress creation 

at the interface between the boat and the crystal.3 

 

Seed slowly pulled from melt

Material has to have a solution (melt) phase

Benzophenone crystal boules

Sankaranarayanana and Ramaswamy J. Cryst. Growth 280, 467 (2005) 9
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Film Deposition
Vacuum Thermal Evaporation (VTE)

Substrate 
Mask 

Host 
Heater 

Dopant 

Thickness  
monitor 

Vacuum 

• Most common method to date
• Simple
• Precise
• Multilayer structures possible
• Small molecules, not polymers
• Wasteful of materials
• High vacuum: 10-7 torr
• Oil-free pumps
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In-line VTE for Mass Production

	Table 5.3: Approximate “mother” glass substrate sizes 

used in display manufacturing.   

Substrate Generation(a) Dimensions (in mm)(b) 

1 300×400 

2 400×500 

3 550×650 

4 680×880 or 730×920 

5 1000×1200 or 1100×1300 

6 1500×1800 

7 1900×2200 

8 2200×2400 

9 2400×2800 

10 2850×3050 

11 3200x3600 
(a) The generation is typically labeled as “Gen”: i.e. a 

Generation 10 substrate is referred to as Gen 10.  As a rule 

of thumb, the substrate area (in m2) is approximately equal 

to its generation. 
(b) Actual sizes depend on manufacturer. Thicknesses also 

vary, but are typically ~0.7 mm. 

Evaporant
plume

Heated Linear Source

Substrate 
Translation

Substrate

Effusion Slot

• Display manufacturing lines ~100-125 m in length!
• Glass substrate thickness ~0.3-0.7 mm
• Precise doping requires coincident fluxes from >1 linear source
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growth of OMC thin films, particularly since, as we
will show, many of the constraints of lattice matching
which have limited the materials combinations ac-
cessible in inorganic semiconductor systems are
significantly relaxed in the case of organic thin films.
Of course, the nearly infinite variety of molecular
compounds available also make OMBD growth of
such films a very promising area of investigation.

2.1. Purification of Source Materials

Purification of source materials is essential for
assuring that the grown thin film is reasonably free
of impurities.59,60 Furthermore, purification is re-

quired to prevent contaminants from entering the
high vacuum chamber which might result in a high
background pressure, as well as a constant source of
contamination of the subsequently grown films due
to outgassing from the deposits in the chamber itself.
There are several techniques for purification, includ-
ing gradient sublimation,59 zone refining from the
melt,61 chromatography,59,61 etc. Although the high-
est purity organics have been achieved via zone
refining,61,62 gradient sublimation is the most useful
means for purification of the powders employed in
OMBD since most of these compounds do not have a
liquid phase at atmospheric pressure or below.1,63

Figure 2-1. (a) Cross-sectional view of the organic molecular beam deposition chamber. The rotating substrate holder
can be temperature controlled between 80 and 900 K using a combination of liquid nitrogen cooling and boron nitride
heating elements. (b) Layout of the combined OMBD and gas source MBE system in the author’s laboratory. There are
two chambers for organic growth (OMBD-I and -II), and the MBE chamber is used for the growth of InP-based materials
and organic/inorganic heterojunctions. Other chambers include sputtering and electron beam deposition for contact
fabrication, and an in situ analysis chamber.

1796 Chemical Reviews, 1997, Vol. 97, No. 6 Forrest
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1796 Chemical Reviews, 1997, Vol. 97, No. 6 Forrest

Ultrahigh Vacuum Environment:  ~10-10 torr
Extremely low impurity concentrations
Scientific exploration 
Monolayer growth control
In-situ diagnostics

• RHEED, PES, I-V…
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Near Perfect Growth 
by OMBD

QE and vdWE films can be achieved.2,3,81,82,91,97,105,130-135

Typically, RHEED patterns are obtained using an �8
keV electron beam directed onto the film surface at
an angle of from 1° to 2°. Care must be taken to
minimize exposure of the thin film to the e beam
since extended bombardment by high energy elec-

trons can cause damage to fragile organic molecules
such as NTCDA.100

A typical series of RHEED patterns1,52 obtained
during a growth sequence of PTCDA on HOPG is
shown in Figure 3-30. The RHEED pattern for the
bare graphite substrate is shown at the top left.
From the measured spacing of the streaks and the
beam parameters, a surface unit cell (or surface net)
spacing of 2.17 ( 0.04 Å was measured, correspond-
ing to the (220) reflection of graphite. After �1 Å of
PTCDA is indicated on a crystal microbalance thick-
ness monitor, the graphite streaks fade, and com-
pletely vanish after a full ML (�3 Å) is grown. At a
film thickness of 10 Å (�3 ML), the graphite features
are replaced by a set of long, continuous streaks
shown in Figure 3-30, indicating that the first few
layers of PTCDA are both crystalline and smooth.
The dimensions of the surface unit mesh inferred
from these patterns are compiled in Table 3 and
indicate a somewhat expanded surface reconstruction
from the bulk, consistent with both calculations and
STM data also provided in the table.

Continuous streaks indicate film flatness (to within
a monolayer) over a coherence length of the electron
beam.136,137 While the contact between the beam and
the film surface is typically a few millimeters in
length, the coherence length is only on the order of a
few hundred Ångstroms. Hence, continuous streaks
indicate a molecularly smooth surface over at least
this distance. STM studies discussed in the previous
section have indicated a layer-by-layer growth mode
on HOPG covering areas g(1000 Å).2 As will be
shown in the following section, this distance in fact
exceeds several micrometers for PTCDA growth on
Au(111) which has a substantially higher interaction
energy (and correspondingly larger �inter′′) than for
HOPG. Hence, we anticipate that continuous RHEED
streaks in the case of PTCDA and NTCDA on
graphite are indicative of molecularly flat layers over
extremely large distances.

Figure 3-28. (a) STM image of a domain boundary of
PTCDA grown on a graphite lattice. The arrows in each
domain indicate the b axis of the PTCDA lattice and the
direction of the 1D contrast modulation. Experimental
conditions are a tip current of 20 pA and a sample voltage
of 400 mV (from ref 43). (b) A 500 Å ⇥ 500 Å STM image
of a domain boundary of NTCDA grown on graphite. The
angle between domains is 120° due to the hexagonal
symmetry of the substrate. Experimental conditions are a
tip current of 18 pA and a sample voltage of-500 mV (from
ref 122).

Figure 3-29. STM image of a step up from a monolayer
to a second layer of PTCDA deposited on graphite. The
striations in the image are due to heightened contrast along
the a axis of the PTCDA unit cell to which the step is
aligned (from ref 58).

Ultrathin Organic Films Grown by OMBD Chemical Reviews, 1997, Vol. 97, No. 6 1821

As growth proceeds to 20 and 50 Å, the positions
of the intense streaks remain unchanged, although
variations in intensity begin to appear at 50 Å (�15
ML) along the length of the streaks, even though the
growth rate has remained at 0.5 Å/s. These RHEED
patterns show that the crystalline organic layer
retains a high degree of surface planarity and order.
As the film thickness is increased to 220 Å, and then
finally to 1000 Å (Figure 3-30, bottom), the RHEED

pattern periodicity remains unchanged from its value
for thinner layers, although the continuous streaks
have broken into several segments separated by very
faint streak remnants. As noted above, this streak
segmentation indicates that the film surface has
become uneven on a molecular scale, although the
crystalline structure remains unchanged.

The azimuthal orientation of PTCDA on HOPG has
been further examined using low energy (�15 eV)
electron diffraction which is performed at near nor-
mal electron beam incidence.101 Figure 3-31, parts
a and b, are LEED patterns obtained from bare
HOPG and from a 50 Å PTCDA layer grown on a
room temperature HOPG surface, respectively. Both
exhibit a ring-like structure characteristic of multiply
rotated, single-crystal domains distributed on a flat
surface. In Figure 3-31a, the radius of the inner-ring
corresponds to reflections from lattice planes spaced
at 2.46 Å, characteristic of HOPG. The pattern,
therefore, results from a superposition of multiple
hexagonal grains slightly rotated with respect to each
other.

Figure 3-30. A series of RHEED patterns obtained for
different thicknesses of PTCDA grown on HOPG (whose
pattern is shown in the upper left). The 20 Å film RHEED
pattern shown at the bottom has been contrast enhanced
to exhibit the detail in the brightest and faintest part of
the pattern (from ref 1).

Figure 3-31. Low-energy electron diffraction pattern from
(a) a bare HOPG surface and (b) a 50 Å thick PTCDA film
grown on HOPG. The electron beam energies were 100 eV
for image a and 13 eV for image b (from ref 101).

1822 Chemical Reviews, 1997, Vol. 97, No. 6 Forrest

STM image of PTCDA on Graphite:
Layer by layer growth without epitaxial matching

RHEED of PTCDA on Graphite:
Flat and ordered
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Organic Vapor Phase Deposition: Concept
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• Dust free chamber

• Efficient materials use

• Control of  film crystal                
structure

M. Shtein, et al., J. Appl. Phys., 89, 1470 (2001). 
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Morphology Controlled by Gas Flow and 
Temperature Conditions

0.8 nm/s

1 nm/s
α-NPD

(hole conductor)

15

1.2 nm/s

Gas phase nucleation ensues at 
high deposition rates
(“snowing”)
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Nanomorphology control by temperature

(flowrate = constant, pressure = constant)
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Nanomorphology control by flow rate

Increasing carrier gas flow rate

N2 flow rate: 100 sccm 125 sccm 150 sccm 200 sccm

500 nm

(fixed source and substrate temperatures)

Crystals Needle morph.
Long, large

Flat morph.
Uniaxial, small

Source temperature Low High
Substrate 
temperature

High Low 

Carrier gas flow rate Low High
Chamber pressure Low High 1717
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Different strain and growth conditions result in different structure

VTE
rms~0.3nm

OVPD
rms~3.5nm

F. Yang, et al. Nature Mater., 4, 39 (2005)

Pressure Flow rate

Tsub

Stranski-Krastonow
growth

Controlled growth of a Bulk HJ by OVPD
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Controlling Morphology Via Annealing

• DPASQ (asymmetric)
– Crystalizes easily.
• Solvent vapor annealed 

(dichloromethane, DCM) 

19

MoO3, 8 nm

ITO, 70 nm

DPASQ, 16 nm
C60, 40 nm

PTCBI, 8 nm

Ag, 100 nm

2+

DPASQ

500 μm

DPASQ/C60

ITO

Ag-4.0 eV

PTCBI

-6.2 eV

-4.0 eV

C60

-6.2 eV

-3.1 eV

DPASQ

-5.4 eV

MoO3

Conventional organic solar cell Spherulite formation

amorphous
polycrystalline
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DPASQ:DPSQ+C60

Understanding the Annealed Structure
Selected Area Electron Diffraction (SAED)

20

13.9Å

16.4Å

C60 (111)

(220)

(311)

• Micron-scale crystals of DPASQ.

• Mesh: 13.9 Å by 16.4 Å, α=90°.

• “Inverse quasi epitaxy”: DPASQ 
crystallization seeded by C60 interface.

DPASQ sphul. +C60
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Controlling Open-circuit Voltage via Interface 
Recombination

qVOC=ΔEHL − nkBT ln kPPr

kPPd

krecNL NH

JX /α0

#

$
%

&

'
(.*

*Giebink et al. PRB 2010

• Material choice determines:
ØΔEHL   (HOMO-LUMO Gap)
ØSteric hindrance (MO overlap)

• Device processing/morphology can 
limit VOC losses:
ØkPPd (PP dissociation)
ØkPPr (PP recombination)

21



Organic Electronics
Stephen R. Forrest

DPSQ As Cast :
Low JSC
High VOC

DPSQ Pre-C60: 
High JSC
Low VOC

DPSQ Post-C60:
High JSC
High VOC

DPASQ:DPSQ blends Post-C60: Highest JSC & High VOC

Solution Processing Phenomena

22

• To maximize VOC in OPVs:
• Disorder at HJ.

• To maximize JSC:
• Ordered bulk.
• Finger-like BHJ structure.

• DPSQ maintains interface 
disorder on SVA Post-C60.

• DPASQ undergoes “inverse 
quasi-epitaxy” and inter-
diffusion on SVA Post-C60. 

• Blending DPASQ and DPSQ 
eliminates tradeoff between 
VOC and JSC and maximizes ηP. 

Zimmerman et al., ACS Nano, 7, 9268 (2013)
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Langmuir-Blodgett Monolayer Film Deposition
• Float molecules functionalized with hydrophilic and phobic groups on opposite ends on H2O
• Draw hydrophilic or phobic sample surface through the film to pick up molecules
• Squeeze film by bringing barriers in from edges of trough to “heal” the film hole
• Repeat for as many cycles as MLs needed

Hydrophilic surface deposition Hydrophilic surface: layer 2 Hydrophobic surface deposition

Different configurations of 3 MLs on substrate surface

23
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Electrostatic Monolayer Deposition 

Decher, et al. SCIENCE VOL. 277, 29 AUGUST 1997, p 1233 24
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Device and Film Patterning

• Requirements 
ØSimple
ØNon-destructive of the materials forming the device
ØAdaptable to large substrate areas
ØAdaptable to flexible substrates
ØRapid (for large scale manufacturing)

• Methods
ØShadow masking
ØDirect printing (Ink jet and OVJP)
ØPhotolithography
ØStamping and nanopatterning
ØLITI

Primary purpose is to define the device area, suited to its function

Example: Pixel micro-patterning in OLED displays

25
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30 cm

s

s

l

t

10-5 – 10-10 Torr 10-1 – 10 Torr

Vacuum Evaporation Vapor Phase Depositionvs.

2
Bk T

P
l

s
×

=
× ×

Shadow mask patterning in the kinetic and 
diffusive film growth regimes

M. Shtein et al. J. Appl. Phys., 93, 4005, (2003) 

Mean free path

• Shadow mask patterning is the most common form of organic device electrode definition
• Used for producing OLED displays for small mobile and large TV applications
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M. Shtein et al. J. Appl. Phys., 93, 4005, (2003) 

mask profile

substrate

mask profile

substrate

Resolution limits for shadow-masking
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Substrate

(a)

(b)

PR

UV Mask

PR Deposition Exposure PR Develop Organic Deposition

UV

Use Photoresist to Create Surface Topography 
to Pattern Subsequently Deposited Organics

• Avoid exposure to wet chemistry in photolithography
• Resolution defined by photolith limits.
• The pattern left in the polymer provides a near-field “shadow mask” for the deposit

• Deposition of the organic in vacuum
• Shape of pattern on substrate depends 

on direction of the source to substrate

28
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Inkjet Printing

(a)

(b)

(c)

θ
σ sl σ sg

σ lg

• Organic semiconductors similar to inks used in printing
• Organics must be soluble
• Droplets injected into wells formed by polymer walls

• Film cross section depends on its 
rheological properties and relative 
energy with substrate surface

• “Coffee stain effect” encourages 
piling up of deposit near edges –
can result in non-uniform device 
performance

29
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Printing an R-G-B WOLED Using 
Organic Vapor Jet Deposition

• Optimized R-G-B OLEDs can be combined 
to form a WOLED 

• Each color separately optimized by 
choosing guest/host combinations

• Tunable color balance 
• Motion stage beneath nozzle
• Nozzle creates high speed vapor jet

Arnold et al. Appl. Phys. Lett., 92, 053301 (2008)
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100µm

Flow anisotropy: Non-equilibrium 
crystallization & molecular ordering

Local deposition rate: 700 Å/s
µ= 0.25 cm2/V·s
On/off = 7·105
Vt = 17, 10 V

OTFT Gate

31



Organic Electronics
Stephen R. Forrest

Printed R–G Pixel Arrays

Red-Green devices printed 
at nozzle substrate distance: 20 μm 

BAlq electron blocking
/emissive layer 

100 μm subpixels printed on 500 μm centers show
no detectible color cross-talk between pixels 

g (μm) Green Red

VTE (0.27, 0.63) (0.66, 0.32)

10 (0.27, 0.63) (0.66,0.33) 

100 (0.32, 0.61) (0.66,0.33) 

32

MEMS Nozzle Array

Printing direction

McGraw, et al. App. Phys. Lett. 8 013302 (2011)
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Laser Induced Thermal Imaging (LITI)

Donor film

Substrate

Organic

Scanning laser beam

• High power laser beam absorbed in the donor film preloaded with the organic to be 
transferred

• Donor film placed in contact with substrate
• Heat generated by laser volitalizes organic that transfers to the substrate in the 

desired pattern

• Donor film must be replaced after each printing
• Useful for sublimable materials (small molecules)
• Radiation damage must be controlled by appropriate absorbing layer

33
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Bronze dagger blade with cold-welded gold 
and silver decorations. From Mycena, 
Greece; 2nd or 1st millennium B.C.

J. Haisma and GACM Spierings, Materials Science & 
Engineering R-Reports 37 1 (2002)

Cold welding: A stamping method used through 
the ages

d

metal atom

En
er

gy

d0 equilibrium bulk separation

d

barrier presented by thin 
oxide film, adsorbed
molecules, etc..

d0

• Adhesive-free bonding of similar metals
• Useful for attaching contacts to organics, 

or even two organic films within a device.

• Bring 2 clean metal surfaces together under pressure
• Atoms at surfaces eventually share outer shell electrons 

once any surface barriers are penetrated by pressure
• Bonding (i.e. complete sharing) of electrons occurs in ps
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C. Kim et al., Science 288  832 (2000)

Cold-Welding Row and Column Electrodes

cathode layer

organic layer

500 nm

Two methods: 
Subtractive (requires high pressure)
Additive (lower pressure)

Nanoscale resolution

OLED Display with cold-welded
cathode contacts
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R2R Manufacturing Processes Useful for 
Rapid, Large-scale OE Device Production

Roll-to-roll

Sheet-to-carrier Roll-to-Sheet

Sheet-to-sheet

• Roll-based production requires flexible substrates
• Solution or vapor deposition of films possible
• Requires very clean (i.e. inert) gas environment
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Continuous Printing Methods

example printing, coating or vacuum deposition. Various
technologies for liquid phase processing have been devel-
oped and are widely used in graphical printing and the
coating industry. Gravure printing, screen printing, offset
printing and lithographic printing are common in the
printing industry. The coating industry employs a multi-
tude of different coating technologies; examples are blade
coating or slot die coating. The technology of vacuum
deposition is also used for printed electronics. Sputter
methods and physical vapour deposition methods
promise homogeneous layers. Examples for subtractive
manufacturing technologies are laser ablation or photoli-
thography. In this case, a part of the deposited material is
removed from the substrate. The third category are
structuring manufacturing technologies like wetting/
de-wetting, imprinting or bonding. Besides the direct
application of functional materials, external devices or
other substrates can be bonded to the substrate via
adhesive or welding techniques.

The contact topology describes the principle of transfer-
ring material onto the substrate. It has to be distinguished
between methods with and without load transmission. The
following methods evolved in graphical printing and have
been the subject of continuous optimisation. The first
printing machines were based on a flat-on-flat printing
method, where the substrate is placed on a flat printing
form and imprinted by a flat pressure plate, as shown in
Fig. 2 a. Further development led to round impression cyl-
inders, hence the name round-on-flat. The flat printing
form moves underneath the impression cylinder, on which
the substrate is fixed, see Fig. 2 b. Even higher output can be
achieved by transforming the printing form into a cylindri-
cal shape as well, dubbing this printing method round-on-
round as shown in Fig. 2 c. A similar differentiation is nec-
essary for technologies without load transmission. The
material is transferred while the ink-supplying part does
not touch the substrate. Again, the printing plates can be

either flat or round. Hence, we distinguish between non-
contact-on-flat and non-contact-on-round manufacturing
methods, which are represented by Fig. 2 d and e. Examples
for manufacturing technologies using this topology include
inkjet printing, aerosol-jet printing and slot die coating.

The substrate transport principles describe the basic
structure of moving the substrate without consideration
of the technical realisation. As we will further elucidate
in chapter 3, four different substrate transport principles
can be identified: roll-to-roll, sheet-to-sheet, sheets-on-
shuttle and roll-to-sheet.

The substrate velocity of the manufacturing process can
be either continuous or discontinuous. Continuous
substrate motion is achieved, if the momentary velocity
of the substrate at every point inside the printing machine
equates to the average substrate velocity throughout the
manufacturing line. The velocity in standard sheet-fed
and web-fed graphic printing machines remains constant.
All printing units contain the same printing technology
and therefore have the same optimal printing speed. For
printed electronics, however, different manufacturing
technologies are used for individual layers and thus, the
optimal manufacturing speed deviates between the
process steps. Setting up separate production lines for each
process step is feasible, but further complicates the
handling of material. Using substrate reservoirs is another
option to buffer between manufacturing machines with
different substrate velocities.

Two modes of substrate feed can be distinguished:
non-stop- and intermittent production. Intermittent
production occurs, if the process has to be halted after
the substrate buffer is empty to allow for a refill.
Afterwards, the machine continues with the next manufac-
turing cycle. The majority of printing machines operate in
the intermittent mode. To achieve non-stop production,
the substrate supply needs to be changed on the fly to
avoid stoppage. Roll-to-roll printing machines can utilise

Fig. 2. Overview of contact topology.
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Packaging

, 
OPVs

Water vapor transfer rate determines package quality and use

Common OLED epoxy sealed packaging scheme 38
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What we learned
• Purity must be at the highest level to assure optimum device 

performance and lifetime
Ø Purity obtained by distillation of materials according to their molecular 

weights
Ø Small molecules more easily purified due to weight monodispersity

• Crystal growth in the bulk and thin film possible for materials by growth 
process and/or by post-growth annealing
Ø Controlled, uniform growth by solution and vapor phase possible

• Patterning methods developed that can provide nanoscale features but 
avoid exposure of layers to destructive wet chemistry
Ø Many patterning process adapted from the print industry (inkjet, screen, 

gravure, etc.)

• Rapid R2R manufacturing of very large areas of devices a nearly unique 
advantage of organic electronics
Ø But manufacturing must be done in clean, oxygen and contaminant-free 

environment

• Devices must be packaged to be protected from the environment 39


