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Abstract

For the first time, we have shown that spin coating and Dip pen
nanolithography (DPNTM) are simple methods of preparing
energetic materials such as PETN and HMX on the nanoscale,
requiring no heating of the energetic material. Nanoscale
patterning has been demonstrated by the DPN method while
continuous thin films were produced using the spin coating
method. Results are presented for preparing continuous PETN
thin films of nanometer thickness by the spin coating method and
for controlling the architecture of arbitrary nanoscale patterns of
PETN and HMX by the DPN method. These methods are simple
for patterning energetic materials and can be extended beyond
PETN and HMX, opening the door for fundamental studies at the
nanoscale.

Keywords: Dip Pen Nanolithography, Spin Coating, PETN, HMX,
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1 Introduction

Preparation of nanoscale high explosive materials like
pentaerythritol tetranitrate (PETN) and cyclotetramethy-
lene tetranitramine (HMX) has been a challenging task, due
to their chemical and physical properties such as decom-
position at relatively low temperatures. PETN (C5H8N4O12)
is a crystalline energetic material and one of the strongest
known secondary high explosives, generally used as a
booster for small caliber ammunition or as the explosive
core of detonation cords. The properties [1 – 3] and X-ray
diffraction characterization [4] of PETN have been exten-
sively documented. HMX (C4H8N8O8) is used almost
exclusively in military applications and also as a propellant.
It has also been the subject of various fundamental studies
[5 – 8]. Although these materials have been studied at the
macroscopic level, very little is known about their behavior
at the nanoscale. Engineering and control of energetic
material properties at the nanoscale are of paramount
importance when the ignition and detonation properties of
high explosives (HE) are to be determined. Towards this

end, deposition of thin films at the nanoscale becomes
necessary, and physical vapor deposition has been used in
the past to deposit energetic materials, as demonstrated by
Tappan et al. [9] and Ericson et al. [10]. Tappan et al. [11]
have also demonstrated the use of semiconductor manu-
facturing techniques with inherent advantages of rapid
throughput and integrated manufacturing. However, the
nanoscale deposition of thin films of HEs presents a
challenging problem because most explosives are sensitive
organic molecules that decompose at relatively low temper-
atures, therefore thermal evaporation and sputtering meth-
ods are limited.
For the first time, we present methods for making

continuous HE thin films and arbitrary HE patterns at the
nanoscale. Continuous films were prepared using spin
coating/spin casting. Spin coating is one of the simplest
and cheapest deposition techniques in which several drops
of a liquid solution are simply placed onto a spinning
substrate. Centrifugal forces then spread the liquid to a
uniform thickness over the entire substrate. The film@s
thickness is usually determined by the solution@s viscosity
and the rate and duration of spinning.
Arbitrary nanoscale HE patterns were produced using

DPN [12], which is an application of the atomic force
microscope (AFM) [13]. The AFM has the ability to image
surfaces at the atomic/molecular scale in three dimensions.
Studies of HE crystal properties using AFM [14, 15] have
provided a better understanding of their surface reconstruc-
tion and hotspot development. The AFM generally uses a
silicon nitride tipmounted on a gold coated cantilever to scan
surface features. Typically, a laser signal is bounced off the
back of the cantilever onto a photodetector, which is divided
into four quadrants. The segmented photodetector allows for
both vertical and lateral displacement of the cantilever to be
recorded simultaneously. As the cantilever scans the surface,
minutedeviationsof thepiezo scannerdue to surface features
are registered as changes in the photodetector and a high
resolution image of the surface is obtained. In the DPN
method the AFM tip (radius ~10–20 nm) is coated with
desired materials to be patterned (inks).* Corresponding author; e-mail: brandon.weeks@ttu.edu
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DPN has emerged favorably in comparison to other soft
molecule patterning methods such as micro contact printing
[16, 17] due to its high spatial resolution. Patterns can
subsequently be formed at the nanoscale bymoving the tip in
a desired path to form dots, lines and even complex features
using computer aided drafting programs [18]. The schematic
representation of theDPNmethodusing anAFM is shown in
Figure 1.Thewatermeniscus [19] formedbetween the tip and
substrate is a proposed mode of transport of molecules from
the tip and is formed by capillary condensation [20].
However, there has been no consensus in the literature [21]
as to how transport of highly insoluble ink molecules can
occur through the water meniscus. The DPN method has
found numerous applications in patterning soluble and
insoluble inks such as thiols [22, 23], dendrimers [24], gold
nanostructures [25] and even magnetic nanoparticles [26].
DPNgenerated features, as small as 15 nmwith 5 nm lateral

resolution, can be patterned [27], which demonstrates the
flexibility of using this method to produce complex HE
structures for potential use in HE propagation studies. Since
the DPN patterns have heights on the order of tenths of a
nanometer, the lateral forcemicroscopy (LFM) image ismore
useful in feature imaging. The LFM image (lateral twisting of
the cantilever) provides contrast due to the relative friction of
thedifferingchemical compositions.For theHEstudies, silicon
andmica substrates were used in theDPNmethod as silicon is
the substrate of choice in the semi-conductor industry, which
may allow for direct incorporation of HE materials into the
fabricationprocess.Micawas alsoused since it is easy toobtain
an atomically flat substrate for patterning.

2 Experimental

Spin coating solutions of PETN were prepared by
dissolving the PETN powder in acetone (0.1 M and

0.01 M). The PETN powder was synthesized by EG&G
Mound Applied Technologies, Inc. (Miamisburg, OH) and
supplied by Lawrence Livermore National Laboratory
(Livermore, CA). Powder samples were recrystallized out
of cold acetone, and elemental analysis and Fourier trans-
form infrared spectroscopy were used to assure purity
greater than 99%. The thin films were prepared by spin
coating the PETN solution onto the glass substrate at room
temperature using a single wafer spin processor from
Laurell Technologies Corp. (North Wales, PA). The spin
speed was 2500 rpm and the spin time was 40 s. The coated
film was dried in air at room temperature for 20 – 30 min.
The film was then characterized by a Pacific Nanotechnol-
ogy Inc. AFM (Santa Clara, CA) in contact mode to
measure film thickness and morphology.
DPN patterning experiments were conducted at NanoInk

Inc. (Skokie, IL) on two substrates: freshly cleavedmica and
silicon (Si) wafer. The AFM itself was an NSCRIPTORTM

with a humidity control chamber and an air-table for
vibration control. The LFM channel image was used to
highlight the patterned features, as there was little topo-
graphic relief between the features and the substrate. The
bare Si wafer (100) was cleaned with freshly prepared
piranha solution (3 :7H2O2 :H2SO4 by volume) immediately
before use. The mica was obtained from Ted Pella Inc.
(Redding, CA) in the form of 9.9 mm diameter interleafed
disks (V1 grade). The disks were freshly cleaved with sharp
tweezers to give an atomically flat substrate that was
immediately used to pattern on.
Milli-Q water (resistivity> 18.2 MW cm), prepared from

aMillipore (Billerica,MA) synthesis system,was used in the
chemicals preparation. Pure b-HMXcrystals were prepared
by the method of Siele et al. [28]. Octahydro-1,5-diacetyl-
3,7-dinitro-1,3,5,7-tetrazocinewas treatedwith 100%HNO3

and P2O5 at 50 8C for 50 min, followed by quenching in ice
water. Slow recrystallization from acetone yielded HMX as

Figure 1. Schematic representation of the DPN method.

Patterning High Explosives at the Nanoscale 377

E 2006 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim www.pep.wiley-vch.de Prop., Explos., Pyrotech. 31, No. 5, 376 – 381

www.pep.wiley-vch.de


colorless crystals. The HMX solution used in the DPN
method was prepared by mixing 0.5 mL of anhydrous
acetonitrile with ~5 mg of the HMX crystals in a glass vial
to give ~33 mM solution. The vial was then sonicated to
uniformly dissolve the powder. The PETN solution used in
the DPN method was also prepared by mixing 0.5 mL of
acetonitrile with ~5 mg of the PETN powder to give
~31 mM solution. All chemicals were used “as is” without
any further modification.
Standard B type silicon nitride DPN pens were provided

by NanoInk Inc. (Skokie, IL) with nominal spring constants
of 0.016 N/m. The back side of the cantilever was gold
coated to maximize the laser intensity. The tip was dipped
into the prepared ink solution for about 10 s and then blown
dry with a light spray of compressed 1 – 1, difluoroethane
gas. This tip was then mounted onto a tip holder and was
ready to pattern.

3 Results and Discussion

All experiments were conducted at room temperature
(21 8C– 24 8C). For DPN, the relative humidity (RH) was
controlled using the environmental chamber and all images
are LFM unless otherwise mentioned.

3.1 PETN Thin Films using Spin Coating

Figure 2a shows the 50 mm� 50 mm AFM topography
image of the continuous thin film formed by spin coating
0.1 M PETN solution. The thickness of the film was
determined by removing a portion of thin film down to the
substrate, which gave a thickness of the film ~250 nm. The
root mean square roughness of the film was found to be
~25 nm. Compared to the films made by physical vapor
deposition [9 – 11], the films made by spin coating are
continuous and have a thickness in the order of a few
hundred nanometers, while the evaporated films are
~40 mm thick with uneven features due to the lack of a
continuous mass of sufficient material [9 – 11]. However the
film made with 0.01 M PETN solution (Figure 2b, top-
ography image) shows a discontinuous film exhibiting both
long and circular islands. The long islands have lengths of a
fewmicrometers (3 – 12 mm) and their heights vary between
40 nm and 90 nm. The circular islands show heights of 100 –
200 nm and their diameters vary between 1 mm and 10 mm.
The decrease in film thickness and continuity compared to
the continuous film can be explained by the higher initial
concentration (0.1 M) of the PETN solution. The increase in
final film thickness with the solute concentration has been
established by Meyerhofer [29]. The non-continuous films
are expected due to various factors like presence of large
particles on the substrate, and the long islands observed are
due to evaporation of the solvent and changes in the surface
tension of the fluid during spinning [30, 31]. The kind of film
morphology observedwas reproducible and these structures
are found throughout the substrate. In addition, these

structures were not observed for the film obtained from
0.1 M PETN solution. The non-continuous films are also
found to be present in the films produced by spin coating
0.001 MPETNsolution (not shown), with the exception that
the number of islands are less. These observations indicate
that the PETN concentration plays a major role in the
morphology of the film. Meyerhofer [29] studied the
variation of positive photoresist film thickness with the
increase in spin speed (f) for different concentrations of the
photoresist (dissolved in methylcellulose acetate) solution.
Except for very dilute concentration, the slopes are found to
be similar following f�0.5 dependence, although there is no
mention of film morphology. Apart from the concentration
of the PETN solution, the surface energy of the substrate
can also play a role in the final film morphology and effects
of substrate surface energy and initial concentration of the
PETN solution are to be studied in detail.

Figure 2. AFM topography image of PETN thin film by spin
coating (a) 0.1 M PETN solution producing a continuous film and
(b) 0.01 M PETN solution leaving islands.
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3.2 Patterning with PETN and HMX using DPN

PETN features were patterned on cleavedmica at a range
of RH from 30% to 70%. Typical PETN dots patterned on
mica at RH 30% are shown in Figure 3a. The measured dot
areas varied from 5.7 mm2 to 32.3 mm2 after different dwell
times. The dot radius in Figure 3a followed a direct time
dependent relationship (t0.36, which is consistent with other
insoluble inks [22]). The dot radii measured as a function of
time are plotted in Figure 3b. PETN dots were also
patterned on silicon and are discussed in the following
section.
Figure 4 shows HMX features patterned on silicon and

mica.HMX lines were patterned atRH30% - 70%with line
widths independent of tip speeds. HMX lines patterned on
silicon at RH 40%, with different tip speeds are shown in
Figure 4a, where the line width is 120 nm. HMX dots on
mica were easier to pattern than on silicon and reproducible

dot features were obtained at RH 30%, 40% and 50%.
Doughnut shapedHMXdots patterned onmica at RH 40%
after 5 – 40 s dwell times with 5 s increments are shown in
Figure 4b. Measured dot radii also followed a proportional
dwell time dependency (t0.38).
It is expected [32] that for slow diffusion regimes, the ink

dot radius growth follows t0.5 contact time dependence and
radial growth is dependent solely on the deposition rate.
This dependence assumes a constant flux of ink at the source
(tip). However, a more realistic assumption is constant
concentration as described by Sheehan and Whitman [22],
which leads to an exponent of ~ 0.39 as observed by our
experiments. It should be noted that the above sources [22,
32] modeled thiol deposition on gold, but our experiments
deposited HE on non-traditional DPN substrates like mica.
This validates the point that the same diffusion models can
be extended to non-traditional DPN patterning such as high
explosives, as demonstrated in this study.

Figure 3. (a) PETN dots on mica patterned at RH 30%, 24 8C after 30 s, 60 s, 120 s, 240 s, 300 s dwell times. (b) PETN dot radii
measured plotted as a function of contact time showing t0.36 dependence.
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For both PETN and HMX, patterning on silicon showed
no time dependence – dot sizes were similar for all contact
times. This effect can be explained by the different substrate
energies of silicon andmica. The relative surface energy can
bemeasuredby the contact angle of adroplet ofwater on the
surface, where silicon has a low contact angle (forming a
droplet on the substrate with a fixed size) and mica has a
high contact angle (droplet wets the entire surface, spread-
ing over time). The doughnut-shaped patterns formed on
mica with HMX in Figure 4b are an indication that bulk
diffusion through the meniscus may not be the primary
method of transport. Rather the molecules diffuse on the
outside of the meniscus, leaving hollow features on the
surface [21]. These doughnut features were absent when
PETN was patterned under similar conditions, suggesting
that the chemical and physical properties of theHEmust be
considered.Molecular weight has been shown [24] to be one
factor in the rate of ink transport in DPN. In this case
however, the effect should be negligible since both PETN
and HMX are of similar molecular weight suggesting that
chemistry is the driving force in the formation of the
different shapes [24].

4 Conclusions

This work demonstrates two methods of producing nano-
scale energetic materials for the first time. Continuous films
of nanometer scale thickness have been produced from

solutions of PETN in acetone by the spin coating method,
which allows for large areas to be quickly and evenly coated
with HE. We also demonstrate that high explosives can be
patterned on the nanoscale using the DPN method, where
complex features can be patterned with extremely high
spatial resolution. These techniques are not solely limited to
PETN andHMXbut can be extended to any solvent soluble
HE. We expect that this work will allow studies of ignition,
reaction rates and manipulation of energetic materials on
the nanoscale.
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