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1. Introduction

1. Introduction

2D materials always stay under the spotlight on the stage of material science in recent years."?
Initiated by the isolation of single-layer graphene sheet in 2004, research efforts on the 2D
materials including hexagonal boron nitride (hBN),”® transition metal dichalcogenides (TMDs),% '
MXenes'? '® and carbon nanomembranes (CNMs)' ' have been explosively increased. In the
beginning, these materials were typically obtained by the “top-down” methods (Figure 1.1), such
as i.e. ultrasound assisted exfoliation,’® micromechanical exfoliation,'” liquid-phase exfoliation'® or
electrochemical exfoliation'® 2°. These methods enable the low-cost mass production of 2D
materials, however, they also possess certain limitation. For instance, the random flake shapes and
wide flake size distributions,? undesired phase transformations?> 22 and poorly controlled
orientations after the transfer onto target substrates?*. After the first successful synthesis of high-
quality graphene on copper foils via the chemical vapour deposition (CVD),%> %6 the “bottom-up”
synthesis of 2D materials has been intensively studied and became the most popular strategy to
fabricate large-area 2D materials.?” The 2D materials that are grown via the “bottom-up” method
usually need to be transferred onto new substrates to enable further applications.?-3° To this end,
a variety of techniques for transferring the 2D materials were developed. The simplest way to
achieve the transfer is the removal of the growth substrate via the chemical etching (CE) and then
replace it with the target substrates.'* 31-3% A polymeric protection layer that supports the 2D sheet
is indispensable in this process. The critical disadvantage of the CE method is the precipitation of
metal contaminants on the nanosheets, which limits their implementation in research areas such
as nanoelectronics or nanobiotechnology.3*3" Moreover, the toxic pollutions caused by the etching
solution and the etching waste® pose a serious potential hazard to human health and the
environment. An alternative method, etching free transfer, by techniques such as mechanical
delamination,?® electrochemical delamination®® or gas intercalation*! has been proved to cleave the
2D materials from their growth substrates effectively. In such techniques, harmful chemicals are
absent during the whole process and the isolated nanosheets are free of metal residues. Moreover,
the etching free process also enables the reusability of the noble metal substrate,*? which reduces
the production cost for the future commercialization. Notably, the application of etching free transfer,
especially the electrochemical delamination (ECD) assisted transfer is not restricted only to the 2D

materials that are attached to the growth substrate via the van der Waals interaction. It is also



1. Introduction

promising for a large variety of materials that are covalently bound to the growth substrates.
Nevertheless, challenges of this method remain, such as maintaining the structural integrity of the
transferred materials, removing the residues of the supporting polymers and upgrading the

production scale.3": 42

Top-down methods Bottom-up methods

~

A N Q::J ‘

Figure 1-1. Common methods to delaminate single-layer 2D materials: (a) ultrasonic exfoliation, (b)
mechanical delamination with tapes, (c) ionic intercalation, (d) chemical etching of growth substrate, (e) gas
intercalation, (f) electrochemical delamination. In the procedure of the delamination of CVD grown 2D materials,

a polymer supporting layer is indispensable.

Owing to their sub-nanometer thickness, 2D materials own attractive physical and chemical
properties, which can be applied in the domain of electronic devices,*> ** materials protection,*®
energy storage,® 4¢ catalysis*’ and so forth® 4851, To obtain additional novel functions and to
construct a new road for the application of 2D materials, the post functionalization of already existed
2D materials is a promising approach. However, many 2D materials like graphene or h-BN are
chemically inert.52%5 Moreover, the covalent functionalization will modify their original physical and
chemical properties,?%° whereas the noncovalent functionalization is not stable enough for many
applications under environmental conditions®® 8!, Therewith, the non-destructive functionalization
of 2D materials is still a difficult task. Up to now, there is not any universal solution to it. Fortunately,
the short range ordered molecular 2D materials like CNMs do not suffer from such problems. CNMs
are fabricated via cross-linking the aromatic self-assembled monolayers (SAMs) with low-energy
electron irradiation.> 4 15.62.63 Since the functional groups of SAMs are present in CNMs after the
cross-linking, CNMs can be functionalized, e.g. with activated cross-linkers such as NHS esters or

isothiocyanates.®* Note that through the formation of vertical van der Waals (vdW) heterostructures,
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CNMs can firmly immobilize functional groups onto other 2D materials.?® This flexibility makes the
CNMs an excellent molecular interposer for the non-destructive functionalization of these materials,
paving a way for developing unique applications. For instance, by transferring aptamers
functionalized NH2-CNMs onto graphene, biomimetic recognition sites that can trigger the specific
coupling of the biomarkers on top of the graphene field-effect transistors enabling the applications

in bio-sensing.%®

In addition to the modification of the CNMs functions via post-treatment, choosing different
precursors before cross-linking can also tailor the functional properties of CNMs.'® Although the
cross-linking changes the chemical structure of the precursor, some specific functional groups can
be controllably introduced into CNMs. Thus, it has been proven that upon the cross-linking of 4°-
nitro-1,1"-biphenyl-4-thiol (NBPT) SAMs, the nitro groups are reduced to amino groups resulting in
the formation of amino-terminated CNMs.%* 67-68 Some aromatic groups can also sustain under the
low-energy electron beam.®® Therefore, CNMs can inherit these groups from the precursors and
obtain the desired chemical functionality. Moreover, some functional groups in the precursors can
be deliberately eliminated by cross-linking. For example, by the fabrication of chemically inert CNMs,
Neumann et al. used the cleavage of the carboxylic binding groups during the cross-linking process
to effectively remove the carboxylic anchor on the bottom of CNMs.” This de-functionalization
procedure is very pure, as it is conducted in vacuum and upon the process only the electron beam
is used. In addition to e-beam induced cross-linking, CNMs can also be synthesized via EUV
irradiation induced cross-linking”' and chemical cross-linking,”?> which widens the possibility of the

pre-adjustment of CNMs” functions.

As the first reported organic 2D material, CNMs have been intensively studied due to their
numerous unique properties and potential applications (Figure 1.2). Firstly, unlike graphene, which
only allows the hot protons to penetrate, CNMs have sub-nanometer to nanometer sized pores that
enable the permeation of molecules or ions. Yang et al. reported that TPT-CNMs permit rapid
permeation of water molecules,”® while the translocation of ions, including protons, is efficiently
hindered.” Dementyev et al. studied the behavior of the molecular permeation in free-standing
bilayer CNMs and confirmed the suitability of CNM for dehydration of azeotropic mixtures.”® These
results showed the huge potential of CNMs in the application of seawater desalination and small

molecules filtration. Secondly, CNMs possess Young's moduli of ca. 10 GPa.”® 7" This property

10



1. Introduction

makes them much more sensitive to the vibrations generated by mechanical forces,”® which opens

a new avenue to sensing air pressure and adsorbed specimens.

~ = e >

) %tfqn resonato’

Figure 1-2. Various applications of carbon nanomembranes based on their ultimate thinness, high mechanical
stability, high tunneling resistance, homogeneous porosity, adjustable chemical functionality and high

transmittance to light (wavelength range: 400 nm to 1500 nm).

Thirdly, CNMs are mechanically stable even as free-standing sheets supported on the grids (free-
standing lateral dimensions over 500 micrometres).> Considering their only ~1 nm thickness® and
high transparency (with a transmittance exceeding 99% over the wavelength range from 400 nm to
1900 nm),”® they are suitable materials that can be used as supporting sheets for optical application.
As studied by Rhinow et al., using CNM as a supporting sheet considerably enhanced the signal-
to-noise ratio of TEM images.® Their outstanding structural homogeneity also benefits the imaging
quality by avoiding the intrinsic granularity carbon support films prepared by conventional deposition
processes. Fourthly, CNMs are insulating in all lateral dimensions.®' Their high vertical tunneling
resistance enables their applications in the fabrication of carbon based nano-capacitors. Using

multilayer CNM stack as a dielectric, Zhang et al. successfully fabricated 2D all-carbon nano-

1"



1. Introduction

capacitors with a capacitor area up to 1200 um? and an average capacitance density of 0.3
pF/cm?2.38 Last but not least, CNMs are of high thermal stability under inert condition up to 700 K.82
Afterward, with increasing temperature, the CNMs undergo pyrolysis and finally result in the

formation of single layer graphene with adjustable crystallinity and porosity.'# 82-85

This thesis demonstrates the ECD transfer and the chemical functionalization of CNMs, and their
applications including selective ion sieving, building photo-switchable graphene field-effect
transistor (GFET), immobilizing biospecimens for TEM imaging and fabricating optical

metasurfaces. All these results are presented in the following chapters:

Chapter 3.1 describes the CNM transfer technique based on the findings in P1, in which the ECD
assisted transfer method was established to transfer CNMs that are covalently attached to the
growth substrates to arbitrary solid or holey substrates. By using XPS, it was possible to
characterize the elemental composition of the CNMs precisely. In combination with atomic force
microscopy (AFM) measurements, a correlation between the topographical features of the
synthesis substrates and the structure of the formed and transferred CNMs was found, which offers

an avenue towards forming 3D structured CNMs using 3D templates.

In Chapter 3.2, CNMs were used as filtration membranes for selective ion sieving in aqueous
solutions, which is presented in P2. When exposed to a range of concentration gradients of KCl,
CsCl and MgClz, CNM demonstrated a selectivity towards the ion transport. The membrane
potential and the selectivity of the membrane towards K* over CI~ ions were measured at a 10 to 1
concentration ratio. Moreover, the pore size was studied by high-resolution transmission electron
microscopy (HR-TEM) and correlated with the average membrane conductance, enabling the

determination of the size and density of the nanopores.

Chapter 3.3 demonstrates an application of CNMs in nanophotonics, which was reported in P3. By
regularly arranging the nanoresonators onto free-standing TPT-CNM, an ultrathin metamembrane
was fabricated. It has a thickness of only about 1 nm and shows a negligible interaction with the
incident light field. The metamembrane was characterized by linear-optical transmittance

spectroscopy. The obtained data were compared with the simulated results.

In Chapter 3.4, CNMs were used as smart molecular nanosheets with biorecognition functions to

immobilize specific biotargets and therewith to facilitate the biological specimen preparation and

12



1. Introduction

the analysis for the electron cryo-microscopy (cryoEM) imaging. To this end, CNMs were
functionalized with biorepellent polyglycerol (PG) layer to avoid undesired biological fouling and
with Ni-NTA moieties to achieve selective adhesion of His-tagged proteins. X-ray photoelectron
spectroscopy (XPS) and infrared reflection absorption spectroscopy (IRRAS) analysis were used
to confirm the successful functionalization. The obtained smart molecular nanosheets are only
about 10 nm thick and showed outstanding selectivity to His-tagged protein samples. Additionally,
after the treatment with the EDTA solution, the Ni ions that coordinated with NTA could be released,
which showed the possibility of reusing the nanosheets. The details of the study are presented in

P4.

Chapter 3.5 shows the results of P5. In this paper, a NH2-CNM was functionalized with azobenzene
and then transferred on to graphene to fabricate photo-switchable azo-CNM-Graphene FET (azo-
CNM-GFET). Triggered by the illumination with UV light (355 nm), the nonpolar trans-azobenzene
molecules on the CNM underwent photoisomerization and switched to polar cis conformation.
Acting as a molecular top gate, the polar cis-azobenzene molecules generated a vertical electric
field on the dielectric CNM layer, resulting in a negative doping in the graphene FET and a
respective shift of the Dirac point. This electric field could be simply removed by illuminating the
azo-CNM-GFET with blue light (455 nm), which can switch the cis conformation azobenzene gate
back to the trans conformation. A simple model was applied and could explain very well the

observed modification of the charge carrier concentration in the graphene channel.

13



2. Experimental

2. Experimental

This chapter briefly describes the fabrication methods and characterization techniques used for
preparing, processing and characterizing the samples in P1 to P5. Detailed procedures were listed
in the corresponding paper. P1: Z. Tang, C. Neumann, A. Winter, A. Turchanin. Electrochemical
delamination assisted transfer of molecular nanosheets. Nanoscale 2020, 12, 8656 - 8663. P2: P.
van Deursen, Z. Tang, A. Winter, M. Mohn, U. Kaiser, A. Turchanin, G. Schneider. Selective ion
sieving through arrays of sub-nanometer nanopores in chemically tunable.
Nanoscale 2019, 11, 20785-20791. P3: Y. Denizhan Sirmaci, Zian Tang, Stefan Fasold, Christof
Neumann, Thomas Pertsch, Andrey Turchanin, and Isabelle Staude. Plasmonic Metasurfaces
Situated on Ultrathin Carbon Nanomembranes. ACS Photonics 2020, 7, 1060-1066. P4: Julian
Scherr, Zian Tang, Maria Killmer, Theresa Weber, Andreas Winter, Kristian Parey, Alexander
Rittner, Martin Grininger, Volker Zickermann, Werner Kiihlbrandt, Daniel Rhinow, Andreas Terfort,
Andrey Turchanin (under review in ACS Nano 2020). P5: Z. Tang, A. George, A. Winter, D. Kaiser,
C. Neumann, T. Weimann, A. Turchanin. Optically triggered control of the charge carrier density in
chemically functionalized graphene field effect transistors. Chem. Eur. J. 2020, DOI: 26.

10.1002/chem.202000431.

2.1 Sample Preparation

2.1.1 Preparation of CNMs

Formation of self-assembled monolayers (SAMSs)

1,1'-Biphenyl-4-thiol (BPT, Sigma Aldrich 97%, Figure 2.1a) and 4'-nitro-1,1"-biphenyl-4-thiol
(NBPT, Taros 98%, sublimated before use, Figure 2.1b) SAMs were prepared by immersing
oxygen plasma cleaned Au substrates to a ~0.1 mM solution of BPT (or NBPT) dissolved in
degassed N,N-dimethylformamide (DMF, Alfa Aeser 99.9 %) for 72 h under inert conditions.”" After
the substrates were taken out, they were immediately washed with DMF followed by ethanol (Sigma
Aldrich > 98 %) for three times to remove physically adsorbed molecules on the surface. The

samples were afterward dried by a stream of nitrogen.

14



2. Experimental

1,1',4',1"-Terphenyl-4-thiol (TPT, Sigma Aldrich 97%, Figure 2.1c) SAMs were prepared by
immersing Au substrates to a ~0.1 mM solution of TPT dissolved in degassed DMF. The solution
was then heated at 70 °C for 24 h under inert condition. After the samples were taken out, the same

treatment as for cleaning of BPT SAMs was applied.

(c)

(b)
(a)

NO,

SH SH SH
Figure 2-1. Structures of molecular compounds used for the synthesis of CNMs: (a) 1,1'- biphenyl-4-thiol (BPT),

(b) 4'-nitro-1,1'-biphenyl-4-thiol (NBPT), (c) 1,1',4',1"-terphenyl-4-thiol (TPT).

Electron irradiation of BPT, NBPT and TPT SAMs
The SAMs were cross-linked into carbon hanomembranes (CNMs) by a low-energy electron gun
(Specs FG 15/40) using electron energy of 100 eV with a dose of 50 mC/cm? in a high vacuum

chamber (< 10 mbar).5°

2.1.2 Synthesis of Graphene

Single-layer graphene is grown by chemical vapor deposition (CVD) on Cu foils following the

protocol of Li et al.?> adapted to the experimental conditions of this thesis® 8.

2.1.3 Chemical Functionalization of CNMs

Grafting polyglycerol from NH>-CNMs (cross-linked NBPT SAMs)

The CNM/Au substrate was placed in a PTFE vial with 5 mL of freshly distilled Glycidol. The vial
was sealed and heated to 140 °C for 2.5 h under argon condition. Afterwards, the reaction vial was
cooled to room temperature and the substrate was taken out. To remove the physically adsorbed
monomer, the CNM/Au substrate was rinsed with water and ethanol and dried in a stream of

nitrogen.®” Further functionalization with NTA moieties see P5 experimental part.

15
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Immobilizing azobenzene groups onto NH>-CNMs

4-[4-(Dimethylamino)phenylazo]-benzoic acid N-succinimidyl ester (azobenzene-NHS, Sigma
Aldrich 98%) was used as an azobenzene derivative to functionalize the NH2-CNMs.8 The NH.-
CNM on an Au substrate was placed in a clean test tube along with 2 mL DMF, 10 mL TEA and
~0.1 mg azobenzene-NHS in the dark condition for 72 h at room temperature. Afterward, the sample

was rinsed with isopropanol and then dried under a stream of nitrogen.

2.1.4 Transfer of Graphene and CNMs

Transfer of the CNMs and graphene using the electrochemical delamination (ECD)

CNMs (or graphene) on the growth substrate were first coated by a PMMA layer (70 nm, Mw.495K,
Microchem, 2% in Anisole). By adding negative potential, the CNMs (or graphene) layers were
delaminated from growth substrate by the hydrogen evolution at the CNMs-substrate (or graphene-
substrate) interface. After sufficient washing with pure water, the CNMs (or graphene) with PMMA
supporting layer were fished out by the target substrate and dried at room temperature followed by
baking at 90 °C for 30 minutes (for graphene 120 °C, 2.5 hours). In the end, the PMMA supporting
layer was removed by acetone.

Transfer of the CNMs and graphene with the chemical etching method

In this method, the CNMs were protected by two PMMA layers: the first layer, 100 nm, 50 kDa (All-
Resist); the second layer, 200 nm, 950 kDa (All-Resist)." To cleave the CNMs from the Au/SiO2/Si
substrates, the samples were floating on the 45 °C, 0.5 M KOH solution for 60-90 minutes. The
KOH solution will then intercalate in the CNM-substrate interface and break the Au sulfur bond, thus
eliminate the covalent interaction between the CNMs and the growth substrates. The buoyant force
of the CNM-PMMA will then peel the CNMs layer from the substrates. To remove the KOH residues,
the CNMs were washed by floating on three pure water baths successively. Afterward, the CNMs
were transferred to the target substrates and the PMMA supporting layer was removed by acetone.
To transfer the CNMs from Au/mica substrates onto target substrates, the Au-CNM-PMMA layers
were cleaved from the mica substrates by gradually dipping the samples into the water using the
surface tension of the water and buoyant force of the CNM-PMMA layer. Then the Au-CNM-PMMA
sandwich sheets were transferred to the gold etching solution (12/KI/H20; 1:4:10) to remove the gold
layers.®® The post-cleaning process was carried out in the same way as for the transfer from

Au/SiO2/Si substrate.

16



2. Experimental

Preparing free-standing CNMs

To obtain free-standing CNMs, the same transfer protocol was applied to transfer the structures
onto the TEM grids (Quantifoil TEM grid R2/2, Plano) with the exception that the PMMA layer was
removed using a COz critical point dryer (CPD, Autosamdri 815, Tousimis). This procedure avoids
ruptures in the CNMs caused by the surface tension of the evaporating acetone as well as

undesired contaminations during the cleaning process.8: %0

2.1.5 Loading (or Unloading) Metal lons on (or from) the CNMs

To load Ni?* on the NTA-PG-CNM nanosheets, the samples were immersed in a NiSO4 (Merck,
99%) solution (1.0 %) for 30 minutes, followed by rinsing in high-purity water bath three times (each
time 15 minutes) to remove the physical adsorbed Ni ions. To unload coupled Ni%* from the NTA-
PG-CNM nanosheets, the samples were first immersed in EDTA-Na2 solution (0.5 mmol/L) for 30

minutes, then rinsed with pure water for 30 minutes.

17



2. Experimental

2.2 Experimental Methods

2.2.1 X-Ray Photoelectron Spectroscopy

XPS is a surface sensitive characterization technique. By measuring the kinetic energy and amount
of electrons generated by the X-ray irradiation, elemental composition as well as chemical or
electronic states of the element in the surface region (down to 10 nm depth) can be accurately
determined. In this work, XPS measurements were performed in a UHV (pressure < 5 x 107" mbar)
Multiprobe system (Scienta Omicron) using a monochromatic X-ray source (Al Ka) and an electron
analyzer (Argus CU) with a spectral resolution of 0.6 eV.

Surface elemental composition analysis

Before data processing, all signals were calibrated with the most intensive substrate signal Au 4f7;2
peak at 84.0 eV or the Si 2p peak at 103.6 eV. All peaks were fitted using Voigt functions with a
ratio of Gaussian-Lorentzian functions 70:30 after a linear (S 2p, N 1s, O 1s, Ni 2p,) or Shirley (C
1s, Au 4f and Si 2p) background subtraction was performed. The peak fitting of the sulfur doublet
was performed using the fixed intensity ratios due to the spin-orbit coupling of the p-photoelectrons.
For the elemental ratios mentioned in the thesis, the relative sensitivity factors (RSF) in Table 2.1
were used.®’

Table 2.1 The relative sensitivity factors (RSF) of the elements.

C1s O 1s N 1s S 2p3pe Ni 2pa32 Au 4f72 Zn 2p3i2

R.S.F. 1.0 2.9 1.8 1.1 14.6 9.6 18.9

Thickness analysis
The effective thickness analysis and calculation of functionalization efficiency are based on the
Beer-Lambert law for XPS92
I, = Iyexp(—d/Acos 6), (2.1)
where I is the intensity of the substrate signal, I, is the intensity of a bare substrate reference

sample; 6 is the angle between the normal of the sample and the analyzer and 4 is the inelastic
attenuation length of the photoelectrons. The values of 1 in carbon materials for different

photoelectrons were taken from the literature and listed in Table 2.2.%
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2. Experimental

Table 2.2 Values of the inelastic attenuation length 1 of different photoelectrons in carbon materials.?®

Au 4f C1s Si 2p N 1s S2p

A 3.5nm 3.1 nm 3.5nm 2.9 nm 3.3 nm

2.2.2 Raman Spectroscopy

Raman spectroscopy is a robust spectroscopic technique for characterizing crystalline 2D
materials.®* It has the capability of characterizing the structural properties of 2D materials, as well
as detecting the layer thickness, strain effects, type of doping, concentration of defects, electron-
phonon coupling, and interlayer coupling.®® The excitation source of a Raman spectrometer is
usually a laser. In this thesis, all Raman spectroscopy data were obtained using a commercial
Raman spectrometer (Bruker Tensor 37 with Hyperion microscope and HT-X High throughput
module). Measurements were carried out with 2 mW, 532 nm frequency-doubled Nd:YAG Laser, a
50x objective and a thermoelectrically cooled CCD detector with a resolution of 2 - 3 cm™". All peaks

were calibrated with the Si-peak at 520.7 cm™.

2.2.3 Electrical Transport Measurements

Sheet resistivity (or conductivity) is a significant parameter to judge the performance of 2D materials.
With the adjustment of the gate voltage, the charge carrier density in the 2D materials can be tuned,
resulting in changing the sheet resistivity and the shift of the Dirac point.%% %7 In this thesis, the
electrical characterization of the graphene field-effect transistor was carried out with a Lakeshore

TTPX needle probe station in a high vacuum (< 10° mbar) at room temperature.

2.2.4 Helium lon Microscopy

Helium lon Microscopy (HIM) is an advanced technology that allows imaging and the
nanofabrication of conductive as well as insulating materials with sub-nanometer resolution. It
works similarly to the scanning electron microscopy, but instead of using a focused beam of
electrons, it uses helium ions.?® Owing to the short De Broglie wavelength of the helium ions, a
more focused beam can be formed, resulting in a better image resolution. Moreover, HIM can
achieve higher contrasts between different materials compare with SEM,®® 1% since the helium ion
beam produces more secondary electrons than the electron beam. HIM measurements in P1 was

carried out with a Carl Zeiss Orion Plus Microscope. The helium ion beam was operated at 35 kV
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acceleration voltage at currents of 0.2 - 0.5 pA. A 10 um aperture was used and the working
distance was 14 - 37 mm. Secondary electrons were collected by an Everhart-Thornley detector at

500 V grid voltage.

2.2.5 Atomic Force Microscopy

Among the techniques used to obtain the topographic feature of the material surface, AFM is the
most widely applied technique due to its simple operation and high accuracy.’®' The AFM
measurements in this thesis were performed using an N-tegra (NT-MDT) atomic force microscope.
Measurements are carried out in semi-contact mode under Nz conditions using n-doped silicon

cantilevers (NSGO1, NT-MDT) with resonant frequencies of 87- 230 kHz and a tip radius of <6 nm.

2.2.6 Other Microscopic Techniques
Scanning electron microscopy
The SEM images were taken with a Zeiss Sigma VP at a beam energy of 10 kV and the inlens

detector of the system was used.

Optical microscopy
The optical microscopy images were obtained by a Zeiss Axio Imager Z1.m microscope equipped

with a 5 megapixel CCD camera (AxioCam ICc5) in the bright field mode.
Transmission electron microscopy

Dodecyl maltoside-solubilized complex | (with His-tag) was obtained as described in the previous
work, %2 the GroEL (without His-tag) from E. coli was purchased from Sigma Aldrich. Functionalized
nanosheets mounted on holey carbon TEM grids (Quantifoil) were incubated with a 3 uL 0.1%
NiSO4 solution and subsequently rinsed three times with dist. H2O. Nanosheets were incubated
with a 1.16:1 mixture of complex | and GroEL (1 mg/mL each) in a TSK buffer containing 0.025%
DDM and subsequently rinsed three times with a TSK buffer. Samples were blotted for 10-15 s in
an FEI Vitrobot and plunged into liquid ethane. CryoEM images were recorded and processed as
described previously.'® For the control experiment, samples were negatively stained using uranyl

acetate.
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3. Results and Discussion

3.1 Electrochemical Delamination Assisted Transfer of CNMs

In this chapter, the general synthesis strategy and the electrochemical delamination assisted
transfer of CNMs are described. The latter part was published in P1: Electrochemical delamination
assisted transfer of molecular nanosheets. Zian Tang, Christof Neumann, Andreas Winter, Andrey

Turchanin. Nanoscale. 2020, 12, 8656 - 8663.

The synthesis of CNMs has been intensively studied during the last years.> %2 6 Generally, CNMs
were fabricated via cross-linking of aromatic self-assembled monolayers (SAMs). Well-ordered
SAMs can be obtained directly via vapour deposition (VD) on substrates or by immersing solid
substrates into a solution of molecules with specific anchor groups.” 7' 8 The VD method is
normally carried out in a high vacuum (< 10 bar). The SAMs formed at high vacuum conditions
have less possible trace contaminations and thus the respective CNMs formed by their conversion
t00.%5 83 However, it is difficult to produce large area SAMs due to the restriction of the high vacuum
equipment. Moreover, the fabrication of SAMs requires the use of expensive equipment. In contrast,
the SAMs prepared in solution may suffer from the trace impurities, but their preparation is low-cost
and easy to handle. In the thesis, all the CNMs were synthesized from the SAMs prepared in
solution. To obtain highly ordered SAMs, the substrates were immersed in the solution of precursor
molecules for 72 hours at room temperature. With increasing self-assembly temperature, the time
can be reduced to 24 hours, however, at elevated temperatures the decomposition and deactivation

of the precursor molecules can take place.%4 105

Next, to convert a SAM into a CNM, strong covalent interaction needs to be introduced between
the adjacent molecules in a SAM. To achieve this cross-linking, low energy electrons,®® helium
ions'% or UV7! irradiation can be employed. Upon the irradiation, the C-H bonds in the aromatic
SAMs become broken, partial molecular dissociation takes place and the remaining molecular
fragments cross-link with each other forming a 2D molecular network.®® The mechanistic details of
this process have been recently studied,'?” clearly demonstrating that besides the primary electrons
also the secondary electrons (generated in the substrate) and photoelectrons contribute to the

cross-linking.% 71
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In addition to the irradiation induced cross-linking, chemical cross-linking may also be useful for the
synthesis of 2D carbon materials.”? By fabrication of CNMs on 3D templates, the efficiency of the
electron irradiation may be reduced due to the shadowing effects. For instance, forming shell-like
CNMs from SAMs grown on silicon nanoparticles (NPs) via electron irradiation has been found to
be difficult in this work. However, through the Friedel-Crafts reaction, % 1°° the aromatic molecules

on the NP surface can be effectively cross-linked.

So far CNMs have been typically prepared on the metal substrate,® therefore, their transfer onto
target substrates is indispensable for applications in electronics or photonics. However, most of the
methods for delamination of 2D materials from their growth substrates were developed for the
materials, which are weakly attached to the substrates.!'®''3 CNMs synthesized from the thiol
based SAMs are covalently bound to the substrates.®® '"* For the delamination, mechanical forces
would be insufficient to cleave CNMs from the substrates without damage. Therefore, techniques
such as gas intercalation and mechanical peeling are not suitable for the delamination of CNMs.
Chemical etching, as an alternative method, is effective but also suffers from several drawbacks.
One of the most influential drawbacks is that the corrosive etching solutions used in the process
contain normally heavy metals and oxidants, which can contaminate or even damage the functional
groups on the CNMs.'05 115 116 Thjs significantly restricts the applications of CNMs in
nanotechnology and in particular in areas such as nanoelectronics or nanobiotechnology.34-3¢: 117
Electrochemical delamination is a powerful technique to realize the transfer of 2D material without
etchant. It has already been adopted to transfer graphene and WS2 monolayer grown on metal
substrates.'’® "9 Note that, this method involves not only physical but also electrochemical
processes, which can efficiently break the covalent bonds between the 2D sheets and the
substrates due to the activation of the respective redox reactions.'?%-'22 Based on this background,
the implementation of ECD assisted transfer to Carbon Nanomembranes (CNMs) is demonstrated
in this thesis. To verify the universality of this method with respect to CNMs, CNMs with three
representative molecular precursor 1,1'-biphenyl-4-thiol (BPT), 4'-nitro-1,1'-biphenyl-4-thiol (NBPT)

and 1,1',4',1"-terphenyl-4-thiol (TPT) grown on various gold substrates were tested.[P]
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Figure 3.1.1. Schematic representation of the ECD assisted transfer: (a) ECD set-up and CNM/substrate
interface during ECD; (b) Dissolution of hydrogen bubbles in degassed water; (c) Washing with pure water; (d)
Transfer onto SiO2/Si substrate; (e) Transfer onto a TEM grid. (Reprinted from P1 with permission from the

Royal Society of Chemistry)

The procedures of the CNMs transfer are schematically shown in Figure 3.1.1. After stabilization
with the PMMA layer, the sample was introduced into an electrolysis cell as a cathode. By applying
a negative voltage of 2.5 — 3.6 V, hydrogen bubbles were generated on the gold substrate,
detaching the PMMA-CNM layer from the gold substrates. With further dipping the sample into the
electrolyte, the PMMA-CNM was completely peeled off and floats in finally on the solution surface.
Generally, a NaOH solution (0.1 M — 1 M) is used as the standard electrolyte in the ECD process.
However, the high pH value alkaline electrolyte dissolves the silicon substrate, making the
reusability of the growth Au/SiO2/Si substrates impossible. Besides that, the dissolved Si-contained
substances may also contaminate the CNMs. To avoid these unwanted effects, the ammonia-based
electrolyte (aqueous ammonia, 30 wt. %) was applied to delaminate the CNM samples on the
Au/SiO2/Si substrates. In addition, gas bubbles can provide an obstacle for fabricating clean and
rupture free CNMs. They are sticking to the bottom part of the CNM, preventing it from the contact
to pure water. If transferred on a solid substrate, gas bubbles will also suspend the CNMs and finally
result in large area ruptures. To solve this problem, an extra procedure was introduced after the
delamination, in which the gas bubbles below the CNMs were dissolved by the degassed water.

Next, the CNMs were washed in pure water for several times then transferred to target substrates.
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The PMMA layer was removed by acetone at the ambient condition or in a critical point drier as

described in the previous reports.'* 8

Figure 3.1.2. Optical microscopy and scanning electron microscopy images of CNMs synthesized on 30 nm
Au/Si substrates and transferred onto SiO2/Si and Quantifoil transmission electron microscope (TEM) grids:
(a) and (b) BPT-CNM; (c) and (d) NBPT-CNM,; (e) and (f) TPT-CNM. (Reprinted from P1 with permission from

the Royal Society of Chemistry)

All studied CNMs were transferred both onto SiO2/Si substrates and TEM grids and then
characterized by optical microscopy and scanning electron microscopy, respectively. To achieve
better contrast between CNMs and bare substrate, the SiO2/Si substrates with a 300 nm oxide layer
were chosen as the supporting substrates for the optical microscope imaging. These substrates
result in an enhanced CNM contrast.'?® The results are shown in Figure 3.1.2. All studied CNMs

were homogeneously transferred to these substrates without macroscopic ruptures.

For analyzing free-standing CNMs with SEM, the delaminated CNMs were transferred to Quantifol
holey carbon film (with 2um holes) on a copper grid. It can be seen from Figure 3.1.2 that all studied
CNMs can be homogeneously transferred to these substrates without macroscopic ruptures. Note
that in case of the suspended CNMs on TEM grids with ~2 ym openings, ruptured places were
imaged in order to visualize the CNMs, as otherwise their presence on the grids is difficult to confirm

due to a very homogenous contrast of the free-standing areas.
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Figure 3.1.3. XP spectra of CNMs synthesized on Au/mica substrates and transferred using ECD assisted
transfer onto oxidized Si wafers with 300 nm of SiOz: (a) BPT-CNM, (b) NBPT-CNM, (c) TPT-CNM. (Reprinted

from P1 with permission from the Royal Society of Chemistry)

In contrast to inorganic monolayers, which are only weakly bonded to the growth substrates, CNMs
interact with the substrate via covalent thiolate bonds. The Au-S bonds that are anchoring the SAMs
to the gold substrate were shown to be already broken by applying a negative voltage of 1.0 — 1.3
V.'2* Considering the overpotential on the electrodes,'® a relatively higher potential (2.5 — 3.5 V)
was applied to induce the delamination of CNMs. At this voltage, the electrochemical half-reactions

at the gold electrode’?® are:

Au—S—R+e” - Au+R-S5" (3.1)

2H,0 4+ 2e”~ - H, T +20H™ (3.2)
The lower oxidation state of sulfur on the bottom side of CNM is conserved by the alkaline
environment and the negative potential. After the Au-S bonds are cleaved, the hydrogen bubbles

generated from the gold surface also push the CNMs away from the substrate, making the

detachment irreversible.
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The above-discussed behaviour is confirmed by the XPS measurements. Figure 3.1.3 shows the
XP spectra of the CNMs transferred on a SiO2/Si substrate. As can be seen, for all three types of
the CNMs, the S 2p spectrum consists of two doublets with the S 2ps2 binding energies (BEs) of
163.3 eV and 167.6 eV. The doublet with the lower BEs assigned to the R-S-H as well as the R-S-
S-R species.'?”> 128 They cannot be distinguished by the XPS. The doublet with the higher BEs is
attributed to oxidized sulfur species.’?® ' |ts intensity is significantly lower in comparison to the R-
S-H/R-S-S-R species. These oxidized sulfur species were probably introduced either upon the
washing process (Figures 3.1.1¢) or during the transfer of the samples at ambient conditions, or
due to the interaction with the SiO2 substrate. Additionally, besides the cleavage of the Au-S bonds,
a partial cleavage of the C-S bonds was also observed during the delamination. This was reflected
in both the reduced S:N and S:C elemental ratios in comparison with the CNMs on their original

gold substrates as well as in some remaining sulfur on these substrates after the applied ECD.

The C 1s XP spectrum of the CNMs after the ECD transfer onto SiO2/Si substrates can be divided
into four different peaks. The peak located at 284.6 eV is assigned to the aromatic moieties in the
CNMs; the peak at 285.3 eV indicates the presence of the C-S bonds as well as the C-N bonds in
the NBPT-CNMs; the peaks located at 286.5 eV and 288.6 eV are attributed to the C-O and the
0O=C-O carbons respectively, which are most likely due to residues of the PMMA supporting layer
after the transfer.8° 13'. 132 Considering these detected trace contaminations, a respective increase
of the BPT-CNM, NBPT-CNM as well as TPT-CNM effective thicknesses was detected. Thus, the
thickness values on the original gold substrates were about 0.9 nm, 1.0 nm and 1.3 nm whereas
on the SiO2 substrates to about 1.2 nm, 1.7 nm and 1.8 nm for BPT-CNM, NBPT-CNM and TPT-
CNM, respectively. As expected, for the transferred NBPT-CNMs onto SiO2 substrate, '3 the amino
group on the top of CNMs was well protected. As shown in the spectrum, the N 1s spectrum consists
of a peak at 399.5 eV due to amino groups’® as well as a low intensity shoulder at 402.0 eV, which
is assigned to the protonated nitrogen.'®* Interestingly, after the transfer of the CNMs onto the gold
substrates, part of the sulfur on CNMs can rebind to the substrate via the formation of thiolate,
which can be confirmed by XPS. These results further demonstrate the preserving of the functional

CNMs properties after their ECD assisted transfer.
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Figure 3.1.4. AFM images of BPT-CNMs grown on Au substrates with different roughness before and after
transfer onto target SiO2/Si substrates (RMS: 0.2 nm) by both ECD and CE assisted transfer procedures. (a-
¢) CNMs grown on 300 nm Au/mica (a), 30 nm Au/Si (b), and on a 100 nm Au/Si (c) substrates. (Reprinted

from P1 with permission from the Royal Society of Chemistry)

The influence of the growth substrate on the topography of CNMs was studied by AFM. Using the
ECD or CE® methods, CNM samples grown on gold substrates with different roughness were
transferred on to SiO2/Si substrates, which has RMS roughness of only 0.2 nm. The results of this
study are summarized in Figure 3.1.4. As shown, the CNMs grown on the flattest Au/mica substrate
(RMS: 0.4 nm) appear the lowest surface roughness (0.8 nm) after the transfer, which indicates a
clear correlation between the RMS values of the growth substrate and the respectively transferred
CNM roughness on the SiO2/Si substrates. However, the transferred CNMs do not completely
reflect the topographical features of the growth substrates, since the surface tension upon washing
and removal of the PMMA layer may influence their final configuration. Besides that, the roughness
of CNMs transferred by the ECD method is generally lower than the roughness of CNMs transferred
by the CE method. This effect can be attributed to the harsh conditions involved in the etching

process such as relative high temperature (45 °C) and concentrated basic solution (0.5 mol/L KOH).
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Since CE assisted transfer of CNMs grown on the Au/mica substrates uses less harsh Kl/I2 solution
at room temperature, the transferred CNMs appear lower roughness than the CNMs transferred by
ECD method. Additionally, using the same Au/SiO2/Si substrate, three successive
growth/delamination procedures were performed, and the respective BPT-CNMs were transferred

onto SiO2/Si wafers. In comparison with the first growth, no diminishing of quality was detected.

To sum up, chemical etching and electrochemical delamination are both very well applicable
methods to detach CNMs from the growth substrates. Chemical etching process does not need any
special equipment; however, it is time-consuming and involves harsh chemicals. On the other hand,
for electrochemical delamination, a specific electrochemical cell has to be constructed, and it works
only for samples on conductive substrates, however, it is conducted at mild conditions and is

environment friendly.
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3.2 Nanoporous CNMs for Selective lon Sieving

Parts of this chapter were published in P2: Selective ion sieving through arrays of sub-nanometer
nanopores in chemically tunable 2D carbon membranes. Pauline van Deursen, Zian Tang, Andreas
Winter, Michael J. Mohn, Ute Kaiser, Andrey A. Turchanin, Grégory F. Schneider.

Nanoscale. 2019 11, 20785-20791.

As already mentioned in the introduction, one of the potential applications of CNMs is ultrafiltration,
such as seawater desalination, dialysis and separation of heavy metal ions. These applications are
based on the porosity of CNMs, which is usually determined by the precursors.’™ Unlike the
commercially used osmosis polymer membranes, some CNMs can only have pores with diameters
below 1 nm that can block specific ionic passage being simultaneously permeable for water.” It
has already been shown that the TPT-CNMs possess a high density of sub-nanometer (sub-nm)
pores, which allow the water molecules to penetrate.”® The high areal density of the pores in CNMs
enables a high water flow. Note that, due to their ultra-small size of the pores, TPT-CNMs possess
high ion rejection.” They act as barriers against the ionic movement, therefore, are not suitable for
selective ion sieving. A promising candidate for ion sieving is the thinner BPT-CNM. As discussed
before, CNMs are also mechanically stable against most of the organic and inorganic solvents.
However, the porosity of the BPT-CNM has not been characterized to date. In this chapter, the pore
density in the BPT-CNM was determined using various techniques, including high-resolution
transmission electron microscopy (HR-TEM) and ionic conductance measurements. To perform the
characterization, BPT-CNMs were transferred to SisN4 chips with round apertures using the CE

method. (Figure 3.2.1a) The diameter of the nanoapertures was ranging between 20 and 80 nm."%

Figure 3.2.1b presents the aperture imaged by TEM before BPT-CNM was transferred. The
aperture was then imaged again after the BPT-CNM transfer. As demonstrated in Figure 3.2.1c,
the free-standing membrane does not reveal any visible pores. Therewith, one can assume that the
general pore size in BPT-CNM does not exceed 1 nm.[PA This estimation was made on the following
basis. The instrumental resolution that can be reached by employed TEM is 0.18 nm. To avoid the
deterioration of the BPT-CNM under the electron beam, the applicable electron dose for imaging

was limited below 10° e:-nm™-s™', which reduces the final resolution. Moreover, to obtain sufficient

contrast from the amorphous BPT-CNM membrane, a high defocus was required during imaging.
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Considering these two factors, the upper limit of the pore size was conservatively estimated to 1
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Figure 3.2.1. (a) The schematic procedure used to fabricate suspended biphenyl thiol carbon nanomembrane
(BPT-CNM) chips. (b) A 60 nm diameter aperture in SisN4 after drilling by the focused beam of a TEM. (c) The
aperture after deposition of the BPT-CNM imaged by HR-TEM. (d) Typical I-V curve measured on a CNM
suspended over a SisN4 aperture in 1 M KCI solution. Inset: The suspended BPT-CNM integrated into the ionic
conductivity measurement circuit, in between two electrolyte compartments both connected through Ag/AgCl

electrodes. (Reprinted from P2 with permission from the Royal Society of Chemistry)

To collect information about the pores in the BPT-CNM, trans-membrane ionic conductance
measurements were performed.lP? The ionic conductance through the CNM exposed by the SisN4
aperture was determined from current-voltage curves recorded in the flow cell, as shown in the
inset of Figure 3.2.1. By evaluating the conductance measurements, the pores on the CNMs can
be considered as 2D nanochannels. Therefore, if the classic model for the description of
conductance through nanopores in SisN4 membranes is applied to CNMs, the measured ionic
conductance can be expressed in terms of the length and the diameter of one single 2D channel.
Given the area that exposed to the solution was defined by the aperture, Equation 3.3'%¢ can be

obtained:

41 1\~

G=oa, (E + E) ' (3.3)
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where d and [ describe the average diameter and length of a single pore through which the
conductance G is measured. The bulk electrolyte conductivity g,, with the units Siemens/meter

(S-m™), is determined by the ionic strength of the solution. Note that, the CNM has more than one

pore. Therefore, Equation 3.3 can be adjusted to Equation 3.4:

Gmeas | 4l 1
Mg = Oe (7T(d)2 + (d)) (3.4)

Here, Geas is the measured conductance, ny is the number of pores in the suspended membrane
area A and (d) is the average pore diameter. The ionic conductance through the CNM suspended
over the SisN4 aperture was determined from current-voltage (I-V) curves recorded in the flow cell,
both before and after the CNM deposition. To avoid the measurements being affected by the
dehydration phenomena in the confinement of 2D nanochannels,'®”'3° the conductance was
determined by applying Ohm’s law in the region close to zero bias. There, the conductance of
hydrated ions is most closely approximated. The results are presented in Figure 3.2.2a. Due to the
CNM barrier, the measured conductance dropped 30% compared to the bare SisN4 aperture. The
conductance of the CNM samples shows a linear relation to the free-standing area, confirming that

the ionic current through the membrane makes the main contribution to the conductance.

The porosity of the BPT-CNM was analyzed based on the average measured membrane
conductance per area in 1 M KCI solution. It can be calculated from the linear regression of the

conductance value in Figure 3.2.2a. After subtraction of the bare aperture conductance, the
conductance per area of the membrane was found to be Goyy = 4.8 # By substituting this

value into Equation 3.4, the porosity of the BPT-CNM can be estimated. Note that Equation 3.4
includes two variables, which are ny4, the number of pores contributing to ion transport and {(d), the

average diameter of the pores. Thus, Equation 3.4 can be converted into a simple function:
f(d)) =ny (3.5)

The function graph was plotted in Figure 3.2.2b. As discussed above, the domain of the factor (d)
is not infinite. It is limited by the observed result from the HR-TEM and the size of the hydrated ions.

Taken the hydrated diameter of K* as 0.56 nm, ' it can be obtained that (d) € [0.56,1). Therefore,

the range of n, lies between 2.7 and 1 (unit: pores per 100 nm?, the yellow region in Figure 3.5.2b),
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which means in the free-standing area over the 60 nm aperture (as shown in Figure 3.2.1¢), about

60 pores partook as conductive channels.
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Figure 3.2.2. lon transport measurements. (a) lonic conductance through BPT-CNM with varying free-

standing membrane area exposed on both sides to 1 M KClI solution. (b) Geometric model relating the average
pore diameter to the number of pores in a 100 nm? area. (c) lonic current-voltage (CV) curves measured in
the presence of an electrolyte concentration gradient over a 50 nm diameter CNM membrane. (d) The reversal
potential over the membrane in (c) at concentration ratios ranging between 1 and 10, with the higher
concentration kept constant at 1000 mM. (Reprinted from P2 with permission from the Royal Society of

Chemistry)

Next, the membrane potential across the BPT-CNM was determined following Nernst-Plank
membrane theory.'#' In the presence of concentration gradient, the chemical potential drives ions
from the higher to the lower concentration side of the membrane. If one type of ion is preferentially
diffusing down its concentration gradient over its counter-ion, a diffusion potential and an associated
net ionic current are generated across the membrane. CV characterization was performed in the
presence of varying concentration ratios. As shown in the inset in Figure 3.2.2¢, after linear fitting

of the data point, the x-intercept is the value of the reversal potential with which the selective ionic
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current was exactly compensated. For instance, at a concentration ratio of 1:10 in KCI, the reversal
potential was found to be —16.6 mV (Figure 3.2.2d). Therefore, the corresponding membrane
potential is +16.6 mV. This result is not surprising since BPT-CNM has a negative surface charge
due to the functional groups such as sulfinic acid or sulfonyl hydroxide. Note, the theoretical Nernst

membrane potential can be calculated through the Nernst equation:

Viernst = 0.05916 77 Ig (Lt ) 3.6)

Yc1lowClow

The obtained value is 52 mV. The BPT-CNM membrane potential is thus 32% of the theoretical
Nernst potential. This lower barrier effect might be caused by the ultimate thinness of the BPT-CNM.
In the commercial porous membranes, ion selectivity arises due to a bulk membrane phase that is
distinct from the adjacent electrolyte phases. In BPT-CNM, on the other hand, the about 1 nm long
pore channels cannot effectively impede the ion transport. Moreover, the counter-ion CI has a
similar hydrated ion diameter as K* but much higher mobility. It makes the selection of ions through
the pore size less effective. The latter is also reflected in the repeated measurement of the
membrane potential in MgClz solution. Since the divalent MgClz solution has three times higher ionic
strength than a monovalent KCI solution of the same concentration, the negative electrostatic
charges on the pore edge could be more efficiently screened.’#? 143 Therefore, ion mobility becomes

the factor that determines selective transport. The CI” ions, with a higher diffusion coefficient than

the Mg?* ions, tend to dominate the charge transfer, resulting in the change of the membrane

potential sign.

To conclude, the selective ion permeation through free-standing BPT-CNM was studied. The results
revealed that the pore density of the BPT-CNM located in a range of 1 — 2.7 per 100 nm2. The
selectivity of the membrane is mainly caused by the negative electrostatic charges on the
membrane surface. Therefore, by changing the chemical composition of the membrane, specific

interactions between membrane and electrolyte could be obtained to further tune the selectivity.
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3.3 CNM Based Optical Metamembranes

Parts of this chapter were published in P3: Plasmonic Metasurfaces Situated on Ultrathin Carbon
Nanomembranes. Y. Denizhan Sirmaci, Zian Tang, Stefan Fasold, Christof Neumann, Thomas

Pertsch, Andrey Turchanin, and Isabelle Staude. ACS Photonics. 2020, 7, 1060-1066.

Transferred CNMs possess a high mechanical and thermal stability.> 62 Some of the CNMs can be
prepared free-standing over 500 x 500 ym? openings® '°° and sustain temperatures up to 700 K
without significant structural changes.' The mechanical properties of CNMs can be analyzed with
bulge tests using an AFM to measure the membrane’s deflection.'* By applying pressure to one
side of the freestanding CNMs, they undergo deformations, changing the deflection of the cantilever
at the center of the free-standing area. The Young’s modulus, tensile strength, and residual stress
can be calculated from the obtained pressure—deflection curves. As presented by the work of Zhang
et al.,”” TPT-CNMs have Young's moduli about 10 GPa while possessing residual stress of only 3
MPa, therefore become promising candidates for the fabrication of the supporting nanosheet. As
the ~1 nm thick BPT- and TPT-CNMs have almost no interaction with light in the specific wavelength

range (Figure 3.3.1e), this property enables the broadband operation of the CNMs in photonics.

In the advanced photonic research, the optical metasurfaces have been widely adopted to
manipulate phase, polarization and modality of electromagnetic waves over subwavelength
thickness, only a few years after the concept was born.'#*'47 They are constructed by 2D well-
arranged artificial nanoresonators typically on macroscopically thick supporting substrates, which
are transparent materials such as glass'® or polymer.'*® However, due to the nature of these
materials and the restriction of their processing techniques, the thickness of these supporting
substrates cannot be reduced to the nanoscale.'® '®" The light absorption in these substrate
materials limits the broadband operation of the photonic metasurfaces.'® In this thesis, an optical
metasurface fabricated using TPT-CNMs as supporting substrate is introduced. To this end, a
square array of U-shaped split-ring-resonator (SRR, Figure 3.3.1a, | = 260 nm, t = 45 nm, a = 350
nm, and k = 75 nm) was nanofabricated on the TPT-CNM/Au surface using electron-beam
lithography (EBL) based process.'5?'% Then, ECD assisted transfer was used to transfer the CNM-
supported metasurface from the gold substrate to a TEM grid. To prove the successful preparation

of quasi free-standing metamembrane, the sample was characterized by SEM. Using high
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magnification, the free-standing areas can be distinguished from the grid supported areas due to
different contrast: dark and bright, respectively. (Figure 3.3.1b, c¢). With further zooming in, the
morphological features of the nanometer-scale gold resonators can also be clearly identified

(Figure 3.3.1d).

Transmittance
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Figure 3.3.1. (a) Schematic representation of the CNM supported SRRs. (b-d) TEM images of the metasurface
in different magnifications. (e) Measured linear-optical transmittance spectra of the TPT-CNM (blue), BPT-
CNM (red) and graphene (yellow). (Reprinted with permission from P3. Copyright (2020) American Chemical

Society.)

Next, the linear-optical transmittance spectra were obtained to characterize the optical quality of
the SRR metamembrane. Measurements taken with a Si and an InGaAs detector were combined
to achieve the full coverage of the entire relevant spectral range from visible to near-infrared
wavelengths. Using a knife-edge aperture, the measurement area was confined only to the
openings of the TEM grid (30x30 um?), where the SRR metamembrane is free-standing. A linear
polarizer is introduced in the illumination beam path to selectively measure the metamembrane’s

optical response along with the two different lattice directions of the SRR metamembrane.

Assuming that the SRR arrays are suspended in a vacuum and using the numerical finite-integral
frequency-domain calculation (software: CST Microwave Studio),[P® the simulated transmittance

spectra were obtained, which is displayed in Figure 3.3.2a.IP® These data is in a good agreement
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with the experimental result (Figure 3.3.2b), which also shows two transmittance minimum for x-
polarized light (1619 nm and 780 nm) and one minimum for y-polarized light (820 nm). As expected,
the fundamental mode of the SRR metasurface occurring at 1685 nm for the x-polarized excitation
is characterized by a circulating current along the entire SRR loop, giving rise to a magnetic dipole
moment out of the SRR plane. The second-order mode, which appears for the y-polarized incident
light at 805 nm, is an electric-dipole dominated mode characterized by in-phase currents along the
two legs of the SRR. Finally, the third-order resonance observed at 775 nm for x-polarized excitation,
is an electric quadrupolar dominated mode with out-of-phase currents in the SRR legs.'®? 1% The
small differences observed between calculated and measured transmittance spectra can be
attributed to the non-normal incidence conditions present in the experiment, sample imperfections
as well as possible deviations of the CNM morphology from a planar membrane caused by the

gravity.

(a) Experiment (b) Simulation
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Figure 3.3.2. (a) Measured and (b) numerically calculated normal incidence linear-optical transmittance
spectra for x-polarized (blue) and y-polarized (red) light. In (b), calculated surface current distributions at the
three different resonances are presented by the insets. (Reprinted with permission from P3. Copyright (2020)

American Chemical Society.)

In conclusion, using TPT-CNMs as an about 1 nm supporting substrate for metasurface, a photonic
metamembrane operating at near-infrared frequencies has been successfully realized. In this
metamembrane, the gold split-ring resonators (SRRs) are quasi free-standing due to the ultimate
thinness of the TPT-CNMs. Transmittance spectra of the fabricated free-standing photonic

metamembranes have revealed the expected resonant properties.
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3.4 Smart Molecular Nanosheets for Electron Cryo-microscopy

Results of this chapter were reported in P4: Smart molecular nanosheets for electron cryo-
microscopy (cryoEM) of biological samples. Julian Scherr, Zian Tang, Maria Kiullmer, Sebastian
Balser, Alexander Stefan Scholz, Andreas Winter, Kristian Parey, Alexander Rittner, Martin
Grininger, Volker Zickermann, Daniel Rhinow, Andreas Terfort, Andrey Turchanin. Submitted to

ACS Nano (under review).
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Figure 3.4.1. Schematic representation of the structure and the functional principle of the developed smart
nanosheets for biological TEM. The functionalized nanosheets contain an NTAscyclen moiety as well as a bio-
repellant hydrogel, which enables selective immobilization of His-tagged biomolecules for their subsequent

analysis by cryoEM while preventing the unspecific binding of other proteins.

As CNMs can be chemically functionalized,®* © they are suitable not only for the top down
fabrication of metallic nanostructures (see Chapter 3.3) but also for the bottom-up assembly of
complex organic/bio-organic hierarchical nanostructures. An example is using CNM to make smart
nanosheet for biological TEM.[P4 Current preparation of vitrified biological samples for cryoEM
starts with sample isolation and purification, followed by the fixation in a free-standing layer of
amorphous ice. Samples are typically embedded in a thin layer of vitreous ice on holey carbon films
to avoid electron-beam induced structure disturbances. In an effort to improve the TEM sample

preparation, it would be advantageous to deposit the specimen particles onto nanosheets that are
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thin enough to allow the undisturbed transmission of electrons. To this end, carbon
nanomembranes (CNMs) have been established as alternative support films for TEM. Unlike other
support films that are typically employed in cryoEM such as metallic glasses, % 156 graphene57-160
or gold'®", CNMs possess active functional groups, which are suitable for the functionalization with
biorecognition sites and anti-fouling polymers. This functionalization enables the in situ isolation
and purification of the specimens before the TEM imaging. Compared with graphene oxide
nanosheets,'®? the functionalization of CNMs is more controllable and straight forward. Note that,
CNMs are stable against detergents,®> making them compatible with structural analysis of, e.g.,
detergent-solubilized membrane proteins. Therewith, the supporting nanosheets for cryoEM
analysis based on CNMs have the following advantages: they (i) minimize inelastic scattering of
electrons, (ii) have high mechanical stability, (iii) allow introduction of specific biorecognition sites
as well as biorepellent background. In this chapter, the preparation of CNM-based smart molecular
nanosheets is presented. 4'-nitro-4-Biphenylthiol (NBPT) was selected as the precursor to fabricate
the CNM platform for the smart nanosheets. Upon cross-linking into CNMs, the terminal nitro groups
in NBPT molecules are reduced to amino groups, which are used later as active sites to initiate
surface polymerization of biorepellent polymer. Note that the biorepellent layer should also possess
sufficient reactive groups to bind biorecognition moieties. For this reason, the hyperbranched
polyglycerol (PG) was chosen as the anti-fouling polymer,'®® which was directly grafted on the
amino-terminated surface of CNMs. The obtained PG functionalized nanosheets (PG-CNMs) have
a total thickness of about 9 nm. With further functionalization with NTA-Ni units, smart nanosheets

for biorecognition of His-tagged protein specimens were assembled (Figure 3.4.1).

The fabrication steps were monitored by the infrared reflection absorption spectroscopy (IRRAS)
and the X-ray photoelectron spectroscopy (XPS). The IRRAS data of PG-CNM (black) and NTA-
PG-CNM (red) were shown in Figure 3.4.2. The band at 3200-3600 cm™' (OH-stretching mode),
2875 cm™ and 2940 cm™' (sym/asym C-H stretching mode), as well as the band at 1140 cm™ (C-O-
C stretching mode), proved the existence of the PG-layer.'®* The band at 1740 cm™ is assigned to
carbonyl groups. It appears in the PG-CNM due to the rearrangement of the epoxy groups during
the polymerization at high temperature (~140°C) and intensified in the NTA-PG-CNM due to the

introduction of additional carboxylic acid and carboxylic ester moieties. The band at 1645 cm™,
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which is only shown in the NTA-PG-CNM spectrum, is caused by C=0 stretching vibrations of the

amide groups, confirming the successful functionalization of the NTA derivative.'®

——NTA-PG-CNM
- ——PG-CNM
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Figure 3.4.2. Analysis of the engineered nanosheets by IRRAS: PG polymerization on the NH2-CNM (black)

and subsequent NTA functionalization of the PG (red).

Further evidence for the successful functionalization was provided by XPS. In Figure 3.4.3, the C
1s, N 1S, S 2p and O 1s spectra of different fabrication steps are shown. The spectra of the pristine
NH2-CNM shown in Figure 3.4.3a are consistent with previous reports.®? Note that only one single
peak at 399.5 eV is present in the N1 spectrum of the pristine NH2>-CNM,88 133 which indicates a
complete conversion of the nitro groups into the amino groups upon e-beam irradiation. The
functionalization with PG drastically changed the surface compositions, as shown in Figure 3.4.3c.
Because of the signal attenuation through the 8 nm thick PG layer, the N 1s and S 2p peaks vanish.
On the other hand, the O 1s signal significantly increases and shifts to 533.4 eV due to the formation
of the ether groups in the PG layer.'®® As expected, the ether C 1s signal at 286.3 eV dominates
the total carbon signal. The remaining constituents of the C 1s signal at 285.3 eV, 287.8 eV and
289.5 eV are assigned to the aliphatic,'®” carbonylic'®® and carboxylic carbon,'®® respectively. After
the grafting of the NTA4cyclen units, an attenuation of the C 1s signal at 286.3 eV is observed,
which enables to calculate a thickness increment by 1 nm. Moreover, because of the introduction
of the amide groups, a new C 1s peak at 288.7 eV appears in the spectrum. The N 1s peak of the

NTA groups with a protonated nitrogen shoulder also appears in the spectrum at 400.4 eV and
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402.1 eV."® 170 Note that also traces of Zn?* signals were found in the NTA-PG-CNM after the
synthesis, most probably due to impurities in the used solvents. Since the collected Zn?* can be
completely replaced by Ni%*, these results additionally demonstrated the functionality of the
attached NTA chelators. After the loading with Ni?*, the quantitative ratio of Ni:N = 1:2.4 was
observed, which matches very well with the expected ratio of 1:2.7. Overall, the XPS results show
good agreement with the IRRAS data and further confirm the grafting on an NH2>-CNM of the

biofunctional layer as schematically presented in Figure 3.4.1.
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Figure 3.4.3. XPS analysis of the subsequent functionalization steps. High-resolution XP spectra of the O 1s,
N 1s, C 1s, S 2p and Ni 2p. The spectra are scaled for better visibility as indicated. (a) Pristine NH2-CNM on
Au/mica. (b) Grafting of the PG layer, PG-CNM. (c) Grafting of the NTAscyclen layer, NTA-PG-CNM. (d)

Chelating of Ni?* to NTA-PG-CNM.

To test the selectivity to the specific biological specimen, the nanosheet was incubated with bovine
serum albumin (BSA, without His-tag to test for unspecific bioadhesion, 67 kDa) and His8-tagged
green fluorescent protein (His8-GFP, as a specific analyte, 39 kDa)'"! successively and studied by

surface plasmon resonance (SPR) measurements. From the SPR results, untagged BSA was found
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to be washed away from the nanosheet by the buffer solution, demonstrating the protein repellant

properties of the fabricated substrate, whereas the His-tagged GFP was selectively attached to it.

Figure 3.4.4. CryoEM analysis of His-tagged complex | selectively bound to NTA-PG-CNM with ~10 nm
thickness. CryoEM images of a vitrified sample: (a) the Ni?*-activated NTA-PG-CNM and (b) conventional films
of amorphous carbon were exposed to a 1.16:1 mixture of complex | and GroEL. The scale bar is 100 nm. (c)

Representative class average of complex . (d) Representative class average of GroEL.

Finally, the feasibility of in situ isolation of His-tagged proteins from a heterogeneous mixture by the
smart nanosheets platform is presented. The results were analyzed by cryoEM (Figure 3.4.4a).
His-tagged complex | from Yarrowia lipolytica and GroEL (without His-tag) from E. coli were
selected as the test specimens.'”> '3 A continuous amorphous carbon film was tested as a
reference sample. After treating with a 1.16:1 mixture of tenside-stabilized complex | and GroEL,
the reference sample did not show any selective binding for complex | or GroEL (Figure 3.4.4b).
By incubating the smart nanosheets with the same mixture, the preferable immobilization of the
His-tagged complex | (Figure 3.4.4a) was clearly observed. In the obtained 73 images, 1176 His-
tagged complex | particles and 41 GroEL particles were identified, corresponding to a recognition
efficiency of about 97%. Their orientation was found to be random, which is advantageous for
structural analysis. Note that, due to the fixation onto the smart nanosheet, the specimens were
embedded in a thin vitrified water film thus prevent proteins from denaturing at the air-water

interface.'™

To summarize, a novel supporting nanosheet for cryoEM imaging of biospecimens based on NH2-

CNM was successfully established. The smart nanosheet contains three functional components,
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i.e., CNM carrier layer, PG biorepellent layer and Ni-NTA biorecognition units. Strengthened by the
mechanically stable CNMs, the total thickness of the smart nanosheets was achieved to be about
10 nm allowing almost undisturbed penetration of the electron beam. The homogeneous distribution
of the biorecognition sites and the softness of the nanosheets lead to an optimized orientation of
the particles, which is advantageous for further structural analysis. Furthermore, the nanosheets

are stable in detergents, enabling the advanced preparation of biosamples.
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3.5 Photoswitchable CNMs for Implementation in Graphene Field-Effect

Transistors

Parts of this chapter were published in P5: Optically triggered control of the charge carrier density
in chemically functionalized graphene field effect transistors. Z. Tang, A. George, A. Winter, D.
Kaiser, C. Neumann, T. Weimann, A. Turchanin. Chem. Eur. J. 2020, DOI:

10.1002/chem.202000431.

As demonstrated above, CNMs are an excellent platform to attach novel chemical or biochemical
functions. In contrast, the functionalization of 2D materials as, e.g., graphene is not trivial.'’® 176 |ts
chemical inertness restricts the covalent attachment of specific groups.5? Moreover, the covalent
functionalization of graphene will introduce in its structure therewith diminishing its original physical
properties (Figure 3.5.1a).""”- 178 The noncovalent functionalization of graphene is typically based
on the molecular adsorption and is not very stable (Figure 3.5.1b)."62 179182 Therefore, both routes

provide significant challenges for implementation in functional graphene-based devices.

functional
groups

CNM

2D crystalline
materials

(a) direct grafting (b) physical adsorption (c) vertical heterostructure

Figure 3.5.1. lllustration of different strategies to achieve functionalization of 2D crystalline materials. (a)
Covalent functionalization, which leads to the damage of the structure. (b) Non-covalent functionalization
based on molecular adsorption. (c) Immobilization of the functional groups via the formation of a vertical van

der Walls heterostructure.

The CNMs can be easily functionalized with desired functional molecules. Such functionalized
CNMs can be transferred onto graphene or other 2D materials, and in this way, van der Waals
heterostructures can be formed. % (Figure 3.5.1¢). Therewith a non-destructive functionalization
of graphene or other inorganic 2D materials can be achieved. Based on this idea, in this thesis, an

optically switchable graphene field-effect transistor (GFET) was realized. An azobenzene derivative
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molecule was chosen to this end, to induce the photoswitchability. The azobenzene molecules
undergo reversible transformations between cis (dipole ~3 D) and trans (dipole ~0 D) molecular
conformations under exposure to 365 nm and 455 nm light, respectively.'80 183-18 This photo
switching effect between cis- and trans-conformation will modulate the effective molecular field
acting on the GFET channel, thus changing doping level of the device.'® '8 In a first step they were
chemically bound to the NH2-CNM using the NHS-ester coupling reaction®® and then the hybrid azo-
CNM was transferred on the GFET channel to assemble the vertical vdW heterostructure (Figure

3.5.3).1P5l

dipole moment

cis-azobenzene ° ¢ “ad
J6s - }{)é

trans-azobenzene

5
&

Figure 3.5.2. Schematic illustration of the working principle of an optically switchable GFET device. The
azobenzene molecules immobilized on the amino-CNM undergo cis- and trans-transformations by exposure
to 365 nm and 455 nm light, respectively. The red arrow in the magnified azobenzene molecule points towards
the direction of the molecular dipole moment. (Reprinted from P5 with permission from the European Chemical

Societies Publishing)

XPS was performed to control the azobenzene functionalization on the NH2-CNM. Based on the
attenuation of the substrate Au 4f signal, an increase of the NH2-CNM effective thickness from 1.2
nm to 1.4 nm was detected after the functionalization. The high-resolution N 1s and C 1s XP spectra
are shown in Figure 3.5.3. The N 1s signal in pristine NH2-CNM is presented as a single symmetric
peak at 399.4 eV (blue), which is assigned to uncharged amino (-NH2) groups on the CNM. After
grafting of azobenzene, the N 1s peak acquires an asymmetric shape, indicating more than one
nitrogen species present on the surface, which can be represented by two peaks at 399.1 eV (blue)
and 400.3 eV (red). The peak at lower binding energy is assigned to amino and tertiary amine

groups,'® while the peak at high binding energy corresponds to the nitrogen in azo groups'® and
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amide groups'’?. The quantitative analysis of the N 1s intensity before and after functionalization
demonstrates that 20 + 3 % of the amino groups are functionalized with azobenzene. This
estimation was made based on the assumption that all immobilized azobenzene molecules have
trans-conformation. Furthermore, the change of the C 1s signal also confirmed the effective
attachment of azobenzene. After the functionalization, an enhancement of the intensity at 285.5 eV
(blue) was observed, which is due to the carbon connected to azo and tertiary amine groups in the
azobenzene. The amide group that links azobenzene to the CNM results in an increase (~17%) of
the C 1s intensity at 288.1 eV (green), corresponding to a highly oxidized carbon species.'®
Moreover, due to an attenuation caused by the grafted azobenzene layer, the C 1s peaks
representing the aromatic (284.3 eV, red) and ketone (286.9 eV, orange) carbon species became

less intensive.

azo-CNM
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Figure 3.5.3. High-resolution (a) N 1s and (b) C 1s XP spectra of NH2-CNM and azo-CNM. (Reprinted from

P5 with permission from the European Chemical Societies Publishing)

The azobenzene functionalized NH2-CNM (azo-CNM) was transferred onto an array of GFET
devices (Figure 3.5.4a inset). In this way, the vertical vdW heterostructure was formed at the
channel region of the GFETs (azo-CNM/GFETSs). Next, field-effect transport measurements were

performed to investigate the electrical characteristics and to test the optical switchability of the azo-
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CNM/GFETs. Two light-emitting diodes (LED) with emission wavelengths of 365 nm and 455 nm
were used to control the light induced isomerization of azobenzene. As demonstrated in Figure
3.5.4a, illumination with 365 nm light shifts the Dirac point of the device to a lower gate voltage (Va),
whereas illumination with 455 nm light leads its position to a higher V. These changes correspond
to the introduction and removal of the negative doping effect in the graphene FET. To study the
time-dependent switching behavior of the device, transfer curves were recorded every minute
during the exposures. As can be seen in Figure 3.5.4b, before illumination the Dirac point of the
device was at 131 V. After exposure to 365 nm wavelength light for about one hour, a shift of Dirac
point to 94 V was observed, which indicates a doping with negative charge carriers. The following

exposure with 455 nm light removes the negative doping. The Dirac point shifted therewith back to

125 V.
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Figure 3.5.4. Photoresponsive behaviour of azo-CNM/GFET devices. (a) The transfer curves of an azo-
CNM/GFET after illumination for 60 min with 365 nm and 455 nm light. (b) Time-dependent change of the
position of Dirac point upon sequential illumination with 365 nm and 455 nm light. (Reprinted from P5 with

permission from the European Chemical Societies Publishing)

As studied before, the photoisomerization of azobenzene follows first-order reaction kinetics, " 192
therewith the dynamic behavior of the device follows an exponential relation with illumination time.
Therewith obtained time constants of both frans to cis and cis to trans photoisomerization have a
value of 10 (x0.5) min. Note that, the intensity of the 455 nm light source was a factor of 1.5 times
higher than the 365 nm light in the experiment. It indicates that the switching rate of frans to cis is

higher than its reverse switching, which is similar as reported for azobenzene SAMs.'% Employing
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this finding, we used subsequent 15 min irradiations with 365 nm and 455 nm to modulate a
reversible shift of the Dirac point by ~20 V in the azo-CNM/GFETs. The results showed good
reproducibility. Additionally, the transport curves of a device before and after single irradiation with
365 nm wavelength were shown in Figure 3.5.5a. The black curve represents the transfer
characteristics of the pristine device. The Dirac point of the device is at 69 V. The purple curve
represents the transfer characteristics after irradiation with 365 nm wavelength, which results in a
shift of the Dirac point to 35 V. The grey curve represents the transfer curve of the device after
thermal relaxation at room temperature (RT) for 48 hours, which demonstrates that the device
restored the original position of the Dirac point, i.e. its doping level. We estimate from the time
dependent measurements the time constant of the thermally induced cis to trans relaxation to ~15 h,

which is in good qualitative agreement with an earlier study for azobenzene SAMs. "%
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Figure 3.5.5. (a) Transfer curves of an azo-CNM/GFET device recorded before exposure, after exposure with

365 nm light and after thermal relaxation at RT for two days. (b) Schematic illustration of the induced electric

field effect due to the conformational change of azobenzene from frans to cis. (Reprinted from P5 with

permission from the European Chemical Societies Publishing)

Next, the mechanism of the photoswitching effect was analyzed using a simple model. From our
transport measurements, the variation in charge carrier concentration can be estimated with the

Equation 3.7'%

An = Ssio2@birac) (37)

e

where Cs;o,, is the capacitance of the silicon oxide layer of thickness 600 nm (see Figure 3.5.5b),

which is calculated to be 5.75x10° F/m?2. AVp;... is the shift in Dirac point. Its value is on average

47



3. Results and Discussion

35 V. therefore, the estimated change in charge carrier concentration from the transport
measurement is 1.26x10'%/cm?2. To compare the experimental results with a model, estimation of
the charge carriers variation was made based on the physical properties of azobenzene and CNMs.
Azobenzene moieties grafted on the CNMs have a dipole moment ;,4n,s ® 0 D when appearing in
trans-state, whereas the trans-cis isomerization will introduce a ~3 D dipole moment to the
molecule.’ Assuming that all azobenzene groups are initially standing perpendicular on the
surface in trans-state, the effective electric field induced by the azobenzene molecules can be

calculated then using the relation:

in 6Au,
AVeisotrans = N (M) (3.8)

Eré&o

where N is the surface density, Ay, is the dipole moment difference between the cis and trans
form of the molecule, 6 is the angle between the dipole moment and the surface, which is
approximately 50° and &, is the relative dielectric constant within the azobenzene layer. The density
of amino groups in an NH2-CNM is ~3.3 molecules/nm? (j.e., 3.3x10"4/cm?). Considering that about
20% of these groups are functionalized with azobenzene, their surface density is then 6.6x10'3/cm?.
Taken the typical value of the relative dielectric constant of organic molecules as 3,'% 97 the
effective gate voltage applied to the NH2-CNM can be calculated as 0.19 V. Furthermore, using

Equation 3.9, the capacitance of the NH2-CNM can be calculated,
Ccnm = €o€cnm/denm (3.9)

where the dielectric constant ecyy = 3.5 and deym = 1.2 nm."®8 The calculated capacitance

possesses a value of 2.6 x 102 F/m2. Therewith, the variation of the charge carrier concentration

induced by the presence of the molecular dipoles can be calculated using Equation 3.10:

_ CcNMAV cisstrans
Ancis—>tr0ms - e (3-1 0)

where Ccny is the capacitance of NH2-CNM, AV, ;c_.qans is the variation in the top gate voltage

caused by the molecular dipoles and e is the charge of an electron. Thus the charge carrier
concentration induced by the molecular field can be estimated to be 3.11x10'?/cm?. This estimated

value is in overall good agreement with the corresponding experimental result.
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In summary, optically triggered control of the charge carrier density in GFET devices has been
realized by their indirect functionalization with azo-CNMs via the van der Waals heterostructure
assembly. By illuminating the azo-CNM/GFET devices with 365 nm light, the azobenzene
molecules change their conformation inducing the top gate voltage, which results in the negative
doping of the graphene sheet. The reverse switching can be triggered using 455 nm light. The
experimental data are in good agreement with the model calculation. The obtained results
demonstrate the non-destructive chemical functionalization of graphene FETs for device

applications.
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4. Summary

In this thesis, the preparation, processing and several applications of carbon nanomembranes
(CNMs) were investigated. As a short-range ordered two-dimensional (2D) material, CNMs are
synthesized via electron irradiation induced cross-linking of aromatic self-assembled monolayers
(SAMSs).5 The post-processing of CNMs including delamination from growth template substrate and
transfer to target substrate is indispensable for most of the applications of CNMs. Routinely, the
transfer method can be divided into two categories: (i) the etching transfer and (ii) the etching-free
transfer.3” The etching transfer is only suitable for small area samples whose growth substrate can
be easily etched away. In this respect, etching-free transfer, such as electrochemical delamination
(ECD) assisted transfer, can be adapted to most of the samples, which are physically or chemically
attached to the conducting growth substrate. In this thesis, both of the two transfer methods were
adopted to realize the transfer of the 2D materials. The performance of the ECD assisted transfer
in CNMs processing was specifically studied. Generally speaking, the ECD assisted transfer can
effectively detach the CNMs from their substrates. The process is quick, simple and reproducible.
Interestingly, the roughness of the transferred CNMs is correlating with the roughness of their
growth substrate. This topographical correlation should be considered during the synthesis and

could also be utilized for potential applications.[P1]

The delaminated and transferred free-standing CNMs can be used as molecule sieves or ion
sieves.”* A BPT-CNM, as the thinnest mechanical stable CNM, possesses subnanometer pores
and thus can be used as a dialysis membrane to impede specific ion penetration. Its porosity was
characterized using ionic conductance measurement with the assistance of high-resolution TEM
(HR-TEM). By limiting the upper limit of the pore diameter to 1 nm based on the HR-TEM results,
the density of pores contributing to ion transport in the BPT-CNM was 1 — 2.7 pores per 100 nm?2.
This performance is comparable with the high-end top-down approaches where pores are induced
in post-modification steps involving ion or electron bombardment. The selectivity of the BPT-CNM
can be attributed to its surface groups. Generally, due to ionization in the aqueous solution, these
groups are negatively charged, therefore hinder the negatively charged ions from approaching.
However, the membrane charge can be effectively screened or even change its sign if the ionic

strength of the positive ion in the electrolyte is high enough. Under this situation, the ion selectivity
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could be reversed. This effect was observed when MgCl. was used as the electrolyte upon
measurement since the divalent magnesium ion solution has three times higher ionic strength than
a monovalent ion solution of the same concentration.[P? Additionally, it is also straightforward to

come to the idea that the selectivity can be manipulated by adjusting the surface functional groups.

Note that the transferred CNMs is still mechanically stable,® thus suitable for supporting nano-
objects. Two specific applications as supporting nanosheets were demonstrated in the thesis
employing the transferred free-standing CNMs. Firstly, the TPT-CNMs were used as supporting
substrates for optical nanoresonators. It provides a new approach to realize the ultrathin plasmonic
metamembranes. Due to the ultimate transmittance of TPT-CNMs to visible and near-infrared light,
the quasi free-standing nanoresonators can manipulate light in a broad range. In the discussed
example, the gold split-ring resonators on TPT-CNMs was illuminated with polarized light in a
spectral range spanning from visible to near-infrared wavelengths and the transmittance spectra
were measured. For x-polarization, two pronounced transmission minima at 1619 nm and 780 nm
were observed. For y-polarization, a single transmission minimum was observed at 820 nm. These
data are in consonance with theoretical modelling. Only small differences were found, which can
be attributed to several reasons including sample imperfection and gravity induced deformation.
However, they are negligible compared to the entire measured spectral width.[P3! Secondly, NH2-
CNM based smart nanosheets were fabricated for supporting biospecimens during cryoEM imaging.
In this case, an NH2-CNM was first functionalized with a biorepellent polyglycerol (PG) layer via
surface-initiated polymerization. The next, bio-recognition units (Ni-NTA) were covalently effectively
attached on to the top of the PG-CNM layer for selectively immobilizing the His-tagged specimens.
The obtained smart nanosheets possess only ~10 nm thickness, which extensively reduced the
interference to the penetrated electrons during cryoEM imaging. They are also stable enough to
hold the samples against the forces applied during immobilization, blotting, and vitrification. At the
same time, the softness they possess optimized the orientational distribution of the specimens, thus
paving the way for further meticulous structural analysis. Furthermore, since the specimens are
fixed to the membrane, they are far under the water-air interface during vitrification, therefore
prevent proteins from denaturation. In the practical test, the smart nanosheets were treated with a

mixture of His-tagged complex | and normal GroEL followed by sufficient washing with buffer
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solution. During the TEM imaging, up to 97% of selectivity to the His-tagged complex | was

observed, which shows the promising perspective of application in cryoEM imaging.[P4

NH2-CNMs have on both sides active functional groups, which can be easily functionalized without
harsh reaction condition.® Therefore, using CNMs as an interposer to immobilize functional groups
onto a chemical inert surface in the form of vertical heterostructure becomes an alternative strategy
to achieve non-destructive functionalization of 2D crystalline materials. Based on this idea, a
photoswitchable graphene field-effect transistor (GFET) was fabricated, and in this thesis, its
performance was studied. In this GFET, the graphene channel was completely covered under
azobenzene functionalized NH2-CNM. The azobenzene moieties on top of the CNM will undergo
photoisomerization when expose to UV (365 nm) or blue (455 nm) light. The therewith produced
polarity difference will apply different electric fields on top of the dielectric CNM, therefore, triggers
the injection or removal of the charge carriers in the graphene sheets. According to the
characterization results, the photoswitching process follows an exponential behavior. The time
constants of both trans to cis and cis to trans photoswitching reaction were found to be of a similar
value of 10 £ 0.5 min under our experimental condition. Furthermore, using the shift of Dirac point,
the variation of the charge carrier density in the graphene channel was obtained. The result showed
good agreement with the estimated value, which was calculated based on the physical properties

of azobenzene molecule and CNM.[P3!

To summarize, CNMs possess numerous promising properties, which make them a group of
outstanding molecular nanomaterials among the 2D materials family. The combination of CNMs
with other crystalline 2D materials in the form of van der Waals heterostructures offers an excellent
solution to non-destructive functionalization of the otherwise chemically inert inorganic 2D materials,
e.g., graphene. Therewith this new road to an effective and controllable fabrication of the 2D
material based electronic and optoelectronic devices (e.g., using transition metal dichalcogenides)
can be established. Moreover, within the research of advanced optical elements, the demand for
further integration of nanostructures is getting higher and higher. CNMs, with their negligible light
absorbance and weight, ultimate thinness and mechanical robustness, are promising optical
nanomaterials to address this challenge. Due to the presence of subnanometer nanopores in CNMs,
this material offers also many perspectives in ultrafiltration, as was exemplarily demonstrated in this

work for the nanosieving of ionic species in aqueous solutions. In addition, CNMs are electrically
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insulating molecular nanosheets with a high Young’s modulus, acid and alkali resistance, as well
as high thermal stability, etc. The study of all these scientifically attractive aspects and practically
important properties of CNMs opens broad avenues for future research, which goes far beyond the

borders of this thesis.
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In dieser Dissertation wurden die Herstellung, die Bearbeitung und verschiedene Anwendungen
von Kohlenstoffnranomembranen (CNMs) untersucht. Als Kkurzreichweitig geordnetes
zweidimensionales (2D)-Material werden CNMs durch Elektronenstrahl-induzierte Vernetzung
aromatischer selbstassemblierter Monoschichten (SAMs) hergestellt.® Fir die meisten CNM-
Anwendungen ist aber deren Nachbehandlung einschlieBlich Ablésung und Transfer vom
Wachstums- auf das Zielsubstrat unverzichtbar. Grundsatzlich kdnnen die Transferverfahren in
zwei Kategorien unterteilt werden: (i) Ein Transfer beruhend auf nasschemischen Atzverfahren und
(ii) ein Atzlésungs-freier Transfer.3” Der auf nasschemischen Atzprozessen basierende Ubertrag ist
nur fir kleinflachige Proben geeignet, deren Wachstumssubstrate leicht weggeatzt werden kénnen.
Ein Atzlésungs-freier Transfer ist in dieser Hinsicht weniger restriktiv. Der Transfer mit Hilfe von
elektrochemischer Delaminierung (ECD) eignet sich prinzipiell fir Proben, bei denen das zu
transferierende Material physikalisch oder chemisch an ein leitendens Wachstumssubstrat
gebunden ist. In dieser Arbeit wurden beide Transferklassen fiir die Ubertragung der 2D-Materialien
angewendet, wobei im speziellen der Einfluss des ECD-unterstiitzten Transfers auf CNMs
untersucht wurde. Dabei wurde festgestellt, dass CNMs unterstitzt durch ECD effektiv von den
Wachstumssubstraten geldst werden konnten. Der Prozess ist schnell, einfach und reproduzierbar.
Interessanterweise korrelieren die topografischen Merkmale wie die Rauhigkeit der tUbertragenen
CNMs mit der Rauhigkeit ihres Wachstumssubstrats. Diese Korrelation sollte wahrend der
Synthese berucksichtigt werden, kdnnte aber auch gezielt fir weitere Anwendungen eingesetzt
werden.[P1]

Delaminierte und freistehend prapariete CNMs kénnen als Molekularsieb oder lonensieb
verwendet werden.”* BPT-CNM ist die dinnste mechanisch stabile CNM. Sie besitzt Poren im
Subnanometerbereich und kann daher als Dialysemembran Anwendung finden, um die spezifische
lonenpenetration zu behindern. In dieser Dissertation wurde die Porositat mittels
lonenleitfahigkeitsmessung, sowie mit Hilfe von hochauflésendem TEM (HR-TEM) charakterisiert.
Durch die obere Begrenzung des Porendurchmessers auf 1 nm (basierend auf den HR-TEM
Ergebnissen) betragt die Dichte der Poren, die zum lonentransport in BPT-CNMs beitragen, 1-2,7
Poren pro 100 nm?. Dieses Ergebnis/diese Dichte ist vergleichbar mit vielversprechendsten Top-

Down-Ansatzen, bei denen Poren nachtraglich durch lonen- oder Elektronenbeschuss erzeugt
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werden. Die Selektivitdt des lonentransports durch BPT-CNM kann ihren Oberflachengruppen
zugeschrieben werden. Im Allgemeinen sind diese Gruppen aufgrund der lonisierung in wassriger
Lésung negativ wodurch die Membran abweisend gegeniiber Transport von negativ geladenen
lonen ist. Die Membranladung kann jedoch effektiv abgeschirmt werden oder sogar ihre positive
Werte erreichen, wenn die lonenstarke des positiven lons im Elektrolyten hoch genug ist. In dieser
Situation kann so die lonenselektivitdt umgekehrt werden. Dieser Effekt wurde beispielsweise bei
der Verwendung von MgCl: als Elektrolyt beobachtet. Das zweiwertige Magnesiumion besitzt eine

wesentlich héhere lonenstarke als eine einwertige lonenlésung derselben Konzentration.

Es ist erwahnenswert, dass die Ubertragenen CNMs mechanisch sehr stabil sind und sich daher
als Tragerstrukturen fir Nanoobjekte eignen.® In dieser Dissertation wurden transferierte,
freistehende CNMs auf zwei verschiedene Arten als stiitzende Nanoblatter eingesetzt. Zunachst
wurden TPT-CNMs als Tragersubstrat fiir optische Nanoresonatoren verwendet. Auf diese Weise
konnten ultradiinne plasmonische Metamembranen realisiert werden. Aufgrund der nahezu
vollstandigen Lichtdurchlassigkeit von TPT-CNMs im sichtbaren und nahem Infrarot-Bereich kann
mit den quasi freistehenden Nanoresonatoren Licht Uber einen weiten Wellenlangenbereich
manipuliert werden. Hier wurden beispielhaft Gold-Split-Ring-Resonatoren auf TPT-CNMs mit
polarisiertem Licht vom sichtbaren bis in den NIR-Spektralbereich beleuchtet und die
Transmissionsspektren gemessen. Fur die x-Polarisation wurden zwei ausgepragte
Transmissionsminima bei 1619 nm und 780 nm gefunden. Fir die y-Polarisation wird andererseits
ein einzelnes Transmissionsminimum bei 820 nm beobachtet. Diese Daten stimmen mit den
theoretischen Modellen Uberein. Es wurden nur kleine Abweichungen gefunden, die verschiedene
Ursachen haben koénnen, einschlieBlich Probeninhomogenitaten und schwerkraftbedingter
Verformung. Sie sind jedoch bezogen auf den gesamten gemessenen spektralen Breite
vernachlassigbar.IP3 Zweitens wurden so genannte Smart Nanosheets auf Grundlage von NHa-
CNMs hergestellt, um Biospezies wahrend der CryoEM-Bildgebung zu immobilisieren und zu
stabilisieren. In diesem Fall wurde NH2-CNM zuné&chst mit einer bioabweisenden Polyglycerin (PG)
Schicht durch oberflacheninitierte Polymerisation funktionalisiert. Als né&chstes wurden
Biorekognitionseinheiten (Ni-NTA) kovalent an die Oberseite der PG-CNM-Schicht gebunden, um
die mit Polyhistidin funktionalisierten Proteine zu immobilisieren. XPS, AFM und IRRAS wurden

verwendet, um den gesamten Herstellungsprozess detailliert zu charakterisieren. Die erhaltenen
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intelligenten Nanoblatter besitzen eine Dicke von ~10 nm, wodurch Interferenzen der Elektronen
wahrend der cryoEM-Bildgebung stark reduziert wurden. Des Weiteren sind diese auch stabil
genug, um die Proben gegen die auftretenden Krafte zu schitzen, welche wahrend der
Immobilisierung, des Blottings und der Vitrifizierung entstehen. Au3erdem optimiert ihre Flexibilitat
die Orientierungsverteilung der Proteine und ermoglicht die weitere sorgfaltige Strukturanalyse. Da
die biologischen Spezies direkt an der Membran gebunden sind, befinden sie sich wahrend der
Vitrifizierung weit unter der Wasser-Luft-Grenzflache und verhindern daher die Denaturierung von
Proteinen. Diese Smart Nanosheets wurden in der Praxis auf eine Mischung aus Polyhistidin
getaggten Komplex | und GroEL angewendet. Wahrend der TEM-Bildgebung wurden bis zu 97%
Selektivitat fir den mit His-Tag versehenen Komplex | beobachtet, was eine sehr gute Perspektive

fur die Anwendung in der CryoEM-Bildgebung aufzeigt.[P4

NH2-CNMs haben auf beiden Seiten aktive funktionelle Gruppen, die ohne harsche
Reaktionsbedingungen funktionalisiert werden kénnen.® Die Verwendung von CNMs als Interposer
zur Immobilisierung funktioneller Gruppen auf einer chemisch inerten Oberflache in Form einer
vertikalen Heterostruktur wird deshalb zu einer alternativen Strategie, um eine zerstérungsfreie
Funktionalisierung von kristallinen 2D-Materialien zu erreichen. Basierend auf dieser Idee wurde in
dieser Arbeit ein photoschaltbarer Graphen-Feldeffekttransistor (GFET) hergestellt und untersucht.
In diesem GFET war der Kanalmaterial (Graphen) vollstandig mit Azobenzol-funktionalisierter NHz-
CNM bedeckt. Die Azobenzoleinheiten auf der CNM werden einer Photoisomerisierung unterzogen,
wenn sie UV- (365 nm) oder blauem (455 nm) Licht ausgesetzt werden. Die damit erzeugte
Polaritatsdifferenz induziert unterschiedliche elektrische Felder in die dielektrische CNM und 16st
daher die Injektion oder Entfernung der Ladungstrager in der Graphenschicht aus. Entsprechend
den Charakterisierungsergebnissen folgt der Photoschalt-Prozess einem exponentiellen Verhalten.
Die Zeitkonstante sowohl der trans-zu-cis- als auch der cis-zu-trans-Reaktion hatte unter unseren
Versuchsbedingungen einen Wert von 101£0,5 min. Weiterhin wurde unter Verschiebung des Dirac-
Punktes eine Variation der Ladungstragerdichte im Kanalmaterial (Graphen) beobachtet. Das
Ergebnis zeigt eine gute Ubereinstimmung mit dem theoretischen Wert basierend auf den

physikalischen Eigenschaften des Azobenzolmolekiils und der CNM.IPS]

Zusammenfassend lasst sich sagen, dass CNMs zahlreiche vielversprechende Eigenschaften

besitzen, die sie zu einem herausragenden molekularen Nanomaterial in der Familie der 2D-
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Materialien machen. Die Kombination von CNMs mit anderen kristallinen 2D-Materialien in Form
von Van-der-Waals-Heterostrukturen bietet eine ausgezeichnete Methode fiir die zerstérungsfreie
Funktionalisierung der ansonsten chemisch inerten anorganischen 2D-Materialien wie z. B.
Graphen. Damit kann einer effektiven und kontrollierbaren Herstellung der auf 2D-Material
basierenden elektronischen und optoelektronischen Bauteile (z. B. unter Verwendung von
Ubergangsmetalldichalkogeniden (TMDs) realisiert werden. Dariiber hinaus steigt im Bereich der
fortschrittlichen optischen Elemente die Nachfrage nach weiterer Integration von Nanostrukturen.
CNMs mit ihrer vernachlassigbaren Lichtabsorption und ihrem minimalen Gewicht und Dicke sowie
inrer mechanischen Robustheit sind aussichtsreiche optische Nanomaterialien, um dieser
Herausforderung zu begegnen. Aufgrund ihrer Subnanometer-Poren in CNMs bietet dieses
Material auch viele Perspektiven fir die Ultrafiltration, wie in dieser Arbeit diskutiert Nanosieving
ionischer Spezies in wassrigen Lésungen. AuRerdem sind CNMs elektrisch isolierende molekulare
Nanoblatter mit einem hohen Elastizitatsmodulus, einer hohen Saure- und Alkalibesténdigkeit
sowie thermischen Stabilitat, etc.® Die Untersuchung all dieser wissenschaftlich attraktiven Aspekte
und praktisch wichtigen Eigenschaften von CNMs zeigt Perspektiven fir die zuklnftige Forschung

auf, die weit Uber die Grenzen dieser Dissertation hinausgehen.
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Delamination and transfer of two-dimensional (2D) materials from
their synthesis substrates onto target substrates is an important
task for their implementation in both fundamental and applied
research. To this end, the electrochemical delamination based
transfer has been successfully applied to a variety of inorganic 2D
materials grown on conductive substrates. However, this promising
method has not yet been demonstrated for organic 2D materials,
which have recently gained significant importance in the 2D
materials family. Here, we present a transfer method of molecular
nanosheets covalently bonded to metal substrates based on
electrochemical delamination, which involves the cleavage of an
Au-S bond and hydrogen evolution. We demonstrate a successful
transfer of different types of carbon nanomembranes (CNMs) —
about 1 nm thick molecular nanosheets — synthesized from aro-
matic thiol-based self-assembled monolayers on various polycrys-
talline gold substrates, onto new target substrates such as SiO,/Si
wafers and transmission electron microscopy grids. We analyze the
subsequent nanofabrication steps, and chemical and structural
characteristics of the transferred supported and suspended CNMs
by X-ray photoelectron spectroscopy (XPS), optical microscopy,
atomic force microscopy (AFM) and scanning electron microscopy
(SEM). The XPS analysis enables us to reveal the chemical mecha-
nisms during the delamination process, whereas the complemen-
tary microscopy measurements confirm a high structural integrity
of the transferred molecular nanosheets. We expect that the devel-
oped methodology can be applied to a broad variety of organic 2D
materials synthesized on conductive substrates.

Introduction

Due to their outstanding physical and chemical properties, two-
dimensional (2D) materials like inorganic and organic
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Electrochemical delamination assisted transfer of
molecular nanosheets+

*a,b

nanosheets with atomic or molecular thickness, respectively,
have attracted enormous research interest."> These materials
are synthesized typically on solid inorganic substrates, which
requires their transfer onto target substrates for their functional
applications. Similarly, as has been suggested in the pioneering
works on this topic, the transfer process of 2D materials is typi-
cally assisted by their separation from the growth substrates via
chemical etching (CE).®® Although a variety of 2D materials
including inorganic and organic nanosheets can be transferred
in this way, the CE of the substrates may result in the precipi-
tation of contaminants on the nanosheets,” which significantly
restricts their implementation in nanotechnology and in particu-
lar in areas such as nanoelectronics or nanobiotechnology,
where materials with a high purity grade are indispensable.'®"?
Moreover, concentrated corrosive solutions containing heavy
metal ions are used for CE, which presents a potential environ-
mental threat for applications. Reusing the growth substrates for
the repeatable 2D materials growth is also impossible here,
making the CE assisted transfer both environmentally and econ-
omically unfriendly. Therefore, the development of alternative
methods for the transfer of 2D sheets is highly important. Loh
and co-workers demonstrated a route to separate graphene
sheets from Cu foils by means of their electrochemical delami-
nation (ECD)."* In this approach, single-layer graphene is
detached from the substrate via mechanical force arising from
hydrogen bubbles generated during the electrolysis of water on
Cu substrate. In the ECD assisted transfer method, harmful
chemicals are absent during the whole process, the growth sub-
strates can be reused many times and it is also less time-con-
suming in comparison with the CE assisted transfer. With the
same method, the repeated growth and transfer of graphene
from platinum substrates'! as well as WS, monolayers grown on
Au'? were demonstrated '*"® Although the ECD has been widely
applied to the transfer of inorganic 2D sheets,'® its implemen-
tation for the transfer of organic nanosheets has not yet been
deeply studied."” Besides the above-mentioned advantages for
the transfer of chemically inert 2D materials such as graphene,
for organic nanosheets the EDC assisted transfer may provide an
additional benefit as it is more gentle in comparison with the

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Structures of molecular compounds used for the synthesis of
CNMs: (a) 1,1'-biphenyl-4-thiol (BPT), (b) 4'-nitro-1,1"-biphenyl-4-thiol
(NBPT) and (c) [1",4',1',1]-terphenyl-4-thiol (TPT).

CE transfer, where strongly oxidizing solutions are typically
applied.

Here, we demonstrate the implementation of ECD assisted
transfer in molecular nanosheets - carbon nanomembranes
(CNMs). CNMs are about 1 nm thick molecular nanosheets
synthesized via low-energy electron irradiation induced cross-
linking of aromatic self-assembled monolayers (SAMs).>"82°
Their high application potential in various fields including
nanoelectronics, nanooptics, nanobiotechnology and ultrafil-
tration has been demonstrated during recent years.>*'>* In
contrast to other 2D materials bound to the growth substrates
by weak van der Waals forces,"**>®* CNMs are bound to the
substrates via strong covalent bonds,” which makes their exfo-
liation and transfer non-trivial. Furthermore, CNMs can have
different functional groups on both sides and it is crucial to
maintain their functionality for further applications.”” We
report on the electrochemical delamination and transfer of
CNMs synthesized from three molecular compounds 1,1-
biphenyl-4-thiol (BPT, Fig. 1a), 4’-nitro-1,1"-biphenyl-4-thiol
(NBPT, Fig. 1b) and [1",4',1",1]-terphenyl-4-thiol (TPT, Fig. 1c),
and SAMs on various gold substrates having different rough-
ness values and cross-linked to the respective CNMs. We con-
ducted a comparative structural and chemical analysis of the
CNMs transferred via EC and ECD assisted transfer procedures
onto the SiO,/Si substrates and of the free-standing CNMs on
grids employing optical microscopy, atomic force microscopy,
scanning electron microscopy (OM, AFM and SEM) and X-ray
photoelectron spectroscopy (XPS). We show that the developed
ECD assisted transfer of CNMs results in large area transfer of
CNMs without folds and ruptures preserving the chemical
composition and enabling the reuse of the gold growth sub-
strates. Moreover, we demonstrate a clear correlation between
the roughness of the synthesized CNMs and the roughness of
the employed growth substrates.

Results and discussion

First, we describe the applied steps of the ECD of CNMs from
gold substrates. In Fig. 2, a schematic representation of the

This journal is © The Royal Society of Chemistry 2020
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to SiO,/Si substrate to TEM grid

PMMA dissolution
in a critical point dryer

PMMA dissolution
in acetone bath

Fig. 2 Schematic representation of the ECD assisted transfer: (a) ECD
set-up and CNM/substrate interface during ECD; (b) dissolution of
hydrogen bubbles in degassed water; (c) washing with pure water; (d)
transfer onto SiO,/Si substrates; and (e) transfer onto TEM grids.

ECD set-up and the transfer process of CNMs is shown. To
stabilize about 1 nm thick CNMs upon ECD, an ~70 nm thick
poly(methyl methacrylate) (PMMA) layer is initially spin-coated
on the surface (see Experimental for details). Then, to induce
the delamination, a potential of 2.5-3.5 V is applied to the
electrodes and the sample is slowly dipped into the electrolyte
(Fig. 2a), which results in complete delamination of a PMMA/
CNM sandwich from the substrates (Fig. 2b). Two different
aqueous electrolytes were used in this study: NaOH solution
(0.2 M) and ammonia solution (30 wt%). The ammonia-based
electrolyte was primarily applied to all CNM samples on Au/
SiO,/Si substrates in order to avoid the chemical damage of Si
and thereby to enable the reusability of the substrates.
Moreover, ammonia is a less corrosive electrolyte in compari-
son with NaOH, which is favorable for the preservation of the
functional groups in CNMs such as amino groups or thiols. As
schematically shown in Fig. 2b, after the delamination, hydro-
gen bubbles remain on the CNM surface. If transferred on a

Nanoscale, 2020, 12, 8656-8663 | 8657
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solid substrate, these bubbles would result in CNM ruptures.
To avoid this unwanted effect, after the delamination a PMMA/
CNM sandwich is placed in a bath with degassed water, which
results in the dissolution of the bubbles. In the next step, to
completely remove the electrolyte residuals, the CNMs are
washed in pure water, Fig. 2c. Finally, a PMMA/CNM sandwich
is transferred on a solid substrate (Fig. 2d) or on a grid
(Fig. 2e) and the PMMA layer is removed by dissolving it in
acetone by the well-established procedures.®?® Note that in
order to obtain large areas of free-standing CNMs on grids,
acetone is removed in a critical point dryer.*®

In Fig. 3, the optical microscopy and scanning electron
microscopy (SEM) images of supported and suspended
nanosheets from three different molecular precursors -
BPT-CNMs, NBPT-CNMs and TPT-CNMs - are shown. For
better visibility with an optical microscope, SiO,/Si substrates
with a 300 nm oxide layer were used as solid substrates for the

View Article Online

Nanoscale

supported CNMs.?® It can be seen from Fig. 3 that all studied
CNMs can be homogeneously transferred onto these sub-
strates without macroscopic ruptures. Note that in the case of
the suspended CNMs on transmission electron microscope
(TEM) grids with ~2 pm openings, ruptured places were
imaged in order to visualize the CNMs, as otherwise their pres-
ence on the grids is difficult to confirm due to a very homo-
geneous contrast of the free-standing areas.

In contrast to inorganic monolayers, which are only weakly
bonded to the growth substrates, CNMs interact with the sub-
strates via covalent thiolate bonds.?° Therefore, for their ECD
not only hydrogen evolution on the gold electrode but also the
electrochemical removal of the thiolate bonds needs to take
place. As suggested by Reinhoudt et al.,*' by applying a nega-
tive voltage of 1.0-1.3 V the thiolate SAMs can be completely
removed from the gold substrate. Thus, with a typical ECD
negative potential of 2.5-3.5 V the following electrochemical

Fig. 3 Optical microscopy and scanning electron microscopy images of CNMs synthesized on 30 nm Au/Si substrates and transferred onto SiO,/Si
and Quantifoil transmission electron microscopy (TEM) grids: (a) and (b) BPT-CNM; (c) and (d) NBPT-CNM; and (e) and (f) TPT-CNM.

8658 | Nanoscale, 2020, 12, 8656-8663

This journal is © The Royal Society of Chemistry 2020



Published on 19 March 2020. Downloaded by Thueringer Universitats Landesbibliothek Jena on 5/6/2020 1:38:11 PM.

Nanoscale

half-reactions at the gold electrode due to the reduction of the
thiolate bonds (1)** and hydrogen evolution (2)%* can take
place:

Au-S-R+e” — Au+R-S7, (1)
2H,0 + 2¢~ — H, | +20H". (2)

By these processes, a lower oxidation state of sulfur on the
bottom side of the CNMs is also stabilized by the alkaline
environment after the delamination, and the generated hydro-
gen bubbles lift the nanosheets from the gold surface making
their detachment irreversible. In a control experiment (see
Fig. S1f), we could clearly observe that a thiolate SAM is
released from the gold substrate by applying a negative poten-
tial of 2.5 V.

Next, we show that the above-discussed behavior is con-
firmed by the XPS measurements. Fig. 4 shows the XP spectra
of the CNMs transferred on a SiO,/Si substrate. First, we
analyze the S 2p signal. For all three types of the CNMs, it con-
sists of two doublets with the S 2ps, binding energies (BE) of
163.3 eV and 167.6 eV (see ESI Table 17 for details), respect-
ively. The doublet with the lower BEs is attributed to the R-S-
H as well as the R-S-S-R species, which cannot be distin-
guished by XPS**** and the doublet with the higher BEs is
attributed to the oxidized sulfur species.*®” Note that its
intensity is significantly lower in comparison with the R-S-
H/R-S-S-R species. Most probably, the partial oxidation of

x158 2p C1s x10N 1s
(a) BPT-CNM
S5
o
& |(b) NBPT-CNM
= i "
‘»
C
[}
=
(c) TPT-CNM
SRVNTET e O
170 165 290 285 405 400
Binding energy (eV)

Fig. 4 XP spectra of CNMs synthesized on Au/mica substrates and
transferred using ECD assisted transfer onto oxidized Si wafers with
300 nm of SiO,: (a) BPT-CNM, (b) NBPT-CNM and (c) TPT-CNM.
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sulfur takes place upon washing process (Fig. 2b and c),
during the transfer of the samples under ambient conditions
for the XPS measurements or due to the interaction with the
SiO, substrates. Interestingly, beyond the expected cleavage of
the Au-S bonds, the applied negative potential also results in a
partial cleavage of the C-S bonds during the delamination.
This is reflected in both the reduced S: N and S: C elemental
ratios in comparison with the CNMs on their original gold sub-
strates as well as in some remaining sulfur (detected) on these
substrates after the applied ECD (see Fig. S2f). Finally, we
analyze the C 1s XP spectrum of the CNMs after the ECD trans-
fer onto the SiO,/Si substrates. The spectrum can be described
with four different peaks (see ESI Table 1t). The peak located
at 284.6 eV is assigned to the aromatic moieties in the CNMs;
the peak at 285.3 eV indicates the presence of C-S bonds as
well as C-N bonds in NBPT-CNMs; and the peaks located at
286.5 eV and 288.6 eV are attributed to the C-O and O=C-O
carbons, which are most likely due to some PMMA
residues®®*° remaining after the transfer. In agreement with
the presence of these high BE peaks and also considering the
fact that the target SiO, substrate is not atomically clean, we
detected an effective increase of the BPT-CNM, NBPT-CNM
and TPT-CNM thicknesses from the respective values on the
original gold substrates of about 0.9 nm, 1.0 nm and 1.3 nm to
about 1.2 nm, 1.7 nm and 1.8 nm (see ESI{ p.2 for details). As
expected, for the transferred NBPT-CNMs onto the SiO, sub-
strate,’ the N 1s spectrum consists of a peak at 399.5 eV (ref.
42) due to the amino groups as well as a low intensity shoulder
at 402.0 eV, which is assigned to the protonated nitrogen.*?
Interestingly, after the transfer of the CNMs onto the gold sub-
strates, about 30% of sulfur can rebond to the substrates via
the formation of thiolates, which can be clearly confirmed by
XPS (see Fig. S3 and ESI Table 2t). These results further
demonstrate the preservation of the functional properties of
CNMs after their ECD assisted transfer.

In order to study the influence of the gold substrates and
the ECD transfer on the topography of CNMs, we studied the
samples prepared on gold substrates with different roughness
values, transferred them onto the SiO,/Si substrates and com-
pared these results with the transfer procedures based on the
standard chemical etching (CE)*** of the substrates. To this
end, we employed 300 nm Au/mica, 100 nm Au/SiO,/Si and
30 nm Au/SiO,/Si substrates having a root mean square (RMS)
roughness of 0.4 nm, 1.2 nm and 0.8 nm, respectively. The
target SiO,/Si substrates have a significantly lower RMS rough-
ness of 0.2 nm. The bare substrates, the CNMs on their orig-
inal Au substrates and after the transfer were characterized by
AFM measurements. The results of this study are shown in
Fig. 5. As can be seen, the RMS values of the transferred CNMs
are influenced by the surface roughness of the growth sub-
strates, i.e. the CNMs grown on the flattest Au/mica substrate
reveal the lowest surface roughness after the transfer. Note
that the precise topography of the CNMs may be influenced by
the surface tension upon removal of the PMMA layer (see
Fig. 2d), and in this case, the transferred CNMs will not com-
pletely reproduce the topographical features of the growth sub-

Nanoscale, 2020, 12, 8656-8663 | 8659



Published on 19 March 2020. Downloaded by Thueringer Universitats Landesbibliothek Jena on 5/6/2020 1:38:11 PM.

Communication

(a) (b)

30 nm Au/SiO,/Si

300 nm Au/mica

'RMS: ‘RMS:"

0.4nm ’

nm

BPT-CNM/Au/mica

RMS:

ECD

15

BPTCNM/30 nm Au/Si

View Article Online

Nanoscale

(c)

100 nm Au/SiO,/Si )
£
c
BPTCNM/100 nm Au/Si
5q ’ \ g 12 (1
RMS: 0
16nm 2
0 Lo
ECD
16

nm

0

Fig. 5 AFM images of BPT-CNMs grown on Au substrates with different roughness values before and after the transfer onto target SiO,/Si sub-
strates (RMS: 0.2 nm) by both ECD and CE assisted transfer procedures. (a—c) CNMs grown on 300 nm Au/mica (a), 30 nm Au/Si (b), and 100 nm Au/

Si (c) substrates.

strates. However, a clear correlation is observed between the
RMS values of the growth substrates and the respective CNM
roughness on the SiO,/Si substrates (see Fig. 5). As can be
expected, the growth substrates with higher roughness also
result in higher roughness of the CNMs on the SiO,/Si sub-
strates. In general, upon the transfer, the roughness of the
CNMs increases in comparison with their growth substrates
for both ECD and CE methods and is more pronounced for
the growth substrates with higher roughness. With an excep-
tion of the CNMs grown from the Au/mica substrates, the
CNMs transferred by the ECD method exhibit a lower rough-
ness than the CNMs transferred by the CE method. For the
CNMs grown on the 30 nm Au/SiO,/Si substrates, the rough-
ness of CNMs transferred by the ECD method increased
~150%, while the roughness of CNMs transferred by the CE
method increased ~300%. For the CNMs grown on the 100 nm
Au/SiO,/Si substrates, the roughness of CNMs transferred by
the ECD method increased ~10%, while the roughness of

8660 | Nanoscale, 2020, 12, 8656-8663

CNMs transferred by the CE method increased ~60%. The
higher roughness of the CNMs transferred by the CE method
can be attributed to the harsh conditions involved in the
etching process, such as a relatively high temperature (45 °C)
and concentrated basic solution (0.5 mol L' KOH). As the CE
process that was carried out for the transfer of Au/mica grown
CNMs was conducted with a less harsh etching solution, it
induces lower roughness to the CNMs after the transfer.
Finally, the ECD method enables the reuse of the growth sub-
strates for the CNM production. To prove this, we carried out
three successive growth/delamination procedures from the same
Au/SiO,/Si substrate and transferred the respective BPT CNMs
onto Si0,/Si wafers. As seen from the OM images in Fig. S4,t all
transferred CNMs can be successfully grown and transferred
(compare with Fig. 3). We could not detect any diminishing of
their quality upon the subsequent growth and the ECD assisted
transfer. This opens up the possibility for a cost-effective CNM
fabrication by reusing the expensive growth substrates.

This journal is © The Royal Society of Chemistry 2020
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Conclusion

In summary, we have presented an economical, efficient and
environmentally friendly alternative method to chemical
etching (CE) for transferring the chemically bonded molecular
nanosheets from their growth substrates onto arbitrary solid
and holey substrates. The method is based on the electro-
chemical delamination (ECD) of the nanosheets from their
growth substrates and their subsequent polymer assisted trans-
fer. In this non-destructive transfer method, the growth sub-
strates can be reused for the nanosheet synthesis repeatedly.
Moreover, the mild conditions of the ECD based transfer
enable the preservation of the functional chemical groups in
the molecular nanosheets, which is favorable for their sub-
sequent post-functionalization. We also showed that the topo-
graphical features of the nanosheets, i.e. their roughness, corre-
late with the roughness of the growth substrates, which has to
be considered during their synthesis as well as for their appli-
cations. Note that the developed transfer method can be
applied not only to the carbon nanomembranes (CNMs)
studied in this work, but also to a large variety of other mole-
cular nanosheets, which can both be covalently or non-co-
valently'” attached to the substrates and which are stable under
the electrochemical conditions applied for their delamination.

Experimental
CNM preparation

Formation of self-assembled monolayers (SAMs). 1,1
Biphenyl-4-thiol (BPT, Sigma-Aldrich, 97%) and 4'-nitro-1,1'-
biphenyl-4-thiol (NBPT, Taros, 98%, sublimated before use)
SAMs were prepared by immersing oxygen plasma-cleaned Au
substrates into a ~0.1 mM solution of BPT (or NBPT) dissolved
in degassed N,N-dimethylformamide (DMF, Alfa Aeser, 99.9%)
for 72 h under inert conditions. After the substrates were
taken out, they were immediately washed with DMF followed
by ethanol (Sigma-Aldrich, >98%) three times to remove phys-
ically adsorbed molecules on the surface. The samples were
later dried by a stream of nitrogen.

1,1":4',1"-Terphenyl-4-thiol (TPT, Sigma-Aldrich, 97%) SAMs
were prepared by immersing Au substrates into a ~0.1 mM
solution of TPT dissolved in degassed DMF. The solution was
then heated at 70 °C for 24 h under inert conditions.

Electron irradiation of BPT, NBPT and TPT SAMs. The SAMs
were cross-linked into carbon nanomembranes (CNMs) using
a low-energy electron gun (Specs FG 15/40) using an electron
energy of 100 eV with a dose of 50 mC cm™ in a high vacuum
chamber (<10~® mbar).

Transfer of CNMs

Transfer of the CNMs using electrochemical delamination
(ECD). A PMMA layer (70 nm, M,, 495 K, Microchem, 2% in
anisole) was spin-coated (2000 rpm) onto the CNMs on the Au/
Si0,/Si substrates and prebaked at 90 °C for 5 minutes. Then
an electrolytic cell consisting of the PMMA/CNM/substrate

This journal is © The Royal Society of Chemistry 2020
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cathode, a platinum anode and 0.2 M NaOH solution (for Au/
SiO,/Si substrates, 30% ammonia) was used. To start the dela-
mination, the current was increased to ~0.01 A and adjusted
to a value of ~0.01 A cm™?, depending on the sample size,
until the membranes were cleaved completely from the sub-
strates. The overall speed of the delamination is about 1 cm?
min~". Thus to delaminate the sample with an area of 2 x
2 cm?, the total current starts by ~0.01 A and gradually
increases to ~0.04 A with the increase in the area of the Au
substrate contact to the solution. The whole delamination
process takes usually 3 to 4 minutes. The H, bubbles under
the PMMA/CNMs were absorbed by degassed pure water after
the delamination. The PMMA supported CNMs were sub-
sequently rinsed with ultrapure water (0.056 pS, MembraPure
Aquinity> E35) 4 times and transferred onto the target sub-
strates. After drying at room temperature, the samples were
baked at 90 °C for 20 min to remove the remaining moisture.
The stabilized PMMA layer was removed by immersing in
acetone (Sigma-Aldrich, 99.9%) for 1 h.

Transfer of the CNMs using the chemical etching method.
Firstly, a PMMA layer (100 nm, 50 kDa, All-Resist, AR-P 671.04)
was spin-coated onto the CNMs on the Au substrates and dried
for 10 min at 90 °C. Subsequently, the second layer of PMMA
(200 nm, 950 kDa, All-Resist, AR-P 679.04) was spin-coated on
top of the first one and dried for 10 min at 90 °C.

To transfer the CNMs from Au/SiO,/Si substrates onto the
target substrates, the sample was added to a 45 °C, 0.5 M KOH
solution and was allowed to float for 60 to 90 minutes. CNM-
PMMA layer was separated from the Au substrates due to the
cleavage of the Au-S bond at a high pH value.*> The CNM-
PMMA layer was then washed 4 times with pure water and
finally transferred onto the target substrates, followed by
baking at 90 °C for 1 h.

To transfer the CNMs from Au/mica substrates onto the
target substrates, the gold layer was cleaved from the mica sub-
strate by gradually dipping the sample into water using the
surface tension of the water. Then, an etching solution (I,/KI/
H,0; 1:4:10) was used to etch the gold layer at room tempera-
ture (5-10 minutes). I,, which adheres to the bottom side of
the CNMs, was removed by floating the CNM-PMMA layer on
NaS,0; (Sigma-Aldrich, 99%) solution (0.1 wt%) for 5 min.
The washing process was carried out in the same way as for
the transfer from Au/SiO,/Si substrates.

After the stabilized PMMA layer was removed by immersing
in acetone for 1 h, the samples were washed with 2-propanol
(Sigma-Aldrich, 99.9%) and dried by a gentle stream of nitrogen.
To obtain free-standing CNMs, the same transfer protocol was
applied to transfer the structures onto TEM grids (Quantifoil
TEM grid R2/2, Plano) with the exception that the PMMA layer
was removed using a CO, critical point dryer (Autosamdri 815,
Tousimis). This avoids the ruptures in the CNMs which were
caused by the surface tension of the evaporating acetone.

Characterization techniques

Optical microscopy. Optical microscopy (Axio Imager Z1.m
microscope equipped with a 5 megapixel CCD camera
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(AxioCam ICc5), Carl Zeiss) was used to study the morphology
of the transferred films. In order to achieve an optimal optical
contrast, the CNMs were transferred onto silicon substrates
with 300 nm of the dry thermal oxide layer (Sil’tronix).

Scanning electron microscopy (SEM). The SEM images were
taken using a Sigma VP (Carl Zeiss) at a beam energy of 7 kv
using the in-lens detector of the system.

Atomic force microscopy (AFM). The surface topography was
characterized by AFM using an Ntegra (NT-MDT) in semi-
contact mode using n-doped silicon cantilevers (NT-MDT) with
resonance frequencies of 87-230 kHz and a tip radius of
<10 nm.

X-ray photoelectron spectroscopy (XPS). XPS was carried out
in a Multiprobe UHV system (Scienta Omicron) using a mono-
chromatic X-ray source (Al K,, 1486.7 eV) and an electron ana-
lyzer (Argus CU) with a resolution of 0.6 eV. The XP spectra
were fitted using Voigt functions (30:70) after the Shirley
(C 1s) or the linear (N 1s, S 2p) background subtraction. The
spectra were peak shift calibrated by setting the Si 2p signal to
103.5 eV.
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Introduction

Selective ion sieving through arrays of
sub-nanometer nanopores in chemically
tunable 2D carbon membranes+

Pauline M. G. van Deursen,? Zian Tang,® Andreas Winter,® Michael J. Mohn,®

p *a

Ute Kaiser,© Andrey A. Turchanin®® and Grégory F. Schneider

Two-dimensional (2D) membranes featuring arrays of sub-nanometer pores have applications in purifi-
cation, solvent separation and water desalination. Compared to channels in bulk membranes, 2D nano-
pores have lower resistance to transmembrane transport, leading to faster passage of ions. However,
the formation of nanopores in 2D membranes requires expensive post-treatment using plasma or ion
bombardment. Here, we study bottom-up synthesized porous carbon nanomembranes (CNMs) of
bipheny! thiol (BPT) precursors. Sub-nanometer pores arise intrinsically during the BPT-CNM synthesis
with a density of 2 + 1 pore per 100 nm?. We employ BPT-CNM based pore arrays as efficient ion sieving
channels, and demonstrate selectivity of the membrane towards ion transport when exposed to a range
of concentration gradients of KCl, CsCl and MgCl,. The selectivity of the membrane towards K* over Cl™
ions is found be 16.6 mV at a 10 : 1 concentration ratio, which amounts to ~30% efficiency relative to the
Nernst potential for complete ion rejection. The pore arrays in the BPT-CNM show similar transport and
selectivity properties to graphene and carbon nanotubes, whilst the fabrication method via self-assembly
offers a facile means to control the chemical and physical properties of the membrane, such as surface
charge, chemical nature and pore density. CNMs synthesized from self-assembled monolayers open the
way towards the rational design of 2D membranes for selective ion sieving.

via top-down methods: starting with a continuous 2D layer,
followed by the formation of pores by ion bombardment,

In ultrafiltration, solvent separation, desalination and reverse
osmosis, 2D materials represent an ultimately thin barrier for
passing solutes and are therefore prospected to compete with
conventional membranes in energy efficiency.'® The unique
filtration properties of nanopores can best be exploited when
pore dimensions are brought down to the size of single mole-
cules and ions, so that the pores reject the passage of ions and
molecules based on size exclusion and electrostatic repulsion.
However, the reproducible formation of sub-nanometer
pores in 2D membranes with high pore density remains a
challenge.”® Porous 2D membranes are commonly fabricated
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electron bombardment or reactive plasma exposure.” As
evident from a recent review focusing on top-down approaches
to fabricate porous 2D membranes, pore densities of 1-10
pores per 100 nm?* were the highest obtained.'® To achieve
these densities, as well as effective control over the pore sizes,
the post-modification of a pristine 2D membrane requires
highly advanced facilities for controlled electron or ion
exposure.

A more versatile route is the bottom-up synthesis of porous
2D membranes from precursor molecules.''> A straight-
forward advantage of the bottom-up approach is its scalability
without the need for post-modification steps, high-end litho-
graphic facilities or cleanrooms. In bottom-up fabrication,
pore formation is intrinsic to the membrane synthesis, arising
from stacking defects during molecular self-assembly. Another
advantage lies in the wide variety of precursor molecules that
can be incorporated in the membrane. The choice of precursor
molecule gives control over pore size and density, as well as
over the chemical composition of the membrane - for instance
to tune the hydrophobicity of the membrane or to induce
specific interactions between the membrane and solute ions
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or molecules. In particular, carbon nanomembranes (CNMs),
formed via self-assembly of aromatic thiol-precursor mole-
cules, have been shown to display pore densities in the range
required for applications such as desalination by reverse
osmosis and as separation membranes.'>”**> Beside the pore
density, which determines through-put, a key factor in the
efficiency of filtration is the pore size distribution in a 2D
membrane, with smaller pores yielding higher selectivity in
trans-membrane transport. Previous studies have revealed that
the pore size in CNMs is determined by the size and structure
of the precursor molecules. Precursors of decreasing molecular
size yield membranes with decreasing pore diameter, as well
as a thinner membrane. In the current work, we use the pre-
cursor molecule 1,1’-biphenyl-4-thiol (BPT): one of the smallest
precursor that still forms a stable CNM, with a near-2D thick-
ness of ~0.9 nm and strong enough to be suspended over
micrometers.

The BPT-CNM is therefore an ideal candidate for ion fil-
tration applications. However, the porosity of the BPT-CNM
has not been characterized to date, due to the difficulty of
imaging sub-nanometer features in 2D membranes.'® Whereas
nanopores of sub-nanometer sizes have been resolved in crys-
talline graphene layers produced via pyrolysis of CNMs, the
disordered nature of the CNMs complicates the visualization
of sub-nanometer pores. The smallest CNM in which porosity
has been resolved was made from [1”,4',1',1]-terphenyl-4-thiol
(TPT) precursors, for which pore dimensions of 0.7 + 0.1 nm
have recently been reported."?

Here, we determine the pore density in the BPT-CNM for
the first time, using a combination of high-resolution trans-
mission electron microscopy (HR-TEM) imaging and ionic con-
ductance measurements. In an earlier study, TEM has been
used to resolve BPT-CNM membrane based pores of several
nanometers in diameter, which were induced by ion beam
exposure, and did not reveal any pores with smaller sizes.>> On
the other hand, we show here that pores are in fact present in
the pristine BPT-CNM, as evident from transmembrane ion
conductivity through the BPT-CNM membrane. The number
and size of pores in a well-defined area of the membrane are
determined using the ion flow through the membrane. In this
way, the porosity of each membrane sample can be determined
in operando. Next, we demonstrate the use of the BPT-CNM as
ion-sieving membranes. In saline solution, one ion type is pre-
ferentially transmitted through the sub-nanometer pores in
the BPT-CNM while counter-ions are rejected. This ion selecti-
vity is essential to applications in desalination, energy gene-
ration and energy storage. Ion selectivity in transport through
the membrane pores is based on electrostatic repulsion by
charges present on the membrane surface, as shown by a
range of studies probing charge-selective ion transport
through nanoporous 2D membranes."””® In the BPT-CNM,
charged groups include residual sulfide groups.>® Moreover,
ion selectivity in 2D nanoporous membranes has been
observed even in chemically neutral membranes, including
graphene and molybdenum sulfide. It has therefore been
suggested that in aqueous environment, adsorbed oxygen
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species add a negative surface charge to 2D membranes irre-
spective of the chemical composition of the membrane.*!

Results and discussion

To estimate the pore density in the BPT-CNM, we expressed the
measured ionic conductance in terms of the length and diameter
of the membrane-based pores, according to a model developed
for the description of conductance through nanopores in SiN
membranes,*” assuming continuous charge flow:

4l 1\!

G =0, (@ + E) (1)
Herein, d and [ describe the average diameter and length of
a single pore through which the conductance G is measured.
The bulk electrolyte conductivity ., with the units Siemens
per meter (S m™"), is determined by the ionic strength of the
solution. We adjusted this model to describe not the conduc-
tance of a single pore, but of an array of pores in a suspended
CNM, defining the number of sub-nanometer pores in the
exposed membrane area in terms of the recorded conductance

(Gmeas) of the carbon nanomembrane:

= S (<4TZ> n %) (2)

Here, n, is the number of pores in the suspended mem-
brane area A and (d) the average pore diameter.

In order to expose a well-defined BPT-CNM area, the CNM
was deposited on a SiN chip featuring an aperture that was
sculpted in the SiN membrane using the focused beam of an
electron microscope. The diameter of the nano-aperture
ranged between 20 and 80 nm. Fig. 1a depicts the deposition
method: the CNM was synthesized by self-assembly of precur-
sor molecules on a gold film on a mica support (Fig. 1a, step 1).
Subsequent cross-linking by electron irradiation (step 2)
resulted in a covalent 2D network.'® The membrane was then
transferred onto the SiN aperture-chip using PMMA-assisted
transfer, as presented in Fig. 1la and in detail in the
Experimental section. Fig. 1b shows a SiN aperture prior to
membrane deposition imaged by TEM after sculpting the aper-
ture. The aperture chip was imaged again after deposition of
the CNM, using aberration-corrected high-resolution (HR)
TEM. Fig. 1c shows one membrane imaged by HR-TEM, reveal-
ing an integral membrane with no visible pores. From the
integrity of the membrane in the electron images, we can
assume that the size of the pores in BPT-CNM does not exceed
1 nm. This is a rather conservative estimate, given the instru-
mental resolution that can be attained in principle by aberra-
tion-corrected HR-TEM at the 80 kV operating voltage is
0.18 nm. However, we take into account several factors limiting
the resolution attained in TEM imaging: firstly, a high defocus
was required to gain sufficient contrast from the amorphous
BPT-CNM membrane, which reduced the resolution. Secondly,
the applicable electron dose for imaging is limited because the
BPT-CNM was observed to deteriorate significantly at too high

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Fabrication of suspended biphenyl thiol carbon nanomembrane (BPT-CNM) chips. (a) Schematic procedure used to fabricate free-standing
BPT-CNM, starting with the formation of the BPT-SAM on the surface of gold on mica (1). Subsequent electron irradiation cross-links the BPT-SAM
to form the BPT-CNM (2). A protective layer of PMMA is spin-coated onto the stack (3). The PMMA/CNM/gold stack is exfoliated from the mica
support (4) and suspended on water, after which it is transferred to the surface of a Kl/I, solution that etches away the gold film (5). Through a
sequence of washing steps (see Experimental section) the Kl/I, solution is replaced by ultrapure water from which the stack is scooped up onto the
SiN/SiO, wafer (6). After drying, PMMA is removed in acetone (7), which is exchanged for supercritical CO, to prevent left-over contaminations on
the final membrane. (b) A 60 nm diameter aperture in SiN after drilling by the focused beam of a TEM. (c) The aperture from (b) after deposition of
the BPT-CNM imaged by HR-TEM. (d) Typical IV curve measured on a CNM suspended over a SiN aperture in 1 M KCl solution. Inset: The suspended
BPT-CNM integrated in the ionic conductivity measurement circuit, in between two electrolyte compartments both connected through Ag/AgCl

electrodes.

electron doses, with holes forming during imaging at dose rates
>10°e" nm > s\

To collect information about the pores in the BPT-CNM,
trans-membrane ionic conductance measurements were per-
formed. The ionic conductance through the CNM exposed by
the SiN aperture was determined from current-voltage curves
recorded in the flow cell, such as shown in the inset of Fig. 1d.
The conductance of the membrane can in principle be simply
determined using Ohm’s law. However, for ion transport
through 2D nanopores, deviations from ohmic behavior have
been reported in literature* > and observed in our measure-
ments, too. Two types of non-linear IV-characteristics occurred:
rectification and activation. Rectification is a difference in con-
ductance in the positive voltage range respective to the nega-
tive voltage range. Activation is the superlinear increase of con-
ductance with increasing voltage across the pore. Both effects
have been shown to be related to dehydration phenomena in
the confinement of 2D nanochannels. In this work, our sole
interest lies with the conductance of the pore towards hydrated
ions. Therefore, the conductance was determined applying
Ohm’s law in the region close to zero bias, where the conduc-
tance of hydrated ions is most closely approximated.

The ionic conductance through eleven CNM-coated SiN
apertures was measured, both before and after CNM depo-
sition. The data are presented in Fig. 2a. Typically, deposition
of the membrane (blue) led to a 30% drop in the measured
conductance relative to the bare SiN aperture (red). The con-
ductance of the CNM samples with different free-standing
areas falls faithfully on the same line, reflecting the homogen-
eity of the membrane. The linearity of the conductance versus
membrane area furthermore confirms that the conductance

This journal is © The Royal Society of Chemistry 2019

stems from the ionic current passing through the membrane,
without significant contributions from leak currents.

The membrane conductance in 1 M KCl was used to make
a quantitative statement about the porosity of the BPT-CNM.
From the linear regression of the conductance value in Fig. 2a
(blue data points), the average membrane conductance (Genm)

nS .
per area was found to be Gonm = 4.8——— . Based on this
100 nm?

value, we estimated the porosity of the BPT-CNM according to
eqn (2). Note that the contribution to the resistance from the
SiN aperture is not negligible and was accounted for by sub-
tracting the bare aperture conductance (red) from the CNM
conductance (blue) - see ESI S1.7

Eqn (2) contains two unknown parameters: n, the number of
pores contributing to ion transport and (d), the average diameter
of the pores. The solution, thus, is a set of possible combi-
nations of n and (d), shown in Fig. 2b. To find the actual values
for both n and (d), we considered first, a lower limit to the size
of the pores contributing to the ionic current, which is given by
the radius of the smallest charge carrier. Of the main charge
carriers in KCl electrolyte, K" is the smallest, with a hydrated
diameter of 0.56 nm.>® As ions are expected to be excluded by
pores smaller than the hydrated ion diameter, K" sets the lower
limit to the pore diameter at dy,;, = 0.56 nm. The upper limit to
the pore diameter was defined considering that the membrane
imaged by HR-TEM appears free of pores larger than 1 nm.

We concluded that the diameter of the pores contributing
to the ionic current falls in the range of 0.56 < (d) <1 nm (indi-
cated by the yellow region in Fig. 2b). It follows that the pore
density of the BPT-CNM lies between 1 and 2.7 pores per
100 nm”. The exposed membrane area ranged from 20 to

Nanoscale, 2019, 11, 20785-20791 | 20787
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lon transport measurements. (a) lonic conductance through BPT-CNM with varying free-standing membrane area exposed on both sides to

1 M KCl solution. The solid line represents the linear regression through the data points. (b) Geometric model relating the average pore diameter to
the number of pores in a 100 nm? area (eqn (2)). The yellow region indicating the physically relevant solutions to the equation, from which the pore
density is predicted to lie between 1 and 2.7 pores per 100 nm?. (c) lonic current—voltage (IV) curves measured in the presence of an electrolyte con-
centration gradient over a 50 nm diameter CNM membrane. The inset shows a close-up of one of the measurements, highlighting the reversal
potential at which the osmotic potential due to the concentration gradient is compensated. (d) The reversal potential over the membrane in (c) at
concentration ratios ranging between 1 and 10, with the higher concentration kept constant at 1000 mM. The reversal potential is of equal magni-

tude and opposite sign to the membrane potential.

80 nm diameter, so that between 10 and 200 pores partook as
conductive channels.

Next, the membrane potential across the BPT-CNM was
determined following Nernst-Plank membrane theory.”” The
membrane potential is the potential difference between the
two sides of the membrane in the presence of an electrolyte
concentration gradient. In the presence of such a concen-
tration gradient, diffusion drives ions to the lower concen-
tration side of the membrane. If both cations and anions pass
through the membrane at equal rates, no potential would
arise. However, in the case of an ion selective membrane, pre-
ferential transport of one ion type over the counter-ion results
in a net ionic current. The membrane potential is the voltage
associated with this current.

Current-voltage characteristics measured in the presence of
varying concentration ratios are shown in Fig. 2c. The inset
shows the IV-curve measured at a 1:10 concentration ratio in
close-up around the origin. To find the membrane potential,
we determined the voltage measured at zero current (i.e., the
intersection with the x-axis of the linear fit through the data
points). This is the potential at which the selective ionic
current was exactly compensated, called the reversal potential.
The reversal potential is of equal magnitude (although of
opposite sign) to the membrane potential. To obtain a reliable
value of the reversal potential, the concentration ratio was
varied and the linear regression gave an accurate value of the
reversal potential. Fig. 2d shows the reversal potential as a

20788 | Nanoscale, 2019, 11, 20785-20791

function of the concentration ratio. At a concentration ratio of
1:10 in KCl, the reversal potential was found to be —16.6 mV.
The membrane potential, thus, is +16.6 mV.

The efficiency of ion rejection in the BPT-CNM can be quan-
tified by comparing the measured membrane potential to the
Nernst membrane potential. The Nernst membrane potential
is the theoretical potential that would arise from a membrane
that allows only the passage of one ion type and completely
rejects counter ions. The Nernst potential at a concentration
ratio of 1:10 is 52 mV (the calculation of the Nernst potential
is presented in Table S21). The BPT-CNM membrane potential
is thus 32% of the Nernst potential.

For the BPT-CNM, a higher value than 32% of the theoretical
Nernst potential may have been expected, since ion selectivity
should be very efficient in pores that approach the size of
hydrated ions - as is the case in the BPT-CNM. This discrepancy
can be understood considering that the Nernst-Planck mem-
brane theory was developed for conventional, 3D ion selective
membranes. In 3D porous membranes, ion selectivity arises
due to a bulk membrane phase that is distinct from the adja-
cent electrolyte phases. In 2D membranes, on the other hand, a
bulk membrane phase is ill-defined because of the near-zero
length of pore channels. The use of 2D membrane thus allows
easier ion transport because of the minimal barrier separating
the bulk electrolyte phases on either side of the membrane,
resulting in a membrane potential of only 32% of the expected
membrane potential for 3D membranes. From these results it is

This journal is © The Royal Society of Chemistry 2019
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clear that the description of ion selective transport in 2D mem-
branes requires an extension of Nernst-Planck theory to accu-
rately describe measured membrane potentials.

The positive membrane voltage reveals the selectivity
towards cations in KCl electrolyte. Conversely, repeated
measurement of the membrane potential in MgCl, and CsCl
solutions revealed the dependence of selectivity to the valency
of the electrolyte salt used, as the membrane potential
changes sign in the case of divalent MgCl, (Fig. 2d). This
observation may be attributed to charge inversion, a phenom-
enon in which divalent cations overcompensate the negative
charge on a surface, effectively changing the sign of the
surface charge.”® An alternative explanation is that the electro-
static charges causing selectivity are screened more efficiently
in a divalent salt solution - that has a three times higher ionic
strength than a monovalent salt solution of the same concen-
tration. When charges on the pore edge are -efficiently
screened, the factor determining selective transport is the ion
mobility. The CI” ion, with a higher diffusion coefficient than
the Mg*>* ion,*® becomes the main charge carrier in MgCl,
electrolyte. This results in an opposite membrane potential to
KCl and CsCl, where the cations were the main charge carriers.
The selectivity of the membrane is thus responsive to the elec-
trolyte composition and valency.

More insight in the specific interactions between mem-
brane and electrolyte can be obtained by changing the chemi-
cal composition of the membrane. As the chemical synthesis
of the CNM allows control over the membrane chemistry, such
as the addition of specific charged groups, this kind of mem-
branes hold the prospect of increasing our understanding into
the nature of membrane-electrolyte interactions, and result in
new selective transport phenomena.

To conclude, the bottom-up synthesized carbon nanomem-
branes provide a scalable and reproducible approach to obtain
high density sub-nanometer pores in a 2D membrane.
Integrating the BPT-CNM in an ionic conductance measure-
ment flow-cell, we showed that the pores in the BPT-CNM act
as effective ion sieving channels. We were able to determine
the density of ion channels in operando, allowing the individ-
ual characterization of the porosity in each membrane sample
and finding a highly uniform and reproducible pore density.
The density of pores contributing to ion transport in the
BPT-CNM was 1-2.7 pores per 100 nm?, comparable with the
high-end top-down approaches where pores are induced in
post-modification steps involving ion or electron bombard-
ment. The significant deviation of the membrane potential
from the Nernst potential, as well as membrane charge inver-
sion in the presence of MgCl,, are typical to transport through
2D membranes. The BPT-CNM membrane is thus a suitable
platform to study the mechanisms underlying ion transport
through 2D sub-nanometer pores, more easily obtained than
for instance in carbon nanotubes or graphene nanopores pro-
duced by lithography. In addition, the possibility of tuning -
chemically - the composition of the membrane holds the pro-
spect of rational design of membranes with desired surface
properties and chemical functionality.

This journal is © The Royal Society of Chemistry 2019
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Experimental
SiN aperture sculpting

SiN windows of 50 x 50 um?, supported on SiO, chips, were
purchased from Norcada. The SiN/SiO, chips were cleaned in
piranha solution before insertion in the electron microscope
(Tecnai T20 operating at 200 keV; Thermo Fischer Scientific,
previously FEI). Nano-apertures were sculpted in the SiN
window using the focused electron beam.?® After sculpting,
the SiN/SiO, chips were stored in a sonicated mixture of 50 : 50
EtOH : H,O (absolute ethanol, >98%, Sigma Aldrich; Milli-Q)
for protection against vibrations as well as prevention of clog-
ging the nano-aperture by contaminations, until the moment
BPT-CNM deposition.

BPT-CNM fabrication

A gold/mica substrate (Georg Albert PVD-Coatings) was
cleaned for 1 minute in oxygen plasma (Zepto 115320, Diener).
The gold/mica substrate was then immersed in a ~0.1 mM
solution of 1,1-biphenyl-4-thiol (BPT, Sigma Aldrich) in
degassed DMF (Sigma Aldrich, 99.9%) for 72 h under dark
conditions, during which a self-assembled BPT monolayer
formed on the gold surface. After the self-assembly, the sub-
strate was taken out and immediately washed three times with
DMF followed by three times washing with ethanol (Sigma
Aldrich, 99.8%) to remove possible residual BPT molecules
that may have adsorbed on top of the monolayer. The samples
were then dried under nitrogen flow (5.0, Linde) and trans-
ferred to a high vacuum chamber (1 x 10~% mbar) for electron
exposure. An electron beam at 100 eV and 50 mC em ™2 electron
dose induced molecular cross-linking of the BPT-SAM mole-
cules on the gold surfaces to form a stable membrane. The
quality of the formed BPT-SAMs and BPT-CNMs were monitored
using X-ray photoelectron spectroscopy (XPS, Fig. S3 and S47).
XPS was carried out on an ultra-high vacuum Multiprobe UHV
system (base pressure 1 x 10”'° mbar) from Scienta Omicron,
using a monochromatic X-ray source (Al K,) and an electron
analyzer (Argus) with a spectral resolution of 0.6 eV.

Transfer of the CNMs onto SiN/SiO, chips

The transfer procedure was conducted as described else-
where.?’ A PMMA layer (100 nm, 50 kDa, All-Resist, AR-P
671.04) was spin coated onto the CNM on gold/mica and har-
dened for 10 min at 90 °C. Subsequently, a thicker layer of
PMMA (200 nm, 950 kDa, All-Resist, AR-P 679.04) was spin
coated on top of the first one and hardened for 10 min at
90 °C. The PMMA-CNM-Au sandwich was cleaved from the
mica substrate by repeatedly and gradually dipping the sample
into water. An etching solution (I,/KI/H,O, 1:4:10 by mass)
was used to dissolve the gold layer at room temperature.
Molecular I, which adheres to the bottom side of the CNM was
removed by floating the CNM-PMMA layer on NaS,0; (0.1 wt%)
solution for 5 min. The CNM-PMMA layer was washed 6 times
with ultrapure water before transfer to the target substrate, fol-
lowed by baking at 90 °C for 1 h. The PMMA layer was removed
by dipping the sample into acetone (Sigma Aldrich, 99.9%).
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To clean the free-standing areas from PMMA impurities, and to
avoid rupture of the free-standing CNMs caused by the drying of
acetone, acetone was exchanges with liquid CO, in a critical
point dryer (Autosamdri 815, Tousimis) and the CO, was
removed by forming a super critical fluid.

HR-TEM imaging

Aberration-corrected high-resolution TEM (AC-HRTEM) on the
BPT-CNM after deposition on the Si;N; aperture was per-
formed using an FEI Titan 80-300 microscope with third-order
aberration correction by a hexapole image corrector. The TEM
acceleration voltage was set to 80 kV in order to minimize elec-
tron beam-induced damage. The AC-HRTEM images of
BPT-CNMs were recorded using a Gatan Ultrascan 1000XP
CCD camera with frame sizes of 2048 x 2048 pixels, at electron

dose rates of the order of 10° e” nm™>s™.

Ionic conductance measurements

Current-voltage traces were recorded in a custom fabricated
flow cell designed to clamp the SiN/SiO, chip between two
electrolyte reservoirs of approximately 150 pL. After insertion
of the chip into the flow-cell, both reservoirs were flushed with
a sonicated mixture of ethanol in ultrapure water (50:50) to
prevent air bubbles from sticking to the membrane surface.
Subsequently, ultrapure water (Milli-Q) was flushed three
times, followed by two times flushing electrolyte solution.
When the electrolyte was changed during measurements of
reversal potential, the reservoir was flushed twice with the new
concentration electrolyte.

For the preparation of fresh Ag/AgCl electrodes, silver wire
(Alfa Aesar, 99.999% percent purity) was cut to pieces ~2 cm
pieces. The tip of the cut piece was immersed in bleach for at
least 30 minutes. After formation of a AgCl layer, the electrode
tip was rinsed with ultrapure water and used the same day.
The flow cell was placed in a Faraday cage and the two com-
partments of the flow cell were connected to an Axopatch 200B
Patch Clamp setup, through freshly prepared Ag/AgCl electro-
des. Current-voltage traces were recorded and analyzed using
pCLAMP software.
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ABSTRACT: During the past decade, optical metasurfaces
consisting of designed nanoresonators arranged in a planar fashion
were successfully demonstrated to allow for the realization of a
large variety of flat optical components. However, in common
implementations of metasurfaces and metasurface-based devices,
their flat nature is thwarted by the presence of a substrate of
macroscopic thickness, which is needed to mechanically support
the individual nanoresonators. Here, we demonstrate that carbon
nanomembranes (CNMs) having nanoscale thicknesses can be
used as a basis for arranging an array of plasmonic nanoresonators into a metamembrane, allowing for the realization of genuinely flat
optical devices. CNMs belong to the family of two-dimensional materials, and their thicknesses and mechanical, chemical, and
electrical properties can be tailored by the choice of the molecular precursors used for their fabrication. We experimentally fabricate
gold split-ring-resonator (SRR) metasurfaces on top of a free-standing CNM, which has a thickness of only about 1 nm and shows a
negligible interaction with the incident light field. For optical characterization of the fabricated SRR CNM metasurfaces, we perform
linear-optical transmittance spectroscopy, revealing the typical resonance structure of an SRR metasurface. Furthermore, numerical
calculations assuming free-standing SRR arrays are in good overall agreement with corresponding experimental transmittance
spectra. We believe that our scheme offers a versatile solution for the realization of ultrathin, ultra lightweight metadevices, and may
initiate various future research directions and applications including complex sensor technologies, conformal coating of complex
topographies with functional metasurfaces, fast prototyping of multilayer metasurfaces, and studying the optical properties of
effectively free-standing nanoparticles without the need for levitation schemes.
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ptical metasurfaces, namely, two-dimensional arrange- ment of various light—matter interaction processes, such as

ments of designed nanoresonators, opened a path to a spontaneous emission'* or nonlinear frequency generation.'*'°
new class of flat and compact optical components beyond This is especially interesting for nanomaterials with a small
conventional optics and have been at the limelight of optical cross-section such as 2D materials.'” ™"’
nanophotonics research over the past few years.”” Meta- In practice, metasurfaces are almost exclusively fabricated on
surfaces are optical structures with a thickness of only a few top of macroscopically thick supporting substrates, most
tens to hundreds of nanometers that impose abrupt phase, typically a wafer made of glass or another material that is
amplitude, and/or polarization changes onto an incident light transparent in the relevant spectral range. However, these
field.® This is in contrast to conventional wavefront-shaping substrates have a pronounced effect on the optical response of

the nanoresonators and can alter the properties of the
metasurfaces undesirably in many ways. In particular,
substrates typically induce a resonance red-shift, they break
the mirror symmetry through the metasurface plane, and
complicate the theoretical and numerical analysis of the optical

components that rely on the accumulation of phase delay
during propagation through macroscopic distances inside a
material. It is well-known that one can engineer the overall
metasurface functionality by tailoring the optical responses of
the individual nanoresonators via their size, shape, arrange-
ment, and material composition as a function of in-plane
position. As such, a large variety of optical components, Received:  January 15, 2020 (Phtoncs
including blazed gratings,*” lenses,® color filters,” vortex beam Published: March 2, 2020
plates,® holographic phase masks,’” "> quantum state ana-
lyzers,"> and many other functionalities, were demonstrated.
Furthermore, resonant metasurfaces can exhibit strong near-
field enhancement, which can be harnessed for the enhance-

© 2020 American Chemical Society https://dx.doi.org/10.1021/acsphotonics.0c00073
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modes of the structure. Substrates can furthermore introduce
new diffractive channels and they add additional interfaces,
thereby increasing reflection losses. Considering also dielectric
metasurfaces, they reduce the index contrast between the
nanoresonators and their environment, which can impact the
confinement of light in the nanoresonators. Finally and most
importantly, macroscopically thick substrates degrade the 2D
nature of the metasurfaces, which not only increases their
weight but also poses limitations for certain application
scenarios such as stacked, wrapped, rolled-up, and conformal
metasurfaces. Consequently, a variety of platforms were
already suggested in order to create, what we call
metamembranes in the following, metasurface structures that
are either free-standing or situated on as thin as possible
substrates. For example, Ong et al. theoretically study the use
of free-standing dielectric nanohole arrays for wavefront
shaping in the mid-infrared spectral range.”’ Primassing et
al. experimentally demonstrate freestanding metasurfaces
operating at optical frequencies having a thickness of 40
nm.”" In the latter work, fabrication is performed by the milling
of nanovoids in a carbon transmission electron microscopy
membrane using a focused ion beam, followed by thermal
evaporation of gold and plasma ashing of the carbon
membrane. Note, however, that approaches based on milling
of nanoholes or voids into a membrane are limited to
connected structures to preserve the structural integrity. As
such, this approach does not allow for the realization of
metamembranes composed of individual free-standing nano-
resonators, such as metallic split-ring resonators. At THz
frequencies, free-standing polymide membranes with a thick-
ness of several to tens of micrometers have been used as
substrates to create resonant metamaterials.””>* While this
platform offers a large design freedom in the shape of the
nanoresonators, it cannot be scaled to optical frequencies due
to the relatively large thickness of the polymide membranes,
which, while thin with respect to THz wavelengths, appear
macroscopic for visible and near-infrared light and are thus
sufficient to introduce most of the mentioned detrimental
substrate effects. In another approach, THz metamaterials
consisting of S-shaped gold strings suspended in free space by
means of window frames were micromanufactured via a
lithography-based process.”* However, this approach is also
limited to connected metamaterial architectures. Also, scaling
of this approach to optical frequencies was not demonstrated
and will be limited by the larger structural fragility as the
structure dimensions are reduced. Altogether, a method for the
realization of plasmonic metamembranes, which preserves the
design freedom available for structures supported by macro-
scopically thick substrates and in particular allows for
disconnected structures such as particle arrays, is still missing.

Here we demonstrate, for the first time, optically resonant
plasmonic metamembranes using carbon nanomembranes
(CNMs)™ as substrate material having only monomolecular
thickness. The CNMs are chosen as a substrate because of
their ultrasmall thickness, high mechanical stability and their
negligible interaction with light. For our proof-of-concept
demonstration, we choose a metamembrane consisting of
square arrays of gold split-ring resonators (SRRs)**™** with
resonance frequencies in the near-infrared spectral range as a
well-understood, prototypical plasmonic metasurface design.
Figure 1 shows a conceptual image of the realized
metamembrane. CNMs are prepared by low-energy electron-
induced cross-linking of aromatic self-assembled monolayers

1061

Figure 1. An artist’s view of the fabricated gold split-ring resonator
(SRR) array situated on a carbon nanomenbrane (CNM; not to
scale). The SRR dimensions are [ = 260 nm, t = 45 nm, a = 350 nm,
and k = 75 nm.

(SAMs). The membrane parameters can be precisely
controlled by the fabrication process. Most importantly, by
choice of the precursor molecule the thickness of the
membrane can be tuned between 0.5 and 3 nm.”> Their high
mechanical stability enables the preperation of large free-
standing areas up to several hundred micrometers in
diameter.”>*® Owing to their small thickness,*’ high
mechanical strength,”® dielectric properties,””** and high
temperature stability,>**** CNMs were previously proposed
for applications such as gas and liquid filtration,”® TEM
supports,”® functionalized membranes,”” and nondestructive
chemical functionalization of graphene field-effect transistors.*®
Furthermore, we found very weak light—matter interaction of
CNMs, as evidenced by a very high broadband linear-optical
transmission (above 99%, see Figure 2d). Altogether, these
properties make CNMs highly suitable for the realization of
metamembranes in their fundamental thickness limit.

B RESULTS AND DISCUSSION

For the experimental realization of the metamembrane, we
developed a three-step fabrication scheme consisting of (1) the
preparation of the CNMs, (2) the fabrication of the
metasurface via an electron-beam lithography (EBL)-based
process, and (3) the transfer of the metamembrane onto a
TEM grid. The steps of the fabrication scheme are illustrated
in Figure 2. First, (1) for preparation of the CNMs, silicon
substrates coated with a 30 nm thick gold layer (Georg Albert
PVD) were immersed in a 0.1 mM dimethylformamide
solution of the molecular precursor 1,1°,4',1"-terphenyl-4-
thiol (TPT, 97% Sigma-Aldrich) for 24 h at 60 °C to form a
self-assembled monolayer (SAM).”” TPT was chosen as
molecular precursor for the CNM preparation as it forms
densely packed membranes with sufficient mechanical
stability”” to support the plasmonic SRRs. Figure 2b shows
the structure of the precursor molecules. Next, the SAM was
cross-linked into CNM in a high vacuum chamber (<5 X 1078
mbar) using a low energy electron gun (Specs) with an
electron energy of 100 eV and a dose of 50 mC/cm>>° The
described synthetic procedure results in a mechanically stable
CNM of a monomolecular thickness of 1.2 nm*’ (see Figure
2a(i) and Supporting Information, Figure S1 and pp 2—3 for
details). The fabricated CNMs show short-range ordered
molecular structures due to the cross-linking.”” Its schematic
representation is given in Figure 2c. The successful CNM
preparation was controlled using X-ray photoelectron spec-
troscopy (XPS). High-resolution XP C 1s and S 2p spectra of

https://dx.doi.org/10.1021/acsphotonics.0c00073
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Figure 2. (a) Steps performed for fabrication of the plasmonic metamembranes (not to a scale). As the first step, starting from a gold-coated silicon
substrate (i), a 1.2 nm thick TPT-CNM is sythesized via self-assembly and electron-beam irradiation on top of the gold layer (ii). Next, the
plasmonic SRR array is fabricated using a standard electron-beam lithography based process (iii). Then, electrochemical delamination in
combination with a PMMA-assisted wet transfer technique is used to detach the CNM as well as the SRR array situated on top of it from the gold-
coated silicon substrate (iv) and to transfer it onto a TEM grid with 45 ym square openings (vi). Finally, the PMMA is removed by dissolving it in
acetone (vi). A critical point dryer is used to protect the free-standing areas of the metamembrane from breaking. (b) Molecular structure of the
employed precursor used for the CNM synthesis. (c) Schematic representation of the molecular structure of the TPT-CNM used as the
metasurface substrate. (d) Measured linear-optical transmittance spectra of the TPT-CNM (blue) and graphene (red).

—

U UUY
U U U .80

Figure 3. Scanning-electron micrographs (SEMs) of the fabricated SRR metamombranes at different magnifications. (a) Overview SEM of the
TEM grid covered by the metamembranes (dark areas). (b) Close-up of one of the TEM-grid openings with metamembrane. (c) Magnified view of
the top left corner in (b). The right (brighter) part of the image shows a part of the membrane that is supported by the TEM grid, whereas the left
(darker) part is completely free-standing. Note that the image is rotated with respect to (b) because of the arbitrary orientation of the SRRs with
respect to the TEM grid. (d) Close-up of the fabricated square array of gold SRRs. (d) SEM of a broken, partly rolled-up metamembrane.

the CNM formed after electron irradiation on gold are adhesion promoter and 45 nm gold by electron-beam
presented in Figure S1 (see Supporting Information). evaporation.”” Finally, a standard lift-off procedure was
As a second step (2), after the preparation of the CNM on performed. Overall, the second step results in arrays of gold
top of a silicon—gold substrate as described above, a square SRRs situated on the CNM which at this stage is still on top of
array of U-shaped nanoresonators was fabricated using an a gold-coated silicon wafer (see Figure 2a(ii).
EBL-based process. To this end, the sample was spin-coated During the third and last step (3), electrochemical
with a bilayer electron-beam resist (AR-P 617 and AR-P 6200 delamination was used to detach the CNM holding the
(CSAR 62)). The exposure was performed using a variable- metasurface from the supporting substrate. For this purpose, a
shaped electron-beam lithography system (Vistec SB 350). We sacrificial PMMA layer with a thickness of 70 nm was spin-
exposed several SRR arrays, each with a large footprint of 1 X 1 coated onto the metasurface sample (see Figure 2a (iii)). Next,

mm. After development in AR600—546 (40 s) and 1:1 MIBK/ the delamination procedure was performed by immersing the
IPA (20 s) the samples were covered by 3 nm titanium as sample into NaOH (0.2 mol/L) and applying a voltage of 2—3

1062 https://dx.doi.org/10.1021/acsphotonics.0c00073
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V to the solution, as described in the literature*" (see Figure
2(iv)). After rinsing the sample with water, which now
consisted of the metamembrane attached to the PMMA layer,
it was transferred onto standard transmission-electron micro-
scope (TEM) grids (Plano) with square openings of 45 X 45
um’® (see Figure 2a (v)). Finally, the PMMA was dissolved in
acetone and the sample was dried in a critical point dryer to
avoid rupture of the membranes during solvent evaporation
(see Figure 2a (vi)). Details of the transfer procedure are
described in ref 42 as well as in the Supporting Information,
Part 2. Altogether, the process resulted in free-standing SRR
metamembranes stretched over the openings of the TEM grids.
The optical measurements were performed upon these free-
standing membranes.

Using the same procedure but leaving out the second step,
we also fabricated reference samples consisting of TPT-CNM
on a glass substrate. To assess the suitability of the optical
properties of the fabricated CNM as ultrathin metasurface
substrates, we measured the linear-optical transmittance
spectra of these reference samples in the visible and near-
infrared region. To this end, we used a PerkinElmer Lambda
900 UV—vis-NIR spectrometer. These results are shown in
Figure 2d. These results reveal that CNMs are highly
transparent, with a transmittance exceeding 99% over the
entire measured wavelength range. To verify the validity of our
measurements considering the very weak interaction of the
CNMs with light, we also measured the transmittance of CVD-
grown graphene samples on identical glass substrates as a
reference, yielding a value of 97.7% in accord with the
literature.”> Additionally, we measured the transmittance
spectra of another type of CNM (1,1'-biphenyl-4-thiol
(BPT)) (see Supporting Information, Figure S2), also yielding
high transmission values over the entire measured spectral
range. Altogether, we conclude that CNMs are a promising
platform for ultrathin optical elements due to their high optical
transparency and mechanical stability.

To confirm the successful preparation of free-standing areas
of CNM-supported metasurfaces, we imaged the resulting
samples using scanning electron microscopy (SEM). Corre-
sponding top-view SEM images with varying magnifications are
displayed in Figure 3. Figure 3a shows an overview image of
the TEM grid, which is partly covered by the SRR
metamembranes. Figure 3b shows a close-up of one of the
TEM-grid openings with a metamembrane. A magnified view
of the top-left corner of Figure 3b is displayed in Figure 3c.
The contrast difference between the free-standing and the grid
supported areas is clearly visible. Zooming in even further,
Figure 3d shows a close-up of the fabricated gold SRRs.
Finally, to more clearly illustrate the extremely thin nature of
the CNM substrate, Figure 3e shows an SEM image of a
broken and rolled metamembrane.

To assess the optical quality of the fabricated SRR
metamembranes, we measured their linear-optical trans-
mittance spectra using a Bruker 80v Fourier Transform
InfraRed (FTIR) spectrometer attached to a Hyperion 2000
microscope. To cover the entire relevant spectral range
spanning from visible to near-infrared wavelengths, we
combine measurements taken with a Si and an InGaAs
detector. A knife-edge aperture was used to confine the
measurement area to a 30 X 30 ym” window within the free-
standing areas of the membranes, that is, the openings of the
TEM grid. Note that the employed 15X reflective microscope
objectives (NA = 0.4) only support illumination/collection
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angles in the range of 12—23.6°. A linear polarizer is
introduced in the illumination beam path to selectively
measure the metamembrane’s optical response along the two
different lattice directions of the SRR metamembrane. As a
result of the wet transfer process employed during fabrication
to place the metamembranes on the TEM grid, the orientation
of the SRRs with respect to the borders of the TEM-grid
openings is not known a priori. To identify the structure
orientation, we performed a series of transmittance measure-
ments for a variation of the polarization angle of the incident
light from 0—90° in 18° steps (see Supporting Information,
Figure S3). The characteristic resonance features observed in
the measured spectra provide a clear indication of the
orientation of the SRRs (see Supporting Information, Figure
S3). Nevertheless, small deviations from perfect polarization
adjustment in the excitation cannot be fully excluded.
Experimentally measured transmittance spectra for the incident
light polarized in the direction across the SRR slit (x-
polarization) and perpendicular to it (y-polarization) are
shown in Figure 4a. For x-polarization, in accord with earlier
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Figure 4. (a) Measured and (b) numerically calculated normal
incidence linear-optical transmittance spectra for x-polarized (blue)
and y-polarized (red) light. In (b), calculated surface current
distributions at the three different resonances are indicated by the
corresponding insets.

literature,*® we observe two pronounced transmission minima,
which are located at 1619 and 780 nm wavelength. For y-
polarization, a single transmission minimum is observed at 820
nm wavelength.

To compare our experimental results with theory, we
performed numerical finite-integral frequency-domain calcu-
lations using the commercial software package CST Microwave
Studio and sample parameters taken from SEM images (I =
260 nm, t = 45 nm, a = 350 nm, and k = 75 nm; see Figure 1
for definitions). We considered linearly polarized normal-
incidence plane wave illumination and unit-cell boundary
conditions. For the dispersive optical properties of gold, we
used experimental values from Johnson and Christy.**
Considering the experimentally confirmed weak interaction
of the CNMs with light, we neglected the presence of the

https://dx.doi.org/10.1021/acsphotonics.0c00073
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CNMs in our calculations, that is, the SRR arrays were
modeled to be suspended in vacuum. In order to justify this
assumption, we have compared the calculated transmittance
spectra without any substrate with a matching calculation,
including a 1.2 nm thin dielectric substrate having a refractive
index of up to 1.5. This value exceeds the TPT-CNM refractive
index estimated from the transmission spectra. We found a
maximum resonance shift of 4.2 nm, which occurred for the
fundamental magnetic resonance and which is negligible
compared to the spectral width of the resonance. The
numerically calculated transmittance spectra for the two
perpendicular linear polarizations of the incident light are
shown in Figure 4b. Good overall agreement with correspond-
ing experimental data is obtained. We note that the spectral
position of the lowest-order resonance occurs at a slightly
higher wavelength in the calculated spectra as compared to the
experimental ones. The small differences observed between
calculated and measured transmittance spectra can be
attributed to the non-normal incidence conditions present in
the experiment, sample imperfections such as roughness and
small deviations of the geometrical structure, as well as possible
deviations of the CNM morphology from a perfectly planar
membrane caused by the weight of the nanostructures. In
order to gain further insight into the nature of the observed
transmission minima, we also calculated the local surface
currents excited in the SRRs at the three resonance
wavelengths. These results are displayed as insets in Figure
4b. As expected, the fundamental mode of the SRR
metasurface,”® which occurs at 1685 nm for x-polarized
excitation, is characterized by a circulating current along the
entire SRR loop, giving rise to a magnetic dipole moment out
of the SRR plane. The second-order mode, which appears for
y-polarized incident light at 805 nm, is an electric-dipole
dominated mode characterized by in-phase currents along the
two legs of the SRR. Finally, the third-order resonance
observed at 775 nm for x-polarized excitation is an electric
quadrupolar dominated mode with out-of-phase currents in the
SRR legs.

Bl CONCLUSION AND OUTLOOK

In conclusion, we have experimentally demonstrated a new
scheme that allows for the realization of ultrathin plasmonic
metamembranes operating at near-infrared frequencies, a
geometry not accessible by any existing fabrication method.
This is achieved by using a carbon nanomembrane (CNM) of
only about one nanometer thickness as a substrate for
fabrication of a plasmonic metasurface. As a prototypical
plasmonic metasurface structure, we have realized quasi free-
standing square arrays of gold split-ring resonators (SRRs).
Note, however, that our approach essentially offers the full
design freedom of electron-beam lithography-based ap-
proaches to realize any nonconnected or connected pattern
and is not limited to the chosen exemplary design. Trans-
mittance spectra of the fabricated free-standing metamem-
branes reveal high-quality resonances exhibiting the well-
known resonance structure of SRR metasurfaces. Numerical
calculations, which assume the SRRs to be fully free-standing,
are in good agreement with experimental data. Our
demonstrated approach offers important new opportunities
for the fabrication of previously inaccessible, complex metasur-
face and metamaterial architectures. Specifically, owing to their
ultrathin nature, the metamembranes are ideally suited for
stacking of several metasurfaces layers, thus, offering a new

route for the fabrication of multilayer*® or chiral**™**

metasurfaces or even approaching bulk metamaterials, without
the need for time-consuming and delicate multistep electron-
beam lithography procedures. As such, the metasurface
membranes are also highly compatible with the concept of
van der Waals heterostructures,*’ namely, structures consisting
of two or more two-dimensional materials like graphene or
two-dimensional transition metal dichalcogenides stacked on
top of each other. The possibility to include ultathin plasmonic
metasurfaces in such stacks of two-dimensional materials may
add layers with new and enhanced functionalities to the
toolbox. Apart from planar stacking, the metasurface
membranes also show large potential for their use in rolled-
up metamaterials,” offering lateral nanostructuring and dense
wrapping as new degrees of freedom. Finally, the metasurface
membranes may also find applications as conformal metasur-
face coatings® of complicated topographies. This way, they
could, for example, serve to decouple topographic and optical
properties of surfaces.
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Abstract

Transmission electron cryo-microscopy (cryoEM) of vitrified biological specimens is a
powerful tool for structural biology. Current preparation of vitrified biological samples
starts off with sample isolation and purification, followed by the fixation in a
freestanding layer of amorphous ice. Here, we demonstrate that ultrathin (~10 nm)
smart molecular nanosheets having specific bio-recognition sites embedded in a
biorepulsive layer covalently bound to a mechanically stable carbon nhanomembrane
allow for a much simpler isolation and structural analysis. We characterize in detail the
engineering of these nanosheets and their biorecognition properties employing
complementary methods such as X-ray photoelectron and infrared spectroscopy,
atomic force microscopy as well as surface plasmon resonance measurements. The
desired functionality of the developed nanosheets is demonstrated by in situ selection
of a His-tagged protein from a mixture and its subsequent structural analysis by

cryoEM.

Keywords: molecular nanosheets, 2D materials, electron microscopy, structural

biology, biorecognition

TOC Image

smart cryoEM -~ {20
nanosheet

3D density &

2D TEM image orientational maps

TOC Text: Ultrathin molecular nanosheets (~10 nm) having bio-recognition sites
embedded in a biorepellent layer on top of a mechanically stable carbon
nanomembrane have been developed. These smart nanosheets enable the selective
binding of suitably tagged biomolecules for their advanced structural analysis by

transmission electron cryo-microscopy.
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Biological macromolecules are essential building blocks of living cells accomplishing
fundamental functions such as energy conversion, signal transduction, and protein
synthesis. To understand the function of these macromolecules in health and disease,
it is indispensable to resolve their structure on the atomic scale. A powerful tool for
high-resolution structural analysis is electron cryo-microscopy (cryoEM), as it covers
the entire range of biological structures ranging from single molecules up to whole
cells.’3 There have been numerous successful efforts to improve instrumentation for
transmission electron microscopy (TEM), e.g., via correction of spherical and
chromatic aberration* ° or the implementation of CMOS detectors enabling data
acquisition with unprecedented signal-to-noise ratios. These improvements open the
door for automated data acquisition schemes,® which in turn provide the means to
match the demands of high-throughput structural proteomics.'® However, the most
critical factor in biological cryoEM remains the specimen itself, which is typically
embedded in a thin layer of vitreous ice on holey carbon films to avoid electron-beam
induced structure disturbances.'! Like most other methods, cryoEM of biomolecules
suffers from low protein expression rates and denaturation of labile entities during
purification, typically providing only small amounts of analyzable specimen.
Additionally, the number of observable particles becomes reduced in the vitreous ice
films, e.g., by non-specific adhesion to the carrier material (carbon film) or by the
formation of strongly curved menisci.'? The latter are typically enhanced by the
presence of detergents, which lead to thinning of the water films, pushing the specimen

to the periphery, where they hardly can be observed.

In an effort to improve TEM sample preparation, we figured out that it would be
advantageous to deposit the specimen particles onto nanosheets that are thin enough

to allow the undisturbed transmission of electrons. If these nanosheets would
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additionally be equipped with specific binding groups for the selective immobilization
of the protein of interest, a selective binding from mixtures, such as cell lysates or crude
extracts, should become possible, making the isolation and purification of the
specimen before the cryoEM obsolete. Apart from the routinely used amorphous
carbon films, very few materials have been reported as support films for TEM including
metallic glasses'® 4, graphene’®-'® and gold'®. The biocompatibility of these materials
is restricted and it is difficult to functionalize them with biorecognition sites. Graphene
oxide (obtained by oxidation of graphene sheets with strong acids), is hydrophilic and
therefore more favorable for the preparation of aqueous biological samples.?°: 2
However, the controlled chemical functionalization of graphene oxide is not trivial,??
what hinders the introduction of specific binding groups. Lipid layers?3 24 or 2D protein
crystals?® functionalized with affinity groups mounted on conventional carbon films
were also applied as supporting substrates for the selective immobilization of proteins.
A disadvantage of these materials is their sensitivity towards detergents, making them

incompatible with structural analysis of, e.g., detergent-solubilized membrane proteins.

Recently, carbon nanomembranes (CNMs) — ultrathin molecular nanosheets, which
can be obtained by cross-linking of aromatic self-assembled monolayers (SAMs) —
have been established as alternative support films for TEM.?6: 2 Based on this
approach, we have developed smart nanosheets for biological cryoEM solving the
problems related to specimen preparation outlined above. These molecular sheets (i)
are ultrathin and highly homogeneous, which minimizes inelastic scattering of
electrons, (ii) are mechanically stable as free-standing sheets during specimen
preparation and TEM analysis, (iii) can be equipped with specific biorecognition sites

for selective binding of biomolecules, and (iv) contain a bio-repellent interlayer to avoid
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unspecific binding of biomolecules. The structure of these smart molecular nanosheets

is schematically shown in Figure 1.
RESULTS AND DISCUSSION

As a platform for the fabrication of the nanosheets, we used ~1 nm thick CNMs
obtained via low energy electron-induced cross-linking of self-assembled 4'-nitro-4-
biphenylthiol (NBPT) monolayers on gold.?®-3% Upon the electron irradiation of NBPT
SAMs, the nitro groups are reduced to amino groups providing reactive sites for
subsequent chemical functionalization of the formed NH2-terminated CNM (NH2-
CNMs).2% 31 An essential prerequisite for the selective immobilization of a tagged
biomolecule onto a surface is the formation of a bio-repellent layer that suppresses
non-specific adsorption of other biomolecules present in the analyte solution. Using
surface-initiated ring-opening polymerization of glycidol,®? 33 we covalently bound
hyperbranched polyglycerol (PG) units to the amino-terminated surface of NH2-CNMs,
forming PG functionalized nanosheets (PG-CNMs). To equip these nanosheets with
specific biorecognition sites, we chose the nitrilotriacetic acid (NTA) unit, the metal
complexes of which are routinely used for the selective binding of proteins that carry
an oligo-histidine chain (His-tag).3* In the course of our investigation, it turned out to
be useful to employ binding sites with more than one NTA unit, so we decided to use
a tetrakisNTA derivative of cyclen (NTAscyclen) to form the bioselective nanosheets
(NTA-PG-CNMSs, Figure 1).3% 36 For the covalent attachment, we activated one acid
moiety of the NTA4cyclen with oxalyl chloride to form a reactive NTAa4cyclen derivative,
which then reacts with one of the hydroxyl groups of the PG-layer (see Supporting
Information (SI) for details of the synthetic procedure). The fabrication steps were

monitored by infrared reflection absorption spectroscopy (IRRAS) and X-ray
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Figure 1. Schematic representation of the structure and the functional principle of the
developed smart nanosheets for biological TEM. The functionalized nanosheets
contain an NTA4cyclen moiety as well as a bio-repellant hydrogel, which enables
selective immobilization of His-tagged biomolecules for their subsequent analysis by

cryoEM while preventing the unspecific binding of other proteins.
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photoelectron spectroscopy (XPS) accompanied by atomic force microscopy (AFM)
and surface plasmon resonance measurements (SPR). The IRRAS spectra in Figure
2 show the successful grafting of an ~8 nm PG-layer on top of the NH2-CNM (see AFM
and XPS results in S| Figure S1 and S2, respectively). This PG-thickness was found
to be sufficient to provide the optimal protein repellant properties of the nanosheet (see
below). The bands at 3200-3600 cm-! (OH-stretching mode), 2875 cm-! and 2940 cm™*
(sym/asym C-H stretching mode), as well as the band at 1140 cm™" (C-O-C stretching
mode), are characteristic for PG (black spectrum in Figure 2).3” The small, but
significant band at 1740 cm™ is characteristic for PG layers grafted at higher
temperature (~140 °C, see Sl p. S4 for details) and is typically assigned to epoxy
groups rearranged to carbonyl groups. After the coupling of the NTA4cyclen units to
the PG-layer, the intensity of this band increased (red spectrum in Figure 2), because
of the introduction of additional carboxylic acid and carboxylic ester groups.®
Moreover, a new band appeared at 1645 cm', which was caused by C=0 stretching
vibrations of amide groups further confirming the effective attachment of the NTA-

derivative.38

Figure 3 presents C 1s, N 1s, S 2p and O 1s XP spectra after the respective
functionalization steps of an NH2-CNM. The spectra of the pristine NH2-CNM shown in
Figure 3a are fully consistent with previous reports?® 3! (see Sl Table S1 for details).
After the functionalization with PG, all spectra experienced significant changes. Due to
the surface sensitivity of XPS, the formation of an ~8 nm thick PG-layer results in the
disappearance of the NH2-CNM spectral features and the respective spectra show only
O 1s and C 1s signals, Figure 3b. The XP O 1s signal at 533.4 eV is due to the
formation of C-O-C bonds and due to some minor amount of species with higher

oxidation states (see next);3 the respective C 1s signal at 286.3 eV forms ~70% of the
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Figure 2. Analysis of the engineered nanosheets by IRRAS: PG polymerization on the
NH2-CNM (black) and subsequent NTA functionalization of the PG (red). The bands at
3200-3600 cm™ (OH-stretching mode), 2950 and 2875 cm™' (sym/asym CHz-stretching
mode) as well as the band at 1140 cm™' (C-O-C-stretching mode) clearly show the
successful grafting of PG on the NH2-CNM and formation of the PG-CNM. The
appearance of the bands at 1740 cm™ (C=0Oacid) and 1650 cm™" and (C=Oamide and N-
Hamide) in the red spectrum shows the coupling of the NTA derivative to the PG-surface
and formation of the NTA-PG-CNM.
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Figure 3. XPS analysis of the subsequent functionalization steps. High-resolution XP
spectra of the O1s, N1s, C1s, S2p and Ni2p. The spectra are scaled for better visibility
as indicated. (a) Pristine NH2-CNM on Au/mica. (b) Grafting of the PG layer, PG-CNM.
(c) Grafting of the NTA4cyclen layer, NTA-PG-CNM. (d) Chelating of Ni?* to NTA-PG-
CNM. See text for discussion of the spectra and for the peak assignment and

quantitative analysis S| Table S1.
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total carbon intensity. Besides this peak also lower intensity C 1s peaks at 285.3 eV,
287.8 eV and 289.5 eV (see Sl Table S1 for quantification) are recognized, which are
assigned to aliphatic,*® carbonylic*! and carboxylic*! species, respectively. These
additional carbon species with a total intensity of ~30% result from rearrangement of
glycidol, because of the elevated temperatures during the PG-grafting (see above).
Figure 3c shows the XP spectra after the attachment of the NTA4cyclen units. As can
be detected from attenuation of the C 1s (C-O-C) signal at 286.3 eV, the thickness of
the nanosheets increases by ~1 nm to a total thickness of ~10 nm. The respective N
1s signals of the NTA groups appear in the spectrum at 400.4 eV4?> 43 and are
accompanied by a shoulder at 402.1 eV due to some protonated species (see Sl Table
S1). Because of the presence of carboxylic groups in the NTA units, an additional peak
at 289.6 eV appears in the C 1s spectrum and the full width at half maximum of the O
1s peak increases from 1.4 eV (PG layer) to 2.0 eV, whereas the total O 1s intensity
decreases due to the presence of the NTAa4cyclen layer on top of the PG layer. Note
that in the as-synthesized nanosheet samples we reproducibly found traces of Zn?*
ions (see Sl Figure S3a), the origin of which remains unclear. We believe that this
phenomenon hints on the strong chelation properties of NTA, collecting even trace
amounts of Zn?* ions from the applied solvents. These Zn?* traces were completely
removed after loading of the chelators with Ni%* (see Figure 3d and S| Figure S3b).
The quantitative evaluation of the Ni 2p and N 1s intensities reveals a stoichiometric
ratio of Ni:N = 1:2.4, which is in a very good agreement with the expected one of 1:2.7
(see Figure 1) supporting the expected binding chemistry, in which one of the NTA
groups is sacrificed for the binding of the NTA4cyclen unit, while the other three remain
fully functional. We further confirmed by XPS the functionality of the NTA chelators by
subsequent loading and unloading of Ni?*, which is presented in S| Figures S3b-d, S4.

To sum up, the detailed XPS study together with the complementary IRRAS
10
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characterization unambiguously demonstrate the successful synthesis of our

bioselective nanosheets, as schematically shown in Figure 1a.

Besides the spectroscopic characterization, we tested the general biofunctionality of
the nanosheets. To this end, SPR measurements (see Sl Figure S5) were employed
using bovine serum albumin (BSA, without His-tag to test for unspecific bioadhesion,
67 kDa) and Hiss-tagged green fluorescent protein (Hiss-GFP, as a specific analyte,
39 kDa)**. As shown in Figure 1b, after incubation of the nanosheet with Ni?*
biorecognition sites with a strong affinity towards His-tagged biomolecules together
with a biorepellent background due to the PG-functionalization are provided. From the
SPR data, we found a complete biorepulsivity of the nanosheet for the untagged BSA.
In contrast to this, the His-tagged GFP became strongly bound to the nanosheet, as

demonstrated by the flat line during the washing step with buffer (Figure S5).

Finally, we demonstrated that the NTA-PG-CNM nanosheets are indeed suitable for
the in situ selection of His-tagged proteins from heterogeneous mixtures and their
subsequent structural analysis by cryo-EM. We chose His-tagged complex | from
Yarrowia lipolytica and GroEL (without His-tag) from E. coli as the test specimens.4% 46
When a 1.16:1 mixture of tenside-stabilized complex | and GroEL was prepared in the
conventional way on a continuous amorphous carbon film, the TEM images of the
negatively stained samples showed that both proteins adsorb equally well (Figure S6).
If the same mixture was exposed to a nanosheet previously activated with Ni%*,
followed by washing, and blotting (see Sl pp. S7-S8 for details), a clear preference for
the immobilization of the His-tagged complex | particles was found in the cryoEM
images (Figure 4A). An automatic analysis using 2D class averages of complex | and
GroEL as templates (Figures 4B and 4C) found 1176 complex | particles and 41 GroEL

particles in a total of 73 images, corresponding to a more than 24-fold

11
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Figure 4. CryoEM analysis of His-tagged complex | selectively bound to NTA-PG-CNM
with ~10 nm thickness. (A) CryoEM image of a vitrified sample, which was prepared
by selective immobilization of His-tagged complex | onto the functionalized
nanosheets. For this, the Ni?*-activated NTA-PG-CNM was exposed to a 1.16:1
mixture of complex | and GroEL. The scale baris 100 nm. (B) Representative 2-D class
averages of complex I. (C) Representative class average of GroEL. (D) 3-D density

map of complex | obtained from the sample. The scale bar is 5 nm.
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enrichment of the tagged species. This analysis demonstrates that the NTA-PG-CNM
nanosheets bind His-tagged particles with a high selectivity. The enrichment together
with the very homogeneous distribution of the particles enabled structural analysis of
the respective protein. Figure 4D shows the 3D density map of complex | at 17.8 A
resolution calculated from 1786 particles. This analysis was possible, because
particles in basically all 3D orientations were present on the functionalized nanosheets
(Figure S7), which presumably is feasible due to the conformational softness of the PG
layer in the nanosheets. We also want to point out that our approach might be extended
to further biorecognition principles, e.g., the biotin-streptavidin system. It is also worth
noting that smart nanosheets could prevent proteins from denaturing at the air-water
interface. It has been shown recently, that a fraction of proteins denatures at the air-
water face of the thin water film during plunge freezing.#” Binding of tagged
biomolecules to NTA-PG-CNM nanosheets keeps them in a safe position deep under

the surface of the thin water film thus avoiding interaction with the air-water interface.

CONCLUSIONS

In conclusion, we have developed ultrathin support nanosheets for the selection of
biological specimens from mixtures for their structural analysis by cryoEM. Although
these engineered smart nanosheets have a low thickness (~10 nm), which permits an
almost undisturbed penetration of the imaging electron beam, they possess enough
mechanical stability to withstand the forces during in situ protein immobilization,
blotting, and vitrification. Their homogeneity and the conformational softness of the
biorepulsive PG layer permit an optimized lateral and orientational distribution of the
particles what is essential for automated cryoEM. As the nanosheets consist of

covalently bonded moieties, they are stable towards detergents and allow specimen

13
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preparation of detergent-solubilized membrane protein complexes. Furthermore, smart
nanosheets could prevent proteins from denaturation at the water-air interface during
plunge freezing. We expect that these smart nanosheets can also be applied in various
other fields of nanobiotechnology, e.g., in the engineering of ultrathin coatings with
biorecognition sites for sensors based on two-dimensional materials like graphene or

transition metal dichalcogenides.

MATERIALS AND METHODS

Materials and methods are described in detail in Supporting Information.

SUPPORTING INFORMATION

Full description of sample preparation and methods, additional XPS spectra,
quantitative analysis of the XPS spectra, AFM and SPR data, TEM analysis and image

processing.
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1. Synthesis of NTAscyclen

The reactions were performed under nitrogen 5.0 (= 99.999 vol. %) in dry glassware
(dried by heating under vacuum). N,N-(Bis-tert-butylcarboxymethyl)-L-glutamic acid 1-
tert-butyl-ester was synthesized according to literature.’

Synthesis of N,N’,N”,N’"-tetrakis(N,N-(bis-tert-butylcarboxymethyl)-L-glutam-5-
yl)cyclentetra-tert-butyl ester (tBu12NTA4cyclen)

A solution of N,N-(bis-tert-butylcarboxymethyl)-L-glutamic acid 1-fert-butyl-ester
(0.94 g, 2.2 mmol), N,N-diisopropylethylamine (DIPEA, ABCR GmbH, 98%, 0.8 mL,
4 mmol) and 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluoroborate
(TBTU, Carbosynth Limited, 99%, 0.751 g, 2.34 mmol) in dichloromethane (DCM,
distilled, 20 mL) was stirred for 15 minutes. Next, cyclen (Acros Organics, 99%, 89 mg,
0.52 mmol) was added and the reaction mixture stirred at room temperature overnight.
All volatiles were removed in vacuum and the residue was redissolved in DCM. The
obtained organic solution was washed three times with water. The solvent was
removed in vacuum and the crude product was purified by column chromatography
(silica gel, Merck KGaA, Geduran® Si 60, 0.063 — 0.20 mm, ethyl acetate/MeOH 4:1).
Finally, 0.88 g of a yellow oil was isolated.

MS (MALDI) m/z: [M + H]* calcd for Co2H160N8O2s, 1826.3; found 1826.9.

Synthesis of N,N’,N”,N’"-tetrakis(N,N-biscarboxymethyl)-L-glutam-5-yl)cyclen
(NTAscyclen)

To a solution of N,N’,N”,N’’-tetrakis(N,N-(bis-tert-butylcarboxymethyl)-L-glutam-5-
yl)cyclen-tetra-tert-butyl ester (1.68 g, 0.920 mmol) in 53 mL DCM, trifluoroacetic acid
(TFA, ABCR GmbH, 99%, 7.1 mL, 92 mmol) was added. The solution was then stirred
for 3 days at 40 °C. Afterwards, phenol (Riedel-de Haén, 99.5-100.5%, 0.84 g,
8.9 mmol), ethanedithiol (Acros Organics, 95%, 0.84 mL, 10 mmol), water (0.84 mL,
destilled, 47 mmol, 51 eq) and triisopropylsilane (AlzChem AG, technical grade,
0.84 mL, 4.4 mmol) were added. Then the reaction mixture was stirred for 3 h at 50 °C,
followed by evaporating all volatiles under vacuum. The residues were dissolved in
TFA and the obtained solution was filtered under vacuum. By adding diethyl ether,
white powder was precipitated from the solution. The precipitate was centrifuged off,

washed five times with diethyl ether and dried in vacuum, yielding 0.796 g of white
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powder, which was further purified by HPLC (Macherey-Nagel, EC Nucleodur 100-5
C18 ec; gradient: 0 — 15 min & 0 - 15% MeCN in MilliQ).
HRMS (MALDI) m/z: [M + H]" calcd for C44HessNgO2s, 1153.39028; found, 1153.38964

2. Fabrication of the functionalized nanosheets

Gold substrates

(i) Au-on-Si substrates for SAM deposition were prepared by electron beam
evaporation. 2.5 nm of titanium followed by 200 nm of gold were deposited onto
polished single-crystal silicon wafers.

(i) Au-on-flint glass for SPR measurement were prepared by electron beam
evaporation. 2 nm of chromium followed by 50 nm of gold were deposited onto the flint-
glass substrate (Ohara, S-TiH11, ng= 1.78472, 20x20x1 mm3).

(i) Au-on-mica substrates were purchased from Georg Albert PVD Coatings with a

300 nm thick gold layer.

CNM synthesis

4’-Nitrobiphenyl-4-thiol (NBPT) SAMs were prepared by immersing oxygen-plasma
cleaned gold substrates into a ~0.1 mM solution of NBPT (Taros, 98%, sublimated
before use) dissolved in degassed DMF (Alfa Aesar, 99.9%) for 72 h under exclusion
of light in inert atmosphere. After the substrates were taken out, they were immediately
washed with DMF followed by ethanol rinsing three times to remove the physisorbed
molecules on the surface. The samples were dried by a stream of nitrogen and stored
under argon atmosphere. The gold substrates with SAMs were put into a high vacuum
chamber (1x10-% mbar) and then exposed to an electron beam (electron gun FG15/40,
Specs) with 100 eV kinetic energy at a dose of 50 mC/cm?. The molecules on the gold
surfaces were cross-linked during the irradiation, resulting in the formation of carbon
nanosheets (NH2-CNM).2

Surface initiated ring open polymerization of PG on the NH>-CNM

For the grafting of PG onto the CNM, the NH2-CNM/Au substrate was placed ina PTFE
vial and purged with argon. Next, 5 mL of freshly distilled glycidol was added, the vial
was sealed and heated to 140 °C for 2.5 h, The reaction vial was then cooled to room
temperature. The substrate was taken out, thoroughly rinsed with water and ethanol

and dried in a stream of nitrogen.
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Functionalization of the PG-CNM layer with NTA4cyclen

For the activation of the NTA4cyclen, 1 mL of absolute DMF, 0.55 uL of freshly distilled
oxalyl chloride and 2 uL freshly distilled pyridine were added to 5 mg of NTA4cyclen
under inert conditions. The reaction mixture was stirred for 3 h at room temperature.
Then 2 mL of absolute DMF and 10 yL of N,N-diisopropylethylamine were added.
Afterward, the gold substrate with the PG-CNM was immersed in the solution overnight
under inert condition at 70 °C. After cooling to room temperature, the substrate was
collected and thoroughly rinsed with water and ethanol and finally dried in steam of

nitrogen.

Transfer of the NTA-PG-CNM nanosheets

For the transfer of the nanosheets to the TEM grids or silicon wafers, a protocol
reported in the literature was utilized.® 4 In short, a PMMA solution was first spin-coated
onto the assembly. Then the gold layer with the membranes was released from the
silicon wafer, followed by dissolution of the gold using triiodide. After that, the sandwich
consisting of PMMA and the nanosheet was transferred to the new substrate. In the

final step, PMMA was dissolved with acetone in a critical-point dryer.

3. Characterization of the functionalized nanosheets

X-ray photoelectron spectroscopy (XPS)

XPS was performed in a UHV Multiprobe system (Scienta Omicron) using a
monochromatic X-ray source (Al Ka) and an electron analyzer (Argus CU) with a
spectral resolution of 0.6 eV. The measurements were performed at a pressure < 5 x
10" mbar. The XP spectra were fitted using Voigt functions (30:70) after Shirley (C 1s)
or linear (N 1s, S 2p) background subtraction. The peak fitting of the sulfur and zinc
doublets was performed using the fixed intensity ratios due to the spin-orbit coupling
of the p photoelectrons. For the elemental ratios mentioned in the main paper the
relative sensitivity factors (RSF) of 1 for C 1s, 1.8 for N 1s, 2.9 for O 1s, 1.1 for S 2pay2,
16.7 for Ni 2ps2 and 18.9 for Zn 2ps;2 were used. The thickness of the CNMs was
calculated from the attenuation of the XP Au 4f signal in comparison to the Au 4f signal
of a clean Au reference employing the Beer-Lambert law and an attenuation length of
36 A5
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Test of the coordination reversibility of Ni2* at the NTA-modified surface

To demonstrate the reversibility of the Ni?* coordination at the NTA-PG-CNM
nanosheets, we performed tests of loading-unloading-reloading. To load Ni?* on the
NTA-PG-CNM nanosheets, the samples were immersed in an aqueous NiSO4 (Merck,
99%) solution (1.0 %) for 30 minutes, followed by rinsing in a bath of high-purity water
for three times (each time 15 minutes) to remove the physically adsorbed Ni ions. To
unload coordinated Ni?* from the NTA-PG-CNM nanosheets, the samples were first
immersed in EDTANaz2z solution (0.5 mmol/L) for 30 minutes, then rinsed with pure
water for 30 minutes. Each step of the test was monitored by XPS. As shown in Figure
S3a, after the grafting of NTAascyclen, the NTA groups demonstrate chelating of some
traces of Zn?*, no Ni®* was found on the surface. When the NTA-PG-CNM was
immersed in NiSOs solution, the Ni?* exchanged the Zn?* ions on the nanosheet and
created a strong Ni 2p doublet in the spectrum (Figure S3b). Through excessive
washing with EDTANa:2 solution, the nickel ions coordinated by the NTA group on the
nanosheet became removed (Figure S3c). The repeated immersion of the nanosheet
in NiSQO4 solution reloaded the Ni?* onto the membrane and exhibited again the Ni 2p
peaks, which were nevertheless somewhat less intense compared to the first loading
(Figure S3d). The signal intensity decreases of all elements may be attributed to the
damage of the surface functional groups during XPS measurement as well as the
loading-unloading process under ambient conditions. Note that the nitrogen peak
shifted from 400.5 eV back to 401.1 eV after reloading (Figure S3c and Figure S3d),
further confirming the reversible binding of Ni?* on the nanosheet.® Additionally, a
reference PG-CNM nanosheet sample without functionalization with the NTA group
was tested with the same procedure to show the importance of the NTA groups.
Without NTA groups the attachment of Ni?* was not possible. The results are shown in
Figure S4.

Infrared reflection absorption spectroscopy (IRRAS)

IRRA-spectra were measured on a Thermo Scientific Nicolet 6700 FT-IR spectrometer
purged with dry air and equipped with a nitrogen-cooled mercury-cadmium-telluride-
detector and a Smart SAGA set-up. The measurements were performed using p-
polarized light at an incidence angle of 80° relative to the surface normal. 256 scans

were recorded at a resolution of 4 cm! from 650 to 3500 cm' at room temperature.
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Surface plasmon resonance spectroscopy (SPR)

SPR measurements were carried out on a Multiskop instrument (Optrel, Germany)
using the Kretschmann geometry with prism coupling and employing p-polarized laser
radiation (785 nm, Thorlabs, S1FC785) for the excitation of the plasmon. The 60° prism
(Edmund Optics) and the gold-covered flint glass substrate were optically connected
using a matching fluid with a refractive index of n = 1.781. Home-made PDMS
chambers with a volume of 30 uL were used as flow cells. The solutions were pumped
through the cell using syringe pumps (Braun Perfusor Secura, Germany). An injection
valve (Rheodyne Valve 7125 Injector) was used to insert the protein solution (2 ml)

into the running buffer flow.

SPR analysis of functionalized nanosheets

The binding of the proteins to the functionalized surface was monitored using surface
plasmon resonance spectroscopy. The measurements were carried out in HEPES-
buffered saline (150 mM NaCl, 50 mM HEPES, pH adjusted to 7.6). Briefly, adsorption
was performed by first running buffer until a stable signal was observed, followed by
2 mL of a protein solution (1 mg/mL in buffer solution) or nickel solution (0.1% NiSOa4
in MilliQ) followed by purging with buffer. For all experiments, a flow rate of 12 mL h™"
was chosen.

The adsorption properties of functionalized nanosheets were analyzed by SPR (Figure
S5). After the loading of the NTA-groups with Ni%*, bovine serum albumin (BSA, 98%,
Sigma-Aldrich) and Hiss-tagged green fluorescent protein (GFP) were injected in the
flow-system to investigate their binding to the nanosheet. The exposure to BSA
resulted in no significant adsorption to the surface, indicating a complete biorepulsion.
In contrast, the Hiss-tag GFP, which was applied afterwards, bound strongly to the Ni-
NTA-units and therefore resulted in an increased intensity of the signal in the SPR
spectrum after the protein solution was purged out of the cell.

TEM analysis and image processing

Dodecyl maltoside-solubilized complex | (with His-tag) was obtained as described in

previous work,! GroEL (without His-tag) from E. coli was purchased from Sigma Aldrich.

Functionalized nanosheets mounted on holey carbon TEM grids (Quantifoil) were
incubated with 3 yl 0.1% NiSO4 solution and subsequently rinsed 3x with dist. H20.

Nanosheets were incubated with a 1.16:1 mixture of complex | and GroEL (1 mg/ml
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1
% each) in TSK buffer containing 0.025% DDM and subsequently rinsed 3x with TSK
5 buffer. Samples were blotted for 10-15 s in an FEI Vitrobot and plunged into liquid
? ethane. Cryo-EM images were recorded and processed as described previously.” For
g the control experiment, samples were negatively stained using uranyl acetate (Figure

10 S6).
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4. Quantitative analysis of the XPS data

Table S1. Quantitative analysis of the high-resolution XP spectra of the NH2-CNM and
NTA-CNM, PG-NTA-CNM and Ni-PG-NTA-CNM samples on Au presented in Figure 3
including the peak assignment, their binding energies, full width at half maximum

(FWHM) values and areas obtained from the spectra deconvolution.

Peak assignment Binding energy, eV FWHM, eV Area, %
NH2-CNM
O1s
- 532.1 2.7 100
N 1s
-NH: 399.5 2.2 100
Cis
C-C aromatic 284 .4 1.3 76
C-S/C-N 285.4 1.7 10
Satellite 286.4 1.4 7
Satellite 288.0 24 7
S 2psrz, 2p12
Thiolate 161.9, 163.1 0.6 30
Disulfide 163.2, 164.4 1.3 70
PG-CNM
O1s
C-0O/C=0 533.3 1.4 100
Cis
C-C aliphatic 285.3 1.1 23
C-O 286.8 1.1 66
C=0 287.8 1.5 8.5
0-C=0 289.5 1.1 2.5
NTA-PG-CNM
O1s
C-0/C=0/0=C-0O 533.4 2.0 100
N1s
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amide/ amine 400.4 1.3 91
protonated nitrogen 402.1 1.8 9
C1s
C-N/C-C aliphatic 285.8 1.4 27
C-O 2871 1.2 51
C=0 287.7 1.2 7
N-C=0 288.7 1.1 4
0-C=0 289.6 1.5 11
Zn 2ps2, p1i2
Zn 1023.0, 1046.1 1.7 100
Ni-NTA-PG-CNM
O1s
C-0/C=0/0-C=0 533.5 2.0 100
N1s
amide/amine 400.5 1.5 100
C1s
C-N/C-C aliphatic 285.8 1.2 26
C-O 2871 1.2 52
C=0 287.7 1.2 5
N-C=0 288.6 1.4 8
0-C=0 289.6 1.6 9
Ni 2p3/2
Ni 857.1 NA NA
Nisat 860-870 NA NA
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Figure S1. AFM images of PG-CNMs transferred onto SiO2/Si substrates. PG-CNMs
fabricated with polymerization times of (a) 2 hours and (b) 3 hours are demonstrated.
The thicknesses of the PG-CNMs were obtained by analyzing the edge profiles of the
transferred CNMs.
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Figure S2. XP Au 4f spectra of gold substrates corresponding to each functionalization
42 step presented in Figure 3. (a) Au-on-mica substrate after synthesis of pristine NH2-
44 CNM-on-Au. (b) After grafting of the PG layer, PG-CNM-on-Au. (c) After attachment of
the NTAascyclen recognition sites, NTA-PG-CNM-on-Au. (d) After chelating of Ni?*, Ni-
47 NTA-PG-CNM-on-Au.
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Figure S3. XPS analysis of the chelation and dechelation cycles. (a) As prepared NTA-
PG-CNM. (b) After loading with Ni%*. (c) After removing of the chelated Ni?* with EDTA.

(d) After reloading of Ni?* to the NTA-PG-CNM.
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Figure S4. Control experiment of the chelation and dechelation test. A PG-CNM
43 sample without NTA groups was treated with the same process as the NTA-PG-CNM
45 sample in the chelation and dechelation test. For each step, the deposition was

47 monitored by XPS (Ni 2p). No Ni signal is detected.
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Figure S5. SPR analysis of the biorecognition of NTA-PG-CNM. The nanosheets were

activated with nickel (0.1% in MilliQ) followed by a washing step with buffer. The

change in signal is within the baseline noise. When incubated with BSA (1 mg/mL in
50 mM HEPES-buffer + 150 mM NaCl), no adhesion was found after switching back

to pure buffer, demonstratring an efficient biorepulsion for non-labelled proteins. In

contrast, the Hiss-tagged GFP became strongly bound and did not become removed

even after prolonged washing with buffer.
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43 Figure S6. The TEM image of a negatively stained 1.16:1 mixture of complex | and
45 GroEL deposited onto a conventional film of amorphous carbon. As the protein
47 particles can be easily distinguished, it becomes apparent that no differentiation

occured during deposition.
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Figure S7. 3D density map of complex | from Y. lipolytica at 16 A resolution together
with the angular distribution plot for 3D reconstruction of the particles on the NTA-PG-
CNM nanosheet.
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Optically Triggered Control of the Charge Carrier Density in
#®., Chemically Functionalized Graphene Field Effect Transistors

Zian Tang,”” Antony George,” Andreas Winter,® David Kaiser,”” Christof Neumann,
Thomas Weimann,® and Andrey Turchanin*® 9

Abstract: Field effect transistors (FETs) based on 2D mate-
rials are of great interest for applications in ultrathin elec-
tronic and sensing devices. Here we demonstrate the pos-
sibility to add optical switchability to graphene FETs
(GFET) by functionalizing the graphene channel with opti-
cally switchable azobenzene molecules. The azobenzene
molecules were incorporated to the GFET channel by
building a van der Waals heterostructure with a carbon
nanomembrane (CNM), which is used as a molecular inter-
poser to attach the azobenzene molecules. Under expo-
sure with 365 nm and 455 nm light, azobenzene mole-
cules transition between cis and trans molecular confor-
mations, respectively, resulting in a switching of the mo-
lecular dipole moment. Thus, the effective electric field
acting on the GFET channel is tuned by optical stimulation
and the carrier density is modulated. D

Graphene field effect transistors (GFETs) have attracted im-
mense research attention due to their superior physical prop-
erties including high carrier mobility, ambipolar transport be-
haviour, high thermal conductivity, flexibility, transparency and
high mechanical/chemical stability” The development of
chemical vapour deposition (CVD) technique to synthesise
large area high electronic quality graphene™ accelerated the
evolution of GFETs and identified them as a promising candi-
date for ultrathin flexible electronics and sensing.”’ Controlling
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the electronic properties of GFET channel is highly desirable for
the design and realization of devices and related applications.
Charge carrier doping is an effective method to control the
electronic properties of graphene. In recent years, several ap-
proaches were developed which enable effective control of
charge carriers in GFET channels, including covalent functional-
ization of graphene with functional molecules,” substitutional
doping of other elements replacing carbon,” and noncovalent
functionalization by physisorption®® or by interaction with
self-assembled monolayers.*®”" However, these methodologies
possess certain drawbacks. The covalent functionalization of
graphene requires the generation of dangling bonds“”’ by
chemical or plasma treatment resulting in increased charge
carrier scattering leading to the decrease of conductivity and
carrier mobility.*” Substitutional doping of graphene with
other elements results in similar issues.”’ The noncovalent
functionalization is a promising way towards non-destructive
functionalization of graphene FETs, however, simple physisorp-
tion of functional molecules results in unstable doping of gra-
phene, the doping effect varies significantly due to desorp-
tion/resorption of the adsorbates at different temperatures
and humidity.”’

The functionalization of the graphene channel with respon-
sive molecules provides additional opportunities to incorporate
novel functionalities into GFETs. Such molecules can be used
to modulate charge carrier concentration in the graphene
channel."™ However, the chemically inert nature of graphene
restricts the direct covalent functionalization of graphene sur-
faces.*™™ ™ In 2014, Woszczyna et al. demonstrated an efficient
non-destructive chemical functionalization method using
atomically thin amino terminated carbon nanomembranes
(NH,-CNM)™ as a molecular ~1 nm thick interposer.™ In this
approach, a van der Waals (vdW) heterostructure is fabricated
with graphene and NH,-CNM. As the amino groups of the
CNM can be covalently functionalized, this method enables
non-destructive functionalization of graphene while its original
structural/electronic quality is preserved.™

In this contribution, we demonstrate the integration of opti-
cally active azobenzene molecules with graphene channel to
realize optically switchable GFET devices. The azobenzene mol-
ecules undergo reversible transformations between cis and
trans molecular conformations under exposure to 365 nm and
455 nm light, respectively."“'* The azobenzene molecule in its
cis-conformation has a dipole moment of ~3 D while in its
trans-conformation does not possess any dipole moment > '
By switching the azobenzene molecules between cis- (by

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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dipole moment
]

cis-azobenzene

Figure 1. Schematic illustration of the working principle of an optically switchable GFET device. The azobenzene molecules immobilized on the amino-CNM
undergo cis- and trans-transformations by exposure with 365 nm and 455 nm light, respectively. The red arrow in the magnified azobenzene molecule points

towards the direction of the molecular dipole moment.

365 nm light) and trans- (by 455 nm light) conformation, the
effective molecular field acting on the GFET channel can be
modulated, thus changing doping level of the device."%' |n
order to incorporate the graphene channel with azobenzene
molecules, we prepared a van der Walls (vdW) heterostructure
of azobenzene functionalized CNM (azo-CNM) with graphene.
This is achieved by transferring a layer of the functionalized
NH,-CNM on top of an array of GFET devices. The optically
switchable hybrid azo-GFET device in its two different confor-
mations is schematically illustrated in Figure 1. The successful
functionalization was confirmed by a detailed X-ray photoelec-
tron spectroscopy (XPS) analysis. Electric transport measure-
ments after irradiation with 365 nm and 455 nm light were
performed to understand the operational characteristics of the
optically switchable azo-GFET devices. Based on these data, we
correlate the density of the functional azobenzene groups on
the azo-GFET channel with the transport characteristics and
therewith rationalize the observed switching behaviour.

First, we describe the synthesis of azo-CNMs. To this end,
the NH,-CNMs were prepared by electron beam induced cross-
linking of 4'-nitro-1,1"-biphenyl-4-thiol (NBPT) self-assembled
monolayers (SAMs) on gold/mica substrates.>'® Subsequently,
their functionalization with azobenzene was performed using
the NHS-ester coupling reaction, as schematically shown in the
supporting information (Sl), Figure S1. The efficiency of the
functionalization was studied by XPS. Thus, based on the at-
tenuation of the substrate Au 4f signal (see Figure S2), an in-
crease of the NH,-CNM effective thickness from 1.2 nm to
1.4 nm was detected after the functionalization. In Figure 2a
the XP N 1s spectra of a NH,-CNM before and after the func-
tionalization with azobenzene are presented. In the spectrum
of a pristine NH,-CNM (top) the peak at 399.4 eV (blue) corre-
sponds to amino (-NH,) groups. After the functionalization, the
N 1s spectrum consists of two peaks showing in comparison
to the pristine NH,-CNM more than one type of nitrogen. The
peak at 399.1 eV (blue) is due to both amino and tertiary
amine!” groups; the peak at 400.3 eV (red) corresponds to ni-
trogen in the azo groups"® and in the amide™ groups con-
necting the azobenzene molecules to the CNM. Assuming the
trans-conformation for the azobenzene and analysing quantita-
tively the N 1s intensities before and after the functionaliza-
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Figure 2. High-resolution N1s (a) and C1s (b) XP spectra of NH,-CNM and
azo-CNM.

tion, we estimate that 20(+3)% of the amino groups initially
present in an NH,-CNM are functionalized with azobenzene
(see Sl for details). In Figure 2b the respective XP C 15 signals
are shown. After the functionalization, we observe an enhance-
ment of the intensity at 285.5eV (blue), which is due to
carbon connected to azo and tertiary amine groups in the azo-
benzene. The amide group that links azobenzene to the CNM
results in an increase (x~20%) of the Cls intensity at 288.1 eV
(green) corresponding to a highly oxidized carbon species.””
Note that due to an attenuation caused by the grafted azo-
benzene layer, the C 1s peaks representing the aromatic
(284.3 eV, red) and ketone (286.9 eV, orange) carbon species
became less intensive. In comparison to the pristine NH,-CNM
sample, we observe also an attenuation of the S 2p signal in
the functionalized sample, Figure S2. All these findings clearly

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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demonstrate a successful grafting of the azobenzene mole-
cules to the terminal amino groups of NH,-CNMs and there-
with the synthesis of azo-CNM:s.

Next, we describe the fabrication and characterization of
azo-CNM/GFET devices. The single layer graphene (SLG) was
grown by chemical vapour deposition (CVD) on Cu foils and
transferred onto a Si substrate with 600 nm thermally grown
SiO, layer using the non-destructive transfer method.”"” The
graphene quality was controlled by optical microscopy and
Raman spectroscopy (Figure S3). The GFET devices were fabri-
cated by defining an array of source-drain contacts (30 nm Au/
5nm Ti on the previously transferred graphene by electron
beam lithography, metallization, lift-off and etching proce-
dure.l”™ After the basic optical and electrical characterization of
the device arrays (SI, Figure S4 a-c), an azo-CNM was trans-
ferred on top of the devices. In this way, the vdW heterostruc-
ture was formed at the channel region of the GFET device as
shown schematically in Figure 1. The typical field-effect mobili-
ty of the charge carriers in the fabricated devices was
~ 2500 cm/Vs.

To investigate the electrical characteristics and to test the
optical switchability of the heterostructure devices, we have
performed a series of field-effect transport measurements with
and without optical excitation. We used two light emitting
diodes (LED) with emission wavelengths of 365 nm and
455 nm to optically excite the azobenzene molecules to cis
and trans conformation. We initially measured the pristine
GFET devices before transferring the azo-CNM to test any
effect on pristine devices within the range of illumination in-
tensities used for the switching experiments. Transfer curves of
a pristine GFET device before and after illumination with
365 nm and 455 nm wavelengths are presented in S| Fig-
ure S4a and Figure S4b, respectively. Each transfer curve was
recorded under dark condition, immediately after 15 minutes
of illumination. The results show no significant difference in
the transfer curves and confirm that the light has no noticea-
ble effect on pristine graphene devices within the range of illu-
mination intensities we used. We have also tested a GFET
device with a transferred NH,-CNM (without azobenzene func-
tionalization) on top with similar illumination conditions as
presented in SI Figures S4 d and e, which also did not show

any significant difference in the transfer characteristics after ir-
radiation.

We present in Figure 3a the typical transfer characteristics of
an azo-CNM/GFET device, immediately after irradiation with
365 or 455 nm for about 1 hour. The measurements were re-
corded in dark after the light exposure. By exposing the device
with the two different wavelengths, the charge neutrality point
(commonly known as Dirac point) of the device can be
switched reversibly. When the device is exposed with the light
of 365 nm wavelength, the Dirac point shifts to lower values of
the gate voltage, V¢, which shows a doping of the device with
negative charge carriers. When the device is exposed with the
light of 455 nm wavelength, the Dirac point shifts towards a
higher gate voltage, indicating removal of the n-doping effect
caused by the exposure of shorter wavelength light. In Fig-
ure 3b, we present the time-dependent switching behaviour
of the same azo-CNM/GFET device for two exposure cycles
with 365 nm and 455 nm. The transfer curves were recorded
every minute during exposure until the transfer characteristics
did not any longer shift significantly. Before exposure with
365 nm wavelength, the Dirac point of the device was at
131 V. After exposure to 365 nm wavelength for ~1h the
Dirac point shifted to 94V, corresponding to a doping with
negative charge carriers. When the device is exposed with
455 nm wavelength the induced n-doping was lifted and the
Dirac point of the device shifted back to 125V. The corre-
sponding transfer curves for each time dependent exposure
are presented in Figure S5. As was demonstrated earlier,”? the
photoswitching of azobenzene molecules incorporated into al-
kanethiol SAMs follows a simple exponential behaviour. There-
fore, the shift of the Dirac point was fitted with single expo-
nential functions in order to obtain the respective time con-
stants (see Figure S5e). Both trans to cis and cis to trans photo-
switching were found to be of a similar value of 10(£0.5) min.
Note that in our experiments the intensity of the 455 nm light
was a factor of 1.5 higher than the intensity of the 365 nm
light (see Experimental for details), which implies that the trans
to cis switching is more efficient than the cis to trans. These re-
sults are in a good qualitative agreement with the respective
photoswitching cross sections measured for different azoben-
zene SAMs on gold.”® Employing this finding, we used subse-
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—— after illumination with 455 nm light n
56 | 1L 365nm 455 nm 365 nm 455 nm
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Figure 3. Photoresponsive behaviour of azo-CNM/GFET devices. (a) The transfer curves of an azo-CNM/GFET after illumination for 60 min with 365 nm and
455 nm light. (b) Time dependent change of the position of Dirac point until sequential illumination with 365 nm and 455 nm light; the corresponding curves

are presented in Figure S5.
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Figure 4. (a) Transfer curves of an azo-CNM/GFET device recorded before exposure, after exposure with 365 nm light and after thermal relaxation at RT for
two days. (b) Schematic illustration of the induced electric field effect due to the conformational change of azobenzene from trans to cis.

quent 15 min irradiations with 365 nm and 455 nm to modu-
late a reversible shift of the Dirac point by ~20V in the azo-
CNM/GFETs (see Figure S6).

In the following, we analyse the observed photoswitching
behaviour considering the surface density azobenzene mole-
cules on the azo-CNM/GFET channel and the respective in-
duced electrical field in their cis conformation. In Figure 4a, we
show the transport curves of a device before and after a single
irradiation with 365 nm wavelength. The black curve repre-
sents the transfer characteristics of the pristine device. The
Dirac point of the device is at 69 V. The purple curve repre-
sents the transfer characteristics after irradiation with 365 nm
wavelength, which results is a shift of the Dirac point to 35 V.
The grey curve represents the transfer curve of the device after
thermal relaxation at room temperature (RT) for 48 hours,
which demonstrates that the device restored the original posi-
tion of the Dirac point, that is, its doping level. We estimate
from the time dependent measurements the time constant of
the thermally induced cis to trans relaxation to ~ 15 h, which is
in good qualitative agreement with an earlier study for azo-
benzene SAMs.*¥ We attribute the observed photoswitching
behaviour on the modulation of the Dirac point, that is,
doping level, of the azo-GFET devices to the variation of the
local electric field acting on the graphene channel due to the
cis and trans conformations of the azobenzene molecules trig-
gered by the light excitation. Assuming that initially all mole-
cules are in the thermally stable trans-state with a dipole
moment ., = 0 D, no effective electric field is present in
the azobenzene layer before irradiation with 365 nm light.
After the irradiation, the azobenzene molecules adopt the cis-
conformation with a dipole moment of 3 D.**! The effective
electric field induced by the molecules can be calculated then

(see Figure 4b) using the relation [Eq. (1)]:*
o Sine:umol
e= (i) "

where N and d,,,, are the surface density and length of the azo-
benzene molecules in the cis-conformation, u,,, is the dipole
moment of the molecule, 6 is the angle between the dipole
moment and the surface, which is approximately 50°*% and &,
is the relative dielectric constant within the azobenzene
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layer.” Based on the surface density of the amino groups in a

NH,-CNM and their functionalization efficiency with the azo-
benzene molecules obtained by XPS, we can estimate the sur-
face density of the azobenzene species on the channel of an
azo-CNM/GFET. The density of amino groups in a NH,-CNM is
~3.3 molecules/nm? (i.e., 3.3x10"cm )."? Considering that
only ~20% of these groups are functionalized with azoben-
zene, their surface density is then 6.6 x 10"3/ cm?. The length of
the azobenzene molecule in the cis-conformation is ~0.7 nm.
The typical relative dielectric constant of organic molecules
can be taken as ~3.2%?7) Therewith, the vertical effective elec-
tric field within the azobenzene layer is calculated to be 272
MVm™'. With the azobenzene thickness in its cis-conformation
of 0.7 nm, the effective gate voltage applied to the NH,-CNM,
acting as a gate dielectric for the graphene channel, is 0.19 V.
Figure 4b schematically illustrates this consideration. Thus, the
variation of the charge carrier concentration induced by the
presence of the molecular dipoles can be calculated using
Equation (2):

CCNMA Vcis—>trans
Ancisatrans = e (2)

where Cqyy, is the capacitance of NH,-CNM, AV, ans IS the var-
iation in the top gate voltage caused by the molecular dipoles
and e is the charge of an electron. The capacitance of NH,-
CNM is calculated as 2.6 x 1072 Fm~2 using Equation (3):

Com = €o€cum/dcwm (3)

where the dielectric constant eqy,=3.5%" and dqy=1.2 nm.
Thus the charge carrier concentration induced by the molecu-
lar field can be estimated to 3.11x10"cm™2. From our trans-
port measurements, we have estimated the variation in charge
carrier concentration using Equation (4):

Csio, (AVDirac ) (4)
e

An =

where Cs, is the capacitance of the silicon oxide layer of
thickness 600 nm, which is calculated as 5.75x10™° Fm™ and
AV piqc is the shift in Dirac point, which is on average 35 V. The
estimated change in charge carrier concentration from the
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transport measurement is 1.26 x 10">cm 2 This result demon-
strates a very fair correspondence between the estimation and
the experimentally observed changes in the charge carrier con-
centration between due to the trans—cis conformational
change in the azobenzene.

In this work, we presented a route towards optically trig-
gered control of the charge carrier density in GFET devices by
functionalizing them via the van der Waals assembly of ~1 nm
thick molecular nanosheets—azo-CNMs. The density of azo-
benzene functional groups in these molecular nanosheets was
obtained from XPS analysis enabling us to study the photores-
ponse of the devices quantitatively. By illuminating azo-CNM/
GFET devices with 365 nm light, the azobenzene molecules un-
dergo a change from trans to cis conformation, which induces
a positive voltage at the device gate resulting in a respective
shift of the Dirac point towards lower voltages, that is, its ef-
fective n-doping. The application of the 455 nm light induces a
reversible change of the device transport characteristics. The
observed modification of the charge carrier concentration in
the graphene channel corresponds well with a simple model,
considering the surface density of azobenzene molecules in an
azo-CNM and a respective induced electrical field due to the
trans—cis transformation. Therewith, a new methodology to-
wards chemical functionalization of graphene FETs with light
responsive molecules is presented, which in perspective also
can be adapted to other electronic two-dimensional materials
like, e.g., transition metal dichalcogenides.

Experimental Section
Synthesis of NH,-CNMs

NH,-CNMs were synthesised by electron-beam-induced crosslinking
of 4'-nitro-1,1-biphenyl-4-thiol (NBPT, Taros 99%, sublimated
before use) self-assembled monolayers (SAMs) on gold. To form
the SAMs, we used 300 nm thermally evaporated Au on mica sub-
strates (Georg Albert PVD-Coatings). The substrates were cleaned
in an oxygen plasma for 30 seconds, rinsed with ethanol (VWR,
HPLC grade) and dried in a stream of nitrogen. The substrates
were then immersed in a ~0.1 mmol solution of NBPT in dry, de-
gassed N,N-dimethylformamide (DMF, Alfa Aeser 99.9%) for 72 h in
a sealed flask under nitrogen. After the formation of the SAM, the
samples were rinsed with DMF and ethanol several times and
blown dry in a nitrogen stream. Finally, the samples were irradiated
using a low-energy electron gun (FG15/40, Specs) with an energy
of 100 eV and an electron dose of 50 mCcm 2 under high vacuum
conditions (1x 1078 mbar). This converts the SAM into a CNM by
an established electron beam induced crosslinking process.”

Functionalization of NH,-CNM with azobenzene molecules

Triethylamine (TEA, Sigma Aldrich 99.5%) was used as a de-proto-
nating agent for amino groups. 4-[4-(Dimethylamino)phenylazo]-
benzoic acid N-succinimidyl ester (azobenzene-NHS, Sigma Aldrich
98%) was used as an azobenzene derivative to functionalize the
NH,-CNMs. The NH,-CNM on an Au substrate is rinsed with ethanol
and then blown dry under a stream of nitrogen. Afterwards it is
placed in a clean test tube along with 2 mL DMF, 10 uL TEA and
~0.1 mg azobenzene-NHS. The solution was then shaken for 5 mi-
nutes and put into the dark for 72 h at room temperature.
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X-ray photoelectron spectroscopy

XPS was carried out in a Multiprobe UHV system (Scienta Omicron)
using a monochromatic X-ray source (Al K,, 1486.7 eV) and an elec-
tron analyser (Argus CU) with a resolution of 0.6 eV. The XP spectra
were fitted using Voigt functions (30:70) after Shirley (C1s) or linear
(N1s, S2p) background subtraction. The thickness of the CNMs was
calculated from the attenuation of the XP Au4f signal in compari-
son to the Au4f signal of a clean Au reference employing the
Beer-Lambert law and the attenuation length of 36 A.B%

Raman spectroscopy

The Raman spectra were acquired using a Bruker Senterra spec-
trometer operated in backscattering mode. Measurements at
532 nm were obtained with a frequency-doubled Nd:YAG Laser, a
50x objective and a thermoelectrically cooled CCD detector. The
spectral resolution of the system is 2-3 cm™'. For all spectra, the Si
peak at 520.7 cm™" was used for peak shift calibration of the instru-
ment.

Fabrication steps of GFET devices

Single-layer graphene is grown by chemical vapor deposition
(CVD) on Cu foils following the protocol of Li et al.? The fabricat-
ed graphene was delaminated from the Cu foil with the electro-
chemical method then transferred to highly doped silicon wafers
with 600 nm dry thermal oxide. Then, Ti (2 nm)/Au (100 nm) metal
contacts of two-terminal were defined using standard e-beam lith-
ography and lift-off process.

Irradiation of GFET, NH,-CNM/GFET and azo-CNM/GFET devi-
ces with light

The light-emitting diodes (THORLABS) with dominant wavelengths
of 365 nm (M365L2) and 455 nm (M455L3) were used in this study.
For irradiation of the FET devices their irradiation intensities were
adjusted to ~6 mWcm ? for 365 nm LED and ~9 mWcm 2 for
455 nm LED.

Electrical characterization

The electrical characterization was carried out with Keithley 2614B/
2634B Source Measure Units. One SMU was used to change the
voltage of the gate with respect to the source/drain in the range
between —80 and 150V for the back-gated devices in vacuum.
The other SMU was used to apply the Source-Drain Voltage of
10 mV. A lakeshore vacuum needle probe station TTPX was used
to measure the devices in vacuum with back gate.
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