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Calculating Equilibrium Crystal Structure
Epitaxy

Self-assembly

Chapter 2.5-2.8
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Summary: Comparison of Bond Strengths
Bond strength determines the physical properties of materials
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Calculating Equilibrium Crystal Structure
• Why do we need to do this?

ØMorphology determines optical and electrical properties of thin films
ØTo understand anisotropies in dielectric constants, optical properties and 

transport, we must understand their relationships to structure
ØCan use structure as a predictive tool for behavior of organics
ØCan use energetic calculations to find routes to improved structure via 

annealing, self-assembly, etc.

• But the problem requires large computational resources
ØEach molecule has shape
ØMolecules have 6 degrees of freedom to seek equilibrium (3 rotational, 3 

translational) 

Practical Solutions Require Significant Simplifications
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Atom-Atom Potentials For Calculating 
Equilibrium vdW Crystal Structure

• Atom-atom potential method too cumbersome for practical structures (6 dof/molecule!)
• Results in closest possible packing arrangements like ideal gas; maximizes coordination no.
• Assumes T=0 (model is static, no vibrational modes)
• Ignores Ucoul, Ufixed dip, Uhydro

• Gives no clue as to how to achieve the structure
• ε,σ isotropic but potentials are not
• 1/r6 ⇒ nearest neighbors only
• No charge transfer between molecules

• Definition of a molecular solid: Atoms within a molecule are closer than 
nearest atoms on different molecules

• The atom-atom potential method is used to calculate equilibrium structures 
of molecular solids
• Assumes that the total binding energy between molecules is equal to the sum of 

the vdW atom potentials of each molecular pair between these molecules.

Ucrystal =
1
2

U(Rij )
i≠ j
∑ : Total crystal energy

U(Rij ) =
1
2

U(rmn )
m,n
∑ : Total binding energy of two molecules separated by Rij=Ri - Rj

with atom m on molecule i, n on molecule j with vdW attraction U(rmn)

"#$%&'()*
"+,-

= 0 : Equilibrium crystal configuration
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degrees of freedom within the larger, adsorbed mo-
lecular lattice. However, as will also be shown in the
following section, precision structural measurements
suggest that QE films can have significant strain
when grown on substrates where �inter′′ ⇡ �intra′′. The
resulting elastic distortion of the film as compared
to the bulk lattice structure does not appear to relax
even in the thickest films studied.111 This suggests
that the details of QE structures are considerably
more complex than predicted by the model discussed
here, although the general features of QE structures
are indeed predicted by the somewhat simplified
assumptions used to make the calculations both
intuitively useful and calculationally tractable.

The accuracy of the method has been tested by
calculating the bulk crystal structure of PTCDA, and
then comparing these results with existing crystal-
lographic data. Note that calculation of the full bulk
structure is a complex 3D problem involving numer-
ous degrees of freedom between the several molecules
in the cells. Hence, only limited aspects of the 3D
structure are calculated to test the model. Perspec-
tive views of the bulk PTCDA and NTCDA unit cells
are provided in Figure 3-7, parts a and b, respec-
tively,63 with details of the structures compiled in
Table 2.

The energy of two organic molecules stacked one
above the other was calculated as a function of
intermolecular distance along the stacking axis, using

previously published values for the atomic vdW
coefficients,112,113 with the results plotted in Figure
3-8. Bonding energies for PTCDA-PTCDA, NTCDA-
NTCDA, and PTCDA-NTCDA dimers are all plotted
in the figure. It is apparent that the equilibrium
distance (or “vdW radius”) in the stacking direction
(assuming that the molecular planes of adjacent

Figure 3-7. Perspective views of the unit cells of (a) PTCDA and (b) NTCDA.

Figure 3-8. The van der Waals potential as a function of
interplanar stacking distance of a PTCDA dimer, a NTCDA
dimer, and a PTCDA/NTCDA stack. For each curve, the
two molecules are centered with respect to each other, with
their molecular planes parallel (from ref 99).

Ultrathin Organic Films Grown by OMBD Chemical Reviews, 1997, Vol. 97, No. 6 1807

(a)$ (b)$

PTCDA NTCDA

Equilibrium crystal structures

Molecule-molecule (dimer) potential surfaces

PTCDA

NTCDA

Double min.
⇒ slip stack

Single min.
⇒ lamellar stack
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An example of close packing
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Energy, Force, Elastic Constants of PTCDA
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Molecular Dynamics Simulations

• Includes thermodynamics (i.e. temperature) 
in the atom-atom potential calculations to 
determine the likely lowest energy 
structures

• Calculationally intense

Simulated annealing at an interface

Example: Blending at a bilayer interface C60
+ BP4mPy with increasing annealing 
temperature.

Increasing Tem
perature

Song & Forrest, Nano Lett. 16, 3905 (2016)
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3D complexity Using MD Calculations
Phase Separation à Surface Morphology

Initial configuration: mixed layer

Annealed configuration
kT/EB=0.067 kT/EB=0.10 kT/EB=0.13

Yang & Forrest, ACS Nano, 2, 1022 (2008)
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500nm

Annealed-metal cap Not annealed

Annealed-no metal cap

Bulk Heterojunction Formation:  
Annealing with Metal Stressor Cap

Cu phthalocyanine
(CuPc)

Peumans, et al. 2003. Nature, 425, 158.
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ηED=77%

Calculating annealing of a binary blend
Qualitatively accurate representation by MD

kT/EB=0.10
ηED=55%

kT/EB=0.13
ηED=43%

1000Ǻ Ag

CuPc:PTCBI

ITO
Peumans, et al. 2003. Nature, 425, 158.

Ag cap holds surface flat
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200nm

Phase Segregation in Confined Films 

1000Ǻ Ag

5000Ǻ CuPc:PTCBI (4:1)

ITO

300K 450K

550K500K

SEM of cross-section shows increasing grain size

Peumans, P. et al. 2003. Nature, 425, 158.
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Growth Modes of Materials: Epitaxy

• Epitaxy: the growth of a layer whose structure 

mimics that of the underlying lattice

(a)$

(b)$

(c)$

Layer-by-layer
(Franck-van der Merwe)

Wetting layer+islands
(Stranski-Krastonow)

Island
(Volmer-Weber)

PTCDA on Graphite
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Pentacene on 
polyimide

Oligoethylene on Ag

Kendrick, et al. Appl. Surf. 
Sci., 104/105 586 (1996)

Kinetics of island formation in organic film growth

D. Y. Zhong,1,2 M. Hirtz,1 W. C. Wang,1 R. F. Dou,1 L. F. Chi,1,* and H. Fuchs1,2
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Three dimensional islands with flat tops, steep edges, and a characteristic height are grown by organic
molecular beam deposition. The mesalike shape of the organic islands results from an efficient ascending
interlayer transport process, which originates from different effective step-edge binding energies of strained
layers and unstrained layers. The molecules preferentially attach onto the upper step edges, which possess
higher effective binding energy with the molecules. Numerical simulations based on the model agree well with
the experimental results.

DOI: 10.1103/PhysRevB.77.113404 PACS number!s": 68.43.Jk, 68.55.A!, 81.05.Lg, 81.15.!z

An important feature of functional organic materials1,2 is
that their physical and chemical properties are readily tun-
able by molecular design. The performances of organic de-
vices, however, depend not only on the molecule itself, but
also on the arrangement of molecules in the films. Due to the
large lattice mismatch between the organic layer and the sub-
strate, the growth of organic films on reactive substrates pref-
erentially follows the Stranski-Kranstanov !SK" mode:3 Be-
yond the initial wetting layer with a thickness of one or a few
monolayers !MLs", three dimensional !3D" islands are
formed.4–8 To investigate the film growth, the kinetic pro-
cesses should be considered on the molecular scale, among
which the interlayer mass transport determines the film
morphology.3,9,10 To date, the role of the step-down process
on film growth has been well understood. During a step-
down process, the molecules encounter an additional step-
edge barrier, or Ehrlich-Schwoebel !ES" barrier appending
on the surface diffusion barrier when molecules cross a step
edge. In the case of an efficient step-down interlayer trans-
port, nucleation of a second layer takes place after the full
coalescence of the layer underneath, resulting in layer-by-
layer !LBL" growth. In contrast, inefficient interlayer trans-
port results in a 3D mound formation and increases the
roughness of the film. Given the inhibited interlayer mass
transport, molecules remain on the layer on which they are
deposited and mounds with a terraced wedding-cake-like
shape are formed.3

Here, we study the formation of mesalike islands upon the
wetting layer during the growth of organic thin films. It is
found that organic islands with steep edge, flat top, and char-
acteristic height are formed on a metallic substrate at certain
range of temperatures. To understand the organic island for-
mation, a model is proposed in which not only the descend-
ing interlayer transport process but also the ascending pro-
cess is taken into account.

As a model system, oligoethylene-bridged diferrocene
!diFc", Fc!CH2"14Fc !Fc=ferrocenyl", was deposited on a
Ag!110" surface by organic molecular beam deposition with
an average rate about 0.2 nm /min.11,12 The nominal thick-
ness of the organic films is about 5 nm. The film growth
follows the SK mode with 3D islands formed on a wetting
layer. As investigated by scanning tunneling microscopy, the
wetting layer surrounding the 3D islands exhibits the same

superstructures as the ML films grown on Ag!110" reported
elsewhere.12 Figure 1!a" shows the atomic force microscopy
!AFM" image of a typical diFc island grown at 300 K. The
islands exhibit straight edges with characteristic orientations,
indicating the crystalline structure. Three straight edges of
the island in Fig. 1!a" are marked by E1, E2, and E3, which
coincide with the !0, 1", !1, 1", and !1, 0" directions in the
!−2 1 1" plane of the diFc molecular crystal #Fig. 1!b"$, re-
spectively. The measured angles enclosed between E1 and
E2 and between E1 and E3 are about 50° and 81°, agreeing
with the values in the crystal, 49.6° and 79.5°, respectively.

FIG. 1. !Color online" Mesalike organic island grown on a
Ag!110" surface !covered with a wetting layer". !a" AFM image. !b"
The !−2 1 1" plane in the molecular crystal. The edges of the island
in !a" marked by E1, E2, and E3 correspond to the !0, 1", !1, 1", and
!1, 0" directions in the !−2 1 1" plane, respectively. !c" Height pro-
file crossing the island along the arrowed direction in !a".

PHYSICAL REVIEW B 77, 113404 !2008"

1098-0121/2008/77!11"/113404!4" ©2008 The American Physical Society113404-1

Yang, et al. Adv. Func. 
Mater., 15, 1806 (2005)

Zhong, et al. Phys. Rev. B, 
77 113404 (2008)
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Matthews-Blakeslee Strain Limit

Defect formation depends on bond strength, energy of defect formation, size of lattice

Strain = f = aE − aS
aS

= Δa
aS

 

	

Critical thickness leading to lattice dislocations
When force due to strain = tension in dislocation 

ν=Poisson’s ratio
ae=magnitude of the Burger’s vector 

of the dislocation

Burger’s vector definition

Δa = lattice mismatch

At a critical degree of strain, the lattice relaxes via dislocations

Matthews & Blakeslee, J. Cryst. Growth, 27, 118 (1974)
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Commensurality Looking From the Top

Hiller, A. C. & Ward, M. D. 1996. Phys. Rev. B, 54, 14037.

Energy vs. rotational angle
between commensurate & 
nearly commensurate lattices

Energy minima deeper for commensurate (equilibrium) structures
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Commensurality in X-section View

Commensurate growth can lead to 
lattice distortion to accommodate 

strain

elongation of unit cell=tetragonal 
distortion

EE

EE

Incommensurate growth allows 
epitaxial lattice to relax to its 

equilibrium dimensions
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Organic systems often incommensurate but 
align to substrate in order to minimize energy: 

Quasi-epitaxial growth
• Rarely is there an appropriate substrate to initiate epitaxy

• Growth can occur relatively free of defects (very large Matthews-Blakeslee critical 
thickness) when the force constant within a layer is greater than between the layer and 
substrate

• That is, lattice stiffness exceeds interaction between layers, allowing for slippage between 
epitaxy and substrate

• Fundamentally a “guided self-assembly” process

• Large molecules more readily form ordered layers on substrates due to overlap with 
multiple lattice constants

⇒ ′′Uint ra >> ′′Uinter : Condition for quasi-epitaxy

b1
b2

⎛

⎝
⎜

⎞

⎠
⎟ = T

a1
a2

⎛

⎝
⎜

⎞

⎠
⎟

Lattices related by transformation matrix, T

T =
t11 t12
t21 t22

⎛

⎝
⎜

⎞

⎠
⎟

-Commensurate: all t’s are integers (i.e. det(T)= integer)
-Coincident: one direction of overlayer lies along a substrate direction (i.e. det(T)= simple fraction)
-Incommensurate: no t’s are integers (i.e. det(T)= irrational no.)

α

a1

a2 b1

b2

θ
β
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Quasi-epitaxial growth conditionGrowth modes of organic semiconductor thin films: S. R. Forrest and P. E. Burrows 

7 
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Figure 5 Calculated interlayer (d”inkr) and intralayer (d”in& compressibilities as a function of displacement from equilibrium (Ax) of a PTCDA 
crystal. The condition for QE: di’intra>>d”int.-r at Ax = 0 is clearly acheived for this material system 

build up indefinitely without generating high densities 
of defects. Hence, it has been suggested5,14 that one 
mechanism for strain relief is via generation of mass 
density waves (MDWs) previously observed in inert 
gas MLs physisorbed onto graphite surfaces’5T43. Mass 
density waves are static oscillations in crystalline 
density which ‘propagate’ across the thin film to 
minimize the total crystalline energy without inducing 
misfit dislocations in incommensurate thin film layers. 
This same phenomenon may reduce strain energy in 
QE films. Given the numerous degrees of freedom 
within organic molecules, it is reasonable to assume 
that there is some spatial adjustment of, for example, 
intramolecular bond lengths, or molecular orientation 
within the cell such that the energy added due to a 
mismatch with the substrate is reduced. In incommen- 
surate systems, adjacent unit cells within the first ML 
are in slightly different (but spatially correlated) 
positions with respect to the substrate lattice. Hence, 
the degree of perturbation of a particular unit cell to 
minimize energy will also be spatially correlated to 
neighbouring cells. This spatial correlation should then 
give rise to a periodic (but small) variation in the 
positions of atoms within the surface net. These 
periodic variations are a manifestation of MDWs in 
large molecular systems as compared to monatomic 
inert gas atom systems where the lattice positions 
themselves are periodically displaced. 

While as yet there is no strong evidence for the 
existence of such MDWs in QE films, Fenter and co- 
workers33 observed that the (0,1,2) PTCDA diffraction 
peak position was 0.12% larger than the (O,l,-2) 

0.822 

0 .01  
0, 0.8211 

0.001 
+ 

1O-4 
2 

10e5 

0.8185 k- 10e6 
0 0.2 0.4 0.6 0.8 1 1.2 

ai, incident angle (9 

Figure 6 Plot of the peak radial position, Q, of the (012) Bragg 
peak of PTCDA on Au(l I I) as a function of incid?nt angle. Also 
shown is the inverse X-ray penetration depth, l/n (l/A). The shift in 
Q appears at ~(i < %, the critical angle (i.e. when the penetration depth 
be-comes smaller than the film thickness). (Taken from ref. 33) 

3.8% from its bulk (equilibrium) structure. Hence, QE 
films have the unique property of growing into 
smooth, non-equilibrium structures determined, to 
some degree, by the mismatch of the adlayer lattice to 
that of the substrate. These non-equilibrium structures 
do not relax, but rather are frozen in to a somewhat 
strained film whose structure is established by the first 
or second ML. In effect, the substrate acts as a 
template, generating a new QE crystal structure 
depending on the details of the substrate structure and 
the strength of the substrate/organic thin film interac- 
tion. 

Strain, as observed fi3r PTCDA/Au(l 1 l), cannot 

SUPRAMOLECULAR SCIENCE Volume 4 Numbers 1-2 1997 135 
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Larger molecules have lower 
intermolecular strain

Distance (Å)
Dista

nce (Å
)

-0.85

-0.90

-0.95

vdW Potential (eV)

vdW Potential (eV)

Distance (Å)
Dista

nce (Å
)

-0.8

-0.9

-1.0

”Rounder” molecules have broader 
and more uniform energy surfaces 
⇒ easier to slide on substrate

“Longer” molecules can accommodate 
more strain with substrateCoronene

Benzene
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Example of ordered q-e growth

NTCDA&

DB(&
TCNQ&

• OVPD growth of DB-TCNQ on NTCDA on KBr
• Deep alternating layer stacks grown
• Congruent growth of the two component salt, DB-TCNQ observed 

(Congruent growth = ordered growth of 1 DB per 1 TCNQ molecule in each monolayer)
• 5 nm/layer
• Order maintained throughout stacks, orientation of one layer on another also maintained even 

when incommensurate
• Layer ordering measured using in-situ reflection high energy elctron diffraction (RHEED)

KBr NTCDA DB-TCNQ 

Lunt, et al, 2011. Rev. B, 83, 064114.

Substrate

Layer 1, 3, ..

Layer 2, 4, ..
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Measurement and atom-atom calculations 
predict similar lattice angle alignments

KBr$

DB&$
TCNQ$ NTCDA$

Coincident

Incommensurate

Quasi-epitaxial

Atom-atom energy calculations show preferred 
interlayer orientations to minimize energy

a) 

b) 

c) 

U/
U 0

$

Measured lattice alignments

Lunt, et al, 2011. Rev. B, 83, 064114.
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Self-Assembly
Self-assembly

• The process where structure is guided by 
cohesion and symmetry of components

• It can be spontaneous
• It can occur over multiple length scales, from 

nano to cm.

Balance of attractive and repulsive forces drives SA

SA of CdSe tetrapods

arms

Central 
seed

Nelson, et al. Nano Lett., 7, 2951 (2007)

Whitesides & Boncheva, PNAS, 99 4769 (2002)
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Self-Assembly: Two Examples

• Photosynthetic complexes are assembled 
over multiple scales:

• Single porphyrin molecules at pico/nano scale
• Protein scaffolds (the spirals and colored 

strands) at 10 micron scale

Guided SA
• Functionalized molecules assemble side-by-side due to 

vdW attraction
• Directionality provided by end group functionalization

Ullman, Chem. Rev. 96, 1533 (1996).

McDermott et al., Nature 374, 517 (1995).
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The Universe of Structure
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What we learned

• We introduced several classes of organic compounds useful 
in OE, and established a common language
• We quantified important binding properties of crystals 

(covalent, ionic, van der Waals, H-bonds) and the crystal 
structures they produce
• We showed how layers grown onto surfaces can replicate, 

or are guided by the underlying substrate structure (epitaxy, 
vdW epitaxy, quasi-epitaxy)
• We described the process of self-assembly resulting from a 

balance between cohesive and repulsive forces that can 
produce ordered structures over multiple length scales.


