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ABSTRACT: The technique of focused ion beam (FIB) milling is used to cut two-
dimensional shapes into single crystals composed of the organic semiconductor
molecule perylene. The use of an ultrathin Au coating and its removal using a KI/I2
etchant solution allow the crystal to be imaged in the FIB apparatus while
protecting it from electron beam damage. Using this approach, features with a
spatial resolution on the order of 130 nm can be created while retaining 90% of the
original photoluminescence intensity in the surrounding crystal regions. These
proof-of-principle experiments demonstrate that FIB milling could provide a general
way to control the nanoscale morphology of organic molecular crystals.

■ INTRODUCTION

Molecular crystals are most commonly used in science for
structure determination via X-ray or electron diffraction
techniques. However, organic crystals are starting to attract
attention as functional materials in their own right. The
molecular ordering and lack of grain boundaries in a single
crystal can lead to very high charge and exciton mobilities,
making them attractive candidates for field-effect transistors
and photovoltaic cells.1−4 The unique mechanical properties of
molecular crystals have also attracted attention, especially their
ability to utilize thermal or photoinduced phase transitions to
generate mechanical work or motion.5,6 In the emerging field
of functional molecular crystals, there are several levels of
material engineering that need to be considered. First, there is
the molecule itself, whose properties can be tuned using the
methods of chemical synthesis. Second, the molecular packing
can be modified using the tools of crystal engineering. Third,
the morphology (size, shape, and orientation) of the crystal
can be modified. This last phase of control is necessary for the
incorporation of single crystals into practical devices but has
proven challenging. Crystal growth is controlled by non-
covalent self-assembly processes that are sensitive to both
molecular-scale phenomena (nucleation and molecular inter-
actions) and larger scale phenomena such as mass transport
and crystal-substrate attachment.
In order to gain some degree of control over molecular

crystal shape, most workers adopt a “bottom-up” strategy in
which environmental factors are used to influence the self-
assembly process. These strategies include modifying solvent
and surfactant growth conditions,7−10 surface functionaliza-
tion,11−14 templated growth,15−17 or the use of highly

nonequilibrium conditions such as laser guided growth.18−20

All of these approaches have met with some success, but the
field has yet to identify a general method that can guide
molecules to self-assemble into a predetermined shape. In
many cases, a relatively broad distribution of crystal sizes and
orientations is obtained, and the crystals often retain their
intrinsic habit, e.g., rectangular prisms, needles, or plates.
Meanwhile, the inorganic community often utilizes “top-down”
subtractive methods to generate arbitrary shapes in materials
such as silicon. Electron and photon-based lithography
techniques utilize patterned illumination and etching to
selectively remove sections of the parent crystal, leaving only
the desired shape. More recently, focused ion beam (FIB)
milling has been used to physically abrade away selected
regions of the starting crystal.21−24 Both electron beam
lithography25 and FIB milling26 have the ability to create
user-defined features on sub-10 nm length scales.
Given the advanced state of “top-down” nanofabrication

techniques, we became interested in whether they could be
applied to the problem of shape control in molecular crystals.
Electron lithography and photolithography typically require
coating the crystal with a resist polymer that can be patterned
and redissolved. This strategy is difficult to implement with
molecular crystals due to solubility constraints: the same
solvent used to deposit the resist may also dissolve the crystal,
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leading to a mixed interfacial layer or loss crystallinity. FIB
milling, on the other hand, utilizes the direct impact of ions to
knock out material, without the need for intermediate chemical
steps such as polymer spin-coating or reactive etching. The
operator can visualize the object in real time using electron
microscopy in order to direct the milling beam. This method
can in principle bypass chemical compatibility issues. However,
there are several challenges in applying it to organic materials.
First, most organic solids are insulators, so using electron
microscopy to align and visualize the object during the milling
process presents a challenge. Second, organic materials are
prone to damage by energetic charged particles, both the
electrons used for imaging and the atomic ions used for
cutting. Third, a considerable amount of heat can be deposited
by the energetic ions, which can induce melting or other phase
changes in soft materials such as organic crystals and polymers.
These practical difficulties may explain the scarcity of FIB-
milling results on organic solids. Although it has been used to
cut patterns into a variety of polymers27−30 and photonic
structures into perovskite crystals,31,32 so far there has been no
report of using FIB-milling to shape an organic molecular
crystal.
In this paper, we explore the use of FIB-milling to cut

arbitrary two-dimensional shapes into crystal plates of the
organic semiconductor molecule perylene (PER). The key step
is the application of an ultrathin gold coating that protects the
crystal during ion exposure, followed by a KI/I2 Au removal
step that does not harm the organic. Using the FIB, we are able
to completely remove selected portions of a single crystal, as
well as write submicron features into single crystals. These
proof-of-principle experiments represent an encouraging first
step in the use of FIB-milling to create molecular crystals with
user-defined shapes that could enable systematic studies of
how crystal morphology affects function.

■ EXPERIMENTAL SECTION
Preparation of Perylene Microcrystals. A concentrated PER/

toluene solution (10−3 M) was drop-cast onto a clean glass substrate
and dried in air, forming a yellow film composed of individual
microcrystals. A 4 nm Au conductive layer was coated onto the
substrate using electron beam evaporation (Temescal BJD 1800
system). The sample was then mounted in a Leo XB 1540 focused ion
beam milling system (Zeiss).
Micromachining of Perylene Crystal. The target crystal was

first located and imaged by the scanning electron microscopy inside
the FIB system. The desired milling patterns were designed during the
imaging process using the shape function of SmartSEM software. The
milling parameters were also set before switching to FIB imaging in
order to minimize premilling exposure to the Ga+ ion beam. After
switching to FIB mode, the magnification was set to the same as the
SEM magnification. Typically, a slight realignment between the design
pattern and the target crystal is needed, after which the sample can be
milled by the Ga+ ion beam. The parameters of FIB imaging and
milling are identical (30 kV, 50 pA) in order to avoid changing the
aperture, which will induce a shift of the beam alignment. The time of
milling for each crystal was estimated from the empirical perylene
etching rate of 800 s/μm3. After milling, the Au coating layer was
removed by immersing the sample in a commercial potassium iodide/
iodine etchant (Transene Gold Etchant TFA) for 2 s at room
temperature, immediately followed by water rinsing.
Microscopy. Optical images were acquired using an Olympus

BX51WI microscope. Fluorescence images were taken through a
fluorescein isothiocyanate (FITC) filter. AFM images were collected
using a Digital Instruments Nanoscope IIIA scanned probe micro-
scope system (AFM Probe: NSG01, NT-MDT Spectrum Instru-
ments) in tapping mode.

Photoluminescence Spectroscopy. Photoluminescence (PL)
spectra from localized regions in a single crystal were collected using a
Nicolet Almega XR dispersive Raman microscope using 532 nm laser
excitation with an estimated focus size of 1 μm. Time-resolved PL
experiments were conducted using the time-correlated single photon
counting technique. For the high repetition rate experiments, samples
were excited with 515 nm light generated by the second harmonic of a
1030 nm (Light Conversion Inc., Pharos) laser with an 80 MHz
repetition rate and a 90 fs pulse duration. These samples were first
located through the integrated microscope system with a 40×
objective (NA = 0.6) before excitation. The PL signal was detected
with an avalanche photodiode (PicoQuant, PDM), and its temporal
trace was measured by time-correlated single photon counting
(PicoQuant, PicoHarp 300). For the lower repetition rate experi-
ments, samples were excited with 400 nm light generated by the
second harmonic of a mode-locked 800 nm (Coherent, Inc., Libra)
Ti:sapphire laser with a 1 kHz repetition rate and a 100 fs pulse
duration. Samples were located and excited as previously described,
with the PL signal and its temporal trace measured collected by a
streak camera and triggering unit (Hamamatsu Photonics, C4334 and
C4792-01).

■ RESULTS AND DISCUSSION
We chose the α-polymorph of crystalline PER as a model
molecular crystal system to demonstrate the FIB-milling
approach. PER is a polyaromatic hydrocarbon whose core
structure has been used as the basis for molecules with
applications as electron acceptors in solar cells, singlet fission
chromophores, field effect transistors, and organic light-
emitting diodes.33 Its melting point is 255 °C, and the crystal
also sublimes at moderate temperatures, so it is representative
of the typical challenges that will be encountered for organic
molecular crystals. Another advantage of PER crystals is their
strong photoluminescence (PL) that arises from excimers that
form in the α-polymorph.34−36 This PL signal provides a facile
way to characterize the crystal and assess damage and/or phase
changes. The α-polymorph of PER grows in distinctive square
or diamond shaped plates, ideal for testing two-dimensional
(2D) FIB-milling techniques. The size and thickness of these
plates depend on growth conditions. For the solvent
evaporation method used here, the plates were typically 5−
10 μm wide and 200−2000 nm thick.
As mentioned in the Introduction, it is impossible to directly

image a molecular crystal inside a FIB-milling apparatus due to
rapid charge accumulation in the poorly conducting organic.
Our goal was to encapsulate the crystal under a conductive
coating that was either transparent or could be easily removed.
We first tried graphene as an encapsulating layer, as this 2D
material can provide sufficient surface conductivity for SEM
imaging while not perturbing the underlying crystal.37

Unfortunately, even at the lowest electron beam energies,
exposure to the electron imaging beam during the alignment
and positioning procedure led to a loss of PL intensity of 80%
or more in the absence of milling. In order to provide more
protection for the crystal, we turned to an electron-beam
evaporated Au coating. We found that a 4 nm Au layer
preserved more than 90% of the crystal’s original PL signal (see
below) while providing sufficient surface conductivity to obtain
high resolution SEM images.
After Au coating, the crystal was placed in the FIB-SEM

system and scanned using an electron beam. Once the target
crystal was located by SEM imaging, a directional beam of high
energy Ga+ ions was used to remove sections of the crystal.
The voltage was kept as low as possible to avoid potential
damage from ions deflected into nontarget areas of the crystal.
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We empirically found an etching rate of ∼800 s/μm3, given a
50 pA ion beam at 30 kV. Lower voltages resulted in an
unacceptably low milling rate. After the milling process was
complete, the shaped crystals could be reimaged using SEM to

confirm the desired shape. Finally, the crystal was removed
from the FIB apparatus, and the protective Au layer was
dissolved using a commercial etching solution. Although Aqua
Regia is the most commonly used etchant to remove Au, this

Figure 1. Schematic illustration of the FIB micromachining process for molecular crystals. The PER crystal (I) is first coated with a 4 nm thick gold
layer (shown as a green translucent coating). The coated sample (II) is mounted in the FIB chamber and milled into the designed shape. After
milling, the shaped crystal (III) is dipped into a KI/I2 etching solution to remove the gold layer. After rinsing with water, the shaped crystal (IV) is
allowed to dry before characterization.

Figure 2. SEM (top) and fluorescence (bottom) images of FIB-milled PER crystals. A single PER crystal before (a) and after (b) FIB-milling of a
square in the center of the crystal, resulting in a frame structure. (c) a PER crystal with a rectangular cut on the side that extends into the substrate,
(d) a square crystal cut into two triangles. For all SEM images, the scale bar = 4 μm. The crystals in the fluorescence image are the same crystals in
the SEM images above.

Figure 3. AFM surface scans of (a) a PER crystal and (b) a SiO2 substrate after a single cut using the FIB. For both images, the cross-section of the
cut can be extracted, leading to similar full-width-half-maximum values of 135 ± 10 nm and 130 ± 10 nm for the two substrates.
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strong oxidant would also react with the underlying organic.
Instead, we used a commercial iodine-based etchant that left
the organic intact. The entire process is schematically
illustrated in Figure 1.
In Figure 2, we show some examples of FIB-milled PER

crystals. The first two images show a microplate before (a) and
after (b) the excision of a square region inside the plate. Figure
2c shows a crystal after a square has been milled out of the
side. Note that the milled region extends past the crystal, and
so some of the glass substrate was also removed, leaving a pit
adjacent to the target crystal. In Figure 2d, we show a square
plate that has been cut in half by the FIB. Note that in all the
fluorescence images, the edges of the crystals typically appear
brighter than the interior regions. This is because PL that is
emitted below the critical angle is trapped within the high-
index crystal and waveguided to the edges, where it is scattered
out.38 The resolution of the cutting can be assessed by
measuring the full-width-half-maximum (fwhm) and depth of a
single line drawn across a crystal face. Figure 3a shows a single
cut across a PER crystal (fwhm = 135 ± 10 nm), while Figure
3b shows one across a silicon dioxide surface (fwhm = 130 ±
10 nm). Both cuts have the same average depth of 40 nm. The
FIB milling parameters for PER and silicon dioxide are the
same to within the error, so it does not appear that softening of
the organic limits the resolution of the milling, at least on the
100 nm length scale. Optimization of the crystal thickness and
FIB parameters would hopefully reduce this width well below
100 nm.
The shapes in Figure 2 rely on the complete removal of the

crystal in specified regions along orthogonal directions. The
FIB can also be programmed to cut more complex shapes with
specified depths, rather than cutting completely through the
crystal. To illustrate this capability, we programmed the FIB to
remove material and leave the letter Y inside a 10 × 10 μm
square PER crystal with a thickness of 2 μm. The Y-shape is
analogous to a planar waveguide optical splitter structure used
in photonic circuits.39 The cutting speed parameters were
adjusted to only remove the top 20 nm of crystal in a square
around the Y shape. Figure 4a shows an SEM image of the

outcome of this procedure, with the Y clearly imprinted in a
square well cut in the interior of the larger crystal. This Y shape
resides on top of the rest of the crystal, while the underlying
PER foundation remains intact. This can be clearly seen in the
optical microscopy image in Figure 4b, where the Y is barely
visible on top of the yellow-orange crystal. The contrast
becomes more pronounced in the fluorescence microscopy
image in Figure 4c, where the Y emits green fluorescence while
the underlying square that has been milled is dark. This dark
background indicates that the exposed regions of the crystal
experience significant PL quenching, even though the SEM and

transmitted light microcopy images show that the underlying
PER crystal is still intact. This is not surprising, since once the
protective Au coating has been milled away, the organic will be
exposed to high energy ions that are known to introduce both
chemical and physical defects in polymers.40−42 A comparison
of the roughness of the PER crystal surface before and after
exposure to the milling beam showed a slight increase in mean
roughness, from 0.6 to 1.2 nm (Supporting Information, Figure
S4), which may also be indicative of damage.
One important question is whether the regions of the crystal

that are not directly exposed to the milling beam also sustain
damage. In Figures 2 and 4, the crystal regions that have not
been exposed to the ion beam appear to retain their full PL
intensity, but we wanted to check this quantitatively. We used
a confocal microscope to collect PL spectra from specific
regions of a single crystal located 2−4 μm away from the
milled region. In Figure 5a, we show the PL spectrum of a
single crystal taken at various points during the procedure
shown in Figure 1. All four spectra share the same broad shape
characteristic of the α-PER excimer. Figure 5b shows that the
integrated PL intensity drops by 40% after the 4 nm Au layer is
applied. This semitransparent layer can quench the excimer
both through nonradiative energy transfer and by absorbing/
reflecting the radiated photons. After milling, the PL signal
dropped again by about 10%. However, this decrease could be
due to the loss of material as well as chemical damage from the
milling process. After removal of the Au, the PL recovered to
90% of the original level. Thus, the overall loss of PL due to
the milling procedure was about 10%. Experiments on other
crystals consistently yielded an 8−12% decrease in the PL
intensity.
The PL decays of a crystal before and after the FIB-milling

procedure had similar shapes, as shown in Figure 6. The decays
are biexponential, of the form Ae−t/τA + Be−t/τB, and the lifetimes
and pre-exponential factors are summarized in Table 1. The
average lifetime, given by τ τ+

+
A B

A B
A B , is proportional to the

integrated fluorescence intensity and decreases from 2.17 to
1.87 ns. This 13% decrease is close to the 10% decrease in
steady-state intensity shown in Figure 5. Both the short and
long decay times decrease in the exposed sample, consistent
with quenching of the mobile excimer states by defects in the
PER crystal. If the loss of PL intensity was merely due to the
loss of material, with the surrounding PER crystal unaffected,
then we would expect to see the same excimer lifetime from
the exposed and unexposed portions. We note that the average
PL lifetime of the PER crystals reported here is shorter than
that reported by us previously,37 which we attribute to the use
of a high repetition rate laser for these microscopy measure-
ments. The high repetition rate and small spot size can lead to
localized heating of the crystal, which will accelerate the PL
decay. We confirmed that when bulk measurements were done
on the same crystals at a lower repetition rate (1 kHz) we
obtained longer decays (Supporting Information, Figure S3)
consistent with our earlier paper.
The loss of PL intensity in the surrounding crystal regions

may originate from several factors. For example, the I2 in the
etching solution may be incorporated into the PER crystal and
lead to doping.43,44 We tested for this possibility by exposing
the crystals to the etching solution in the absence of Au coating
or ion exposure. No measurable drop in PL intensity was
observed for these samples (Supporting Information, Figure
S1). However, if the crystals were coated with Au and then

Figure 4. (a) SEM image of a Y shape imprinted onto the surface of a
PER crystal, with the surrounding material removed to a depth of 20
nm. Transmission (b) and fluorescence (c) microscopy images of the
same crystal. For all images, the scale bar = 4 μm.
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etched away without exposure to FIB milling, a 5% drop in PL
was observed (Supporting Information, Figure S2). This result
suggests that half of the observed PL loss can be attributed to
effects from the coating itself, possibly due to diffusion of Au
atoms into the organic phase.45 The other 5% PL loss is
presumably due to ion exposure during the FIB procedure.
The process of locating and aligning the sample with the SEM/
FIB beam causes the entire crystal to be exposed to charged
particles, some of which penetrate the Au coating. Both of
these sources of damage can be reduced by further
optimization of the procedure. A thicker Au coating and
more efficient alignment procedure should reduce the exposure
of the organic to ions. Extending the etching period or heating
the crystal may facilitate removal of Au atoms. However, the

retention of 90% of the PL already represents an improvement
relative to the 70% PL retention seen in perovskite thin films
that are processed using gas-assisted FIB milling, and we did
not make a systematic effort to improve the PL retention for
this study. Finally, we should emphasize that a PL decrease of
10% does not necessarily mean that 10% of the crystal has
been destroyed. Efficient energy migration in molecular
crystals can amplify the effect of even low density defects,
leading to a substantial loss of PL.46−48

■ CONCLUSION

The results in this article show that it is possible to apply the
techniques of FIB-milling to shape molecular crystals. The use
of an ultrathin Au coating and its removal using a KI/I2 etchant
provide a gentle way to prepare the crystal for imaging in the
FIB apparatus while protecting it from electron beam damage.
Using this approach, we have milled features with a spatial
resolution on the order of 130 nm while retaining 90% of the
original PL intensity in the unmilled regions of the crystal.
Even smaller features should be possible using more advanced
FIB techniques and thinner crystals. While the top-down FIB
method is not practical for mass-producing shaped micro-
crystals, it provides a new capability to create complex shapes
in single crystals with high spatial resolution. This capability
can enable the exploration of how variations in crystal shape
lead to different optical, electronic, and mechanical properties.
These insights can then guide the design of new materials that
incorporate molecular crystal elements, for example, wave-
guides or photomechanical actuators.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.cgd.9b01327.

PL intensity data of PER on the effect of gold etchant
and gold coating; PL decay of PER excited by a 1 kHz
laser; roughness analyses of PER surface before and after
FIB milling (PDF)

Figure 5. (a) PL spectrum of a PER crystal at each step given in Figure 1. All the spectra are collected from a spot located within 2−4 μm of the
FIB milling area. (b) Comparison of the integrated PL intensity at each step given in Figure 1, normalized to that measured at step I. After Au
coating and FIB-milling, the PL intensity decreases by about 45%, but it recovers to 90% of its original value after the Au layer is etched away.

Figure 6. PL decays with biexponential fits before (black) and after
(red) the PER crystal undergoes the FIB shaping process. After FIB
milling, the average PL lifetime decreases slightly.

Table 1. Lifetimes and Pre-exponential Factors Used to Fit
the PL Decays

Ae−t/τA + Be−t/τB A τA (ns) B τB (ns) τaverage (ns)

before FIB 0.463 3.220 0.326 0.697 2.17
after FIB 0.449 2.730 0.301 0.588 1.87
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