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Abstract

In-situ transmission electron microscopy (TEM) has become an important technique to study
dynamic processes at highest spatial resolution and one branch is the investigation of phenomena
related with electrical currents. Here, we present experimental results obtained from a peculiar in-
situ TEM device, which was prepared with the aim to analyze the relationship between (thermo)
electric properties and specific crystal orientations of a misfit layered compound. The formation
of a nano-sized gap at a grain boundary facilitated a precisely controllable mechanical bending of
the device by application of differential heating currents. The devices’ electrical properties were
found to be substantially influenced by the gap, leading to a high intrinsic voltage. This voltage
additionally depends on the vacuum environment and on the history of applied heating currents
with internal field strengths of up to 37 kV m™!. These findings are largely attributed to the pres-
ence of adsorbed molecules within the gap region. The electrical in-situ TEM studies of this work
illustrate that interior surfaces can strongly influence electrical properties even under high vacuum
conditions.

1. Introduction

Electrical conduction in matter is mainly governed by the materials’ band structure and electron scat-
tering processes in the material. In pristine single-crystalline bulk specimens and at finite temperatures
and bias, electron-phonon interaction is the limiting factor for the conductivity. In real samples, scat-
tering from defects in the material constitutes an additional contribution. The microstructure, including
interfaces, surfaces, grain boundaries and point defects, can therefore significantly alter the electrical con-
ductivity of real materials in comparison to defect-free single crystals. The relationship between micro-
structure and electrical conductivity has been subject of investigation for a long time [1, 2] and research
is continuing until today, with the motivation to improve the conductivity of electrical interconnects or
the performance of thermoelectric materials [3—6].

Due to the continuing miniaturization of electronic devices, microscopic approaches to analyze the
impact of individual defects on the electrical conductivities have been followed in the past decades [7, 8].
Specifically, in-situ transmission electron microscopy (TEM) has received interest due to its high spatial
resolution [9-12]. Only recently, the possibility of performing in-situ TEM thermoelectric characteriza-
tions has been demonstrated [13]. Several misfit-layered compound (MLC) families are promising mater-
ials for thermoelectric applications [14]. In bulk MLC materials, both grain boundaries and pore density
are expected to have a strong impact on their performance.
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This work is part of an experiment series, where different in-situ TEM specimens of a strontium-
doped variant of the calcium cobaltite (CCO) MLC family (Ca;.93S1r9,07C040y) [15] have been pre-
pared with the aim of elucidating the impact of grain boundaries and crystallographic directions on
the (thermo)electric properties. Here, we present experimental results obtained from one peculiar in-
situ TEM device of this series, which exhibited a nano-sized gap and will be named nano-accordion
throughout the manuscript. The name is motivated by the controlled mechanical movement of the
device induced by an applied differential heating current, which resembles the folding and unfolding
of an accordions’ bellows. The gap also has a strong impact on the electrical characteristics, manifest-
ing itself as a large intrinsic voltage offset, which is attributed to adsorbed molecules present in the gap
region.

2. Materials and methods

2.1. In-situ TEM

In-situ TEM investigations were carried out using two aberration-corrected (one probe-, the other
image-corrected) Titan microscopes (Thermo Fisher Scientific) operated at 300 keV. Both microscopes
were used for bright-field (BF) and dark-field (DF)-TEM imaging as well as for selected-area elec-
tron diffraction (SAED). High-angle annular dark field (HAADF) scanning (S)TEM was performed in
the probe-corrected microscope and high-resolution (HR)TEM imaging was performed in the image-
corrected microscope. SAED patterns were simulated using the ReciPro software [16].

A DENSolutions Wildfire specimen holder with a custom chip designed for in-situ thermoelec-
trical characterizations [13] was used to conduct the in-situ TEM experiments. Fabrication of the chip
is described elsewhere [13]. The chip contains a silicon nitride membrane with a thickness of 1 um in
its center, on which two contact pads and a differential heating element have been structured by litho-
graphy. A scanning electron microscopy (SEM) image of the membrane area of the chip is shown in
figure 1(a). The application of a heating current to the differential heating element results in the gener-
ation of a temperature gradient along a specimen that is placed between the two contact pads. A long
hole of more than 50 um length is milled in the silicon nitride membrane between the two pads, which
acts as thermal insulation barrier and thus ensures the generation of a large temperature gradient [13].
The hole is (partially) seen in the SEM images of the final device shown in figures 1(c) and (d). The
temperature increase of the heating element ATy ¢ can be estimated from the two-point measurement
of the heater resistance as described in the supplementary figure S1. Despite being only an estimation for
the actual temperature of the investigated area of the device, it is instructive to plot the measured char-
acteristics over the temperature instead of the applied heating current Iy.

2.2. Specimen preparation

The in-situ TEM specimen was prepared using a Helios 650 dual-beam instrument (Thermo Fisher
Scientific) combining SEM with a Ga* focused ion beam (FIB). In a first step, a conventional TEM
lamella was prepared from a strontium-doped calcium cobaltite (CCO: Cay.935r(,97C0409) MLC. The
preparation of the bulk CCO material is described in [15] and starts with attrition milling of SrCOs3,
CaCOj3 and CoO, followed by calcination at 850 °C during 1 h, uniaxial pressing under 250 MPa and
hot-uniaxial pressing at 900 °C and 51 MPa for 1h. The CCO material consists of the two subsystems
Co0O; and Ca,_,Sr,Co03, which are stacked alternately along the ¢ axis of the incommensurate crys-

tal structure, which is sketched in the inset of figure 1(b). Figure 1(b) also shows an SEM image of the
CCO material, which exhibits numerous sheets in vertical direction of the image. The out-of-plane dir-
ection of the sheets (horizontal in the image) roughly corresponds to the ¢ axis of the CCO material.
The TEM lamella was prepared with the ¢ axis of the CCO material coinciding with the long axis of the
lamella, which is seen from the deposited stripe of Pt in figure 1(b), which served as protection layer for
the lamella. The lamella was then transferred to a TEM grid using a standard lift-out method. The lower
side of the lamella was polished to guarantee a good contact with the in-situ chip in the next step. In the
central part, several hundreds of nanometers of the lamella were removed on the lower side, resulting in
a bridge-like shape. This bridge-like shape facilitates the later thinning of the lamella on the in-situ chip
and is revealed in the inset image in figure 1(c). The inset image shows the top-view of the lamella on
the grid.

To transfer the lamella to the in-situ chip, both the chip and the grid (lying flat on the surface) were
mounted on separate stubs in the dual-beam instrument. First, a long hole was milled between the con-
tact pads of the in-situ chip by FIB. The lamella was then lifted out from the TEM grid, deposited on
the chip, and fixed by FIB-induced deposition of Pt. For thinning, the chip was mounted on a stub
with a surface with a vertical inclination of 45°. Thinning of the lamella was performed at a stage tilt
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Figure 1. Preparation of the nano-accordion. (a) SEM image of the membrane area with the differential heating element and

the contact pads of the in-situ chip, see (d) for a zoomed-in view of the pads. (b) SEM image of the CCO material reveals its
sheet-like structure, the predominant ¢ axis direction of the material has been indicated. A sketch of the MLC structure with

Co (dark blue), Ca/Sr (light blue/green) and O (red) atoms has been added. The deposited Pt, highlighted in yellow, indicates the
place from where the lamella was taken and its orientation with respect to the CCO sheets. Stage tilt is 52°. (c¢) SEM image of the
thinned device on the in-situ chip with an incident angle of the electron beam of 5° with respect to the surface of the chip. The
two Pt contact pads, the thick (‘CCO’) and thin parts of the lamella as well as the long hole in the SiN membrane are visible. The
inset shows the bridge-shaped form of the lamella after transfer to a Cu TEM grid. (d) Top view of the final in-situ device. Scale
bars are (a) 200 pm, (b) 10 um, (c) 2 um, width of inset SEM image is 15 um and (d) 5 pm.

of 12°, resulting in a FIB incident angle on the surface of the chip of 5° (figure 1(c)) due to the angle of
52° between FIB and electron beam. After thinning, the Pt protection cover was removed from the thin
part of the device by FIB milling, leaving the thinned part with an approximately quadratic shape with

a side length of 1.6 um and a thickness of 120 nm (figure 1(c)). FIB operation voltage was 30kV for all
steps and final thinning current was 24 pA.

2.3. Electrical characterization

Two Keithley Instruments (Tektronix) devices were used for electrical characterization of the specimen
(2450 SourceMeter) and simultaneous application of a heating current Iy to the differential heating
element on the chip (2611A System Source Meter). The heating current was set manually, and the I-V
characterization was performed with the Keithley Kickstart software.

3. Results and discussion

The CCO device was prepared with the aim of studying its thermoelectric properties, but the electrical
measurements showed unexpected characteristics. A detailed TEM analysis revealed that a nano-gap
formed in the device, which is described first in section 3.1. The mechanical properties of the device are
described in the following section 3.2 before the electrical characterization is presented and discussed in
section 3.3. Finally, the device characterization after the formation of a fully penetrating gap is presented
in section 3.4.

3.1. Formation of a nano-gap at a grain boundary

Figure 2(a) shows a HAADF-STEM image of the thin part of the device at a stage tilt of 11.5°. At this
tilt, the image reveals a dark vertical line, which corresponds to a nano-sized gap separating the left from
the right sections of the lamella. The inset image shows that the gap extends over approximately half of
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Figure 2. (a) HAADF-STEM image of the nano-accordion at a stage tilt of 11.5° revealing the presence of a gap in the device.
The inset STEM image shows the entire region of the thin lamella. The selected area for the SAED pattern shown in (b) and the
acquisition position of the HRTEM image shown in (d) are indicated. (b) SAED pattern taken from the area marked in (a) reveal-
ing the horizontal orientation of the ¢ axis of the material in the left part of the lamella. The sets of [00/] and [13/] reflections

are named and the placement position of the objective aperture for acquisition of the BF and DF-TEM images shown in (e) and
(f) is indicated. (c) HRSTEM image of the central gap region revealing the stack along the c-axis on its left side. A line profile
taken from the marked area is shown in the inset revealing a stack periodicity of 1.1 nm and a gap width of approximately 5.5 nm.
(d) HRTEM image of the end of the gap with grain boundary positions (blue lines) and the direction of the respective c-axis ori-
entation (green arrows) marked. (e) BF- and (f) DF-TEM images of the thin part of the lamella, description see text. Scale bars
are (a) 100 nm, inset image width is 2 um, (b) 2nm™"'. (c) 9nm, (d) 10 nm, (e) 200 nm and (f) 300 nm.

the height of the lamella. An SAED pattern taken from the left side of the gap (figure 2(b)) shows that
in this region, the ¢ axis of the CCO material agrees with the horizontal direction. The orientation of
the CCO crystal is close to the [310] orientation of the Ca,_,Sr,CoO;5 subsystem as both sets of [00/]
and [13]] reflections can be identified in the SAED pattern (figure 2(b)). In contrast, the electron beam
direction does not agree with a higher-order crystal direction of the CCO material in the right part as
revealed by a corresponding SAED pattern, shown in the supplementary figure S2.

The gap thus formed at a grain boundary of the material, which is also seen from HR STEM and
TEM images taken from the gap region (figures 2(c) and (d), respectively). The HRSTEM image shows
the stack periodicity on the left side of the gap. A line scan across the border allows to measure a peri-
odicity of 1.1 nm (inset image in figure 2(c), which agrees with the reference value of 1.08 nm of the
CCO material [17]. The HAADF-STEM image also shows that the left part of the lamella shows a bright
line directly at the gap boundary indicating that the CCO material terminates with a layer of the CoO,
subsystem, which shows stronger HAADF signal as the Ca,_,Sr,CoOj3 subsystem [18]. The line scan
additionally reveals a gap width at this position of approximately 5.5nm. The HRTEM image shown in
figure 2(d) was acquired from the lower end of the gap and reveals that the gap originates at a triple
grain boundary. Three grains are visible in the image and their borders have been marked by blue lines.
The grain on the upper left side shows a horizontal c-axis orientation, indicated by a green arrow in
figure 2(d), which is in agreement with the SAED pattern and the HRSTEM image in figure 2(b) and
(c). In the lower grain, the stack periodicity is visible, but with a rotation compared to the previous
grain. Finally, on the upper right side, no lattice fringes can be detected. At this position, the gap is not
penetrating through the entire thickness of the lamella, but the partial gap is visible from the area with
bright contrast forming along the grain boundary of the upper left grain.

Figures 2(e) and (f) show a BF-TEM and DF-TEM image of the lamella region with the respective
placement of the objective apertures indicated in figure 2(b). In the BF-TEM image, dark areas corres-
pond to regions, where an increased number of electrons undergo diffraction or scattering events to
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higher angles than given by the objective aperture radius. As the lamella is made of a single material
and exhibits a homogeneous thickness, the visible features correspond to diffraction contrast. A dark
bend stripe can be seen in the image that originates in the lower part of the lamella and ends at the gap,
indicating that in this area, the crystal exhibits a higher-order orientation with respect to the electron
beam. At the same time, it indicates that the lamella is strongly bend as a relaxed grain with similar ori-
entation throughout would exhibit a homogeneous contrast. The same observation can be made from
the DF-TEM image shown in figure 2(f). The objective aperture was placed in a region where no major
reflections of the [310] orientation is located (see orange circle in figure 2(b). Several small bright areas
are visible in figure 2(f) that are caused by inclusions with different crystal orientation. In addition, a
bright stripe is visible in the upper right grain, which indicates that also the right grain is strongly bend.
Three thin white lines can be seen in the left grain, that are assumed to correspond to an additional
minor reflection, possibly the [020] reflection of the Ca,_,Sr,CoOj; subsystem.

This analysis of the nano-accordion reveals that there is a gap in the device and that the material is
considerably bend. The formation of the gap could be attributed to two effects: Firstly, pores are fre-
quently encountered in the CCO material and the gap could have corresponded to an elongated pore.
Also, the layered structure of the MLC introduces internal stress, which can additionally facilitate the
gap formation. Secondly, another plausible explanation is the opening of the gap at the grain boundary
due to mechanical stress. On the one hand, the high-pressure fabrication process introduces consider-
able stress in the bulk material. The opening of the gap could be caused by a release of that stress. On
the other hand, the lamella is subjected to possible mechanical stress on the device induced by the SiN
membrane after cutting of the hole.

3.2. Thermally induced controlled bending of the specimen

In this section, the mechanical deformation of the device in response to the heating current Iy applied
on the differential heating element is analyzed. For this analysis, the evolution of the device during the
application of increasing Iy up to a maximum of 5mA was followed by different TEM imaging and
diffraction techniques. Figures 3(a)—(c) shows three BF-TEM images acquired at Iy =0, 3 and 5maA.
The whole series of BF-TEM images is given in supplementary video S1. In the initial, unheated state
(figure 3(a)), the dark broad bending contour corresponds to the [310] crystal orientation, as discussed
previously for figure 2(e). With increasing applied heating current, the device starts to bend and the
bending contour moves towards the left border of the lamella. From the gap region, additional bend-
ing contours appear, which can be linked to another minor zone-axis (figure 3(b)). At maximum Iy,
this additional contours have similarly traveled towards the left border of the lamella. A movement of
the contours in the opposite direction and with reduced speed is visible in the two grains located at the
right border of the lamella, suggesting a reduced strength of the bending in that region. A difference is
also seen between the top part, which includes the gap, and the bottom part, where the material is not
separated by a gap. The movement of the contours is enhanced in the top part due to the presence of
the gap.

The BF-TEM images also allow to measure the distance between the edges of the thick portion of
the lamella as indicated by the blue line in figure 3(b). The measured width is plotted over the estim-
ated heater temperature ATy ¢ in figure 3(d) and reveals a close-to-linear decrease with the temper-
ature. The width decreases by 22 nm when compared to the unheated state. The observed bending and
the decreasing width are caused by a thermal expansion of the heated area of the in-situ chip. The small
deviations from the linear decrease with temperature can be explained by an inhomogeneous temperat-
ure distribution within the in-situ chip.

In addition to BF-TEM imaging, the device was studied by DF-TEM imaging with similar condi-
tions as in figure 2(f) and the corresponding images can be seen in supplementary video S2. The video
shows a similar movement of the bending contours, confirming the considerable bending induced by
the applied heating current Iy. Supplementary video S3 shows the evolution of the HAADF-STEM con-
trast in dependence of I;;. The HAADF-STEM image of the series acquired at Iy =5mA is displayed in
figure 3(e). The image shows the gap-region of the device and instead of the dark line corresponding
to the gap, a bright line with increasing width toward the upper border can be seen. This bright line is
explained by the overlap between the right and left part of the lamella caused by the bending of both
sides toward each other. Supplementary video S3 also reveals the change in channeling contrast due to
bending and the related loss of parallelity of the electron beam with the a-b plane of the crystal close to
the gap.

The SAED patterns for increasing Iy up to 5mA can be seen in supplementary video S4 and
figure 3(f) shows the SAED pattern at the maximum current of 5mA. The pattern reveals that at this
current, the electron beam current direction does not agree with a crystal plane of the CCO material.
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IH=5

Figure 3. (a)—(c) BF-TEM images of the thin part of the device for different applied Iy of (a) 0 mA, (b) 3 mA and (c) 5mA. The
movement of the bending contours due to temperature-induced bending is clearly visible. (d) Plot of the measured width of

the lamella as indicated by the blue line in (b) over ATy cs. The close-to-linear decreasing width due to thermal expansion and
bending is clearly visible. Black crosses correspond to the rise of the current and blue boxes to the descent. Error bars correspond
to the pixel size. (¢) HAADF-STEM image of the device with Iy = 5 mA. The two parts of the lamella overlap in the upper part
due to temperature-induced bending, which leads to the increased contrast in the overlapping region. (f) SAED pattern acquired
from the area marked by a blue circle in (c) for Iy = 5 mA. Due to bending, the electron-beam direction is now far from the

initial proximity to the [310] orientation. Scale bars are (a)—(c) 300 nm. (e) 100 nm and (f) 3nm™".

The video reveals a smooth evolution of the SAED pattern. The experimental SAED patterns were com-
pared qualitatively with simulated patterns considering only the Ca,_,Sr,CoOj; subsystem of the CCO
material (see supplementary figure S3). The comparison reveals that the orientation of the crystal with
respect to the electron beam changes by approximately 8° between the unheated state and Iy =5 mA.

The presented analysis clearly shows that an applied heating current allows to control the mechanical
state of the device. This control is highly reproducible, a repeated applied heating current results in the
identical mechanical state of the device as shown by the comparison of TEM images and SAED patterns
for the same Iy at different points of time (see supplementary figure S4). The controlled movement of
the device resembles the movement of the bellows during the operation of an accordion (musical instru-
ment) and for that reason, the device was named nano-accordion.

3.3. Electrical characterization of the nano-gap

The employed in-situ chip allows to study the electrical characteristics of the device in dependence of
the applied differential heating current Iy. Figure 4(a) shows three I-V curves obtained 1) at Iy =0mA
shortly after insertion of the device in the microscope (solid blue line), 2) at Iy =5 mA (solid red line)
and 3) again in the unheated state after turning of the heating current (blue dashed line). The meas-
ured current is considerably increased in the heated case, which can be attributed to the semiconducting
nature of the CCO material, whose conductivity increases with the temperature. The current has a non-
linear dependency on the applied voltage, which is again explained by the semiconductivity of the mater-
ial in combination with the considerable current densities (>1.5-10* Acm™2) at £0.5V and an expected
Joule heating of the device.

The chip was designed such that an applied Iy leads to a temperature gradient along the device,
which permits the study of the thermoelectric properties of the material [13]. To measure that induced
voltage, the voltage at zero current is determined in dependence of the applied heating current. Three
black squares are added to the inset in figure 4(a), which indicate the origin (left square) and the voltage
offset for the red and blue solid curves (other squares). It is seen that even at no applied heating current,
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Figure 4. (a) Comparison of three I-V curves for Iy = 0 mA (blue solid line), I = 5 mA (red line) and again at 0 mA after having
heated with 5mA (blue dashed line). The inset shows the curves at low voltages and the black squares mark the origin and the
voltages where blue and red curves pass zero measured current. (b) Plot of the voltage offset (as marked by black squares in the
inset in (a)) for three different conditions of the device: Directly after insertion in the microscope (black crosses and circles),

after 4 h in the microscope (green) and after retraction to the loadlock (yellow). (c) TEM image of the gap region directly after
insertion showing a bright contrast in the gap region. Scale bar is 20 nm.

a strong voltage offset of 25 mV is measured, being too high to be a measurement error, which is typic-
ally well below 0.1 mV. The voltage offset is decreased for Iy =5mA and, more interestingly, the second
I-V curve taken at 0 mA after heating, does not agree with the initial measurement.

Figure 4(a) shows only three curves of a measurement series for varying Iy;. For each I-V curve, the
voltage offset was determined and is plotted in black crosses and circles over ATy ¢ in figure 4(b). The
crosses correspond to the rise and the circles to the descent of the current and the difference is clearly
seen. The same measurement series was repeated after 4h of the device in the microscope (green crosses
and circles), which does not show a significant difference between rise and descent and which agrees well
with the descent of the initial measurement series. These observations suggest that the device undergoes
a structural change during the first heating and remains in that state even if a current is applied again.
In addition, figure 4(b) shows yellow crosses and circles, which correspond to a third measurement
series, conducted after retracting the specimen holder to the loadlock position. For this measurement
series, the voltage offset at ATy . = 0K after heating up is found to be higher than before, suggesting
that the device underwent the initial process in reverse direction.

It is instructive to compare the measured I-V curves and voltage offsets with the measurements con-
ducted on similar devices without gap [13]. The measured voltage offset in gap-free devices at Iy =0 mA
was in the range of 10 1V, thus being three orders of magnitude smaller than the offset measured for
the nano-accordion. The thermo-voltage induced by the differential heating device followed a smooth,
approximately quadratic evolution reaching maximum values of below 7 mV independent on the history
of applied currents. This again strongly differs from the nano-accordion, which does not exhibit a well-
defined dependency on ATy e and exhibits also considerably more noise. This comparison allows the
conclusion, that, although the induced thermo-voltage plays a role in the measured characteristics of the
nano-accordion, it is clearly not the dominant contribution.

These considerations suggest that the electrical characteristics of the device cannot be explained solely
by the (thermo)electric properties of the material but are related to the nano-gap, absent in all other
studied devices. The observed unexpected electrical characteristics may be attributed to molecules in the
gap region. Water and hydrocarbon molecules are commonly adsorbed on specimens under the high-
vacuum conditions typical for TEM and can be assumed to be present on the inner surfaces of the gap
region as well. As hydrocarbon molecules are nonpolar, it is difficult to imagine how these can gen-
erate an intrinsic voltage. Therefore, it is reasonable to assume that (polar) water molecules will have
the largest impact on the electrical properties of the nano-accordion and cause the large voltage off-
set observed in the unheated state. Indeed, water molecules are known to have a significant impact on
the work function of a material if chemisorbed on the surface and a monolayer of perfectly aligned
molecules corresponds to a voltage step of 4V [19, 20]. Assuming that the gap is the sole cause for
the voltage offset, the measured voltage offsets in the unheated state can be used to estimate the field
strength within the gap region. With gap dimensions of 5 x 120 x 700 nm?, the field strength calcu-
lates to initially 1.5kVm™" and decreases to 0.95kV m™! after 4 h. These values can be seen as lower
estimate as the gap width varies locally and extends only over half of the lamella. The decrease of the
voltage offset after heating under high vacuum conditions is linked to the desorption of a considerable
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S SEV (b

Figure 5. (a) SEM image of the device with full gap. The circle indicates the position with minimum distance. (b) BE-TEM
images of the device with fully broken gap, circle indicates position for SAED pattern acquisition. (¢) HRTEM image of the upper
gap revealing amorphous material in the gap region. (d) HRTEM image of the triple-phase region showing that in this area, the
gap only exhibits minimum width. (e) BE-TEM image of the device at an applied heating current of Iy = 5mA. (f) SAED pattern
of the unheated device. Scale bars are (a), (b), (e) 300 nm, (c) 5nm, (d) 10 nm, (f) 4nm—".

portion of the molecules due to the increasing temperature and facilitated by the mechanical movement
of the device that causes the exposure of the interior surfaces of the gap and thus favors the desorption.
In contrast, the retraction to the loadlock of the microscope, an area with worse vacuum conditions,
leads to the re-adsorption of (water) molecules and thus to an increase of the observed voltage offset.
The decrease/increase of the voltage offset (figure 4(b)) exhibits a strong slope for ATy o < 50K, which
is smaller for higher ATy ¢ This suggests that the initial decrease is mainly caused by the mechanical
movement and that temperature-induced effects only play a significant role for higher ATy cq.

Figure 4(c) shows a HRTEM image of the gap region shortly after insertion in the microscope. The
image was acquired in slight overfocus conditions and the gap region appears with bright contrast com-
pared to the vacuum region. Under overfocus conditions, atoms (positive potential) appear bright, [21]
indicating that indeed, material and/or positive charges are present in the gap region.

3.4. Characterization after formation of a gap along the entire device
After the conducted measurements presented in the preceding sections, the nano-accordion was mounted
in the dual-beam machine with the aim to further thin the device and study the impact on the elec-
trical characteristics. Figure 5(a) shows an SEM image of the device after mounting, which reveals that
the gap opened across the entire lamella. The image reveals a gap width of about 50 nm. In the center of
the gap (marked by a blue circle), the two parts of the lamella still seem to be in a minimum direct con-
tact. A TEM analysis of the device after the full rupture (figures 5(b)—(d)) reveals a reduced gap width
of less than 10 nm. The gap is visible as a fine white line in the BF-TEM image shown in figure 5(b)
and amounts to approximately 8 nm in the upper part of the lamella as seen in figure 5(c), which was
taken from the initial gap region. The HRTEM image reveals the stacking periodicity of the MLC stack
on the left side of the gap, while only weak fringes are visible on the right side. The gap is filled with an
amorphous material, most probably from hydrocarbon molecules (contamination). The absence of a gap
in the HRTEM image taken from the region of the triple-phase boundary (figure 5(d)) suggests that, in
that region, the two parts might still be in direct contact.

We address the difference in gap distance between the two microscopic techniques to electrostatic
charging in SEM. The lower energy of the irradiating electrons results in the generation of a large num-
ber of secondary electrons, which typically cause positive charging of the insulating SIN membrane. This
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Figure 6. (a) Voltage offset plotted over the estimated temperature increase for the device with full gap and for different condi-
tions: Directly after insertion in the microscope (blue crosses/circles), after 2 h in the microscope (red), after retraction to the
loadlock (yellow) and at air (purple). Crosses represent the rise and circles the descent of the heating current. (b), (c) Measured
resistances for (b) the device with full gap and (c) the device with full gap, corresponding to the voltage offsets shown in (a) and
in figure 5(d), respectively.

charging, combined with the relatively poor grounding provided by conductive tape could lead to an
electrostatic repulsion of the two parts of the device and thus to the large gap. In fact, this electrostatic
charging could have contributed to the full rupture of the device. In contrast, electrostatic charging in
TEM is negligible and the grounding given by the contact pins of the specimen holder is better, leading
to the apparent closing of the gap.

Interestingly, the mechanical response of the device with full gap to an applied differential heating
current Iy is highly similar when compared to the case of a partial gap. Supplementary video S5 shows
the BF-TEM image evolution with increasing Iy and reveals a highly similar bending contour contrast.
Figure 5(b) shows a BF-TEM image of the unheated device, acquired under similar conditions compared
to figure 2(e). A comparison of both images reveals that the bending contours are slightly broader in
the left part of the device for the full gap, indicating a slightly reduced initial bending of the device. The
movement of the bending contours then follows a similar evolution as observed for the partial gap as
seen from supplementary video S5 and the BF-TEM acquired at Iy =5 mA shown in figure 5(e). The
SAED pattern acquired in the unheated state (figure 5(f)) again shows the [310] crystal orientation of
the material.

In contrast, a strong change is observed for the electrical properties. Figure 6(a) depicts the voltage
offset determined in dependence of ATy s, similarly as conducted for figure 4(b). The striking dif-
ference is the magnitude of the measured voltage offset, which is between 0.3 and 0.9V, more than 30
times larger than for a partial gap. This confirms that the induced voltage offset is indeed related to
the gap, as its contribution can be expected to be strongly increased in case of the full gap. Figure 6(a)
shows the results for measurements conducted under different vacuum conditions. The black crosses
and circles represent the first measurement after insertion into the microscope. Three additional meas-
urements have been added: one measurement after 2h in the microscope (green symbols), a measure-
ment after retraction to the loadlock (yellow symbols) and at ambient pressure after full retraction from
the microscope (purple symbols). The shape is similar for all of the measurements, showing a general
decrease of the induced voltage offset for increasing ATy . A difference is seen for the rise (crosses)
and descent (circles) for all measurements, the direction however changes in dependence of the vacuum
environment. Both measurements conducted in the high vacuum of the microscope column (black and
green symbols) show a reduced voltage offset at ATy o = 0K after the current ramp, as indicated by
an arrow in figure 6(a). In contrast, the voltage offset increases after application of the current in poor
vacuum conditions as seen from the measurements performed in the loadlock and at air. For the full
gap, the voltage offset decreases more homogeneously with ATy ¢ and the two regions with different
slopes observed for the partial gap (figure 4(b)) are not seen. This suggests that the mechanical opening
of the gap represents the major impact on the measurements of the full gap.

When comparing the two measurements conducted in high vacuum, the voltage offset agrees for a
temperature increase larger than 50K, reaching a value of 0.12V at ATy . = 150 K. However, a consid-
erable difference is found in the voltage offset measured before performing the current ramp, which is
0.5V for the initial measurement and 0.65V for the measurement conducted after 2 h. This is in contrast
to the device with partial gap, where repeated measurements after the initial ramp resulted in similar
curves, which was explained by the removal of adsorbed molecules from the gap region. This difference
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is attributed to the larger gap opening for the full gap. Firstly, a possible contribution could be minor
mechanical changes of the device, which could lead to a decrease or increase of a possible direct con-
tact between the left and right parts of the lamella after the application of a heating ramp. Secondly,
the larger gap distance leads to a stronger exposure of the gap surfaces facilitating the adsorption of
molecules from the vacuum environment even in a closed state. The molecules can therefore differ in
both type and arrangement between the initial and the later measurement, leading to a change in the
induced voltage offset in the unheated state. As hydrocarbon molecules are adsorbed with less adsorp-
tion energy, it is reasonable to assume that their presence and thus effect will reduce with the time of
the device under high vacuum. The higher initial voltage offset after 2h in the microscope might thus
be attributed to a higher amount of water molecules. In a heated state, the impact of the gap is reduced,
leading to the agreement at higher applied currents. Similar to the partial gap, the heating and open-
ing again leads to the removal of adsorbed molecules, which explains the reduced voltage offset after
the heating cycle. The measured voltage offset can again be used to estimate the electrical field strength
within the gap region in the unheated state. Assuming the gap to span over the full device with a width
of 8 nm, the field strength is found to be increased to 14-37kVm~!.

In addition to the voltage offset, the I-V curves also provide a value for the resistance of the device.
Therefore, the curve is fitted by a linear function for lower applied voltages and the resistance is determ-
ined from the gradient. The resistances determined for both, full and partial gap are shown in depend-
ence of ATy e in figures 6(b) and (c), respectively. The initial resistance in the unheated state strongly
increases for the full gap by more than 30 times from approximately 200 kQ2-7 M. This increase is
expected as the device with partial gap still possessed a large continuous connection of the material,
while such a direct connection is reduced to a minimum for the full gap. When neglecting a possible
contribution of the gap to the resistance value of the device with partial gap, the resistivity calculates to
0.6 2m, which is close to the literature value of the CCO device [15], indicating that for the device with
partial gap, the resistance is governed by the material.

The measured resistance in the unheated state suggests that the partial gap only has a minor impact
on the resistance, which is confirmed by the comparison of the resistance curves for the different
vacuum conditions in figure 6(c). All curves show a highly similar trend towards lower resistance with
increasing temperature, which can be attributed to the increase in conductivity of the semiconductive
CCO material with temperature. In contrast, the measured resistance strongly differs for the different
vacuum environments and current histories in case of the full gap (figure 6(b)). The differences between
rise and descent are similar to the measured voltage offset. The resistance at ATy . = 0K decreases after
the current ramp in case of good vacuum conditions (black and green symbols in figure 6(b) and oth-
erwise increases after the current ramp (yellow and purple symbols). Again, these observations could be
explained by the amount of molecules present in the gap region. Under good vacuum conditions, the
contribution of poorly conducting water molecules are expected to decrease after heating up, possibly
leading to a better contact between the two parts of the lamella. Under worse vacuum conditions, the
trend is reversed.

3.5. Summary of observed phenomena

Table 1 summarizes the different effects of the induced external stimuli due to the application of a
differential heating current. The current firstly induces a temperature increase and the induction of

a temperature gradient along the device. The temperature increase of approximately 150 K at max-
imum heating current is moderate but still increases the desorption probability of adsorbed molecules.
Furthermore, it increases the conductivity of the semiconducting CCO material leading to a reduced
device resistivity. In addition, a temperature gradient is generated along the device, which induces a
thermovoltage within the CCO material. However, its magnitude remains small compared to the effect
of the nano-gap, particularly for the full gap.

The temperature increase generates a thermal expansion of device and in-situ chip, which induces a
mechanical bending and the opening of the gap, i.e. the exposure of interior surfaces of the gap. This
opening directly diminishes the gaps’ influence on the electrical measurement. In combination with a
change in the vacuum environment, the gap opening leads to a modification of the density and species
of adsorbed molecules within the gap. This alters the gaps’ electrical contribution in both the heated and
unheated state, i.e. even after gap closing. The electrical properties of the device are therefore dependent
on the combined history of vacuum environment and application of differential heating currents.
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Table 1. Different contributions to the observed electrical properties of the nano-accordion.

External stimulus Effect on gap chemistry Effect on electrical properties

Temperature increase Increased desorption Conductivity increase of
semiconducting CCO: reduced device
resistance

Temperature gradient — Increasing thermovoltage

Gap opening due to mechanical Exposure of interior surfaces Reduction of gap contribution

bending

Pressure decrease/increase Decrease/increase of adsorption, Increase/decrease of gap contribution

modification of gap composition

4, Conclusion

This work presents the nano-accordion, an in-siftu TEM device made of a MLC material with implemen-
ted nano-gap and details its mechanical and electrical response to an applied differential heating current.
The gap formed at a grain boundary and initially remained only partially spanning the device. TEM
investigations for varying applied heating currents revealed a highly controllable mechanical bending of
the device, which reminds the moving bellows of an accordion. The bending also induced the opening
of the gap. The electrical characterizations show a high induced intrinsic voltage, which is attributed to
(water) molecules adsorbed in the gap region, which are forced to desorb upon exposure of interior sur-
faces and heating under high vacuum conditions, leading to a reduced intrinsic voltage in the unheated
state. In contrast, the initial intrinsic voltage is restored when opening the gap under worse vacuum con-
ditions, where (water) molecules can re-adsorb. The gap expanded to spread the whole device, which
only had a small impact on the mechanical response to an applied heating current, but a strong influ-
ence on the electrical properties, which were found to be dominated by the full gap. The measurements
allow to calculate the electric field strength within the gap region, which amounts up to 37kVm™".

The work is of interest as it provides a way to prepare a nano-sized gap in a controlled way by spe-
cifically locating grain boundaries or pores in a material. Such electrically controlled gaps could be used
to study, e.g. the electrical properties of specific gases. Moreover, this study allows drawing conclusions
for the conduction of in-situ TEM experiments as it reveals that considerable mechanical stresses and
bending can occur upon in-situ heating, which need to be taken into account for a correct interpretation
of the acquired data.
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