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The fabrication of nanodevices on the delicate membrane window of the TEM (transmission electron microscopy) chip has the
risk of breakage failure, limiting in-depth research in this area. This work proposed a methodology to address this issue, enabling
secure in-situ transmission electron microscopic observation of many devices and materials that would otherwise be difficult to
achieve. Combining semi-custom TEM chip design and front-side protected release technology, a variety of nanodevices were
successfully fabricated onto the window membrane of the TEM chip and studied in situ. Moreover, the pressure tolerance of
window membrane was investigated and enhanced with a reinforcing structure. As an example of typical applications, MoS,
devices on the TEM chip have been fabricated and electron beam-induced gate modulation and irradiation damage effects, have
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1 Introduction

Transmission electron microscopy (TEM) is a powerful tool
for characterizing structural and chemical properties. In re-
cent years, in situ TEM study of materials in different am-
bient, temperature, and bias conditions has shown a
significant role in the fields of catalysis, energy, and device
mechanism [1-10]. Following the probe approach, the
method using TEM chips was designed and manufactured to
achieve various in situ functions. The TEM chip has become
a key technology because its membrane window can carry
out gas/liquid environment experiments, load nanodevices,
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and has the advantages of small size, low cost, and the
possibility to expand into a wide range of electrically
achievable functions [11-18].

The observing window area of the TEM chip is a sus-
pended thin and fragile membrane. It is a challenging and
tricky task to prepare nanodevices and nanomaterials on such
a membrane. Most reported methods of sample preparation
are evaluated in Table 1 [19—40]. In the most classic way, the
chips with the released membrane can be purchased from
manufacturers or fabricated by the end-users themselves.
Then the nanomaterials or nanodevices are carefully pre-
pared on the suspended membrane. However, the procedure
highly risks damaging membrane, and only allows limited
and gentle processes [19-33]. Another approach is to prepare
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Table 1
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Risk of damaging membrane, sample, and chip edges for different TEM chip preparing methods

Sample Membrane

Risk of damaging

Proficiency

Fabrication order transfer method release method Membrane Sample Chip edge requirement Refs.
Deposition Low Low Low Low [19,20]
Contact High Low Low Medium [21]
Release membrane Stamp Medium High Low High [22,23]
before ) ) Released ) )
preparing sample Nano-manipulation Medium Low Low High [24-28]
Liquid surface Medium Low Low High [29]
Sample solution droplet Low Medium Low Low [30-33]
Protective layer Medium High Medium Low [34-36]
Sealing ring Low Medium Medium High [37]
Release membrane
after Transferred Floating chip Low Medium High High [38,39]
reparing sample
preparing P Epoxy seal Low Medium High High [40]
Etching apparatus Low Low Low Low This work

the sample on a chip with the unreleased membrane using an
unlimited transfer process, and then etch the silicon to re-
lease the window membrane. The currently reported methods
may still have problems such as contamination of samples,
poor feasibility to diced chips, or require high proficiency
[34-40].

To pursue the highest success rate to release the mem-
brane, the approach of utilizing an optimized etching appa-
ratus is a preferential choice. The most available etching
apparatuses are unsuitable for etching small areas on small
chips. The size of the individual TEM chip is much smaller
than the conventional wafer size, which can cause clamping
difficulty. At the same time, the tiny etching area will prevent
the effective flow of the etchant, thus causing unstable etch.

For many applications, the larger the window, the greater
the probability of having the desired sample on the window.
However, the large window is more prone to break during
both fabrication and usage in TEM. Therefore, prediction
and enhancement of the suspended membrane become va-
luable in chip design and fabrication.

In this paper, we propose a semi-custom fabrication
method, which uses an optimized etching apparatus for
post-transfer membrane release, therefore allowing the
preparation of complex nanodevices on the membrane
with a high yield. We provide a complete and compre-
hensive process with detailed recipes and design rules,
which are applicable to achieve in situ characterization of
various nanostructured samples. In addition, the pressure
resistance of the membrane is also optimized with the
reinforcing structure. Finally, we show four in situ TEM
experiments of nanodevices prepared by our method, which
are difficult to prepare equivalently using other methods.
Among them, we perform an in-depth in situ TEM study of
the electrical response to electron beam irradiation of MoS,
nanodevices.

2 Experiments and analysis

2.1 Fabrication methodology

As illustrated in Figure 1(a), a TEM chip is expected to be a
platform for TEM observing and performing in situ studies
for a wide range of devices and materials. However, for chips
with released membranes, adding devices or materials on top
of them is risky as it tends to cause membrane rupture. When
the membrane is supported with silicon underneath, as
shown in Figure 1(c), it can host a variety of processes,
including press-on material transfer, blade coating, ultra-
sound, etc. It is initially versatile for nanodevices and na-
nomaterials characterization and can then be customized
according to the demand afterward, so given the name of
semi-custom TEM chip.

The fabrication process of the chip is shown in Figure 2.
The high-quality low-stress silicon nitride (SiN,) layer is
grown on a 200-um-thick silicon wafer with low-pressure
chemical vapor deposition (LPCVD). The membrane thick-
ness is less than 100 nm, typically 50 nm. Then photo-
lithography and reactive ion etching (RIE) are used to form
the window pattern on the backside. This step requires pre-
cise alignment mask-crystal direction to make window size
accurate (Figure 2(b)). Next, after double-sided alignment
photolithography, metal sputtering, and lift-off process, the
metal electrodes are fabricated. A protection layer is then
patterned on the top (Figure 2(c)). The wafer is later diced
into single chips with size fitting the TEM holder.

As shown in Figure 2(d), there are uncovered leads on the
chip for further connection onto devices, and the chip has
marks for aligning. There are also large numbers or patterns
on the corner of the chip, displaying information of chip
design that is visible to bare eyes. Here, the semi-custom
chips can be produced in large quantities and the cost per
chip is reduced.
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Figure 1 (a) The idea of TEM chip as a platform for nanodevices and nanomaterials in the in situ TEM research; (b) the schematic diagram of adding
nanomaterial on the suspended membrane chips; (c) the schematic diagram of the fabrication of nanodevice on unreleased membrane chips.

According to the subsequent customized demand, nano-
device processing is performed on the unreleased membrane
chip, which generally contains hard contact material transfer,
electron beam photolithography, and ultrasonic material re-
moval. After that, the chip needs a special front-side pro-
tected selective etching to etch silicon and release the
membrane (Figure 2(f)). The obtained chips are ready for in
situ TEM characterization as shown in Figure 2(g) and (h).
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Figure 2 Fabrication procedure for the chip with nanodevices on the si-
licon nitride window membrane. (a)—(c) The side view and (d) the top view
of the chip at step (c). (e)—(g) The side view and (h) the top view of the
fabrication process of adding nanodevices onto the chip membrane window
in preparation for in situ TEM observation.

(9)

2.2 Etching setups

The conventional etching methods need a protective layer on
the device area, which is removed after etching. There are
two requirements for the protective layer process: (1) the
protective layer should be invulnerable to the strong etchants
during the long etching process, and (2) the final suspended
membrane and nanomaterials should be invulnerable to
solvents and operations for removal of the protective layer.
Obviously, the contradiction between the two requirements
makes it inapplicable.

We designed and optimized a special etching apparatus as
shown in Figure 3(a) to hold the etchant in place so it only
contacts a selected area. The etching apparatus consists of a
Teflon container, a heater, a stainless-steel holder, etc. The
30wt% KOH is used to anisotropically etch the exposed si-
licon under the window area at 80°C. A magnetic rotor is
utilized to stir the etchant magnetically, so the air bubbles
generated during the reaction can be quickly separated from
the surface, to avoid the micro-mask effect to achieve good
corrosion uniformity. At the same time, the window area
remains untouched throughout the membrane release pro-
cess. Another advantage of the technique is that the etch-stop
can be conveniently monitored from the top of the apparatus
which helps prevent further damage to the fragile membrane
after the etching of the silicon. As the silicon etching nears
completion, the window will become transparent and light
from a light source below the device will be observable from
the top of the apparatus.

As shown in Figure 3(c) and (d), the apparatus ensures a
high efficiency because it can etch up to 8 chips simulta-
neously. The chips are loaded into the grooves where the
etching area will face holes on the Teflon container. These
grooves prevent chips from slipping or cracking while re-
ducing operational difficulty and error rates. The corrosion-
resistant fluoroelastomer O-ring used in the device has ex-
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Figure 3 (a) The schematic diagram of the implementation of the front
side protected releasing; (b) the schematic diagram of the etching appara-
tus; (c) the view from the top of Teflon container after etching; (d) chips
after etching; (e) the apparatus for whole wafer etching with a similar
design; (f) the whole wafer etching result.

cellent uniformity, and the metal ring on the upper part of the
device and the metal bracket on the lower part of the device
have high hardness and flatness so that each chip can be
tightened uniformly by using a fixed-torque screwdriver and
tightening the four screws in sequence from low to high
torque. After the disassembly of the etching device, the chips
are all face up in a position where can be easily and reliably
clamped.

The design principle of this etching apparatus can be ex-
tended to other sizes, such as the case of single-sided etching
scenarios of the entire four-inch silicon wafer, as illustrated
in Figure 3(e) and (f).

2.3 Membrane strength reinforcing structure

Most TEM chips based on silicon wafers use anisotropic
etching to make rectangular windows, releasing the sus-
pended SiN, membrane as the observing window. In order to
increase the membrane stability, we have investigated many
methods and found that introducing a reinforcing structure
grown on the SiN, membrane is the best. Using the para-
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meters of window size 300 um x 50 um, and membrane
thickness 50 nm into the simulation, stress distribution result
of the membrane without (Figure 4(b)) and with reinforcing
structure (Figure 4(c)) are shown. A clearer stress data
comparison in Figure 4(d) and (e) show the reinforcing struc-
turehas effectively reduced the maximum stress. According
to Weibull distribution, it reduces the fracture possibility
[41,42]. The result points out that two places need caution.
The place @ is on the surface of SiN, membrane, at the inner
edge of the unreinforced part. The place 3 is on the surface
of the reinforcing structure, directly above the edge of silicon.

To analyze the change in tensile stress, we need to consider
how the forces change for different reinforced layer thick-
nesses () and reinforcing structure length (L).

The total tensile stress on the membrane is fixed for a
certain size window under a fixed pressure difference. The
maximum tensile stress at place @) is related to the bending
angle of the SiN, membrane. As shown in Figure 4(f), the
stress is reduced only when the reinforcing structure is thin
and long.

At the top of the reinforced membrane, the maximum
stress will be less if the membrane is thicker. The result of the
simulation in Figure 4(e) is consistent with this analysis. One
thing to note is that the material at place 3 is different,
meaning that the stress endurance ability is different. This
reinforced membrane is often formed by sputtering or plas-
ma-enhanced chemical vapor deposition (PECVD) process
so their fracture strength is often lower than the SiN..

The stresses at both places @ and 3 need to be reduced to
ensure that the reinforcing structure is one that reduces the
probability of the fracture. A structure with an extended
width of >3 pm and thickness of >100 nm can achieve good
membrane strength reinforce.

When the window size or the pressure difference is larger,
a frame-like reinforcing structure is not enough. Long-
itudinal and latitudinal stiffener structures can provide
stronger reinforcement and lower the maximum stress on the
thin membrane. The stiffener structure requires a high me-
chanical strength of its material and also requires a thickness
of several hundred nanometers. After comprehensive con-
sideration, LPCVD grown SiO, is the best choice. As de-
monstrated in Figure 4(h), when a SiO, stiffener structure is
placed on the membrane surface of a 300 um>300 pm TEM
window, the stress is reduced to an acceptable value.

3 Results and discussion

3.1 Pressure test for window membrane

Since it is difficult to test the chip pressure resistance in an
electron microscope, we design a device to compare and
measure the chip pressure resistance. As shown in Figure 5(a),
two types of chips with and without a reinforcing structure
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Figure 4 Simulation results of stress on membranes. (a) The schematic diagram of the membrane and the reinforcing structure at the edge of the window.
(b) The simulated stress distribution on 300 pmx50 pm size 50 nm SiN, membrane under a pressure difference of standard atmospheric pressure. (¢) The
stress distribution with a 2.5 pm SiO, reinforcing structure. (d) The surface stress distribution and the side view of the structure at the edge of the membrane
without or (e) with the reinforcing structure. (f) The maximum stress on the SiN, membrane at different thicknesses and lengths of the reinforcing structure.
The “No” region shows the parameters easier membrane break. (g) The maximum stress on the top of reinforcing structure. (h) The simulation result of the

stress on a 300 um>300 um window with stiffener structure.

can be tested under the conditions of the same air pressure
source. A 3-bar nitrogen source is repeatedly added as
pressure difference input.

Two kinds of chips are fabricated in the same process,
among which one extended the spacer structure as reinfor-
cing structure. TaO, is chosen as the material instead of SiO,
to compare the membrane strength with or without the re-
inforcing structure. It is an insulating material prepared by
sputtering, and the sputtering-prepared material does not
require etching removal and thus damage to the substrate
SiN, material. The previous analysis reveals that the re-
inforcing structure needs a relatively large thickness. A
group of chips with 120 nm material thickness is tested for
comparison. The nitrogen fractured the unreinforced mem-
brane window but failed to break the reinforced one, proving
the effectiveness of the reinforcing structure.

3.2 Large window and stiffener structure

Sometimes a larger observation window of the TEM chip
becomes necessary to allow more nanomaterials in the ob-
servation area under the same conditions. Moreover, a larger
observation window may simply be required because the
object to be observed needs a larger window to carry. In the
situation that the TEM chip with a larger window membrane
demands more careful protection, our applicable methodol-
ogy gains more advantages.

Utilizing the SiO, stiffener structure analyzed above, a
SiN, membrane window with a thickness of 50-nm-thick size
of 300 umx*300 pm is designed on the TEM chip. The ZnO
nanowire is transferred onto the window area of the un-
released chip with front-side protected releasing and ob-
served in TEM. Figure 6 shows that this design provides a
large window with enough load capacity to be applied with
sufficient clarity.

3.3 Nanodevices and in situ TEM study

Following such a post-release device processing method, a
wide variety of nanodevices can be reliably fabricated. Fig-
ure 7 shows the fabricated membrane-released semi-custom
TEM chip.

The various nanodevices fabricated using the semi-custom
chip method are shown in Figure 8.

A graphene nanogap device is shown in Figure 8(a) and
(b). The sub-10 nm nanogap is prepared by the shadow de-
position method [43,44] after the transfer of single layer
graphene utilizing liquid surface onto the unreleased chip.
Among these fabrication steps, all transferring graphene,
electron beam lithography (EBL), and metal lift-off possibly
cause damages if the membrane is previously released. Also,
graphene devices are very reluctant to various organic con-
tamination. Using our post-release method can achieve re-
liable device assemble.
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Figure 7 (a) The chip view; (b) chip membrane window area. The marks
and metal leads and reinforcing structure can be seen.
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Figure 5 The pressure endurance test for TEM chips with or without
reinforcing structure. (a) The schematic of the pressure test. (b), (c) Optical
images for the test setup. (d) The chip without reinforcing structure. (e) The
chip with reinforcing structure. (f) The membrane broke after test and (g)
membrane stays intact after air pressure differences with reinforcing
structure.

Figure 8 The nanodevices fabricated using a semi-custom chip method.
(a) The SEM and (b) TEM image of the metal nanogap-on-graphene de-
Figure 6 TEM image of the large suspended window with stiffener vice. (¢) The SEM and (d) TEM image of InAs nanowire device. (e) The
structure (a). ZnO nanowires are loaded. Scale bar in the enlarged window SEM and (f) TEM image of lateral resistive memory devices. (g) The SEM
is 10 pm. (b) Enlarged view on single ZnO nanowire. and (h) TEM image of a single MoS, device.
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Figure 8(c) and (d) show an InAs nanowire device, which
is prepared by contact transfer from the original substrate,
then EBL and metal deposition. The high damage probability
to the released membrane by smear transfer is avoided using
our method implementation, resulting in a high yield.

Figure 8(e) and (f) show a transversal resistive memory
with the nano-gap formation on a thin film of TaO, material.
Our preparation method can be useful to study oxygen va-
cancy on the material surface while avoiding possible che-
mical damage to the nano-gap interface after device
formation.

Figure 8(g) and (h) show MoS, devices. The 2D MoS,
material is generated by tape tearing from bulk material and
pressed directly onto the window area of the membrane
unreleased chip, reducing the material transfer step and thus
having the most lossless material properties.

Some nanomaterial research are also performed in our
previous work using this methodology. The surface mor-
phology evolution of ZnO during wet etching is studied by in
situ liquid cell transmission electron microscopy [28].

Two-dimensional materials such as MoS, are generally
transferred by solid pressing or liquid surface lifting. The
transferred material is randomly distributed with a different
number of layers and sizes. The larger the window, the higher
the probability of finding the ideal material. After making
optical and other observations, the location of the desired
material can be located and fabricated into nanodevices with
the customized post-fabrication process.

MoS, devices are sensitive to electron beam irradiation,
this property allows MoS, devices to be used for radiology
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sensors. A MoS, device shown in Figure 8(h) is irradiated by
the electron beam in TEM, and the irradiation effects are
characterized.

In Figure 9(a), the SAED image and the diffraction spots of
some crystalline surfaces marked therein show that this
MoS, material in the device is a multilayered two-dimen-
sional crystal. It can be seen that, at the first irradiation in
Figure 9(b), the device conductivity increases substantially.
The irradiation dose is 1.87x10° ¢ /(A” s). The second ir-
radiation is stronger, which dose is 1.15 c{/(A2 s). It not only
results in a faster current increase but also a later current
decrease.

In the subsequent irradiation, the phenomenon that the
current is larger after irradiation stopped than before irra-
diation could not be observed again. The main phenomenon
is a linear like current drop during the 3rd irradiation, which
isan80s1.15 e_/(A2 s), as shown in Figure 9(c). The current
rises only during the irradiated period and returns to the same
value as before irradiation when the irradiation stops, as the
6th to 10th weak irradiation shown in Figure 9(d).

Besides, the decreasing segment is clearly related to the
irradiation intensity. To analyze the irradiation-induced cur-
rent decreasing rate, the normalized slope is obtained by
linear fitting and then dividing I5y. Although the data points
in Figure 9(e) are somewhat scattered, the slope ratio is re-
lated to the irradiation dose.

To analyze whether the saturation of the current rise caused
by radiation is due to the sample being in a vacuum, we
removed the sample from the electron microscope and in-
serted it again. A large increase similar to the first irradiation
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Figure 9 (a) The selected area electron diffraction of the MoS, material. (b) The first and second electron beam irradiation responses in form of current
versus time under 0.1 V applied voltage. The dose of electron beam irradiation applied during the time in the dark green pattern area is relatively large, and
the dose of irradiation during the time in the light green pattern area is relatively small. (c) The electron beam irradiation induced current reducing response
using the 3rd irradiation response as a sample. /oy is calculated at the beginning of the irradiation. The slope is linear fitted. (d) Multiple electron beam
irradiation response from 6th to 10th. The voltage applied is 0.05 V. The dose of irradiations are 1.87x107°, 1.87x10 >, 3.1x10”, 1.25 and 0.67 ¢ /(A” s). (¢)
The calculated slope ratio versus irradiation dose. (f) The irradiation response after the sample was taken out of TEM chamber and reloaded.
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response is shown.

After irradiation, no discernible polycrystalline diffraction
rings are seen in the diffractograms, and no diffraction spots
are missing or added. This indicates that the irradiation da-
mage did not significantly amorphized or change the crys-
talline state of MoS, crystals, and we can guess that the
irradiation damage mainly points defect type of atomic de-
letion or bond breakage.

These electrical results demonstrate that the MoS, devices
are well prepared and have good electrical signaling on the
TEM chip.

The MoS, material used in the experiment is an n-type
semiconductor that appears to turn on under positive gate
control. Electron beam irradiation takes away electrons from
the atoms of the material, resulting in the accumulation of
positive charges in the material [45]. The charge in the
electrically connected MoS, is only generated when irra-
diated, while the charge is stored in the isolated materials,
such as the SiN, membrane suspending in the vacuum. So,
there will be a current rise caused by charge accumulation,
which can be seen only in the first few irradiations, after
which it reaches saturation. This accumulation type current
rise can be seen again after the device is released back into
the air and reloaded. There is also a temporary charge in-
crease in the device, which is reflected in the current rise
during irradiation and the recovery after irradiation. In ad-
dition to accumulation mode and temporary charge increase,
there is another factor that affects the device current. The
electron beam is damaging the device material. It is irra-
diation dose-dependent and decreases the device current ir-
reversibly.

4 Conclusion

In this paper, a methodology for in situ TEM observation and
characterization of nanodevices and nanomaterials is pro-
posed. Instead of riskily fabricating on the suspended
membrane, the nanodevices and nanomaterials desired for
study are securely added on a semi-customized TEM chip
with an unreleased membrane window. Then, a membrane
release technique is implemented to selectively and uni-
formly etch the silicon with a timely stop using the etching
apparatus. The membrane reinforcement approach is later
analyzed and validated, allowing larger window sizes to be
applied. Next, TEM observation and in-situ electrical studies
are performed on multiple devices, demonstrating the ad-
vantage of our methodology. Particularly, an electron beam-
sensitive MoS, device is prepared and analyzed in situ.
Overall, this study yields results that are instructive for de-
vice physics, demonstrating the reliability of the processing
method we proposed.
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