
Week 1-12

Purity and Crystal Growth

Materials purification
Crystal Growth

Thin film growth

Chapter 5.1 – 5.4.2.3



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

• Discuss post-growth film preparation (annealing)
• Describe methods of device patterning
• Understand packaging, and why it is needed



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



Example of dopant cross contamination

• A green phosphorescent OLED contaminated with 1/500 monolayer of a red phosphor 
shows relatively higher red emission.

• Both phosphors doped in the same host in the light emitting layer
• Indicates extreme sensitivity of organic devices to impurities
• Not all impurities have equally strong effects (triplet trapping by lower energy red 

phosphor is highly favored)
• Similar sensitivities to impurities found in many inorganic devices
• Impurities impact performance and device lifetime

Contaminated green PHOLED emission

McGraw & Forrest, Adv. Mater. 25, 1583 (2013).



Common Methods of Purification

• Thermal methods
(Most appropriate for small molecules deposited from the vapor 
phase)
ØZone refining
ØGradient sublimation

• Solution methods
(Most appropriate for solution deposited small molecules and 
polymers)
ØColumn chromatography
ØSize exclusion
ØSolvent washing
ØCentrifugation

• Purification done primarily by selection of molecular weight and physical size
⇒ Small molecules achieve higher purity than polymers due to their Mw 
monodispersity

• Thermal methods “cleaner” than solution methods since no 3rd agent (the solvent) 
is introduced



Zone Refining
• Useful for small molecules that have a solution phase at high T

• Purest crystals achieved using this method. but...

• Complicated and slow (impurities must have time to diffuse from solid to melt)

• If the distribution coefficient, k=cS/cL > 1 for impurities, then impurities will separated into a hot melt 
zone swept along the length of the ingot.

• Once the thermal sweep is complete, remove the end section with all the impurities
• Repeat until as pure as possible
• If k < 1, the impurities are trapped in the melt and the reverse process is used/

Velocity of translating 
hot zone (slow)

Ingot profile after zone refining sweep



Band Transport Observed in Ultrapurified 
Naphthalene and Parylene

• Ultra-purified naphthalene (see Ch. 4)
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Fig. 5. Electron and hole mobilities in naphthalene for the electric 
field E parallel to the crystallographic a axis, for different field 
strengths (marked by different symbols) between 3 and 12 kV/cm. 
Crystal thickness was 1010(10)~tm. The + symbols in the lower 
right comer represent previously available data 1-13] 

with the ultrapurified crystal material. In Fig. 5 mo- 
bilities of holes and electrons in the crystallographic a 
direction in naphthalene are plotted versus tempera- 
ture in a log/log plot. In this type of plot a straight line 
indicates a #oc T" temperature dependence of the 
mobilities. It is seen that for the electron mobility we 
could establish a T -  1.4 dependence down to 27 K. The 
hole mobilities could be followed even down to 4.2 K. 
In this temperature region high mobilities are reached. 
The highest observed value is /~+=400 cmZ/Vs. To 
demonstrate the progress which the described ultra- 
purification of the material has allowed us to achieve, 
the best data o f#  + available so far [13] are inserted as 
crosses and connected by a dashed line. We can now 
clearly attribute the decrease of the hole mobilities in 
these earlier measurements [13] to impurity 
trapping. 
In the region of high mobilities at low temperatures a 
remarkable new effect appears which has not been 
reported for any organic material before [14]: the 
mobilities become electric field-dependent, they de- 
crease with rising field. We have represented in Fig. 5 
mobilities for various electric field strengths. At each 
temperature the different symbols refer to different 
magnitudes of the electric field. To demonstrate this 
extraordinary behaviour more clearly, we have also 
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Fig. 6. Electric field dependence of the hole drift velocities in 
naphthalene at three temperatures for Ella. The broken lines 
were drawn to connect the experimental points and extrapolated 
to v~rlft~0 for E~0. They reflect a strongly sub-Ohmic 
behaviour. Low field mobilities would be represented by the low- 
field slope of these curves (if there were experimentally accessible 
points). Ohmic behaviour would be indicated by the tangential 
(full) lines 

plotted the original drift velocity data versus the 
electric field (Fig. 6). There the strong deviation from 
Ohmic behaviour is demonstrated most clearly. Al- 
ready at 31 K the observed drift velocities fall well 
below the straight line through the origin, representing 
Ohm's law. Below about 10 K the drift velocities tend 
to saturate with increasing field. 
As a second example we will present similar observ- 
ations which were made with the electron mobility in 
perylene. For the a direction an exact /zocT -1'78 
dependence is obeyed down to about 40 K for low 
fields (Fig. 7). For very high fields a field dependence of 
the mobility can be observed already at about 100 K. 
The drift velocity versus field plot (Fig. 8) again 
demonstrates strong non-Ohmic behaviour. 
The strong non-Ohmic behaviour of the drift velocities 
in these two substances closely resembles the observ- 
ations which were reported before for conventional 
inorganic semiconductors (such as silicon and ger- 
manium), and explained as hot carrier effects, cf. 
[-15, 163. 
Below 30K the perylene electron mobilities of the 
example described (Fig. 7) begin to become influenced 
by residual shallow trap states (clearly visible in the 
figure only for the low electric field points obtained at 
E=6kV/cm).  Such trap influence was found more 
pronounced in another crystal which was made from 
less purified perylene (for which the reverse horizontal 
zone refining step was left out). The low temperature 
behaviour in crystal samples of the two different 
perylene batches differed in that the electron mobilities 
in the less extensively purified material displayed a 

Ultrapure, High Mobility Organic Photoconductors 167 

i I i i i l l  ~ , , , i  , i L i L i i l l  , , , , i  , i 

O 

300 "" ~'~,A 

o [] ~176176176 
z~ 

EIIo 

I00 p+... 
I15oll 

30 ~ =  . 
-1.40 "., n=-2.90 

o E = 3kV/cm 
a E= 5kV/cm ~ . . ~  

1 [] E = 10 kV/crn " ~  ~. 
o E = 12kV/cm f N '~  

\ 

10 30 100 300 
--mm,,=- T[K3 

Fig. 5. Electron and hole mobilities in naphthalene for the electric 
field E parallel to the crystallographic a axis, for different field 
strengths (marked by different symbols) between 3 and 12 kV/cm. 
Crystal thickness was 1010(10)~tm. The + symbols in the lower 
right comer represent previously available data 1-13] 

with the ultrapurified crystal material. In Fig. 5 mo- 
bilities of holes and electrons in the crystallographic a 
direction in naphthalene are plotted versus tempera- 
ture in a log/log plot. In this type of plot a straight line 
indicates a #oc T" temperature dependence of the 
mobilities. It is seen that for the electron mobility we 
could establish a T -  1.4 dependence down to 27 K. The 
hole mobilities could be followed even down to 4.2 K. 
In this temperature region high mobilities are reached. 
The highest observed value is /~+=400 cmZ/Vs. To 
demonstrate the progress which the described ultra- 
purification of the material has allowed us to achieve, 
the best data o f#  + available so far [13] are inserted as 
crosses and connected by a dashed line. We can now 
clearly attribute the decrease of the hole mobilities in 
these earlier measurements [13] to impurity 
trapping. 
In the region of high mobilities at low temperatures a 
remarkable new effect appears which has not been 
reported for any organic material before [14]: the 
mobilities become electric field-dependent, they de- 
crease with rising field. We have represented in Fig. 5 
mobilities for various electric field strengths. At each 
temperature the different symbols refer to different 
magnitudes of the electric field. To demonstrate this 
extraordinary behaviour more clearly, we have also 

I I I 

r~ 2.0 Ella 
"E /-,. 2 K o- --~ 

o ~ ~1~/~--$--~'-- 10.5F 

/ ~ 1 7 6 1 7 6  .t, ~ 
1.0 / ~ / / ~ / , ~ j  

0 y  / / / ~ / /  t 1t0 t 5 15 
--.-D,-- E [kV/cm'l 

Fig. 6. Electric field dependence of the hole drift velocities in 
naphthalene at three temperatures for Ella. The broken lines 
were drawn to connect the experimental points and extrapolated 
to v~rlft~0 for E~0. They reflect a strongly sub-Ohmic 
behaviour. Low field mobilities would be represented by the low- 
field slope of these curves (if there were experimentally accessible 
points). Ohmic behaviour would be indicated by the tangential 
(full) lines 

plotted the original drift velocity data versus the 
electric field (Fig. 6). There the strong deviation from 
Ohmic behaviour is demonstrated most clearly. Al- 
ready at 31 K the observed drift velocities fall well 
below the straight line through the origin, representing 
Ohm's law. Below about 10 K the drift velocities tend 
to saturate with increasing field. 
As a second example we will present similar observ- 
ations which were made with the electron mobility in 
perylene. For the a direction an exact /zocT -1'78 
dependence is obeyed down to about 40 K for low 
fields (Fig. 7). For very high fields a field dependence of 
the mobility can be observed already at about 100 K. 
The drift velocity versus field plot (Fig. 8) again 
demonstrates strong non-Ohmic behaviour. 
The strong non-Ohmic behaviour of the drift velocities 
in these two substances closely resembles the observ- 
ations which were reported before for conventional 
inorganic semiconductors (such as silicon and ger- 
manium), and explained as hot carrier effects, cf. 
[-15, 163. 
Below 30K the perylene electron mobilities of the 
example described (Fig. 7) begin to become influenced 
by residual shallow trap states (clearly visible in the 
figure only for the low electric field points obtained at 
E=6kV/cm).  Such trap influence was found more 
pronounced in another crystal which was made from 
less purified perylene (for which the reverse horizontal 
zone refining step was left out). The low temperature 
behaviour in crystal samples of the two different 
perylene batches differed in that the electron mobilities 
in the less extensively purified material displayed a 

holes

Band-like behavior: charge velocity saturation

Zone refined single crystals show properties of 
conventional, band-like inorganic semiconductors 
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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



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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Purification via Solution
Column High Pressure Liquid Chromatography (HPLC)

• Crude material (mobile phase) placed in 
reservoir

• Moves through column packed with material 
that impedes flow (stationary phase)

• Smaller impurities (C) move faster than larger 
(A). Material of interest (B) moves at 
intermediate rate.

• Selectively collect the material of interest 
(the eluent) when it arrives at bottom of 
column.

• Pressure applied to the solution makes the 
process move faster.



Size Exclusion Chromatography

• Column filled with porous beads
• Small particles flow through pores, large particles flow 

between beads
• Rate at which the solute is collected depends on length of 

path travelled
• Separate source from impurities by selecting their times of 

arrival at output



Solvent Washing via Soxhlet

• A solvent reflux process
• High bp solvent placed in lower reservoir and heated
• Vapors condense and wash sample material in porous thimble
• After sufficient solution collects, it siphons back to lower reservoir 
• Process repeats until (a) material clean or (b) solvent contaminated 

and replaced



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
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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 particles 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)



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



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

Benzophenone crystal boules

Material has to have a solution (melt) phase

Sankaranarayanana and Ramaswamy J. Cryst. Growth 280, 467 (2005)



Film Deposition Techniques
Main objective: To deposit high purity materials with 
precise thickness control and a uniform morphology 
(i.e. no clusters, tears, dust, etc.)
• Two principle methods

ØFrom the vapor phase - employs evaporation of small 
molecules
üVacuum thermal evaporation
üOrganic vapor phase deposition

ØFrom the solution phase – employs solvation and drying 
of polymer or small molecule solutes
üSpin on
üSpray on
üSpread on



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



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. 

• 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

Evaporant
plume

Heated Linear Source

Substrate 
Translation

Substrate

Effusion Slot



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

• RHEED, PES, I-V…

Time to adsorb a ML of impurity 
gas vs. bkgrd. pressure



OMBD II OMBD I
Sputtering

Analysis
Chamber

Load Lock

Organic Materials Growth Laboratory

III-V MBE

Load LockTransfer
Chamber

Metal
e-Beam

Base Pressure 10-9 ~ 10-11 Torr



RHEED: An important growth diagnostic
RHEED: Reflection High Energy Electron Diffraction

• Uses electron diffraction to monitor development of crystal structure during growth
• Employed in both OMBD and OVJP 
• Analogous to glancing incidence x-ray diffraction: only monitors surface layers (e- penetration depth 

only 1 or 2 MLs
Experimental set up
Beam angle: q = 1 – 2o

• 2D lattice “surface mesh” projects diffraction lines compared to spots in 3D
• Line spacing = surface mesh lattice constant
• Rotation of sample under beam gives surface lattice symmetry
• Intensity oscillation number = number of MLs deposited (partially filled layers are more 3D and hence 

reduce diffracted beam intensity)

Specular beam intensity with 
growth time



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



Organic Vapor Phase Deposition: Concept
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• Controlled and 
accurate doping
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• Dust free chamber

• Efficient materials use

• Control of  film crystal                
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M. Shtein, et al., J. Appl. Phys., 89, 1470 (2001). 
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Precision Growth by OVPD
NTCDA

(20nm)

DBTTF-TCNQ

(20nm)

[01]

[01]

Substrate: KBr

[11]

[11]

[11]

Combined Charge-
Transfer Salts / Small 
Molecule Multilayer

RHEED is possible by minimizing e-beam path in the low pressure chamber 

Clear orientation to substrate 
w/o lattice match = quasi-
epitaxy

Lunt, et al. Adv. Mater. 19, 4229 (2007)
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6 Layer Multilayer QW Growth in OVPD

KBr[100]//NTCDA[001]

Crystallinity continues up to 
12 layers of (5nm/5nm)

KBr[100]

KBr[100]//DT[10]*

* KBr[210] ~ // DT[01] (surface mesh)

NTCDA

DT

Lunt, et al. Adv. Mater. 19, 4229 (2007)

discontinuous streaks
⇒3D (rough) morphology

substrate

layer 1 layer 2

...layer N



Morphology Controlled by Gas Flow and 
Temperature Conditions

0.8 nm/s

1 nm/s

1.2 nm/s

Gas phase nucleation ensues at 
high deposition rates
(“snowing”)

α-NPD
(hole conductor)



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 28



Differences between kinetic (VTE) 
and diffusion (OVPD) driven growth

Kinetic regime: molecules follow 
line-of-sight trajectories
Mean-free-path >> chamber size

holes due to shadowingCuPc crystallites

PTCBI blanket

Yang, et al. Nat. Mater. 4, 39 (2005)

500 nm

Diffusive regime: molecules 
random  trajectories due to 
collisions with background gas
Mean-free-path << chamber size

PTCBI blanket coverage complete



Controlled growth of a Bulk HJ by OVPD

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



Tilted view 500 nm

Side view 200 nm

Glancing Incidence Deposition Controls 
Deposit Structure

(see Ch. 6)

• Distributed and point 
evaporation sources. 

• Point sources limit 
angles of incidence, 
controlling deposit 
morphology

• At glancing angles, 
initial nucleation sites 
shadow subsequent 
deposit, creating 
“pillars”

Substrate reversed once during 
deposition, creating angular pillars


