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Support-Based Transfer and Contacting of Individual
Nanomaterials for In Situ Nanoscale Investigations

Simon Hettler,* Mohammad Furgan, and Raul Arenal*

Although in situ transmission electron microscopy (TEM) of nanomaterials
has been gaining importance in recent years, difficulties in sample
preparation have limited the number of studies on electrical properties. Here,
a support-based preparation method of individual 1D and 2D materials is
presented, which yields a reproducible sample transfer for electrical
investigation by in situ TEM. A mechanically rigid support grid facilitates the
transfer and contacting to in situ chips by focused ion beam with minimum
damage and contamination. The transfer quality is assessed by exemplary
specimens of different nanomaterials, including a monolayer of WS,. Possible

achieve an improvement of their synthe-
sis and to yield a successful application.
With respect to electrical properties of
1D nanomaterials, great effort has been
invested in the characterization of nu-
merous individual nanotubes (NTs) with
the help of scanning electron microscopy
(SEM) and electron-beam lithography
(EBL), e.g., of carbon NTs!*?! but also of
related structures.*-®) This approach al-
lows the analysis of electrical properties
of individual nanomaterials, but the ex-

studies concern the interplay between structural properties and electrical
characteristics on the individual nanomaterial level as well as failure analysis
under electrical current or studies of electromigration, Joule heating, and
related effects. The TEM measurements can be enriched by additional
correlative microscopy and spectroscopy carried out on the identical object
with techniques that allow a characterization with a spatial resolution in the
range of a few microns. Although developed for in situ TEM, the present
transfer method is also applicable to transferring nanomaterials to similar
chips for performing further studies or even for using them in potential

electrical /optoelectronic/sensing devices.

1. Introduction

The detailed study of structure, composition and properties
of nanomaterials is crucial for an in-depth understanding, to
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act structure and composition of that par-
ticular nanomaterial, including defects or
dopants down to the atomic level, is typ-
ically not acquired. Thus, such studies
only give ensemble values for the, e.g.,
conductivity and lack the determination
of the structure—property relation at the
individual nanomaterial level.
Transmission electron microscopy
(TEM) and related spectroscopic tech-
niques are frequently used to study the
chemical composition and the structure
of individual nanomaterials even at
atomic resolution. In recent years, in situ or operando TEM
studies have been gaining importance to investigate nanoma-
terials under application-relevant conditions and to trace and
understand their evolution under external stimuli. In compar-
ison to in situ heating studies or experiments in gas or liquid
environments, any electrical measurement requires an addi-
tional, controlled contacting of the sample. Therefore, careful
preparation and contacting has been necessary for in situ biasing
studies.l”13] The preparation is mostly performed with the help
of the focused ion beam (FIB) techniquel”#*!*l or by sample
preparation directly on the in situ TEM chip.>121>717] Most
of these studies are based on bulk materials, where the final
thinning step of the sample can be performed on the chip and
after contacting, allowing to clean previously deposited Pt-based
contamination.[”131819] In contrast, the inevitable damage and
contamination of the specimen when trying to use a FIB to
directly transfer and contact, e.g., an individual NT, has limited
the number of studies, where individual nanomaterials have
been transferred and used as specimen for in situ TEM electrical
characterization.”*?!] Some electrical in situ studies have been
conducted with the help of a scanning tunneling microscopy
tip (Nanofactory™ TEM holder),[222*] but the approach has
strong requirements for sample geometry, lacks reproducibility
and electrical contacting is challenging. Similar to SEM-based
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Figure 1. Sketch of the transfer process, which starts with a) a holey SiN, TEM grid coated from the front side with 10 nm of, e.g., amorphous carbon
(step 1). b) The nanomaterial is subsequently deposited on the back side by, e.g., drop-casting (step 2). c) One or several suitable nanomaterials are
selected in a TEM analysis of the sample (steps 3+4). d) The membrane containing the selected nanomaterial is cut by FIB at a sample tilt of 52°,
leaving a bridge to the surrounding membrane (steps 4+5). €) The nanomaterial sustained by the membrane is lifted out using a micro needle and
FIBID followed by FIB cutting of the remaining bridge (steps 6+7). f) A hole is milled between the contacts of an in situ chip (step 8). g) The membrane
+ nanomaterial is put in contact with the chips’ contact pads with the micro needle and a FIBID process (steps 9-11). h) The SiN, membrane in the
hole area is removed by FIB, leaving the nanomaterial as only connection between the pads of the chip (step 12).

studies, EBL can be used to contact nanomaterials dispersed
on a thin, electron-transparent membrane for in situ electrical
TEM.!'215Y7] However, in the drop-casting process, material can
pile up on the contacts of the in situ chip and furthermore,
the specimen should be suspended in vacuum for optimum
TEM conditions. A FIB-based sample preparation of individual
nanoparticles suspended on a thin film has been suggested for
conventional TEM and electron tomography analysis.2]

In this paper, we present a support-based method that allows
the preparation of a previously studied 1D or 2D nanomaterial for
in situ electrical TEM studies with minimum contamination and
damage. The method allows to screen a conventional TEM sam-
ple for a suitable or desired individual 1D or 2D material and sub-
sequently transfer it in a FIB-assisted process to an in situ chip.
The transfer requires the mechanical stability of a silicon nitride
based TEM grid, which also strongly facilitates the contacting of
the material to the contact pads. Moreover, this approach allows
correlative microscopy, e.g., Raman measurements before and af-
ter the in situ TEM experiment. The transfer method has been
developed for in situ TEM but can be used to transfer nanomate-
rials to chips with similar design. In this manuscript, a general
guideline of the preparation method is explained in detail and the
transfer quality is evaluated for different samples.

2. Support-Based Nanomaterial Transfer

2.1. Process Description

The key element of the transfer process is the use of a holey
TEM grid made of a mechanically rigid silicon nitride (SiN,)
membrane. After a metal coating of the grid, the nanomaterial
is deposited on the grid which allows a pre-screening by TEM
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to select a specific individual nanomaterial. The transfer itself
is conducted in a dual-beam instrument SEM/FIB with micro
needle and a gas-injection system (GIS) facilitating focused ion
beam induced deposition (FIBID). The following list gives a
point-by-point description of the transfer process sketched in
Figure 1, FIB conditions are discussed in the following section.
Figure 1a,b introduces the denomination of important elements
of the processes: With the term “grid” we refer to the whole TEM
grid with 3 mm diameter including the Si frame, while “mem-
brane” denotes only the thin, 200 nm thick SiN, membrane in
the center of the grid.

Figure 2 shows six SEM or FIB images covering the FIB part
of the process for an example transfer using a graphene oxide
(GO) sample.?®] In the drop-casting process of the GO, individ-
ual flakes form a continuous film on the TEM grid. In the fol-
lowing, “flake” refers to an individual single-crystalline sheet and
“film” describes a continuous sheet irrespective of its crystalline
structure. Figure S1 (Supporting Information) shows a second
exemplary transfer of a NT and flake made of the misfit-layered
compound (MLC) LaS-TaS,.[2728]

Description of transfer procedure:

1) Thin (10-20 nm) metal coating of the holey TEM grid from
the front side, e.g., with carbon or molybdenum (Figure 1a).
The coating is required to minimize charging of the SiN, in
both TEM and SEM/FIB. Additionally, it facilitates a rapid
FIBID process on the coated surface.

2) Conventional TEM sample preparation (e.g., drop casting)
on the back side of the coated grid (Figure 1b). For the exam-
ple in Figure 2, GO was deposited on the back side of a SiN,
grid, previously coated on the top side with Mo. The reason
for the preferable front-side coating and back-side deposition
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Figure 2. SEM/FIB documentation of exemplary sample preparation. a) SEM image of a GO film suspended on the lower side of the SiN, membrane of
a carbon-coated holey TEM grid. Inset shows a TEM image (image width 3 pm) of sample position marked by a white circle (step 3). b) SEM image of
the sample after cutting the membrane with remaining bridge and landing zone (step 5). c) Image composed of two subsequent scans showing micro
needle holding membrane and nanomaterial after contacting and cutting free (step 7). d) SEM image of in situ chip with hole milled between contacts
(step 8). €) FIB image of membrane and nanomaterial contacted to the in situ chip with the needle retracted (step 11). f) SEM image after milling of the
membrane in the hole area of the chip with nanomaterial forming the only bridge between contacts. Inset shows a TEM image (image width 3 um) after
transfer (step 12). Scale bars are a,b) 10 um, ¢,d,f) 5 um, e) 20 um.
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is due to a geometrical constraint discussed below. A ligand-
cleaning step in an activated carbon + ethyl alcohol bath can
be performed at this stage.[?]

A TEM analysis of the sample, including electron spec-
troscopic techniques (energy-dispersive X-ray spectroscopy
(EDX) and electron energy-loss spectroscopy (EELS)) allows
the selection of a nanomaterial with desired characteristics
(Figure 1c and inset in Figure 2a). The acquisition of a low-
magnification image allows to mark the location of the nano-
material to facilitate finding its position in SEM or additional
correlative microscopy techniques that can be performed on
the individual nanomaterial basis before the specimen trans-
fer.

Mounting the TEM grid in the dual-beam instrument with
the coated front side pointing upwards (Figures 1d and 2a).
As the nanomaterial is located on the bottom side of the
membrane, the insulating SiN, layer between nanomaterial
and contact pad is avoided after transfer to the chip, crucial
for homogeneous electrical contact of 2D materials as dis-
cussed below. Identification of the hole with selected nano-
material in SEM (Figure 2a).

Cut of SiN, membrane around the hole containing the nano-
material by FIB (stage tilted to 52°) leaving one remaining
bridge and preparation of “landing zone” for take-out nee-
dle (Figures 1d and 2b). Although the SiN, is “low-stress,” it
can crack upon milling. When milling inside the holey area,
these cracks remain local and do not affect the overall stabil-
ity of the membrane. However, when milling between two
holes at the edge of the hole array, the risk is high that the
whole membrane breaks. Therefore, the outer holes of the
array should be avoided.

0)

7)

8)

10)

11)
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Contacting take-out needle to landing zone by FIBID of Pt/C
with stage tilted to 0° (Figure 1e).

After a waiting time to allow for desorption of adsorbed pre-
cursor molecules from the nanomaterial (we first waited un-
til vacuum was better than 2 10° mbar and then waited an
additional 10 min), the remaining bridge is cut open by FIB
and the needle with attached SiN, membrane carrying the
selected nanomaterial is retracted (Figures le and 2c).
Milling of a hole between the contacts of an in situ chip with
dimensions according to the selected nanomaterial and ho-
ley SiN, membrane, typically with a width between 1 and
4 um and a length of more than 10 pm (Figures 1f and 2d).
This step is performed with the stage tilted to 52° and with
the FIB operating at 30 kV and a current of 0.79 nA, which
is decreased to 80 pA for final polishing of the edges of the
hole.

Transfer of the sample to the in situ chip: Careful ap-
proach of membrane and nanomaterial to the metal contacts
(Figure 1g). Due to electrostatic charging, the SiN, mem-
brane attaches easily to the metal contact pads.

Contacting of nanomaterial to metal contacts by Pt-FIBID
(Figure 1g). This deposition ensures both mechanical fixa-
tion and electrical contacting. As discussed below, this is a
crucial aspect as the quality of the contacts is critical for me-
chanical fixation and for performing reliable electrical mea-
surements, but, on the other hand, extensive FIBID inflicts
contamination to the nanomaterial. Thus, a careful balance
should be sought when dealing with those aspects that com-
promise the quality of the sample and the contacts.

Waiting for desorption of adsorbed precursor molecules
from the nanomaterial (similar to step 7), followed by
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disconnection of landing zone with attached micro needle
from rest of SiN, membrane by FIB milling and retraction
of micro needle (Figure 2e).

12) Removal of SiN, in the hole area of the in situ chip by FIB
milling (stage tilted to 52°) in order that the nanomaterial
is the only connection between the contact pads (Figures 1h
and 2f).

After this last step, an in situ TEM experiment and possible
correlative microscopy/spectroscopy measurements can be con-
ducted.

The list describes the process with the nanomaterial deposited
on the back side and metal coating of the front side. This orienta-
tion is preferable due to the following reason: To guarantee a good
electrical contact on the final device, the nanomaterial should be
in direct contact with the pads of the in situ chip to avoid the insu-
lating barrier of the SiN, membrane. This could also be achieved
in an inverted setup with a back-side coating, a front-side depo-
sition of the nanomaterial and mounting the TEM grid upside
down in the dual-beam instrument. However, the membrane is
then located 200 pm (thickness of the Si frame of the grid) be-
low the grid surface. This causes a potential crash with the GIS
needle, which typically has a smaller distance to the surface and,
additionally, the FIB view is limited due to the inclined incidence
of the beam. Nevertheless, the upside-down configuration is in
general possible and could be used for nanomaterials, which are
difficult to prepare on the back side of the TEM grid.

Regarding the electrical contacting of the nanomaterial, differ-
ences exist between 1D and 2D materials. For 2D materials, it is
imperative to have a direct, planar connection to the contact pad
of the in situ chip. In this case, FIBID is required only at a few
points to mechanically fix the membrane on the grid as electrical
contact is generated by direct contact. In contrast, if the insulating
SiN, is located between the 2D material and the pad, many FIBID
deposits are required at the edge of the membrane to bridge the
insulating barrier and to guarantee a homogeneous contact and
current feed. As FIBID is the major source of contamination, it
would have a negative impact on the sample quality. On the other
hand, for 1D materials, the location of the membrane with re-
spect to pad and nanomaterial is not as critical, as a good contact
between pad and 1D material is already achieved by two FIBID
deposits fixing and connecting the respective ends to the pad of
the in situ chip (see Figures 4 and 7 and Figure S1, Supporting In-
formation). It is noted that 1D nanomaterials can end up on both
top and bottom side of the membrane in a drop-casting process.

2.2. Minimization of Damage and Contamination

For the best transfer, damage and contamination of the individual
nanomaterial have to be avoided. The main source of damage is a
direct impact of heavy Ga* ions on the nanomaterial. Therefore,
imaging of the sample area with primary Ga* ions has to be com-
pletely avoided in the transfer process by imaging only areas out-
side of the actual sample position using small scanning windows
(see Figure S1b, Supporting Information). To minimize damage
by secondary ions created during milling or imaging of surround-
ing areas, FIB voltage and current should be chosen accordingly.
The minimum values for both should be chosen, where sufficient
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imaging and milling quality is obtained. For the pre-cutting of the
membrane (step 5), 16 kV yielded best results, as milling quality
decreases and Ga implantation increases when lowering the volt-
age even further. Thus, in most example transfers, we used 16 kV
as well for the other steps, except for the hole milling between the
contacts of the in situ chip (step 8), which was performed at 30 kV
and currents of 0.79 nA for initial opening and 80 pA for polish-
ing of the edges. As discussed below, the voltage was reduced to
5 kV for FIBID and subsequent milling processes (steps 6 and 7,
and 10 and 11) for WS, monolayer samples to minimize contam-
ination. Ion beam currents were 23 pA for step 5 and 11 pA for
the remaining FIB applications in the example tranfer of the GO
sample (Figure 2).

In the case of 2D materials, such as the GO sample, which
are suspended over the entire hole of the SiN, membrane, di-
rect impact of the Ga* ions is inevitable in step 12 (removal of
the membrane in the central part to leave the nanomaterial as
the only connection between the contacts). This impact is lim-
ited to the edges of the sample and can cause damage as well as
Ga implantation, as shown and discussed in section 3. In case of
a 1D material, this source of damage and contamination can be
completely avoided if the distance between the hole edge and the
nanomaterial is sufficiently large.

Contamination arises from the deposition of Pt-based precur-
sor gases adsorbed on the nanomaterial induced by secondary
electrons and ions. Secondary electrons are generated both by
primary electrons and ions, so imaging with both beams in ar-
eas around the nanomaterial position has to be kept at a mini-
mum during and after a FIBID process. Imaging with the elec-
tron beam was mainly performed at 5 keV and 100 pA but the
electron energy was increased to 16 keV for imaging the in situ
chip after the transfer to avoid excessive charging of its support-
ing membrane. This charging can be reduced by a carbon coating
of the back side of the in situ chip, but not completely avoided due
to the large thickness of the employed membrane of 1 um.

In some experiments, focused electron beam induced depo-
sition (FEBID) using 5 keV and 1.7 nA has been tried. However,
FIBID has provided a higher success rate for contacting the micro
needle to the SiN, membrane at minimum dose, as the ion beam
incident angle (stage at 0°) allows to directly irradiate the area be-
tween needle and membrane. The tip of the needle was thinned
down to less than a micrometer and we used a FIBID deposition
window with a size of 0.8 0.8 um? for a current of 11 pA. For a fast
and effective contacting of the micro needle to the membrane, a
conductive coating of the membrane surface has proven to be
helpful, requiring the metal coating in step 1. A possible reason
could be that the adhesion of the precursor gas molecules on the
uncoated insulating SiN, is low.

As the precursor gases remain adsorbed on the sample for a
prolonged time, even after closing the valve, imaging or milling
has to be avoided for some time after the FIBID process. The
factor that limits the waiting time is mechanical drift of the
lift-out needle. A large drift and resulting mechanical pressure
on the substrate may lead to a rupture of the membrane. To min-
imize this drift, the micro needle should be driven with a small
final speed (<1 pms™) and let come to a rest for a few minutes
close to the landing zone before contacting. In the conducted
experiments, we first waited for the vacuum to decrease below 2
10"° mbar and then waited an additional 10 min.
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Another possible source of contamination is redeposition,
which is caused during FIB milling when the material that is
milled away adsorbs on areas close by. In the cutting step of
the SiN, membrane, before take out, the milling areas are lo-
cated at a rather large distance of a few microns to the actual
sample area. In step 12, when milling away the membrane on
the in situ chip, cleaning cross sections with a direction towards
the sample are employed. In the performed experiments, ef-
fects derived from redeposition could not be detected (see also
section 3).

2.3. Studied Alternative Approaches

Several alternative approaches were studied in this work. Ini-
tial tries to transfer nanomaterials by direct contacting to the
micro needle were not satisfactory due to stronger inevitable
contamination during the FIBID/FEBID contacting processes.
In addition to the SiN, support, holey TEM grids made of thick
amorphous carbon and gold were tested. However, both films
do not possess the mechanical stability necessary to completely
avoid bending of the films during the transfer, except for cases
where the nanomaterial itself exhibits sufficient mechanical
stiffness. Moreover, these films usually do not attach easily on
the second contact pad located away from the micro needle. For
these reasons, these approaches have been discarded but remain
as tentative alternatives.

3. Evaluation of Transferred Samples

During the development and refinement of the transfer proce-
dure, various samples have been transferred. In this section we
first discuss a reference sample, i.e., a transfer of a SiN, mem-
brane without nanomaterial. The transfer quality is then assessed
for a 1D nanomaterial followed by the GO sample presented in
Figure 2 and a monolayer of WS,. Finally, electrical measure-
ments are presented and discussed.

3.1. Reference Sample Preparation

To study the impact of the sample preparation process and to
establish a baseline for electrical measurements, we prepared
a reference chip using a carbon-coated SiN, membrane only,
i.e., without any nanomaterial. Figure 3 shows SEM images
(a—d), electrical measurements (e-g) as well as (S)TEM and EDX
analysis (h—j) of the chip at different stages of the process. In the
preparation of this reference sample, step 10 (contacting of mem-
brane to chip contacts by FIBID) and step 11 (removal of needle)
were switched to check if the attractive forces between the mem-
brane and the contact pads are strong enough for the membrane
to stay in contact even without prior fixation by FIBID. Figure 3c
shows that this is indeed the case as the membrane remains in
its previous position even after retraction of the micro needle.
The FIBID deposition to contact the nanomaterial and mem-
brane with the pads (Figure 3d) is however necessary to ensure
a mechanical fixation before venting the SEM-FIB instrument
and is also required to guarantee a good electrical contact.
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The -V curves displayed in Figure 3e were acquired at four
stages of the preparation process: i) of the raw chip (solid line), ii)
after milling the hole between the contacts (dashed line), iii) after
transferring the membrane (dotted line), and iv) after milling
away the SiN, membrane (blue dashed line). When comparing
the curves before and after milling of the hole between the
contacts, an increase in current is observed, which amounts to
almost one order of magnitude for chip 1 and is smaller for a
second reference chip 2 (orange lines). This increase in current
and related decrease in resistance (Figure 3g), is related to Ga
incorporation in the SiN, membrane. The noisy I-V curve of
the untreated chip contains a non-linear component (Figure 3f),
which is expected for insulating SiN,. The curve is linear after
milling of the hole induced by the Ga implantation at the edge
of the hole. A straightforward way to reduce the contribution
of the chip to the measured resistance is to mill a longer hole,
which increases the length of the current path and thus reduces
its contribution to the conductivity.

A jump in current of over two orders of magnitude occurs
when the C-coated SiN, membrane is transferred to the chip
(Figure 3e) and the resistance decreases from ~80 MOhm to
400 kOhm (Figure 3g). This shows that one can assume that only
a negligible amount of the applied current will pass through the
chip once a material with metallic or semiconducting behavior
and a resistance below 1 MOhm is placed on the chip. The I-V
curve acquired after removal of the SiN, membrane (light blue
dashed line Figure 3e) is identical to the one acquired before
the transfer, indicating that redeposition on the border of the
hole is negligible and is not affecting the electrical properties of
the chip.

The (S)TEM images and EDX analysis (Figure 3h—j) show that
contamination is strongly minimized via this preparation pro-
cess. While the presence of Pt is clearly observed directly at the
membrane edge located close to the area where the needle was
contacted from the bright edge in Figure 3i and the blue spectrum
in Figure 3j, a minimum amount of Pt contamination is seen in
the center (yellow spectrum in Figure 3j) and at the opposite edge
(red spectrum). Ga is found on both edges and the central area
in a low amount, implanted during the cutting processes of the
membrane (Steps 5 and 12).

3.2. 1D Materials

As an example for a 1D nanomaterial, we discuss the LaS-Tas$,
NT and flake sample, whose transfer is described in Figure S1
(Supporting Information). Figure 4a—d shows a first evaluation
of the transfer after step 11, prior to the removal of the SiN, in
the hole area. In the TEM images taken at lower magnification
(Figure 4a), no change induced by the transfer process is observ-
able. In the lower image of Figure 4a, the edges of the hole in the
in situ chip are visible at the top and bottom of the TEM image.
In Figure 4b, the fine structures of the rich selected-area electron
diffraction (SAED) pattern acquired of the MLC flake as marked
in (a) are preserved after the transfer.

When looking at the right border of the transferred NT, a thin
(less than 5 nm) amorphous deposit, which was not present be-
fore the transfer process, can be observed (marked in the lower
image of Figure 4c). This amorphous contamination is attributed
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Figure 3. Study of reference sample preparation. SEM images of the contact pads of the reference chip (a) after milling the rectangular hole (step 8),
b) with the membrane in contact with the pads and micro needle still attached (step 9), c) after cutting and removal of the micro needle (step 11), d)
after fixation of the membrane by FIBID and opening the membrane by FIB (step 12). e) |-V characterization of the reference chip (black and blue lines
as indicated) and a second chip (orange lines) at different stages. Note that curves of chip with hole (black) and chip with cut membrane (light blue
dashed) coincide. f) I-V curve at linear scale showing the non-linear component of the raw chip. The curve for chip with membrane (black dashed) falls
on the y-axis. g) Resistance determined from the -V curves in (e). h) TEM image of the chip with transferred membrane after step 11 shows a dark halo
at the left edge close to the needle contact (dark arrow). i) High- angle annular dark field (HAADF)-STEM image of the chip after step 12 shows a bright
halo on the lower left edge (white arrow). j) EDX comparison of three areas marked in (i) shows that Pt contamination is present only on one side of the
chip (blue) and absent in the center (yellow) and on the opposite side (red). Composition of contamination elements is indicated in at%. Scale bars:
a—d) Image width 8 um, h,i) 800 nm.
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Figure 4. Evaluation of the transfer of a NT and flake made of the MLC LaS-TaS,. a—c) Comparison of a) low-mag TEM images, b) SAED patterns, and
¢) HRTEM images before and after the sample transfer showing negligible damage and minimum contamination. Black circle in (a) marks position for
SAED acquisition. d) HRTEM image of the area marked in (a) shows the preservation of the sample structure. e) HAADF-STEM image of the edge of
a flake close to the SiN, border marked in the inset HAADF-STEM image (width 8 um) and in (a). (f) STEM-EDX comparison of two areas at the edge

marked in (e). Scale bars are a) 500 nm, b) 2 nm~', ¢,d) 5 nm, and e) 10 nm.

to the deposition of Pt—C precursor gases by secondary electrons
or ions created during the FIB milling of the membrane after
contacting the micro needle to the sample and after contacting of
the sample to the in situ chip. The deposit is only observed on the
right side of the NT as the location of FIB milling and needle con-
tact lies to the right side of the NT (c.f. Figure 4e and Figure S1,
Supporting Information) and then, the generated secondary elec-
trons or ions cannot easily reach the left side of the NT. The left
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part of the NT and the flake are therefore perfectly preserved after
transfer (Figure 4d).

Figure 4e shows a HAADF-STEM image of the sample with
removed SiN, membrane after performing the final step 12 of
the transfer process. The image was acquired from the edge of a
flake located closely to the edge of the hole in the SiN, membrane
as marked in Figure 4a and in the inset image in Figure 4e. Two
EDX spectra from the very edge (blue frame) and from a thicker

© 2024 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 5. Evaluation of transfer quality for the GO specimen whose transfer is described in Figure 2. a) SAED pattern of GO before transfer showing two
sets of graphene lattices. b) Blend of two TEM images before (light pink) and after (green) transfer to the in situ chip. Marked positions correspond to
both SAED pattern and EELS acquisition locations. c) SAED pattern after transfer revealing a single graphene lattice (taken from another site of the GO
film). d) Comparison of low-loss EEL spectra before and after transfer. e) STEM image after transfer. f) EDX spectra taken from areas marked in blue
and orange in (e) showing mainly carbon and oxygen and some typical GO contamination, Ca, Si, S in low amounts. Ga implantation is observed at the

edge of the film and no Pt can be detected. a,c) 3 nm~', b) 300 nm, e) 400 nm.

part located less then 100 nm away from the edge (orange frame)
were acquired, which are depicted in Figure 4f. For the sake of
comparison, the spectra were normalized with respect to the Ta-
M edge at 1.7 keV. The main metallic constituents of the MLC
material (La, Ta) are observed in similar amounts in both spectra.
Sulfur is strongly reduced at the edge of the flake (blue line) and,
in contrast, contamination elements are found at the edge of the
flake (C, O, Ga). The Ga can be linked to an implantation during
the cutting process of the membrane, which is however spatially
confined to the very edge of the sample. Additional damage or
contamination of the actual NT and flake during the final milling
step were not observed.

Further results obtained on 1D nanomaterials can be found in
the Supporting Information. As an example for correlative mi-
croscopy, Figure S2 (Supporting Information) shows a Raman
spectrum obtained from the MLC NT and flake sample with
modes corresponding to both the LaS and the TaS, subsystems in
agreement with literature.[?#3% To emphasize the reproducibility
of the proposed transfer process, Figures S3 and S4 (Supporting
Information) depict the transfer evaluation using TEM images,
SAED patterns and EDX analysis of a second LaS-TaS, NT and a
WS, NT,21 which both are preserved in their original state.
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3.3. Graphene Oxide

Figure 5 describes the evaluation of the GO specimen before and
after the transfer described in Figure 2 as an example for a 2D
material. The graphene backbone of the heterogeneous GO film,
made up of several individual flakes piled up on top of each other
is clearly preserved as shown by the SAED patterns acquired from
the positions marked in Figure 5b before (Figure 5a) and after
(Figure 5c) the transfer. The superposition of two TEM images be-
fore and after the transfer (Figure 5b) shows that the morphology
of the film, i.e. the folded up areas, is not altered by the transfer.
TEM-EELS analysis obtained from the identical sites as the SAED
patterns reveal both the surface (6 eV) and bulk (25 eV) plas-
mons of the GO. STEM-EDX analysis was performed to check
the chemical composition of the flake after transfer. Two spectra
acquired from the center and the edge of the GO film show that
the predominant composition of C and O and even minor natural
contamination (Si, S, Ca) of the sample is maintained during the
transfer process. Pt contamination could not be found by EDX
analysis after the transfer (< 0.1 at%). However, slight contam-
ination from Ga implantation indeed is observed at the edge of
the film where the FIB was used to remove the SiN, membrane.

© 2024 The Authors. Small Methods published by Wiley-VCH GmbH
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In the case of this GO sample, the Ga implantation does not lead
to a noticeable modification of its structure and properties (c.f.
section 3.5).

3.4. Monolayer WS,

In the shown example sample transfer processes of nanomate-
rials, damage of the sample could not be observed and contam-
ination is limited to a very thin amorphous Pt/C layer and mi-
nor Ga implantation at the edge of the 2D material GO. For the
shown larger 1D or 2D inorganic nanomaterials, this contam-
ination is small, allowing to focus on the materials’ properties
in in situ electrical TEM studies. To study the limits of the pro-
posed method, we tested it to transfer a monolayer WS, sam-
ple epitaxially grown on sapphire.*?] In a first step, the WS, was
transferred from the sapphire substrate to a SiN, TEM grid us-
ing a polystyrene-based floating approach (Figure S5, Supporting
Information).?3] Second, the monolayer, sustained by the SiN,
holey membrane, was transferred to an in situ chip by the method
proposed in this work, at first leaving out the final step 12 of re-
moving the SiN, membrane. The results described in Figure 6
were obtained with an operating voltage of 5 kV for the Ga ion
beam for all the process steps. Figure 6a and b show a HRTEM
image and a SAED pattern from the monolayer on the SiN, TEM
grid after the first transfer. Figure 6¢ gives an overview of the FIB-
based transfer by three SEM images. The TEM image of the trans-
ferred sample in Figure 6d reveals that, in most of the holes in
the central area of the holey membrane, the film remained in-
tact. A comparison of the SAED pattern before (b) and after (e)
the transfer (not obtained on the identical sample area) indicates
that, although WS, remains the largest contribution, the reflec-
tions have smeared out considerably and have also lost in inten-
sity. This is confirmed by the HRSTEM image in Figure 6f, in
which the WS, lattice is found in the major part of the area with
dark amorphous parts and brighter particles.

An average EDX spectrum of the WS, sample obtained from
various holes with intact film is shown in Figure 6d and reveals
the presence of W and S. When quantifying the individual spectra
from different holes, the ratio between W and S is found to vary,
being close to 1:2 in the central areas and with reduced S content
in the outer areas. A significant contribution is Pt, which, how-
ever, is found with lesser intensity when compared to W, mean-
ing less than one monolayer. As a part of the Pt signal might stem
from fluorescence in the Pt contacts of the microchip, the Pt con-
tamination might even be lower. The presence of the Cu peak,
originating from the sample holder, indicates that fluorescence
is indeed a non-negligible contribution to the spectrum. No Ga
peak can be found showing that implantation and redeposition
are, prior to the final step of milling the SiN_, minimum. Addi-
tional contamination is given by C, O, and Si. An EELS compari-
son of the sample before and after the transfer shows that Si (ni-
tride) contamination was already present before the transfer and
is even slightly reduced afterward, while C and O are enhanced
(Figure S6, Supporting Information).

To again demonstrate the reproducibility of the approach,
Figures S7 and S8 depict two additional sample transfers of the
WS, monolayer sample, where operating voltages of 5 and 16 kV
(Figure S7, Supporting Information) and 16 kV only (Figure S8,
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Supporting Information) were employed. The examples confirm
that lowering the voltage of the Ga ions during and directly af-
ter the FIBID processes (steps 6 and 7, and 10 and 11) to 5 kV
decreases the damage and contamination inflicted on the WS,
monolayer, showing that this step is crucial to minimize damage
and contamination. In contrast, the operating voltage used for
the cutting of the membrane (step 5) is not a critical parameter
as results shown in Figure 6 and Figure S7 (Supporting Infor-
mation) are similar, i.e., both show a reduced damage density in
the WS, monolayer when comparing to Figure S8 (Supporting
Information).

The results on the WS, monolayer presented so far were ob-
tained on samples before performing the final step 12 of milling
away the SiN, membrane. Figure 6i and j show two TEM and
SEM images of the sample after this final step, revealing that the
film is completely damaged even though it has not been in di-
rect contact with the primary Ga* beam. The generated secondary
ions thus are sufficient to induce strong damage within the range
of a few hundred nm.

In summary, Pt contamination related to FIBID can be esti-
mated to less than a monolayer. Damage by the Ga* beam is as
well less than a monolayer if the distance between the primary
beam and the sample can be kept larger than 1 pm. The domi-
nant damaging process is the reduction of WS, (removal of S),
which initially leads to a local amorphisation and finally to a rup-
ture of the film. With improvements in the design of the SiN,
membrane and the use of alternative ion beams, e.g., He or Ar,
this damage can probably be reduced even further.

3.5. Electrical Measurements

Figure 7 shows the electrical characterization of the GO
(Figures 2 and 5) and of the MLC NT and flake sample (Figure S1,
Supporting Information, and Figure 4). An electrical current
ramp up to 250 nA (blue line in Figure 7a) was applied to the GO
sample. The ramp was conducted as double sweep, i.e. up (solid
lines) and down (dashed lines), and only minor differences be-
tween both directions can be observed. A minor step at 150 nA
indicates a small change in the samples’ conductivity. At low cur-
rents, a gap between up and down is observed in the resistance
curve, which could be linked to the accuracy of the measurement
device, which has a step in the measurement range at 10 nA.
Apart from that, the VI curve is smooth, indicating an Ohmic
contact between GO and contact pad. The evolution is logarith-
mic, which corresponds to a decrease in resistance from 30 to 12 k
Q (green curve) indicating the semiconducting nature of the ma-
terial.

Figure 7b shows two double current ramps to 100 nA (blue
lines) and —100 nA (red lines) applied to the MLC sample. The
onset at 0 nA is linear and the curves do not exhibit steps indicat-
ing a good electrical contact with the sample. Again, the curves
follow a logarithmic evolution due to the semiconducting nature
of the MLC material and the resistance shows a slight decrease
(green lines). The measurements however have a higher noise
when comparing with the GO sample, which could be attributed
to a lower quality of the Pt/C welding point as it has to bridge
the insulating SiN, membrane, which for this sample is located
between the contact pad and the NT.
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Figure 6. Analysis of WS, monolayer sample transfer. a) Unfiltered HRTEM image with inset power spectrum and b) SAED pattern of the WS, monolayer
transferred to the SiN, membrane via a polystyrene-based floating approach.[*3] c) Three SEM images of the support-based sample transfer to an in
situ chip. d) TEM image of the transferred sample to the chip. e) SAED pattern taken from the area marked in (d). f) HRSTEM image obtained from the
same area with an electron energy of 120 keV revealing the WS, lattice. g,h) STEM-EDX spectrum acquired from the film area with g) the low- and h)
the high-energy range, revealing the presence of C, O, Si, and Pt contaminants, a fluorescence signal of Cu as well as W and S. No Ga can be detected.
i) TEM and j) SEM image of the sample after the final SiN, milling showing the absence of the film in the central area. Scale bars are a) 3 nm (inset FFT
width = 10 nm™), b) 3 nm™" (inset TEM image width = 700 nm), c) 3 um, inset image widths 8.3 (left) and 13.8 um (right), d) 400 nm, ) 3 nm~', f)
2 nm, i) 100 nm, and j) 1T um.

The sample conductivity can be be calculated from the resis- GO and the pad and neglecting the contribution from the Mo-
tance if the samples’ dimensions are known. In case of the GO  coated SiN, membrane, the length is assumed as the distance
sample, the width is measured from SEM and TEM images to  between the edges of the pads to 5 um. With these values and a
2.5 ym and the average thickness can be estimated from low-loss  resistance of 30 kQ, the conductivity calculates to 1 Sm™', which
EELS analysis to 70 nm. Assuming a good, areal contact between  agrees with values from previous studies on a similar sample.[?!]
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Figure 7. Electrical characterization of the a) GO and b) LaS-TaS, NT and flake samples, respectively. a) Application of a double current sweep up
to 250 nA with measured voltage and calculated resistance. b) Application of two double current sweeps up to +£100 nA with measured voltage and

calculated resistance.

In case of the MLC NT and flake, the inhomogeneity of the
sample only allows an estimation of the conductivity. As the NT
has a rather large diameter (210 nm) in comparison to the flake
thickness, we assume the NT as sole contribution to the conduc-
tivity, neglecting thus the flake. As for this sample the SiN, is
between the NT and the pad, the length is given by the distance
of 4.9 um between the Pt/C welding points at both ends of the NT
(Figure S1, Supporting Information). With these values, the con-
ductivity calculates to 8.8 Sm™!, which is only slightly higher than
the value obtained from SEM characterization of a similar NT;[?%]
confirming the assumption that the NT represents the major con-
tribution to the samples’ conductivity. These analyses of the con-
ductivity show that the sample geometry is of great importance
when aiming for the determination of material properties from
in situ TEM measurements of individual nanomaterials.

4. Conclusion

We have introduced a method facilitating and improving the
transfer and contacting of individual nanomaterials to mi-
crochips with electrical contacts in a reproducible way, e.g., for
electrical and/or thermal characterization by in situ transmission
electron microscopy (TEM). The benefit of using a SiN, mem-
brane as sample support for a focused ion beam (FIB) based
transfer of the nanomaterial is threefold: It first allows to move
the necessary contact point between lift-out needle and speci-
men away from the area of interest to avoid damage and mini-
mize contamination. Second, it provides the mechanical stability
needed to transport the nanomaterial without bending, which on
its own might not possess a sufficient mechanical rigidity. Finally,
it guarantees a good attachment and subsequent contacting to the
metal contacts of the in situ chip due to electrostatic charging.
With the explained process, we prepared different 1D and
2D nanomaterials with minimum damage and contamination,
which is the basis for a successful in situ experiment. Remain-
ing Pt contamination from focused ion beam induced deposition
is found to be less than a monolayer. Ga implantation and rede-
position can be completely avoided for 1D nanomaterials and is
confined to the edges of 2D materials. Further improvements in
the design of the SiN, grid and the use of alternative ion beams

Small Methods 2024, 2400034

2400034 (11 of 13)

(He, Ne, or Ar) could yield a completely artifact-free transfer pro-
cess.

The method allows in situ experiments of different nature,
including an electrical characterization linked to structure and
composition at the atomic level and failure analysis upon appli-
cation of electrical currents. Moreover, studies of electron-beam
induced current (EBIC) or the formation of electrical current
paths are possible. These studies can be combined with addi-
tional heating or possibly be performed in liquid or gas environ-
ment using specific sample holders. Moreover, further correlative
microscopy and spectroscopy techniques, which allow the local
analysis in the 1 um range, can be performed before and after
the in situ TEM experiments.

In addition to in situ TEM studies, the presented transfer can
be utilized to transfer nanomaterials to any other microchip that
possesses electrical contacts (with or without a hole in between)
and where it is not possible to synthesize the nanomaterial di-
rectly on the chip.

5. Experimental Section

Materials: Three TEM grids were investigated as possible supports for
the in situ transfer process. 1) Thicker carbon films (C-Flat, 40 nm), 2) Ul-
trAu gold films (Quantifoil), and 3) silicon nitride (SiN,) films (PELCO)
with regular arrays of holes were tested. As discussed in section 2.3, only
the SiN, grids were used for this work. These consisted in SiN, mem-
branes with 200 nm thickness and an array of holes either with a diameter
of 2.5 um or with multiple diameters between 70 and 1.25 pm. As SiN, is
insulating, a conductive coating was necessary to avoid charging in TEM
and SEM, which has to be chosen depending on the composition of the
nanomaterial and on the desired in situ application. Experiments were per-
formed with Pd and Mo coatings by sputter deposition (Leica EM ACE200
and AJA Orion 5 UHV) or C coatings by carbon-thread evaporation (Leica
EM ACE200) with thicknesses below 20 nm.

For demonstration of the preparation process, various nanomaterials
were selected: NTs and flakes of the misfit-layered compounds (MLCs)
LaS-TaS,,27281 WS, in the form of nanotubes,[*'l and as epitaxially grown
monolayer32] and graphene oxide (GO), synthesized by oxidation of
graphite flakes using a modified Hummers method.[?¢]

Instrumentation and Methods: The FIB transfer was performed with
a Helios 650 dual-beam instrument (Thermo Fisher Scientific), equipped
with a Ga-ion source, an Omniprobe needle and a Pt-based precursor gas

© 2024 The Authors. Small Methods published by Wiley-VCH GmbH

85U80|7 SUOWWIOD 3A 81D (el (dde 8Ly Aq pausenob afe sejonie VO @sn Jo Sa|nJ Joj A%eiq)T8uljuO 3|1 UO (SUORIPUOO-pUe-SLLRI/LI0D A8 1M AeIq 1 BUI|UO//:SANY) SUORIPUOD pue Wi | 8y} 89S *[202/60/5z] uo AriqiTauluo fe|im ezofesez 8 pepsieAIUN AQ #E000120Z PIUS/Z00T OT/I0p/00" A8 i Areiqjeul|uoy/:Sdny Wwo.j pepeojumod ‘0 ‘80969962


http://www.advancedsciencenews.com
http://www.small-methods.com

ADVANCED
SCIENCE NEWS

small

methods

www.advancedsciencenews.com

for focused electron beam (FEBID) or focused ion beam induced deposi-
tion (FIBID) of contacts. Employed parameters are detailed in the respec-
tive section. Both TEM grid and in situ chip were mounted on two stripes
of conductive Cu tape and two stripes of conductive C tape were used to
improve fixation and guarantee good grounding of the metal contacts of
the in situ chip located on its top side.

The TEM experiments were conducted in two aberration-corrected Ti-
tan microscopes (Thermo Fisher Scientific). TEM, EELS in TEM mode
(parallel illumination and collection angle of 11.9 mrad) and selected-area
electron diffraction (SAED) was performed in the image-corrected instru-
ment equipped with a Gatan Image Filter (GIF) Tridiem and operated at
an electron energy of 300 keV, which was decreased to 80 keV for the GO
sample. Scanning (S)TEM imaging, EDX, and SAED were conducted in the
probe-corrected microscope with a high-brightness gun (X-FEG) operated
at 300 keV (120 keV for the WS, monolayer sample and 80 keV for GO)
and an Oxford Instruments Ultim X-MaxN 100TLE detector for EDX mea-
surements. EDX data were quantified using the Aztec software (Oxford
Instruments) with theoretical k-factors.

In situ experiments were performed with a DENSsolutions Wildfire (4
pins) sample holder. A Keithley Instruments 2450 SourceMeter (Tektronix)
was used as current/voltage supply and measuring device for electrical
characterization. For the in situ electrical characterization, chips were de-
signed and fabricated with a heating device and contacts for two-probe
electrical characterization (Sketch and SEM image in Figure S9, Support-
ing Information): Starting from a 4” (100) Si wafer with 380 um thickness,
coated with 1 um of low-stress SiN, on both sides, two optical lithogra-
phy steps were employed. The first one using a Ti35 ESX neg. photoresist
(Microchemicals) to define windows on the back side:

Spin coating at 3000 rpm

Bake for 3 min at 100 °C (hot plate)

Exposure with a dose of 175 m) cm™2

15 min waiting time

Postbake for 3 min at 150 °C (hot plate)

Development in 1:1 H,0:AZ Developer (Merck) for 2 min
Reactive ion etching (20 sccm SF6, 0.19 mbar, 200 W, 15 min)
Cleaning in acetone

00 O U1 A WN —
B S e =R

The second lithography process was performed with the photoresist AZ
5214E to define the metal contacts on the top side:

Spin coating at 6000 rpm

30 s waiting time

Bake for 50 s at 110 °C (hot plate)
Exposure with a dose of 26 m) cm™
Postbake for 60 s at 120 °C (hot plate)

Flood exposure with a dose of 390 mJ cm™2

Development in AZ 726 MiF (Merck) for 30 s

Sputtering process of 5 nm Ti + 150 nm Pt (AJA Orion 5 UHV)
Lift-off process in acetone assisted by ultrasound

2
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Finally, the membrane was created by defined wet etching of the (100)
Si in a KOH bath at 80 °C using a holder with two-sided O-ring sealing
for protection of the Pt contacts on the front side. The wafer was cut into
individual chips with a wafer saw.

Raman spectra were acquired with a confocal Raman Alpha 300 M+
(WiTec) with a 633 nm laser operated at 0.5 mW power and a 100x objective
with numerical aperture of 0.9. The spectrometer was operated with 1800
grooves mm~! grating.
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