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The high-energy fine electron probe attainable in a transmission electron microscope (operated in TEM
or STEM mode) could be thought of as an exquisite subtractive fabrication tool in terms of size (< 1 nm)
and spatial resolution (< 1 nm). For devices that require drilling, cutting, stamping or molding at this
level, and whose functionality truly stems from their nanoscale dimensions, the in-situ/operando S/TEM
approach offers a top-notch platform where the physical properties (e.g., conductivity) of a material can
be correlated with its structure and chemistry—with atomic resolution with the best conditions. The
range of electron energies (~ 80-300 KeV) and the probe current density (~ 10° A m™) attainable in a
standard S/TEM equipped with a field emission gun are especially well suited to modify 2D materials.
In this context, we discuss two examples in which graphene nanoribbon (GNR)-based devices were
fabricated and modified with the electron probe while simultaneously electrically biased for electrical
characterization.

Experiments were carried out in a FEI Titan (aberration-corrected objective lens) or a JEOL 2010F.
GNR-based devices were prepared with standard lithographic techniques [1,2] and mounted in sample
holders containing electrical feedthroughs. For the latter we used either a home-made sample holder or
commercially available sample holders from Protochips Inc. or Hummingbird Scientific.

In the first example, we describe how to fabricate GNR-nanopore devices, which are promising
candidates for next-generation DNA sequencing [1]. Such devices normally comprise a nanopore with a
diameter of 2-10 nm formed with the electron probe at the edge or in the center of a 100-nm-wide GNR
on a 50-nm-thick silicon nitride membrane. We discuss the changes on GNR conductance when such
devices are irradiated with 200 keV electrons and the differences between irradiating with a
homogenous (TEM mode) versus a scanned converged beam (STEM mode). By minimizing the average
electron dose in STEM mode delivered to GNR to ~ 10° C m'z, we were able to minimize electron
irradiation-induced damage and make nanopores in highly conducting GNR. The resulting devices, with
unchanged resistances after nanopore formation, were tested outside the TEM column. They sustain
micro ampere currents at low voltages (~ 50 mV) in buffered electrolyte solution and exhibit high
sensitivity, with a large relative change of resistance upon changes of gate voltage, similar to pristine
GNR without nanopores (Figure 1).

In the second example, we describe how to use the electron probe to sputter carbon atoms from
predefined areas in electrically-connected free-standing graphene sheets to obtain GNR with widths < 10
nm [2]. We show cuts in graphene extending hundreds of nanometers with widths of a few nanometers,
as well as different cut shapes (e.g., lines, sharp corners and circles). This approach allows us to
correlate the lattice and edge structure of sub-10-nm wide GNR with their electrical properties (Figure
2).
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We believe these graphene-based examples illustrate the possibility to use the electron probe of a
S/TEM to fabricate and modify 2D-materials-based devices with nanometer functional features and the
advantages of performing in-situ S/TEM electrical measurements. Finally, we discuss some of the
challenges (e.g., limiting leakage currents) involved in these types of experiments where chips fabricated
with standard lithographic techniques are coupled to sample holders with electrical contacts and discuss
different chip configurations suitable for the in-situ S/TEM electrical analysis of 2D materials.
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Figure 1. From left to right: scheme of GNR-nanopore device for DNA sequencing, optical image of
TEM-compatible chip with 4 GNR-nanopore devices, SEM image of a GNR without a nanopore, and
STEM image of a GNR-nanopore device.
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Figure 2. From left to right: SEM image of a GNR with electrical contacts, HAADF STEM image
showing a straight cut made in STEM mode, HRTEM of a GNR, and GNR resistance as a function of
width from data extracted from in-situ S/TEM experiments.
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