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Optical microscopy and atomic force microscopy were used to investigate the solidification process
of the organic energetic material pentaerythritol tetranitrate thermally deposited on a silicon surface.
The metastable films spontaneously undergo dendrite formation where the measured fractal
dimensions indicate a diffusion-limited-aggregation mechanism. The branch growth rate was
investigated as a function of temperature and fitted by a theoretical model that takes into account
competing thermally activated processes of surface diffusion and molecular desorption.
Consideration of the internal molecular degrees of freedom is shown to be essential for quantitative
consistency between theory and experiment. © 2009 American Institute of Physics.
�doi:10.1063/1.3238316�

The physics of thin organic film growth is an intriguing
and important topic in nonequilibrium solidification
process.1,2 Examples of such processes include nonequilib-
rium pattern formation,3 dendrite growth,2 and viscous
fingering.4 A number of growth and aggregation models have
been developed to explain the physical and chemical charac-
teristics including diffusion limited aggregation �DLA�,5

cluster-cluster aggregation,6 and deposition diffusion and
aggregation.7 These models have been used for both metal8,9

and inorganic10 thin films. The majority of studies have con-
sidered metallic systems where aggregation and desorption
involve individual metal atoms. Expanding these models
to a molecular system would be interesting due to the
additional internal degrees of freedom of individual mol-
ecules that strongly affect their kinetics. In addition, molecu-
lar thin films are important in many areas including
pharmaceuticals,11 paints/pigments, agrochemicals,12 and en-
ergetic materials.13

In this letter, we report the investigation of fractal
growth of pentaerythritol tetranitrate �PETN� films thermally
deposited on a silicon substrate. At room temperature, the
island growth clearly exhibits dendrite shapes with fractal
dimensions typical of a DLA process. We develop a simple
theoretical model to show how such patterns can be ex-
plained on the basis of competing effects of diffusion-
mediated aggregation and desorption of molecules.

PETN �purity � 99%� supplied by Lawrence Livermore
National Laboratory �LLNL� was used in these experiments
without further purification. Electronic-grade silicon wafers
�Nova Electronic Materials, Ltd.� were cleaned by a routine
procedure.14 PETN films were deposited with thermal depo-
sition chamber,15 which has in situ temperature and thickness
measurement capability. A Maxtek T-100 QCM film thick-
ness monitor was used to check the flux and film thickness.
The as-deposited PETN films, ranged from 10 to 1000 nm in
thickness, were annealed at temperatures ranging from 30
and 80 °C, while the film growth process was monitored by

optical microscopy. All atomic force microscopy �AFM� im-
ages were collected using a Nanoscope IIIa multimode scan-
ning probe microscope �Veeco Instruments, Inc., Santa Bar-
bara, CA� operating in the tapping mode using a silicon
cantilever with a nominal drive frequency of 325 kHz.

AFM images of the freshly prepared PETN films appear
to follow the Volmer–Weber structure16 with island struc-
tures, as shown in Fig. 1. PETN is easily supercooled to
room temperature without crystallization �melting point of
141 � 1 °C �Ref. 17��. The nucleation rate of islands appears
to be homogeneous over the entire surface. The initial films
prepared are metastable over a period of days, showing no
dendritic growth. Previous studies showed that by inducing
defects on the surface with the AFM tip, PETN films spon-
taneously undergo dendritic formation.18 However, that work
was primarily phenomenological and there was no effort to
deduce the mechanisms responsible for the fractal growth.
Figure 2 shows clear observation of branch formation at four
subsequent time elapses after initiation of dendrite growth.

a�Author to whom correspondence should be addressed. Electronic mail:
brandon.weeks@ttu.edu.

b�Electronic mail: amaiti@llnl.gov.

FIG. 1. �Color online� AFM images of PETN films deposited on silicon.
The film thicknesses measured by QCM are �a� 40.2 nm, �b� 70 nm, �c�
280.2 nm, and �d� �500 nm.
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The formation of dendritic branches is found to occur at the
expense of island shrinkage. The termination of growth re-
sults from the depletion of material surrounding the
branches, and the fractal shapes are stable when the branches
are fully developed, as shown in Fig. 2.

The temperature of the environment is found to influence
the growth rate of the branches. To quantify the effect of the
temperature, we measured the average branch growth rate
during annealing �Fig. 3�. At 30 °C the rate of growth is
found to be 0.15 ��0.03� µm/s. The growth rate increases
almost linearly and displays an interesting maximum at
�45 °C before falling to essentially zero at 60 °C. Further
heating led to shrinkage of the dendrite structures with com-
plete disappearance at 85 °C.

The rates of growth and shrinkage of the dendritic
branches as a function of temperature can be understood
within the framework of a simple theoretical model that
takes into account competing processes of �1� surface-
diffusion-mediated molecular aggregation and �2� thermal
desorption of PETN molecules from the aggregated den-
drites. Process �1� dominates at temperatures less than 60 °C,
thereby leading to a net growth rate of the branches, while
process �2� takes over at higher temperatures, resulting in
feature shrinkage and ultimate disappearance. The model is
mathematically described as below.

A dendrite with linear dimensions s and fractal dimen-
sion f consists of a total number of molecules given by
N�s�=ksf, where k is a proportionality constant. The rate of
molecular addition to this dendrite is given by

Ṅ+ = pdA�s�� exp�− �+/kBT� , �1�

where a “dot” represents the time rate of change �everywhere
throughout the text�, �+=�gen+�diff is the sum of �1� the

activation barrier of the generation of the surface-mobile
molecules from the amorphous film surface ��gen� and �2�
the activation barrier of surface diffusion of the mobile spe-
cies ��diff�, while A�s� contains unknowns such as the pref-
actor of diffusion constant, prefactor of surface density of
mobile species, etc., but should be relatively insensitive to
temperature T, which is already expressed through the expo-
nential term. The quantity � in Eq. �1� is an effective vibra-
tional frequency and pd is the probability that the diffusing
molecule does not desorb from the surface during its diffu-
sion path to the dendrite. This probability is given by pd
=exp�−rd�d�, where rd is the rate of desorption �into the
vacuum� from the diffusing surface and �d is the average
diffusion time. These quantities can be estimated as rd
�� exp�−�des /kBT� and �d���d

2 /a2��exp��diff /kBT�, where
�des is the energy barrier to desorb from the diffusing sur-
face, �d is a mean-free path of diffusion, and a is the nearest-
neighbor distance on the Si surface, being � 0.5 nm.

While Ṅ+ represents a source term, there is a sink term
that is governed by the thermal desorption of PETN
molecules19,20 from the dendrite, which is given by the ex-

pression Ṅ−= �Peq /�2�MkBT��Nsurf�s�, where Nsurf�s� is the
number of surface-exposed sites of the dendrite, M and � are
the mass and the surface area per PETN molecule, and Peq is
the equilibrium pressure given by the formula,19

Peq =
kBT

	3

Zrot

�Zvib��eff��6 exp�− �Esub/kBT� , �2�

where Zrot and Zvib are rotational and vibrational partition
functions of a PETN molecule,19 	 is the thermal de Broglie
wavelength �	=h /�2�MkBT, with h being the Planck’s con-
stant�, �eff�1.0
1013 s−1 is an affective frequency defined
in Ref. 19 that accurately reproduces PETN vapor pressure,
and �Esub is the sublimation energy. The experimentally ob-
served “branch growth rate” is simply the rate of change in s.

This is given by the equation, Ṅs= Ṅ+− Ṅ−, which can be
simplified to

ṡ = s�C+�s�pd� exp�− �+/kBT� − C−�s��̇des� , �3�

where C+�s�=A�s� / �fN�s�� and C−�s�=Nsurf�s� / �fN�s�� are
dimensionless quantities assumed insensitive to T, and the
site desorption rate �̇des is given by

�̇des =
kBT

h

�

	2

Zrot

�Zvib��eff��6 exp�− �Esub/kBT� , �4�

a familiar expression from transition state theory.21

We now use the above formalism to interpret the ob-
served branch growth rate in Fig. 3 for a fixed size scale s
�100 �m �see Fig. 2�. From molecular dynamics calcula-
tions using the COMPASS force field,22 we determined the
relevant energies �in kcal/mol� as �gen�22, �diff�2, �des
�17, and �Esub�37. We also assume all vibrational fre-
quencies to be ���eff=1
1013 s−1. From Fig. 2 the diffu-
sion mean-free path �d appears to be a few tens of microns.
The solid curve in Fig. 3 displays the branch growth rate ṡ
computed by Eq. �3� using parameters �d�85 �m, C+�s�
�58.3, and C−�s��5.2
10−4. The dotted �� and dashed
��� curves also separately show the contribution of the
source �i.e., addition rate by diffusion� and the sink �i.e.,
reduction rate through evaporation� terms to the overall
growth process. The net growth rate is the difference be-

FIG. 2. �Color online� Optical images of PETN deposited on silicon show-
ing dendritic growth at room temperature. �a� As deposited PETN, �b� Image
after 60 min, �c� 90 min, and �d� after 170 min. The scale bar is 100 µm.

FIG. 3. �Color online� Growth rate of dendrite branches as a function of
temperature. Circles indicate experimental observations. The solid line rep-
resents the theoretical net growth curve; it is a sum of the dotted �� and
dashed ��� curves showing the addition rate by diffusion and the reduction
rate through evaporation, respectively.
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tween the �� and ��� curves. One clearly sees that the
maximum at T�45 °C occurs solely in the source term. This
is because this term involves the product of two functions
�see Eq. �1��, i.e., the probability pd that decreases as a func-
tion of T and exp�−�+ /kBT� that increases as a function of T.
Below 45 °C, the increase in growth rate with temperature is
due to faster diffusion, which outweighs losses due to evapo-
ration of the diffusing species. However, above 45 °C, the
rate of evaporation of the diffusing species becomes too sig-
nificant and leads to a gradual reduction in the growth rate.
At the same time, the rate of evaporation from the dendrite
surface picks up beyond 45 °C and continues to increase.
There is a crossover of the source and the sink contributions
at 60 °C, leading to zero growth rate at this temperature and
a net shrinking of the dendrite beyond 60 °C. Figure 4 dis-
plays the experimentally measured branch shrinking rate be-
tween temperatures of 60 and 80 °C. If we use a constant
value of the surface fraction Nsurf�s� /N�s� �which is just f
times C−�s�� during the whole shrinking process, we get
good agreement with the experimental shrinking rates for T
up to 70 °C. However, for higher temperatures, we find that
the computed shrinking rates are progressively more under-
estimated. This can be interpreted as more and more sites
being surface exposed at higher temperatures with a con-
comitant increase in surface fraction �see inset in Fig. 4�.

In this work, we demonstrated dendrite growth from thin
films of the energetic organic material PETN and quantita-
tively studied growth and shrinkage rates as a function of
temperature. We showed that a simple theoretical model
based on surface diffusion, aggregation, and thermal desorp-

tion can quantitatively explain the observed data provided
internal molecular degrees of freedom are consistently incor-
porated in the desorption analysis. This work may aid in
understanding growth kinetics and coarsening processes in
PETN and other organic materials.

The authors would like to thank finical support from
NSF CAREER �Grant No. CBET-0644832�. The work at
LLNL was performed under the auspices of the U.S. Depart-
ment of Energy by Lawrence Livermore National Laboratory
under Contract No. DE-AC52-07NA27344.
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FIG. 4. �Color online� The experimental measurements �circles� of branch
shrinking rate between temperatures of 60 and 80 °C, along with the corre-
sponding theoretical fit �solid line�. �Inset� Temperature-dependent surface
fraction Nsurf�s� /N�s� of molecules used in the theoretical fit.
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