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Controlling the morphology of pentaerythritol tetranitrate
(PETN) is an important aspect in the nanodetonics
research area. Detonation properties are highly dependent
on surface area and morphology of PETN. For the first
time we show that changes in morphology can be modified
at the nanoscale by using a heated atomic force microscope
(AFM) cantilever. At temperatures of �65�C, faceting of
PETN islands is observed, whereas at higher temperatures
(�124�C) the height of the islands decrease by an order of
magnitude.

Keywords: atomic force microscope, pentaerythritol
tetranitrate, temperature, thermal cantilever

Address correspondence to Brandon Weeks, Texas Tech Univer-
sity, Department of Chemical Engineering, 6th Street and Canton,
Lubbock, TX 79409. E-mail: Brandon.weeks@ttu.edu

Journal of Energetic Materials, 27: 1–16, 2009
Copyright # Taylor & Francis Group, LLC
ISSN: 0737-0652 print/1545-8822 online
DOI: 10.1080/07370650802328830

1

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
1
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



Introduction

Pentaerythritol tetranitrate (PETN, C5H8N4O12) is a crystal-
line energetic material and one of the strongest known second-
ary high explosives. It has been the subject of a number of
fundamental studies both theoretical [1,2] and experimental,
including shock wave-induced decomposition chemistry of
PETN crystals and its thermal decomposition properties [3–
6]. Since PETN is commonly used in detonatators, the ignitibil-
ity and performance can be directly correlated to specific sur-
face area and morphology with nano length scales [7]. In
addition to morphology, other nanoscale properties such as
voids and defects can dramatically alter the ‘‘hot-spot’’ devel-
opment [8] and the detonation and ignition properties of explo-
sives [9]. Thus, direct measurement techniques are crucial to
understanding materials behavior at the nanoscale and may
lead to direct engineering to create artificial voids in PETN film
in order to tailor energetic material properties [10]. In this work
we demonstrate that morphology changes can be observed in
PETN at the nanoscale by using a heated cantilever operated
on an atomic force microscope (AFM) platform.

The AFM [11] is a versatile tool in research of properties of
materials at the nanoscale. The AFM has been used as a tool for
nanoscale imaging of a wide range of materials like calcite micro
crystals [12] and alumina [13], observing nitride semiconductor
defects [14], nanoscale imaging of ferroelectric domains [15], and
in the characterization of high-energy nanoparticles [16]. Techni-
ques based on AFM have also been used to study energetic materi-
als, including deflagration studies of explosives [17–19], solid–solid
phase transitions in cyclotetramethylene-tetranitramine [20], and
the effects of shock on explosives at the nanoscale [21]. The
concept of thermal cantilevers is not new [22–24]. These were
originally developed as a tool to develop AFM platform–based
thermomechanical data writing and reading. The cantilevers
were made from doped single-crystal silicon with an integrated
differentially doped localized heater region. Detailed studies of
the electrical, thermal, and mechanical characterization can be
found elsewhere [17,25–27].
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An SEM image of a thermal cantilever used in this work
is shown in Fig. 1. The electronic circuit behind the voltage-
driven thermal cantilever assembly consists of a 10-kX sense
resistor in series with the cantilever to control current flow
and avoid damage to the cantilever. The total voltage in the
system is distributed between the cantilever and the sense
resistor. A voltage is measured across a sense resistor and thus
the voltage drop across the cantilever can be calculated. The
cantilever resistance increases with the externally applied
voltage and since the sense resistance (10 kX) is constant, the
cantilever is heated resistively. These cantilevers have been
demonstrated in the past to deposit polymers [28] and metal
nanostructures [29], measure thermally induced material soft-
ening [30], and perform high-speed thermochemical nanolitho-
graphy [31], among other applications.

The ability to control local morphology of materials extends
beyond PETN. By locally changing the structure of materials,
one can expect a major change in the bulk material properties,
most notably the Young’s modulus of elasticity, toughness, tear
(tear resistance), and rigidity properties. Thus, thermal cantile-
vers conceivably enable us to tailor the bulk properties of mate-
rials, provided that the material in question has a suitable
melting=decomposition temperature. Another area of interest
might be local ‘‘healing’’ of materials that have thermosetting
characteristics. Significantly, coarsening, melting, and surface

Figure 1. SEM image of a typical thermal cantilever used in
the present study.
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area investigations of materials like PETN can be performed at
the nanoscale. The thermally modified regions could be com-
pared or extrapolated to the physical properties of the bulk
material.

Experimental

PETN was evaporated onto freshly cleaned silicon wafers
(1 cm� 1 cm). The Si wafers were cleaned thoroughly before
use using SC1 ammonia cleaning solution (1:1:5 NH4OH:-
H2O2:H2O parts by volume) at 80�C for �10min [32]. The
wafers were subsequently cleaned with deionized water and
dried prior to use. These were then mounted upside down on
clean glass slides using double-sided tape. PETN crystals were
heated on a hotplate with a thermometer–sand bath arrange-
ment to the sublimation temperature of PETN. The cleaned
Si wafers were kept above the PETN crystal, with the clean side
facing the PETN vapors and the other side of the mounted Si
wafers kept cool using a beaker of cold water. This was done
to facilitate the PETN vapor condensation on the Si wafer,
resulting in stable films. The temperature of the sand bath in
which the PETN crystals were kept was monitored and the Si
wafers were only introduced after the temperature of the sand
bath had reached �80�C. Evaporation was carried out for
�20min until a thick PETN film coating was visibly observed
on the Si wafer.

These PETN films were then allowed to cool further at
room temperature for a few hours and were ready for imaging=
surface modification with a thermal cantilever already mounted
in a special AFM tip holder. The AFM was a Veeco Multimode
NanoScope IIIa (Veeco Metrology Inc., Santa Barbara, CA).
Special resistively heated AFM cantilevers were fabricated at
the University of Illinois (Urbana–Champaign, IL). The AFM
was operated under ambient conditions. An external HY 3003
D-3 DC power supply (Precision Mastech, Kowloon, Hong
Kong) was used to provide voltage to the thermal cantilevers
and a 3456 A digital voltmeter (Hewlett Packard, Palo Alto,
CA) was used to check the sense voltage across the 10-kX
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resistor. Details of the thermal cantilever circuit can be found
elsewhere [33]. The heated tip was brought in contact with
the evaporated PETN film at a certain voltage (temperature)
and scanning was started as soon as reliable feedback was
achieved. Figure 2 is a schematic representation of a thermal
cantilever reducing the PETN film thickness due to continuous
scanning at a certain temperature, whereas at another tempera-
ture the film forms faceted edges. The PETN film was scanned
continuously at 0.25Hz (corresponding scan speed is 7.5mm=s)
over the same 15� 15mm2 region for a period of �4.5 h, with

Figure 2. Schematic representation of a thermal cantilever–
induced morphology change of PETN film. Continuous scan-
ning at a fixed temperature with a heated cantilever enables
control over the final morphology of PETN film. The film mor-
phology is shown to be dependent on cantilever temperature,
and by modifying the scanning time, the final PETN film thick-
ness and morphology can potentially be controlled.

Nanoscale Morphology Changes of PETN 5

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
1
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



continuous collection of PETN film height channel images.
Subsequent to image collection, the average PETN island
heights and their standard deviations were measured using
the histogram analysis tool in the NanoScope V5 image process-
ing software available commercially.

Results and Discussion

The cantilever temperature characterization was performed
using the Raman spectroscopy technique [25]. At the different
voltages (14 and 16V), the cantilever resistance was measured
to be 1.26 and 1.415 kX, respectively, and the cantilever tem-
perature as a function of resistance was plotted as shown in
Fig. 3. With a calculated power of 0.733 and 1.626mW supplied
to the cantilever at the two voltages, respectively, the cantile-
ver temperature was measured to be 65 and 124�C, respectively.
These temperatures are lower than the expected bulk PETN
melting point (140�C) [6]. The selection of scan rate (Hz) during
thermal cantilever experiments is crucial since a faster scan will

Figure 3. Characterization of the cantilever temperature was
performed using Raman I-R by measuring the cantilever tem-
perature as a function of cantilever resistance. The temperature
at 14 and 16V was found to be 65 and 124�C, respectively.
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entail a shorter PETN film-hot cantilever contact time. The
focus of the current study was to see whether this technique
can lead to morphological changes in the PETN film; as such,
the selection of the current scan rate (0.25 Hz, 15mm scan size)
was one of the many different (0.125, 0.25, 0.5, 1.0Hz) scan
rates tried. The effect of variation of scan rate on PETN subli-
mation during contact in a typical thermal cantilever experi-
ment has not received significant attention in recent
literature and can be the subject of a separate study.

Figure 4 shows a time progression of PETN film morphology
change in the same 15� 15mm area due to continuous scanning
of a thermal cantilever at 16V, 124�C. All images are AFM height
channel and were plane-leveled after collection. Compared to
Fig. 4a, the film undergoes noticeable lateral flattening as seen

Figure 4. Typical representation of change in PETN film mor-
phology over time: (a) Original PETN film at time zero, with
cantilever at 0 V, 24�C; (b) same film after 25min with cantile-
ver at 16V, 124�C; (c) after 264min of scanning with a thermal
cantilever at 16V, 124�C. All images shown are AFM height
channel and all images collected are 15� 15mm.
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inFigs. 4b and 4c.The average initial height of the film inFig. 4a is
�345nm, but within a period of just 4.5 h, it reduces by an order of
magnitude. The root mean square (RMS) roughness of the PETN
film is also observed to decrease as shown in Table 1, most likely
due to PETN inter-grain boundary smoothening.

In order to test whether the film height reduction was
induced only due to the local temperature of the hot cantilever,
the temperature (voltage) of the cantilever was reduced. The
cantilever was kept at 65�C and moved to a fresh area on the
same PETN sample. After tip approach, the hot cantilever
was scanned repeatedly over the same area in order to investi-
gate whether the PETN film height decreased due to the hot
cantilever scanning. Figures 5a–5d show the time lapse AFM
height channel images of the PETN film scanned with the ther-
mal cantilever at 65�C. Figures 5a and 5c represent the initial
and final condition of the film after �4.5 h, respectively. No
evidence of film flattening was observed after 4.5 h; the average
height was measured to be �320 nm compared to 350 nm at
time¼ 0. An interesting observation after just 24 h of scanning

Table 1
Tabulation of the root mean square (RMS) roughness over

elapsed time of the PETN film shown in Figures 4 and 5. RMS
roughness only decreased for the higher temperature scan

results of Figure 4 (124�C)

Figure

Cantilever
temperature

(�C)

Elapsed
time
(min)

RMS
roughness

(nm)

Average
island

area (mm2)

4a 24 0 70 1.04
4b 124 25 54 1.42
4c 124 264 20 N=A
5a 24 0 131 0.98
5b 65 34 128 1.06
5c 65 273 123 1.02
5d 65 1450 121 1.28
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is that the PETN film develops facets as seen in Fig. 5d,
becomes decidedly sharp (compare Fig. 5d to Fig. 5a), and
starts to flatten out (film height decreased to �260 nm).

The line scans of images shown in Figs. 4a–4c and 5a–5c are
depicted in Figs. 6a and 6b, respectively, as a function of the
background subtracted film heights. The individual x–z film
heights measured from the height channel images were divided
by the minimum z height among all z film height values, to
obtain the background subtracted z values. Diagonal line scans
taken across each image at the same locations in Fig. 4 are
shown in Fig. 6a. Clear reduction of film height is seen for
the image scanned after 264min (solid dark line in Fig. 6a).
Figure 6b shows the line scans of Figs. 5a–5c, where no signifi-
cant change in film height was observed after a similar scanning
time (273min).

Figure 5. AFM height images of PETN film; all scans are
15 mm. (a) At the start of scan, with cantilever at 0 V, 24�C;
(b) after 34min with cantilever at 14V, 65�C; (c) after 273min
min with cantilever at 14 V, 65�C; and (d) after 1450min with
cantilever at 14V, 65�C.
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Figure 7 shows the film height measurements of Figs. 4a–4c
and 5a–5c. Only the intermediate elapsed times in the first 5 h
of thermal scanning have been shown for clarity and compari-
son with each other. Error bars represent the standard

Figure 6. (a) Line scans of Figs. 4a, 4b, and 4c plotted in units
of normalized height as a function of elapsed scanning time.
Clear reduction in film height is evident after progressive time
periods of scanning with the cantilever at 124�C, as shown by
the respective lines. (b) In comparison, the line scans of
Figs. 5a–5c show no significant reduction in film height.
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deviations of film height measurements, calculated using the
histogram analysis function in the NanoScopeTM image proces-
sing software (Veeco Metrology Inc., Santa Barbara, CA). This
reduction in film height was reproducibly observed after mov-
ing to a different area on the PETN evaporated film after a
similar scan time. The experiment in Fig. 4 (cantilever at
124�C) was stopped after 4.5 h in order to clearly discern the
PETN film height compared to the background silicon surface
and to feasibly measure the film height.

The above results show that depending on the thermal canti-
lever selected, changing the cantilever temperature (in this case
59�C), dramatically changes the type of morphology observed
at the nanoscale. Moving to a different area and increasing
the cantilever temperature to 124�C again led to PETN film

Figure 7. The film heights were monitored over time and
found to reduce by almost an order of magnitude after around
4.5 h of scanning with the cantilever at 124�C. However, the
film scanned with the cantilever at 65�C in the same time frame
showed no significant change in film height. Film height
measured after �24 h of scanning at 65�C (not shown) was mea-
sured to be �320 nm. The error bars represent standard devia-
tions of all the island film height measurements using histogram
analysis.
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flattening in just over 4.5 h, showing this to be a reproducible
result. This also suggests that film flattening is probably indepen-
dent of the age of the prepared evaporated PETN film, but more
thorough investigations are needed to resolve this. The morpho-
logical changes observed in Figs. 4 and 5 may also be the result
of repeated heating=cooling cycles the PETN film is subjected
to. Since each subsequent image takes �9min to be collected
(15 mm scan at 0.25Hz), it is plausible to think that the PETN
has sufficient time to cool before the hot cantilever comes back
to the same area. Thus, the temperature cycling between heat
flow to and from the PETN and the heated cantilever can possi-
bly be said to ‘‘mold’’ the PETN along the crystallographic direc-
tion of its most favorable energy state [34–36].

Conclusions

This study presents the first experimental evidence of AFM
heated cantilever–induced morphological flattening of PETN
film by using the cantilever to locally scan over the same region
continuously. We demonstrate that the PETN film can be trans-
formed within a relatively short time frame (�4.5 h) to reduce
by an order of magnitude in height. Moreover, since the PETN
film is only locally modified and the exposure to the heated tip
can be controlled, there is no possibility of damage to the PETN
film due to bulk sublimation. Other areas of PETN film on the Si
wafer are unchanged, leading to local control of PETN film mor-
phology, previously unknown by any other technique. We
demonstrate the method of using thermal cantilevers to be
potentially applicable for local thin film modification of
substances that have melting points similar to PETN and that
are within the operating range of thermal cantilevers (up to
1000�C) like other explosives, polymers, and thin metal films.
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