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Liquid cells for transmission electron microscopy enable the observation of liquid samples with nanometer resolution, but sample activity must
often be triggered via external stimuli including liquid flow and mixing. Existing devices enable flow using specialized TEM holders and external
pumping setups which limits technique accessibility. Here, a liquid cell with integrated MEMS valves and pumps is demonstrated with flow
capabilities using an electrical-contact holder. On-chip electrochemical pumps and capillary burst valves allow for the injection of fluid from an
integrated reservoir into an observation chamber using only electrical signals from a general microchip-sized TEM holder.

© 2019 The Japan Society of Applied Physics
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ransmission electron microscopy (TEM) is a
powerful and ubiquitous observational technique
that can allow for the high-resolution imaging of
materials and samples in real-time. Nanometer-scale resolu-
tions are regularly achievable with conventional TEM
techniques, while sub-nanometer resolutions have been
demonstrated both theoretically and practically in specialized
situations.'™ These properties make TEM an attractive
option to investigate the nanoscale dynamics behind biolo-
gical and chemical processes and reactions. However, these
systems usually require a wet or gaseous environment as well
as some degree of external stimulus in order to exhibit such
activity. While the environment of the TEM column makes it
well-suited to the study of isolated non-volatile specimens in
high-vacuum, specialized techniques are necessary to view
samples in the presence of liquids and initiate observable
reactions. In this paper, a new pressure-based mechanism is
proposed to induce in situ liquid flow during TEM observa-
tion without the use of a specialized TEM holder.
Environmental TEM techniques have been applied to
observe samples in gaseous environments using differential
pumping to investigate solid—gas interface dynamics.*>
Another technique uses fully encapsulated millimeter-scale
gas chambers located at the tip of the TEM specimen holder
to view samples in the presence of atmospheric-pressure
gases.®” The same method has been applied to contain
liquid-phase samples within the TEM holder as well. Such
devices utilize sandwiched chips with electron-transparent
membranes placed in the TEM specimen holder that contain
the volatile sample while still allowing the imaging beam to
pass through the liquid sample.''® This fundamental
technique, known as liquid cell TEM (LCTEM) enables the
imaging of samples in a liquid environment which can allow
for the observation of the dynamics of time-dependent
reactions and systems, but requires more advanced function-
ality in order to interact with the sample during observation.
Due to the small volumes contained within liquid cell
chambers, usually on the order of nanoliters or picoliters, it is
beneficial to be able to trigger target reactions during TEM

observation on demand as spontaneous reactions will often
run to completion before the sample can be observed.
Electrochemical reactions have been frequently studied using
LCTEM with devices incorporating electrodes used in
conjunction with TEM holders featuring electrical
interconnects.'*'> Various temperature-dependent reactions
have also been studied using heating elements integrated into
TEM holders as well as on the liquid cell directly.'®'” In
order to initiate or sustain spontaneous reactions, it is
necessary to control the concentration of reactions within
the sample chamber. Functionally, this is achieved through
the generation of fluid flow within the liquid cell structure.
Liquid cell devices designed for use with highly-specialized
TEM holders featuring fluidic conduits within the holder
body can be used to flow fluid across the sample with
external pumps.'®>? Initial devices required designing and
building a custom setup, however currently several commer-
cial TEM specimen holders are available that are capable of
applying flow through the holder body from external pumps
as well as mixing input reactants before they enter the
observable region of the TEM.*'~>®

While the holder-based flow LCTEM devices described
above are capable of supplying flow to the sample, the layout
of the sealing system allows a significant amount of the liquid
to flow around the observable region rather than through it.>*
This in conjunction with the length of tubing running out of the
TEM chamber and through the external pumping systems can
delay desired changes in the reactant composition and hinder
accurate estimations of concentrations. Furthermore, existing
LCTEM flow devices require either the custom fabrication of a
specialized flow-capable TEM holder or the purchase of such
equipment. This represents a significant barrier to entry for
researchers interested in studying liquid-phase nanoscale reac-
tions but without access to such highly-specific TEM equip-
ment. By utilizing micro electromechanical systems (MEMS)
technology, some of the flow capabilities exhibited by existing
holder-flow systems can be integrated directly onto the liquid
cell device and activated using a simpler TEM holder with only
electrical interconnects.
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In the device described here, fluid from a built-in reservoir
within the cell itself can be pumped into the observable
region of the cell using an on-chip electrochemical pump and
burst valve structure. Rather than the continuous-flow para-
digm of existing LCTEM flow devices, here we propose a
device structure in which reactants are kept in separate
chambers with closed microfluidic valves while TEM ob-
servation is established and subsequently flowed together
in situ using integrated pumps. The valve structures used here
are based on capillary burst valves that utilize a hydrophobic
region within a hydrophilic chamber to inhibit fluid flow until
a sufficient forward pressure is applied.”>*® In order to
initiate flow past the burst valves, the forward pressure is
generated using electrochemical pumps based on microfluidic
devices that use electrolysis to produce gas and thereby create
a pressure gradient within a channel.”’>” By combining
these components in a liquid cell that fits within the area
available on a TEM holder using MEMS integration techni-
ques, the ability to initiate flow within TEM can be achieved
without the use of a specialized flow-capable holder.

The basic liquid cell structure, based on the geometry
established by other previously reported LCTEM devices,
consists of two micromachined silicon chips bonded together,
each featuring thin silicon-nitride membranes that allow for
transmission of the TEM electron beam when a fluid sample
is encapsulated in the gap between them. The sample is
confined between the two chips by a patterned spacer layer
that defines a narrow channel with reservoirs at each end. The
novel activity of the device is achieved through the integra-
tion of valve and pump structures. A patterned hydrophobic
barrier that crosses the channel near its center serves as a
valve that separates the channel into two chambers. This
layer prevents flow along the channel between the two
chambers until initiated by the user. Each chamber is
accessible via an inlet hole in the reservoir area and is
flanked by a pair of electrodes that serve as pumps to induce
flow in either direction within the channel. A schematic view
of the liquid cell as well as the TEM holder in which it fits
can be seen in Fig. 1.

The chips are fabricated by first depositing a 50-70 nm
thick film of stoichiometric Si3N, via LPCVD on 200 pm
thick Si wafers. The intrinsic stress within the stoichiometric
SizNy limits out-of-plane bowing or buckling of the mem-
branes during fabrication, assembly, and use. The electrodes
are formed with a 100 nm thick platinum layer that is
deposited via sputtering and patterned with a lift-off process.
The channel separator feature is then created using lift-off to
pattern a 300 nm thick hydrophobic fluorocarbon layer
formed from C4Fg plasma. A second 700 nm thick fluor-
ocarbon layer is deposited and patterned to form the spacer
that defines the channel. The backside silicon is then etched
using a combination of deep reactive ion etching and
isotropic SF¢ plasma etching to reveal the silicon-nitride
membrane in the center of the chips and etch out the loading
inlets. Plasma-based release limits degradation of the front-
side features and was found to be more controllable and
process-compatible as compared to KOH etching which was
also explored. The membranes used here are approximately
80 um wide to match the largest viewing window of the TEM
system (HD-2300, Hitachi) as well as curved to reduce
potential stress concentrations. Figure 2 shows a single
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Fig. 1. (Color online) (top) Tip of TEM specimen holder with cover
attached (above) and cover removed (below) showing the electrical-inter-
connect pins. (bottom) Schematic illustration of the unassembled liquid cell
device. The inlay shows a zoomed view where the electron-transparent TEM
membrane and fluidic channel can be seen. Scales = 1 mm.
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Fig. 2. (Color online) Device chips with off-membrane hydrophobic
barriers as fabricated. The electrical contacts on the right side of the
functional chip can be used to drive flow within the central channel through
the application of voltage through the TEM holder interconnects. Vi, will
drive fluid from the right chamber to the left, while V., will do the opposite.
Vary will cause the generation of gas directly on the observation membrane
which can be used to dry the area after it has been filled with liquid.

Scale = 1 mm.

functional chip as fabricated before bonding. Devices were
fabricated with hydrophobic barriers located upstream of the
observation membrane as shown in Figs. 1 and 2 as well as
directly on the membrane itself. This second type of device

© 2019 The Japan Society of Applied Physics
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(Color online) Progression of sample pinning and filling in liquid cell with hydrophobic barriers located directly on the observation membrane. (top)

Schematic cross-sectional view of the observable region of the device in the initial state (left), during pumping (center), and after release of the burst valve
(right). Liquid samples are loaded in the right chamber and are prevented from flowing into the left chamber by the hydrophobic barrier. When sufficient

voltage is applied across the pump electrodes, gas is generated within the chamber and the fluid is forced across the barrier until it reaches the hydrophilic
nitride on the other side and is drawn into the left chamber through capillary action. (bottom) Dark field Z-contrast STEM view of the hydrophobic
barrier during pump actuation. The liquid on the right is initially pinned in place until voltage is applied to the pump electrodes. The liquid front bulges
toward the left until it finally fills the chamber in the last pane. Scales = 10 um. A real-time video available in supplementary video 1 is available online at

stacks.iop.org/JJAP/58/090909/mmedia.

enables the direct observation of liquid gating events as
shown in Fig. 3. A corresponding sealing chip is also
fabricated on the same wafer, and can be manually aligned
under an optical microscope and bonded to the functional
chip using UV-cured epoxy. If necessary, samples may be
deposited and dried on the nitride membrane before bonding
the two chips together using a micropipette to position the
sample droplet. Particles or materials deposited directly on
the viewing in this way membrane will usually remain
immobile due to surface adhesive forces even when a sample
liquid is flowed over it during operation of the liquid cell.
This can be useful for studying the evolution of a particular
analyte particle in the presence of a sample solution over
time, for example. The individual chips as fabricated can be
seen in Fig. 2.

Once assembled, liquid samples can be loaded using a
micropipette into either of the device chambers via the two
loading inlets. The channel formed by the bonded chips and
the spacer layer is approximately 1 pm tall and varies from
250-500 pm in width with an overall length of 2 mm. Aside
from the spacer sidewalls, the surface of the liquid chamber is
made of stoichiometric Si3N4, as mentioned above. The
relatively hydrophilic nitride, with an average measured
surface contact angle of 44° with water, allows water-based
sample liquids placed at the device inlets to enter and readily
fill the chamber through capillary action.

The capillary pressure AP of the liquid during filling can
be approximated with the Young-Laplace equation as
follows in Eq. (1).

1 1

A 7(RW i Rh) @
Here ~ is the surface tension of the sample while R,, and R,
are the radii of curvature for the solid-liquid interface for the
channel width and height, respectively. Expressed in terms of
the measured contact angle # and the channel width w and
height A, these radii are as follows:
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The capillary forces within the channel structure can be
approximated using the above formulae following the
guide of previous works investigating liquids in
microchannels.’>*" For water within the channel, capillary
attraction generates a forward pressure of approximately
1 x 103 Pa at the liquid front which draws the sample into
the chamber. When the advancing liquid reaches the hydro-
phobic barrier in the center of the channel, flow is impeded.
With an average measured surface contact angle of 113° and
a pattern width of 250 pm, the liquid is pinned in place by a
back pressure of approximately 6 x 10* Pa. This immobi-
lizes the liquid front, thereby ensuring that samples loaded
into one chamber will not spread to the other prematurely.
The immobilizing back pressure is derived from the surface
properties of the channel, and as such future devices can be
fabricated with thinner channels which would serve to
increase the maximum achievable TEM resolution without
significantly interfering with the device’s pinning capability.
Once the device chamber has been thus filled with a sample
fluid, it can then be sealed by applying epoxy to the inlets.
The filled and sealed device is then ready to be loaded into
the TEM holder and viewed in TEM.

Once loaded into TEM, water-based samples and/or
electrolytes confined to one chamber by the hydrophobic
barrier can be flowed into the other using the pump electrodes
near the chamber reservoirs. The application of sufficient
voltage between the platinum pump electrodes flanking a
chamber loaded with an aqueous solution can initiate
electrolysis.*?

2H,0 — 4H' + 4e~ + O,

2H,0 + 2¢~ — 20H + H,

With a sustained voltage, the production of oxygen and
hydrogen continues with the products dissolving within the

© 2019 The Japan Society of Applied Physics
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Fig. 4.

(Color online) In situ wetting of gold nanoparticles in dark field Z-contrast STEM to demonstrate in situ sample immersion capability. (a) Dried 50

and 100 nm diameter gold nanoparticles in the liquid cell. (b) Magnified view of white outlined area in (a). (c) View of the same region of the liquid cell in (a)
after solution was flowed into it using the onboard pumping feature. The lighter background now represents the solution as viewed with dark field Z-contrast
imaging. (d) Magnified view of white outlined area in (d). Arrows indicate streaks where particles have undergone movement due to the longer electron beam
dwell time at higher magnification and slower imaging speed. Scales = 300 nm.

sample solution. Once the solution is saturated in the vicinity
of the electrodes, oxygen and hydrogen will evolve from the
liquid solution as a gas in the form of bubbles. Continued
electrolysis causes existing bubbles to grow and the nuclea-
tion of new ones as more oxygen and hydrogen is produced.
The gasses evolved from the solution serve to displace the
liquid and thereby increase the pressure within the confined
volume of the chamber. When the generated pressure exceeds
the back pressure of the hydrophobic gate, the solution
begins to propagate over the pattern. Once the liquid front
reaches the end of the pattern, it comes into contact with the
hydrophilic nitride of the channel once again and capillary
forces draw the solution through to enter and fill the down-
stream chamber. This process is outlined schematically and
can be seen directly in Fig. 3. In this way, when a chamber of
the device has been loaded with a sample, it is maintained in
that chamber until the forward pump is activated and the
sample is driven to fill the second chamber.

As described above, this device is capable of initiating
liquid flow from one chamber to the other during TEM
observation. This ability can be used to observe the first
moments of a reaction of an analyte when exposed to a
sample solution. The analyte can first be immobilized on the
observation membrane surface before the device is as-
sembled. The cell can then be filled and sealed with the
sample solution contained in the second chamber. The whole
device can then be loaded into TEM and the initial state of
the analyte can be observed. When desired, the sample
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solution can be flowed into the chamber with the immobilized
analyte, and any resulting activity can be directly observed
from the instant the reaction begins. In order to demonstrate
this kind of experimental protocol as well as the resolution of
the device in both the wet and dry state a test solution of 50
and 100 nm diameter gold nanoparticles was used. The colloid
was first dried on the observation membrane to immobilize the
nanoparticles on the surface as observation targets. The device
was then assembled and the same solution was loaded into the
inlet and reservoir separate from the observation membrane.
After sealing, the device was loaded into an electrical-
interconnect TEM holder and inserted into the STEM vacuum
chamber for observation using the dark field Z-contrast
imaging mode. The immobilized gold nanoparticles were first
observed as loaded in the dry state. Without interrupting the
TEM observation, a ramping voltage of 3-5V was applied
across the electrodes flanking the solution-filled chamber over
the course of 30 s until activity was observed and the voltage
was stopped. Upon the introduction of liquid, an overall
contrast inversion was observed due to the increased Z-
contrast signal of the liquid, but as can be seen in Fig. 4, the
same region of immobilized nanoparticles could be observed
in both the initial dry and subsequent wet states with minimal
loss of resolution. This type of experiment can potentially be
used to observe the incubation of an analyte in a reactive
solution, enabling the capture of both the initial moments of
the reaction as well as subsequent activity all without the use
of a specialized flow-capable TEM holder.

© 2019 The Japan Society of Applied Physics
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Fig. 5. (Color online) Demonstration of wetting and drying capabilities of
the device through the observation of zeolite structures before and after
incubation in gadolinium nitrate. The liquid cell can be used to introduce a
sample solution to an observed region as well as subsequently dry that same
region within a continuous TEM observation session. (a) Initial dark field
Z-contrast STEM view of dry zeolites on the liquid cell membrane. The
disperse zeolite nanostructures are the grey cloudy features. (b) Same region
as (a) after 2 h of incubation in gadolinium nitrate and in situ drying.

(c) Magnified view of region in (b) with arrows showing locations of
increased signal developed after incubation. Scales = 1 ym.

Another demonstration experiment was performed using a
sample of faujasite zeolite. Zeolite nanoparticles are of
scientific interest for use in applications ranging from
catalysis to medical imaging.>** In this experiment, the
ability for sodium-ion-laden faujasite nanostructures to un-
dergo ion exchange in the presence of gadolinium ions was to
be explored. A solution of faujasite nanoparticles with Na™
ions was dried on the membrane of a liquid cell device to
immobilize the zeolite structures for observation. The device
was assembled and the opposing chamber was filled with a
solution of Gd(NOj);. After sealing and loading into
the STEM, the dry zeolite structures were initially observed.
The gadolinium nitrate solution was then flowed over the
immobilized zeolites which were allowed to incubate in the
presence of Gd*" ions for approximately 2 h. While observa-
tion was continued during this period, the zeolite structures
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were not large or dense enough to be resolved in the wet
state. In order to view the results of the experiment, an
additional electrode located on the observation membrane of
the liquid cell device was used to trigger electrolysis of the
solution at the center of the device. Voltage was applied
continually until a gas bubble formed within the observation
region of the device large enough to displace the liquid and
dry the zeolites for viewing. This procedure was performed
without removing the sample from TEM and continual
observation was performed. After incubation and in situ
drying, the zeolites exhibited concentrated regions of higher
contrast than the initial state as can be seen in Fig. 5, which
could potentially be a result of increased signal due to
replacement of Na' ions with heavier Gd** ions. While
further experimentation would be necessary to confirm these
results, this experiment demonstrates the advanced flow
manipulation capabilities of the liquid cell device.

The liquid cell device introduced here features a me-
chanism to induce flow that has not yet been incorporated
into LCTEM devices. The utilization of electrochemical
pumps eliminates the need for external pumping apparatus
and flow-capable holders while hydrophobic burst valves
enable the induction of flow from an initially dry state. By
avoiding the use of specialized holders, the device proposed
here is compatible with a wider range of TEM setups for
researchers without access to LCTEM-focused. Furthermore,
while flow-capable holders would have difficulty applying
fluid to an initially dry sample without the formation of
unwanted bubbles due to the high fluidic resistance of the
liquid cell geometry, the device described here allows for the
direct injection of a controlled volume into the experimental
chamber reliably and without visible bubbling. While con-
tinuous-flow experiments remain limited to dedicated flow
LCTEM holders, the liquid cell described here provides
unique functionality in a more accessible package.
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