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Carbon nanomembranes (CNMs) are a class of two-dimensional materials, which are obtained by elec-
tron beam-induced crosslinking of aromatic self-assembled monolayers (SAMs) on solid substrates. CNMs
made from a single type of precursor molecule are uniform with homogeneous chemical and physical
properties. We have developed a method for the fabrication of internally patterned CNMs resembling a
key feature of biological membranes. Direct laser patterning is used to obtain multicomponent patterned
SAMs on gold, which are subsequently crosslinked by electron irradiation. We demonstrate that the struc-
ture of internally patterned CNMs is preserved upon transfer to different substrates. The method enables
rapid fabrication of patterned 2D materials with local variations in chemical and physical properties on
the micrometer to centimeter scale.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

A technologically interesting feature of biological membranes
is the formation of complex patterns by two-dimensional self-
assembly of biomolecular building blocks in a 5 nm thin lipid matrix
[1]. Self-assembled monolayers (SAMs) of thiols on gold have been
studied extensively as model systems for self-assembly and pat-
tern formation in two dimensions [2,3]. A variety of techniques
has been used to pattern SAMs including UV lithography [4,5],
microcontact printing [6], dip pen lithography [7], electron beam
lithography [8,9], and direct laser patterning [10-15]. Direct laser
patterning (DLP) of SAMs enables rapid fabrication of multicompo-
nent surface structures with lateral dimensions in the micrometer
to centimeter range [13], which is particularly useful for the fab-
rication of protein-surface [16] and cell-surface interfaces [17].
However, patterned thiol SAMs are not stable in the absence of
the gold support, which precludes their transfer as a continuous
membrane to another substrate.
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It has been shown that SAMs of aromatic thiols can be
crosslinked by irradiation with low-energy electrons [18]. Upon
removal of the gold substrate, 1nm thin free-standing carbon
nanomembranes (CNMs) were obtained [ 19-21]. Depending on the
aromatic precursor molecule, thickness and mechanical properties
of CNMs can be tuned [22]. Owing to their low thickness, CNMs
have been successfully applied as support films for transmission
electron microscopy of biological specimens [23,24]. Furthermore,
chemically patterned CNMs have been used as templates for the
fabrication of nanostructures such as polymer carpets [25] or bio-
hybrid assemblies [26].

CNMs made from a single precursor molecule are in principle
uniform. Selective electron beam-induced crosslinking of aromatic
SAMs, followed by exchange of thiols in the non-exposed areas
and subsequent crosslinking of the heterogeneous SAM has been
applied to fabricate chemically patterned CNMs [27]. A disadvan-
tage of this method is the fact that crosslinked areas cannot be
patterned multiple times. In this work, we used DLP to fabri-
cate internally patterned CNMs and transferred them to different
substrates. DLP enables rapid fabrication of chemically patterned
aromatic SAMs, which are subsequently crosslinked to form inter-
nally patterned ultrathin CNMs with locally varying chemical and
physical properties. Internally patterned CNMs were analyzed by X-
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Fig. 1. Fabrication of internally patterned CNMs by direct laser patterning. (A) A SAM of aromatic thiols is formed on a gold surface. The SAM consists of BPT molecules. A
focused laser beam (A =532 nm) is used to impart thermal energy to a confined area on the gold substrate causing desorption of aromatic thiols (B). (C) The gaps are filled
with a second thiol, in this case TPT. Irradiation with low-energy electrons causes crosslinking of the aromatic thiols. (D) Internally patterned CNM. (E) Aromatic thiols used
for the fabrication of patterned CNMs. BPT: 1’-Biphenyl-4-thiol; TPT: [1”,4/,1/,1]-terphenyl-4-thiol; NBPT: 4'-nitro-1,1’-biphenyl-4-thiol; NPT: naphthalene-2-thiol. Owing
to the generation of hydrogen radicals during crosslinking, the nitro groups of NBPT are converted to amino groups (4'-amino-1,1’-biphenyl-4-thiol: ABPT) [29].

ray photoelectron microscopy (XPS), scanning electron microscopy
(SEM) and helium ion microscopy (HIM).

2. Materials and methods
2.1. Chemicals

1,1’-Biphenyl-4-thiol (BPT), [1”,4/,1’,1]-terphenyl-4-thiol (TPT),
and naphthalene-2-thiol (NPT) were purchased from Sigma-
Aldrich (St. Louis, USA), 4'-nitro-1,1’-biphenyl-4-thiol (NBPT) was
purchased from Taros Chemicals. Gold on silicon with titanium
adhesion layer was purchased from Georg Albert PVD (Silz,
Germany). Gold substrates suitable for subsequent transfer of
patterned CNMs were made by depositing 200 nm of gold onto
polished (100) silicon wafers. SAMs were formed by immersion in
10 mM solutions of aromatic thiols in organic solvents at room tem-
perature. We used acetone (BPT, TPT, NPT), heptane (BPT), toluene
(BPT, TPT), and dimethylformamide (NBPT) as solvents.

2.2. Direct laser patterning

DLP of aromatic thiols on gold was accomplished with a
frequency-doubled Nd:YVO4 diode pumped solid state laser
(Explorer XP 532-5, Newport, USA) emitting 6 ns pulses (FWHM)
with a 50 kHz repetition rate at a wavelength of A =532 nm. Pho-
tons of this wavelength are absorbed by the gold surface only. The
laser beam was focused to a spot diameter of 15 pm. In previous
work, the optimum energy deposited to the sample was deter-

mined to 111 MW/cm? [11]. The energy deposited to the sample
was adjusted with a polarizing beam splitter coupled to a polar-
izer. To optimize the patterning result, SAMs were patterned with
decreasing laser power. After laser irradiation, patterned SAMs
were immersed in a solution of the second thiol at room tempera-
ture.

2.3. Transfer of patterned CNMs

Damage-free transfer of CNMs was accomplished as described
previously [20]. For the transfer of the patterned CNM, the film
was protected with a double-layer of poly(methylmethacrylate)
(PMMA) by spin-coating. Then the gold was exfoliated by angular
dipping of the silicon wafer into water. The floating film on water
was transferred to different solutions using a piece of silicon wafer.
The gold was etched by placing the thin gold film on an aqueous
iodine solution (10 wt% potassium iodide, 2.5 wt% iodine in water).
Afterwards the PMMA-protected patterned CNM was placed on an
aqueous potassium iodide solution (10 wt% potassium iodide in
water). Finally, the film was transferred to a substrate (silicon or
gold), the PMMA was removed by immersion in acetone for 2 h,
and the substrate was dried in a stream of nitrogen.

2.4. Scanning electron microscopy (SEM)

Samples were analyzed in a Zeiss Auriga at an acceleration volt-
age of 5 kV using the in-lens detector for secondary electrons.
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Fig. 2. Incorporation of NBPT into a BPT SAM with and without DLP. (A) XP spectrum
obtained from a BPT SAM after laser irradiation and subsequent immersion in a
solution containing NBPT for 72 h. The spectrum reveals the N 1s peak at 405.7 eV
indicating the incorporation of NBPT. (B) XP spectrum of a BPT sample, which was
immersed in a solution containing NBPT for 72 h. The N 1's peak is absent.

2.5. Helium ion microscopy (HIM)

Samples were imaged in a Zeiss Orion Plus at acceleration volt-
ages between 30 and 36kV and currents between 0.4-4 pA. An
electron floodgun was used to mitigate electrostatic charging while
secondary electrons were detected with an Everhart-Thornley
detector.

2.6. X-ray photoelectron spectroscopy (XPS)

Samples were analyzed in an Omicron Multiprobe UHV system
using monochromatic Al Ko irradiation, a Sphera electron analyzer
with a resolution of 0.9 eV and an emission angle of 20°.

3. Results and discussion

Fig. 1 illustrates the use of DLP to fabricate internally patterned
CNMs consisting of crosslinked aromatic SAMs on a gold surface.
This approach enabled us to fabricate patterned CNMs from a vari-
ety of aromatic precursor molecules (Fig. 1E).

To confirm that laser irradiation leads to spatially selective
desorption of aromatic thiols by photothermal cleavage of the gold-
sulfur bond (Fig. 1A and B), we analyzed the incorporation of NBPT
into a BPT SAM with and without prior laser irradiation.

Fig. 2A shows XP spectra of a BPT SAM, which was irradiated
with afocused laser beam (A =532 nm) and subsequently immersed
in a solution containing NBPT. The XP spectrum reveals the N 1s
signal at a binding energy of 405.7 eV, indicating the incorporation
of NBPT molecules into gaps formed by photothermal desorption
of BPT molecules. Our experiments are in accordance with previous

results obtained with DLP of NBPT SAMs [28]. Without prior laser
irradiation, immersion of a BPT SAM on gold in a solution containing
NBPT does not lead to incorporation of NBPT as confirmed by XPS
(Fig. 2B). This demonstrates that self-exchange of aromatic thiols
at room temperature is negligible at the time scale of a few days.

It is of critical importance that the structure of patterned SAMs
is preserved after electron beam-induced crosslinking. We ana-
lyzed a patterned BPT SAM, consisting of TPT lines written into
a BPT SAM, by HIM before (Fig. 3A) and after (Fig. 3B) crosslink-
ing with electrons. Fig. 3C shows an SEM image of the same sample
after crosslinking. Our experiments reveal that structure and chem-
ical contrast of patterned aromatic thiol SAMs are preserved after
crosslinking by electron irradiation.

Our experiments reveal that structure and chemical contrast
of patterned aromatic thiol SAMs are preserved after crosslink-
ing by electron irradiation. Furthermore, our analysis enables a
direct comparison of HIM and SEM as tools for imaging patterned
SAMs. SEM is suitable for the analysis of patterned SAMs as thi-
ols produce chemical contrast in the secondary electron image
in dependence of chain length, terminal groups, and acceleration
voltage [30-33]. Recently, HIM has been used to analyze mono-
layers on solid substrates [34,35]. Interestingly, the same pattern
appears with different contrast in HIM and SEM SE images. The
TPT lines appear with a dark center and a bright rim in the HIM
image (Fig. 3B), whereas in the SEM image TPT lines appear uni-
formly darker than the BPT matrix. This could be explained by the
fact that in the SEM most secondary electrons (SE) are generated
in the gold substrate and their contrast is determined by a stronger
attenuation in TPT, as compared to BPT. Conversely, contrast in the
HIM images is largely determined by SE generated in the organic
film and is more influenced by the film’s thickness and topogra-
phy. On the other hand, it may also be that local heating of the
gold substrate during DLP causes subtle rearrangements in the gold,
which cause changes in SE contrast in HIM images only, owing
to the high sensitivity of HIM towards surface chemistry. More
work on charge-particle interaction in molecular films is needed
to understand the subtle differences in the contrasts of HIM and
SEM images.

The formation of mechanically stable membranes was con-
firmed by successful transfer of internally patterned CNMs to other
substrates. Fig. 4A shows wetting patterns on a patterned CNM after
transfer to a gold substrate, observed by light microscopy upon
exposing the sample to humid air. Although quantitative descrip-
tion of wetting patterns is difficult, wetting is a fast method to
visualize chemical patterns by light microscopy. Areas containing
ABPT and BPT can be clearly distinguished in HIM (Fig. 4B) and SEM
(Fig. 4C) SE images of the same sample.

It has been shown earlier that DLP can be used to fabricate
patterned SAMs of arbitrary complexity [13]. We applied DLP to
fabricate internally patterned CNMs consisting of three different
types of aromatic molecules (Fig. 4D). Fig. 4D shows a SEM image
of a transferred patterned CNM consisting of patterns of BPT, TPT,
and NPT, which demonstrates that DLP enables the fabrication
of multicomponent patterned CNM. In difference to SE images of
crosslinked patterned SAMs, acquired before transfer to other sub-
strates (Fig. 3B and C), transferred membranes produce identical
contrast in HIM and SEM images (Fig. 4B and C). The mechanisms
behind contrast generation in HIM SE images of monolayers on solid
substrates require further elucidation.

4. Conclusions
We have demonstrated that DLP is a versatile tool for the fab-

rication of internally patterned CNMs. Like biological membranes,
patterned CNMs consist of distinct chemical domains, which cause
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Fig. 3. Analysis of patterned aromatic SAMs by HIM and SEM. Secondary electron (SE) HIM images of a patterned SAM before (A) and after (B) crosslinking by electron
irradiation. Apart from a small loss in contrast, the patterns are preserved. (C) SE SEM image of the sample after crosslinking. Scale bars are 100 pm.

Fig. 4. Structural analysis of patterned CNMs transferred to different substrates. (A) Wetting patterns observed by light microscopy after transfer to a gold substrate. The
CNM has been obtained by crosslinking of a NBPT SAM containing lines of BPT. Upon crosslinking, NBPT molecules were converted to amino-terminated molecules (ABPT)
[29]. (B) The same sample imaged by HIM and SEM (C). Shown are SE images acquired at the edge of internally patterned CNMs. BPT lines appear darker than the ABPT matrix.
(D) SEM image of a patterned CNM, consisting of three aromatic precursor molecules, after transfer to a silicon substrate. Scale bars are 200 pm.

local variation of physical and chemical properties. Future work
should address the analysis of mechanical properties of patterned
CNM. This could be accomplished by methods, which enable local
determination of mechanical properties, such as atomic force
microscopy. Combining DLP of SAMs on a solid substrate with sub-
sequent crosslinking resembles a universal scheme for the rapid
fabrication of chemically patterned 2D materials with patterns
from the biologically relevant micrometer up to the centimeter

scale thus widening the spectrum of available nanomembranes [36]
with technologically interesting properties.
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