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ABSTRACT

Suspended membranes of two-dimensional (2D) materials are of interest for many applications. Much of their characterization relies on
scanning probe microscopy (SPM) techniques such as atomic force microscopy (AFM) or scanning tunneling microscopy (STM). Unlike
rigid samples, the suspended atomically thin 2D membranes are, however, flexible and do not remain mechanically undisturbed during SPM
measurements. Local deformations can occur at the location of the scanning tip and thus result in measurements that misrepresent actual
membrane topography and nanomechanical properties. Exact levels of such SPM tip-induced deformations in 2D membranes remain largely
unknown, as they are to date only indirectly accessible via dual probe microscope concepts that either are not mechanically independent
(e.g., SPM-SPM setups resulting in complicated imaging crosstalk) or suffer from intrinsically limited lateral resolution (e.g., optical far-field
techniques as the second probe). Circumventing these shortcomings, we here demonstrate that by coupling an AFM with a scanning electron
microscope (SEM) as the second, mechanically independent probe, we can directly and in situ visualize by SEM at high resolution 2D mem-
brane deformations that result from controllable AFM tip manipulations in the nN range. Employing few-layer graphene as model mem-
branes, we discuss the experimental realization of our coupled in situ AFM-SEM approach.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0040522
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Atomically thin suspended (free-standing) membranes' made
from two-dimensional (2D) materials are promising for a variety of
technological fields including ultra-fast electronics,” nano-electro-
mechanical systems (NEMS),” and highly selective chemical species
separation.” A key bottleneck toward realization of many applications
is, however, the current lack of available metrology tools to

satisfactorily characterize such mechanically flexible, suspended 2D
membranes, in particular in terms of their three-dimensional mor-
phology and their nanomechanical properties. Scanning probe micros-
copy (SPM) techniques such as atomic force microscopy (AFM) or
scanning tunneling microscopy (STM) can potentially access mor-
phology and nanomechanics.” ' We and others have, however,

Appl. Phys. Lett. 118, 103104 (2021); doi: 10.1063/5.0040522
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shown that, unlike for rigid materials/surfaces, SPM techniques do not
leave the flexible 2D membranes mechanically undisturbed during
measurements.' ** Instead, SPM can result in membrane deforma-
tions at the location of the scanning tip. Notably, simulations have sug-
gested that such SPM tip-induced deformations can be larger than the
intrinsic topographic features, corrugations or ripples in suspended
2D membranes that one actually aims to measure by SPM."” This
could result in the worst case in SPM images that completely misrepre-
sent the actual topography and nanomechanics of the membrane,
making SPM-based characterization of structural details in suspended
2D membranes challenging and prone to misinterpretation.
Conversely, controlled local straining of 2D membranes by SPM-type
devices could enable advanced opto-electronic device concepts™
based on the strain-dependence of opto-electronic properties of many
2D materials.">***” For this, however, the exact level of local mem-
brane deformation has also to be known.

While it is now established that SPM is an intrusive microscopy
technique for suspended 2D membranes, the exact levels of SPM tip-
induced deformations to the 2D membranes remain largely unknown.
This is because direct experimental observations of 2D membrane
deformations from local SPM-type manipulations are critically lack-
ing. Dual-probe approaches combining SPM with another characteri-
zation technique could, in principle, be used to elucidate such local
deformations of suspended 2D materials (and of suspended nanoma-
terials in general) from localized mechanical manipulation. Examples
include coupled AFM-STM”' and STM-STM,"” as we have previously
demonstrated. In this approach, AFM (or STM) tips contact sus-
pended 2D membranes from opposite sides, upon which the first
AFM (or STM) tip deforms the membrane and the opposite second
tip measures the deformation induced from the first tip.'””' This
approach, however, suffers from the lack of a mechanically indepen-
dent second probe, as the second AFM (or STM) tip results also in
additional membrane deformation and thus only indirect (crosstalk)
information on deformation can be extracted.'””' In principle, an
independent second probe could be achieved optically, where, in par-
ticular, Raman spectroscopy has emerged as a contender to probe 2D
materials mechanics due to the high Raman sensitivity to strain."”*’ In
this, the 2D membrane is deformed by the AFM tip and laterally
resolved Raman mapping at and around the location of the scanning
AFM tip is concurrently performed, as we have also demonstrated."”
The Raman signals can then be recalculated to strain profiles in the 2D
membrane. This can, however, only result in, at best, indirect inference
of morphological sample deformation. Additionally, all optical far-
field approaches'”"’ including also interferometry*' are inherently
limited to a lateral resolution in the region of the wavelength of the
employed light, thus setting a lateral resolution limit to ~400 nm for
visualization of membrane deformations by optical means. This is,
however, insufficient to discern intrinsic corrugations or tip-induced
deformations of 2D membranes.'’

Here, we demonstrate a dual-probe concept that circumvents
these shortcomings of only indirect accessibility of topography and
limited lateral resolution. By coupling an AFM with a scanning elec-
tron microscope (SEM) as the second (mechanically independent)
probe, we directly and in situ visualize 2D membrane deformations by
SEM that result from controllable AFM tip manipulations. We present
our experimental realization of this coupled in situ AFM-SEM
approach, present the first results for few-layer graphene 2D model

scitation.org/journal/apl

membranes, which yield insights into the nanomechanics of 2D mem-
branes, and discuss the technical challenges encountered.

The implementation of our coupled in situ AFM-SEM system
[Fig. 1(a)] builds upon a compact AFM system"” "' (AFSEM™,
GETec Microscopy GmbH, Austria) that relies on piezo-resistive read-
out of AFM cantilever deformations, foregoing the need for typically
used larger optical cantilever readout systems. This readily allows inte-
gration of this AFM module into standard SEM systems (here FEI
Quanta 600F, USA). Typically, this combined AFM-SEM is then used
in a correlated fashion, i.e., first a fast, larger field of view SEM charac-
terization of a sample is performed, followed by subsequent AFM
measurements at the same location.”” " In this correlated use, the
self-sensing AFM cantilever is placed directly in the SEM beam path
under the SEM’s objective lens, thus shielding direct “visual” SEM
access to the apex of the sample-probing AFM tip underneath the can-
tilever. Consequently, this geometry does not allow real in situ capabil-
ities toward visualizing AFM tip-induced modification to the sample.
We, therefore, instead employ here a geometry in which we tilt the
AFM cantilever/tip under the SEM beam in such a way that the AFM
tip apex can be seen from the side (under an angle) via the SEM. We
thereby obtain direct “visual” access via the SEM to the apex of the
AFM tip while the tip is engaged on the sample."”*’ To this end, the
AFM is mounted on a coarse positioning stage, which is attached to
the inner side of the door of the SEM. The AFM is tip-scanner based
with the tip as the lowest point of the AFM unit.”” Due to the purely
electrical readout of the piezo-resistive cantilever, it can easily be
moved under the SEM objective lens. While the z-movement and tilt
of the SEM stage are coupled to the AFM scanner, i.e., the relative dis-
tance of the cantilever and the sample is only determined by the AFM
operation (approach, lift-height, etc.), the x-y positioning of the SEM
stage is completely decoupled from the AFM part. The tip-scanner
and the decoupled x-y SEM positioning, therefore, allows for investi-
gating any spot on the sample also in this tilted geometry. With a typi-
cal AFM tip height between 5 and 10 um, a tilt angle of 35-50° is
found to be sufficient for gaining “visual” access to the spot of tip/sam-
ple interaction via SEM, as shown below.

G

(a

holey
carrier chip

2D material flake

2D material flake

holey
carrier chip

suspended area
(~20 um)

sample side view sample top view

FIG. 1. (a) Schematic illustration of the setup geometry of our coupled in situ
AFM-SEM system. The arrows indicate free degrees of movement. (b) Schematic
illustration of the sample geometry. For a SEM image of a few-layer graphene
membrane, see the supplementary material, Fig. S1.
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As a model 2D membrane, we use mechanically exfoliated few-
layer graphene flakes (~5 layers) transferred onto holey silicon carrier
chips with single central holes (custom made from Silson Ltd., UK)
[Fig. 1(b) and supplementary material, Fig. S1]."” The transfer employs
polymer-grid assistance (Quantifoil, Germany), which partially leaves
polymer residues on the membranes (supplementary material, Fig.
S1)."”?"** The layer number of the few-layer graphene membranes is
checked by optical contrast and Raman spectroscopy.'””' The silicon
chips have a thickness of 200 um, into which a pyramid shaped hole is
etched by anisotropic etching from the back side of the chip, resulting
in an approximately square shape aperture with a lateral size of
~20 pm on the chip’s top surface over which the 2D membranes are
suspended. The front and back sides of the chip are coated with 5nm
of chromium and 20 nm of gold for electrical conductivity, prior to
placing the 2D material membrane. This conductive coating of the
sample carriers is found to be crucial to avoid interference of the AFM
measurements from charging from the SEM electron beam, see also
below. The chips are then glued with silver ink onto a standard SEM
stub and mounted in the FEI Quanta 600F SEM. Alternatively, holey
SiN TEM membranes (Ted Pella, USA) with arrays of circular ~2 ym
diameters holes are used as 2D material carriers (with the same mem-
brane preparation as above). The SEM is evacuated to a base pressure
of ~10™° mbar. SEM imaging is done using an electron acceleration
voltage of 2keV and an Everhart-Thornley-type secondary electron
detector for image acquisition. The AFM tip is brought to the region
of interest on the sample using the in-chamber video camera of the
SEM for coarse positioning and then using SEM imaging for fine posi-
tioning before the AFM tip approach to the sample. As AFM modes,
we investigate lateral tip movements under typical contact mode and
tapping mode AFM conditions (with feedback on) and nanoindenta-
tion force-distance (F-d) curves at selected sample spots. As AFM
probes, we employ 100 um x 48 um cantilevers with single crystal
diamond tips attached (SCL-Sensor.Tech. Fabrication GmbH, Austria).

(a) bereaimmec

"~ =0 nNJO.nm

ARTICLE scitation.org/journal/apl

The cantilevers have a resonance frequency of ~268 kHz and a spring
constant of ~20 N/m. The main reason for choosing diamond tips is a
larger tip height of 5-10 um, which, after tilting under the SEM (to
~40°), allows for better “visual” access to the AFM tip apex/sample.
Cantilever deflection was recalculated to force on the sample for F-d
curves using reference measurements on solid Si samples.*

Figure 2 shows as a first set of measurements single-point F-d
nanoindentation on a region of the few-layer graphene membrane
that, prior to the AFM tip approach, appears visually flat in SEM
[Fig. 2(a), before contact]. When approaching with the AFM tip, we
monitor the force on the membrane from the cantilever [indicated in
Fig. 2(a)] and simultaneously acquire SEM images of the tip apex and
membrane. A corresponding F-d curve is plotted in Fig. 2(b). We find
that the flat region of the membrane deforms under the AFM tip with
increasing load. This deformation is hard to resolve by the naked eye
in the separated images in Fig. 2(a) but is better apparent in the time-
lapsed image sequence in the supplementary material, video V1. Also
by calculating the image difference between the ~0 nN (before con-
tact) image and the full load at 2080 nN, we can estimate in the false
color plot in Fig. 2(c) that the stretched region in the flat membrane
has a lateral extension of ~6 um for 2080 nN load and 170 nm inden-
tation depth. We note that this reasonably compares with previously
measured (by coupled AFM-Raman mapping) lateral strain field
extensions of ~7 um for ~6000 nN load for F-d curves with a similar
tip and few-layer graphene membrane.'” Upon retraction of the AFM
tip, the few-layer graphene membrane shows no persistent deforma-
tion and again appears similarly flat as before the F-d curve, sugges-
ting that this measurement resulted in solely elastic behavior. Notably,
the lateral extent of elastic membrane deformation would not have
been directly accessibly by sole AFM measurements, but its measure-
ment is facilitated by the coupled in situ use of SEM.

Figure 3 extends our investigation from single-point F-d nanoin-
dentation to contact mode AFM movements. In particular, Fig. 3(a)

retracted after contact
0nfl

~ elastic
recovery

>

time

(C) Image difference 2080 nN” minus
“beforetontact” highlighting
stretched region

; elastically
““stretched region

-100 0 100 2!

Indentation depth (nm) 20

FIG. 2. (a) SEM image sequence during AFM F-d nanoindentation on a flat few-layer graphene membrane region. Corresponding video in the supplementary material, video
V1. (b) F—d curve corresponding to nanoindentation as in (a). (c) False-color coded image difference calculated between 2080 nN and before contact images in (a) to empha-
size the lateral extent of the elastically stretched membrane region during the nanoindentation.
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tip pushing ripple
infront of its path

FIG. 3. (a) Time-resolved SEM image sequence during performing an AFM contact mode trajectory (indicated by the arrow) on a flat region of a few-layer graphene mem-
brane. Video in the supplementary material, video V2. (b) False-color coded time-resolved image difference calculated between any current image and the Os image in (a) to
emphasize the ripple that forms in the membrane preceding the AFM tip's trajectory. Video in the supplementary material, video V3.

shows the effect of an AFM contact mode line movement on the same
flat region as in Fig. 2. To acquire this, the AFM tip was first
approached to the membrane with a set point of 500 nN, which is a
typical setting for contact mode AFM."” Then, we move the AFM tip
along the indicated trajectory (with feedback on) while simultaneously
acquiring the shown SEM video sequence (supplementary material,
video V2). To enhance the image details, Fig. 3(b) plots the image dif-
ference of the current image in the series with respect to the 0 s image
(supplementary material, video V3). We find that as the AFM tip pur-
sues its trajectory, a ripple in the 2D membrane forms in front of the
AFM tip and is preceding the tip’s path. The ripple is roughly perpen-
dicular to the tip trajectory direction with a lateral width of ~4.5 um.
This membrane deformation is suggested to be a result of the lateral
tip movement and purely elastic in nature, since once the AFM tip
leaves the 2D membrane onto the rigid Si support, the morphology of
the membrane recovers its initial state. Figure 3 is thereby a direct
visualization how an AFM tip deforms a 2D membrane during a con-
tact mode line trajectory. Notably again, using solely an AFM without
the coupled in situ SEM, it would have not been possible to directly
observe this dynamic AFM-tip-induced membrane deformation. In
addition to the above-mentioned contact mode experiments, we also

performed AFM tapping mode line trajectories on the few-layer gra-
phene membrane with different typical tapping-mode set-points
(95%-60% free space amplitude) while acquiring simultaneous SEM
data (supplementary material, video V4). The SEM images recorded
during these tapping-mode trajectories did, however, not indicate any
AFM-induced deformation of the few-layer graphene membrane. This
suggests that typical tapping mode AFM measurements can leave few-
layer graphene membranes undisturbed.

In Fig. 4, we perform coupled in situ AFM-SEM F-d nanoinden-
tations on a wrinkle in the few-layer graphene membrane [Fig. 4(a)
and supplementary material, Fig. S2), which is a typical feature from
2D membrane fabrication.”'”"” In Fig. 4(b), we first observe a stage-
wise deformation of the wrinkle under increasing load (supplementary
material, video V5). Figure 4(c) shows the corresponding F-d curve.
Notably, we find first a monotonically increasing deformation of the
wrinkle under the increasing load/indentation depth, until at
~480 nm indentation depth we observe the wrinkle to suddenly give
in, as visualized in the SEM sequence [Fig. 4(b) and supplementary
material, video V5) and also indicated via the corresponding force
drop in the F-d curve [Fig. 4(c)]. The deformation caused by this F-d
nanoindentation is found to be fully reversible [Fig. 4(b), last image],
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FIG. 4. (a) Three-dimensionally plotted tapping mode AFM image of a fabrication-related wrinkle in the few-layer graphene membrane. Corresponding two-dimensional plot of
AFM data in the supplementary material, Fig. S2. (b) SEM image sequence during AFM F-d nanoindentation on the wrinkle from (a), which results in elastic wrinkle deforma-
tion. Video in the supplementary material, video V5. (c) F-d curve corresponding to nanoindentation as in (b).

suggesting that this wrinkle deformation was elastic in nature. This is
in contrast to the deformation sequence in the supplementary mate-
rial, Fig. S3 (supplementary material, video V6), which was acquired
on the same wrinkle subsequent to Fig. 4(b), but on a slightly different
location. After the approach in contact mode, already under a low
load of ~100 nN we observe in SEM a clear deformation of the wrin-
kle at the point of contact where a dent forms under the AFM tip
apex. With increasing load, this dent deepens and widens and also
changes shape. Upon retracting the AFM tip, it becomes apparent that
this deformation of the wrinkle is not recovered but persists, sugges-
ting plastic deformation to the membrane by this indentation. The
part of the membrane to the right of the AFM tip apex contact actually
changed from a convex to a concave surface morphology through the
nanoindentation. We note that these direct observations of the inter-
mediate stages of both elastic [Fig. 4(b)] and plastic [supplementary
material, Fig. S3) deformation to a 2D membrane are facilitated by the
here introduced coupled in situ AFM-SEM setup.

Our results demonstrate the capability of coupled in situ AFM-
SEM to directly visualize at high resolution the local deformations in
2D membranes from local AFM-tip-induced loads with nN control.
We have realized our implementation based on a commercial AFM
module (AFSEM™, GETec Microscopy GmbH., Austria) using
piezo-resistive self-sensing cantilevers, but note that, in principle, simi-
lar measurements should also be possible using conventional optical
cantilever readout.””** During our implementation, we encountered
the following experimental challenges: first, the in situ AFM-SEM
approach requires visual access to the tip apex/sample contact point,
which in turn requires the capability to tilt the AFM setup/cantilever/
tip and sample with respect to the SEM electron beam. As this is not
necessary for typical plan view sequential correlated AFM-SEM, this
has to be considered during the implementation design of the AFM
module in a particular SEM. An alternative approach could also rely

on the use of “visual access” cantilevers, which allow partial access to
the tip apex/sample contact point in plan view and which we have pre-
viously used for coupled in situ AFM-Raman studies.'” Second, we
found that charging of the AFM cantilever/tip and sample from the
SEM’s electron beam has to be minimized, as otherwise electrostatic
coupling between the charged cantilever/tip and the sample impedes
meaningful AFM positioning. In the worst case scenario, such electro-
static coupling results in unintentional puncture of the 2D membranes
upon even gentle AFM tip approaches (supplementary material, Fig.
$4). In particular, the charge removal from the sample membrane
turned out to be key, which is why the application of a conductive Cr/
Au layer on the Si sample carrier prior to 2D flake placement was
found to be crucial. Third, the synchronization of AFM scan speeds
and SEM image acquisition times has to be maintained. Due to the
low SEM signal-to-noise ratio in our particular SEM for the 2D mem-
branes, we here employed rather slow SEM scanning. This resulted in
the need to either reduce typical scan speeds in AFM in order to obtain
non-blurred images or to even use manual stepwise AFM tip move-
ment (with feedback on) with pauses during SEM images acquisition.
For tapping mode AFM in which the tip is oscillating in the kHz
region (i, much faster than SEM image acquisition time), the tip
appears as an overlay of its small amplitude envelope (supplementary
material, Video V3 and supplementary material, Fig. S5). Fourth, we
here use few-layer graphene membranes (and not monolayers) as
testbed model membranes for two reasons: on the one hand, it
remains difficult to fabricate monolayer graphene samples suspended
over ~20 um holes that can sustain SPM measurements without rup-
ture.” Instead, suspended monolayer graphene membranes are often
limited to ~2 um diameter holes, which is, however, a much smaller
region of interest for dynamic deformations. On the other hand, the
here employed SEM had a limited sensitivity to monolayers (supple-
mentary material, Fig. S5). We note that this is, however, not an
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intrinsic limitation to the here demonstrated coupled in situ
AFM-SEM concept, but a limitation stemming from our employed
SEM. For, e.g,, state-of-the-art field emission gun SEMs or more sensi-
tive SE detectors better detection of graphene monolayers would be
possible.”>"

As discussed above, the here presented coupled in situ AFM-
SEM approach competes with dual SPM probe techniques (STM-STM
and AFM-STM),"*" which suffer from mechanically non-independent
second probes, and with optical second probes,'”"**" which are limited
by the lateral resolution limits of the employed light and, in the case of
spectroscopy, are often rather indirect toward morphology elucidation.
Additionally, we want to highlight that similar measurements of 2D
membrane deformations have recently been shown using micromani-
pulators in an SEM.”” The difference to using micromanipulators is,
however, that with an AFM, the load on the 2D membrane can be more
readily controlled with nN accuracy, as we show here.

In summary, we demonstrated the capabilities of coupled in situ
AFM-SEM to directly visualize by SEM local AFM-tip-induced defor-
mations in suspended 2D membranes using few-layer graphene as a
model system. We showed how far elastic deformations during typical
F-d nanoindentation laterally extend on a flat 2D membrane region
and followed the sequence of elastic and plastic deformations of com-
monplace non-flat membrane features such as wrinkles. We also
directly evidenced that in contact mode AFM movement a ripple in an
otherwise flat 2D membrane region can be formed and be pushed in
front of the AFM tip by its movement. These observations are related
to the nanomechanics of 2D membranes only and they are not limited
to our here introduced coupled in situ AFM-SEM implementation
(albeit these observations are enabled by our implementation). Key
considerations to our implementation along with the limitations of
this coupled in situ AFM-SEM were discussed, to form a basis for fur-
ther investigations of 2D membrane nanomechanics by coupled in
situ AFM-SEM.

See the supplementary material (pdf) for additional in situ AFM-
SEM, SEM, and AFM data and analyses and captions to supplemen-
tary material videos V1-V6. Supplementary Videos (avi) V1, V2, V3,
V4, V5, and V6.
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