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Abstract | Since its invention, the electron microscope has facilitated
numerous advances in a plethora of disciplines ranging from materials
science, physics, and chemistry, to biology. Traditional electron micros-
copy must be carried out, however, in a high vacuum environment that
does not allow for real time imaging of processes in liquid media. Conse-
quently, traditional electron microscopy has been restricted to painstaking
“postmortem” investigations on dry or frozen samples without any guaran-
tee that an image is captured at the “right’” moment. Static images also do
not provide information on process dynamics, and the sample preparation
may adversely impact the structure of the object to be imaged. The abil-
ity to image dynamic processes in liquid media is certain to be trans-
formative, lead to new discoveries, and provide a better understanding of
many important processes at the nanoscale. To overcome the limitations
of traditional electron microscopy, there has been a growing interest in
recent years in developing means for wet electron microscopy that will
allow one to image samples in real time in their native environment and
observe processes in situ as they take place. We briefly survey recent
efforts pertaining to wet electron microscopy and then describe in greater
detail the work of our group with a custom-made, micro-fabricated liquid
cell dubbed the “nanoaquarium”. The nanoaquarium sandwiches a thin
liquid layer, ranging in thickness from tens of nanometers to a few microns,
between two thin, electron-transparent, silicon nitride membranes. The lig-
uid cell is hermetically sealed from the vacuum environment of the elec-
tron microscope. The thin liquid layer scatters only a small fraction of the
electrons and allows one to image objects suspended in the liquid with
high resolution. We describe briefly the imaging of oriented assembly of
colloidal crystals, diffusion limited aggregation of nanoparticles, and elec-
trochemical processes.

1 Introduction

The invention of the electron microscope has facil-
itated numerous advances in many scientific fields
such as materials science, chemistry, physics, biol-
ogy, and medicine. The resolution of conventional
light microscopy is limited by diffraction to about
half the wavelength of light, which allows one to
image features down to approximately 200 nm.

Electrons have a wavelength about 100,000 times
shorter than visible light (photons). Thus, the
electron microscope allows us to “see” sub-nm size
features. Recently, researchers have reported elec-
tron microscope images with a resolution better
than 50 pm (0.5 angstrom or 5 X 107" m)." The
idea of imaging with electrons is credited to the
physicist Leo Szilard, who filed for a patent for
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Electron energy loss spec-
troscopy: Inelastic scattering
is an electron-electron inter-

action between the incident
beam and the sample that
causes the incident electron
to lose some energy (AE).
The energy loss spectrum of
the incident electron can be
analyzed to obtain informa-
tion about the electronic
structure and chemical com-
position of the sample.

Energy dispersive X-ray spec-
troscopy: When an incident
electron transfers some energy
to a sample (AE) it causes
atoms in the sample to enter
an excited state or release a
secondary electron through
ionization. The vacancy left by
an excited or ionized electron
is filled by an electron from

a higher state and the energy
difference may be emitted as
an X-ray. The characteristics of
the emitted X-ray are unique
to every element and can be
analyzed to obtain informa-
tion about the elemental
composition of the sample.

Micro or meso-fabricated:

A micro-fabricated device
contains features on the
micrometer scale and
typically involved MEMS or
semiconductor manufac-
turing techniques such as
photolithography, thin film
deposition, etching, and the
like. A meso-fabricated device
loosely describes a device
containing features between
the micrometer and millim-
eter length scale and would
typically require precision
machining, though not clean-
room facilities.
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his invention.? The first electron microscope was
constructed, however, by Ernst Ruska and Max
Knoll in 1931.° Ruska received the Nobel Prize in
Physics in 1986 for his work on electron optics and
for the design of the first electron microscope.

Since its inception in the 1930’s, the trans-
mission electron microscope (TEM), and later
the scanning transmission electron microscope
(STEM), have provided a powerful means to
image features at the nanoscale. In addition to
high resolution imaging, the TEM and STEM
allow for material characterization, due to the
unique interactions between the electron beam
and the sample. These interactions provide quali-
tative information such as the relative densities
and distribution of the various constituents in an
inhomogeneous sample. They also provide precise
elemental analysis through characteristic electron
scattering (electron energy loss spectroscopy) and
characteristic X-ray emission (energy dispersive
X-ray spectroscopy). For these reasons, the TEM
and STEM have become standard analytical tools
in both the physical and the biological sciences.
The electron microscope, however, must typically
operate at a high vacuum to avoid scattering and
absorption of electrons by the medium. This
limits one to imaging solid materials or specially
prepared, dried samples.

There are, though, many branches of science
and technology that would benefit from the abil-
ity to observe dynamical processes in fluids in real
time with nanoscale resolution. Examples include
nanoscale phenomena such as nanoparticle
interactions; formation of colloidal crystals with
unique optical and electrical properties (metama-
terials); electrochemical deposition and etching;
nucleation and growth of crystals and bubbles;
processes associated with charging and discharg-
ing of batteries; interfacial phenomena; and bio-
logical interactions. Better understanding of the
physics involved in such diverse phenomena will
doubtlessly lead to new insights and the design of
new and more effective processes and materials.

In the introduction to his widely cited article,
“Wetting: statics and dynamics,” the Nobel Prize
winner P. G. de Gennes remarks that our under-
standing of phenomena at the liquid-solid inter-
face is limited because “solid/liquid interfaces are
much harder to probe than their solid/vacuum
counterpart; essentially all experiments making
use of electron beams become inapplicable when
a fluid is present”* The difficulty that de Gennes
refers to is the fact that standard electron micro-
scopes operate at high vacuum, and so most lig-
uid samples, particularly aqueous solutions, will
quickly evaporate in this environment and will not

be accessible for observations. Water at 25°C will
boil at an approximate pressure of 24 Torr,” which
is much higher than a typical (S)TEM chamber’s
pressure. Additionally, in order to provide reason-
able resolution and contrast between suspended
objects and the suspending medium in all imag-
ing modes (bright field, dark field, and high angle
annular dark field), one must use very thin slices of
sample (i.e.liquid) to avoid excessive scattering and
absorption of electrons. Typically, to study a proc-
ess occurring in liquid media, one must fix (freeze
or dry out) samples at various stages of the proc-
ess and carry out ex situ imaging. Although this
procedure has resulted in major advances in dis-
ciplines ranging from materials science to biology,
it suffers from some limitations. Imaging of fixed
samples does not capture the dynamics of a proc-
ess; only static snapshots are captured during the
process. Moreover, it is difficult to select the “right”
moment to fix the sample, so critical observations
may be lost. Also, the sample preparation proc-
ess for electron imaging may alter the sample in
fundamental ways. Thus, researchers have sought
to address the challenges of liquid imaging in the
electron microscope through various approaches.

2 Brief Review of Wet Electron
Microscopy

Several different techniques for imaging liquids in
the electron microscope have been summarized
recently.® Generally, wet electron microscopy can
be separated into two main categories: open liquid
cells and closed liquid cells. In the case of the open
liquid cell, the liquid is exposed to the vacuum
environment of the microscope through an aper-
ture and the state of the liquid is dynamic. In the
case of the closed cell, the liquid is hermetically
sealed and does not evaporate.

2.1 Open liquid cell

In the case of the open liquid cell, the liquid sam-
ple is contained in a vessel that allows passage of
the electron beam through a small hole in the top,
known as the pressure-limiting aperture, while
minimizing loss of vapor to the high vacuum
environment outside the vessel. The aperture
allows the electron source/gun to remain at high
vacuum while the vessel is at low vacuum or near-
atmospheric pressure. The vessel can be a micro
or meso-fabricated device that is inserted into the
imaging chamber with little or no modification to
the microscope. A second aperture can be placed on
the bottom side of the vessel to allow TEM imag-
ing of the liquid sample contained within. Alterna-
tively, the microscope itself can be modified with a
series of differentially pumped chambers along the
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beam column, separated by apertures, that turns
the entire imaging chamber into the sample stor-
age vessel. In this case, the vessel is large enough
to accommodate specially designed detectors to
allow SEM imaging of the liquid sample. In either
case, the vapor leaking from the specimen vessel
is removed by the pumping system before it can
reach the electron gun. This is the principle behind
instruments such asthe environmental transmis-
sion electron microscope (ETEM) and the envi-
ronmental scanning electron microscope (ESEM).

Typically, ETEM is used for in situ studies in
gaseous rather than liquid environments. ESEM is
a powerful technique for imaging hydrated solid
samples (e.g., imaging the surface structure of
biological material without the need for sample
preparation/modification/fixing). It also provides
benefits when imaging samples prone to charging
problems such as dielectric surfaces. The interac-
tion of the electron beam with the water vapor
produces a cascade effect that amplifies the sig-
nal to the gaseous secondary electron detector
(GSED), allows imaging of non-conducting sam-
ples, and mitigates charge buildup effects.”

The ESEM aperture approach, however, has its
drawbacks when it comes to imaging of liquids.
While the evaporation issue is alleviated with the
use of apertures, it is not eliminated; and continu-
ous evaporation and condensation make it is diffi-
cult to precisely control the thickness of the liquid
layer. Care must be taken with the vapor pressure
in the ESEM chamber to ensure favorable imag-
ing conditions while also ensuring that the sample
does not dry out. Most importantly, in ESEM, only
the top layer of the liquid sample is imaged, with
minimal penetration of the beam into the lig-
uid.® Observations are thus mostly limited to the
portion of the sample at the liquid-vapor inter-
face (top of the drop), and one is prevented from
imaging processes inside the liquid volume or, in
the case of a droplet, the part that is in contact
with the solid substrate. Additionally, one must
either purchase an ESEM capable microscope or
perform significant modifications to a standard
SEM to enable ESEM capabilities.

2.2 Closed liquid cell

To overcome the shortcomings of the environ-
mental electron microscope, researchers have
developed closed liquid cells or liquid capsules
that hermetically seal the liquid, preventing
evaporation while the microscope chamber is
maintained at a high vacuum. For example, Quan-
tomix has pioneered a sealed, liquid-filled capsule
capped with a 250 um thick polymer (Kapton™)
membrane for imaging biological cells attached

to the membrane’s underside.”" The capsule can
be imaged only with backscattered electrons, pro-
viding limited resolution (~20 nm) and allowing
only imaging of processes in close proximity to
the membrane. Krueger et al. have recently modi-
fied the liquid capsule and replaced the polyim-
ide membrane with a graphene membrane for
improved imaging performance.'

In more recent devices, the liquid sample is
contained in a thin vessel with two thin electron-
transparent membranes serving as the “ceiling” and
“floor” to prevent evaporation while allowing the
electron beam to pass through the sample to pro-
duce an image. Devices that employ the encapsula-
tion approach are referred to as liquid-cell (S)TEM
devices. Liquid-cell devices sometimes require
custom-fabricated sample holders; however, like
the liquid capsule, they do not require any modi-
fications to the microscope and they make it pos-
sible to view processes taking place in liquid media
with a standard (S)TEM. To form a liquid slice that
is sufficiently thin to minimize electron scattering
by the suspending medium, researchers have relied
on microfabrication technology. The various lig-
uid-cell devices rely on the common theme of thin
membranes separated by a spacer material to form
a (hopefully) hermetically sealed chamber."*!

The details of each device differ in the choice
of membrane material, sealing method, and spacer
material. The spacer material dictates the distance
between the membranes and the nominal height
of the liquid cell. Unfortunately, in most cases,
when the liquid cell is inserted into the vacuum
chamber of the electron microscope, the differ-
ence between the pressure inside the cell and the
outside pressure of the microscope’s chamber will
cause the very thin membranes to deform a great
deal, resulting in a shape similar to a convex lens.
The bowed out membranes thereby increase the
effective thickness of the liquid layer well above
the nominal, intended value.

Williamson et al.’” and Radisic et al.'®'” used
100 nm stoichiometric silicon nitride membranes
with a 0.5-1 pum silicon oxide layer as the spacer
and sealed the device with epoxy. Their device
was used in a TEM to study electrochemical
nucleation and growth of copper nanoclusters.
Liu et al."® used 9 nm silicon oxide membranes
with a 2-5 um epoxy spacer that also served to
seal the device. Their device was used in a TEM
to study live E. coli and K. pneumoniae cells and
monitor biological processes. De Jonge et al."”
used 50 nm, low stress, silicon nitride membranes
with 10 um polystyrene microspheres as the
spacer and sealed the device with a custom-made
sample holder. Their device was used in a STEM
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Graphene: A one atom thick
planar sheet of carbon atoms
in a honeycomb pattern.
The drop casting method
employed by Krueger et al.
resulted in a thin membrane
composed of many overlap-
ping graphene sheets.

Gaseous secondary electron
detector: The traditional SEM
detector (ET type) cannot

be used in an ESEM because
the high voltage potential at
which it operates can result in
arcing in the gaseous environ-
ment. Whereas the traditional
SEM detector is typically
placed off axis from the beam
path, the gaseous secondary
electron detector of the ESEM
is placed close to the beam
path (often in the form of a
disc directly in the beam path
with a hole in the center that
also serves as a pressure limit-
ing aperture) in close physical
proximity to the sample, and
operates at lower potential.
Secondary and backscattered
electrons emitted from the
sample ionize the gas mol-
ecules in the chamber and
result in signal amplification
to the detector via cascade
collisions through the gas.
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to study fibroblast cells with embedded, function-
alized gold labels to track intracellular processes.
De Jonge’s group has since published several
other studies addressing various aspects of liquid
cell electron microscopy.”’** Zheng et al.>>** used
25 nm, low stress, silicon nitride membranes with
a 200 nm indium layer as the spacer and sealing
material. Their device was used in a TEM to study
platinum nanocrystal growth and the diffusion of
gold nanocrystals. The indium spacer provided,
however, an imperfect seal, which allowed for slow
evaporation of the liquid from the device. White
et al.” used a silicon oxide/silicon nitride stack
with thickness less than 50 nm as the membrane
material with a 300 nm gold-palladium layer
as the spacer, and sealed the device with epoxy.
Their device was used in a TEM to study bubble
formation due to Joule heating of a nanowire in
water. Similar to the liquid cells, Creemer et al.*®
constructed a gas flow cell using a 4 pm thick, sili-
con oxide layer as the spacer and sealed the device
with epoxy. Observation windows were formed
in 1.2 um thick, low stress, silicon nitride mem-
branes by locally thinning the membrane down
to 10 nm. Since the gas has much lower density
than liquids, it was possible to operate with rela-
tively tall devices. The device was used for TEM

eiectr{;de

contact pads

imaging of copper nanocrystal growth at elevated
temperatures in a hydrogen atmosphere. More
recently, the group improved their original design
and, like us, has employed wafer level process-
ing throughout the fabrication process of their
devices.”*

Additionally, commercial liquid-cell systems
have recently been introduced by companies such
as Hummingbird Scientific™ and Protochips™.
Typically, these systems use low stress, silicon
nitride membranes (10s to 100s of nm thick) with
apolymer spacer of some kind (beads or photopat-
terned epoxy) that are sealed with a custom-made
sample holder as in the case of de Jonge et al."” The
commercial devices require manual assembly and
liquid supply through the sample holder. Evans et
al. used the Hummingbird Scientific™ holder in a
TEM to study lead sulfide nanoparticle growth.”

Our group has used microfabrication technol-
ogy to develop a nanofluidic liquid-cell (S)TEM
device for in situ (S)TEM of fluid samples, dubbed
the nanoaquarium.”*”' Figure la is a photograph
(top view) and figure 1b is a three-dimensional
schematic of the nanoaquarium. The nanoaquar-
ium is made by direct bonding of silicon wafers
coated with silicon nitride. One of the wafers also
contains a thin film of patterned silicon oxide that

membrane window

(b) beam path |  sjlicon nitride
Goa i ::ialractrﬂn membrane (50 nm)
croscope silicon (300 pm)

silicon
oxide
(100 nm)

membrane (50 nm)

Figure 1: (a) Top view photograph of the nanoaquarium. (b) CAD illustration of the device sliced length-

wise down the center, showing the cross-section.
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defines the geometry and height of the chamber
and conduits. The thickness of the silicon oxide
film, and thus the liquid cell’s height, is control-
lable and can be prescribed to be tens to hundreds
of nanometers. The first version of the nanoaquar-
ium was made with a silicon oxide film that was
100 nm thick, and the imaging window was made
of two 50 nm thick silicon nitride membranes. For
the second version of the nanoaquarium, devices
were produced with an oxide film that was up to
300 nm thick. The device fits into a custom-made
holder and can sustain the high vacuum environ-
ment of the electron microscope for many hours
without any noticeable loss of liquid. Some of the
nanoaquarium’s highlights include:

* An exceptionally thin sample cross-section,
which translates to improved contrast and
resolution. The technique can be used to pro-
duce channels and chambers as thin as a few
tens of nanometers. The chamber spacing on
each device is highly controllable thanks to the
wafer bonding process. When preparing the
device for imagining, there is no risk of debris
incorporation that could modify the height of
the chamber, which is a concern in other indi-
vidually assembled devices.

+ Wafer scale processing that enables high yield
mass production, as opposed to production on
a device-by-device basis.

+  Robust hermetic sealing that provides leak-free
operation without the use of glues, epoxies, or
polymer spacers. These materials are a poten-
tial source of contamination and/or device fail-
ure. When the nanoaquarium is filled with a
solution, the only materials in contact with the
solution are silicon, silicon nitride, and silicon
oxide (as well as titanium and platinum or gold
when the optional electrodes are present). At
the inlet and outlet, the solution is also in con-
tact with O-rings; however, the inlet and outlet
are far from the imaging window and robust,
chemically inert material can be selected for
the O-rings such that there is no threat of con-
tamination. This makes the nanoaquarium
uniquely suited to handle harsh chemistries
such as strong solvents, acids, or bases.

+  Compatibility with lab-on-chip technol-
ogy, which, among other things, allows one
to incorporate into the device liquid storage
chambers, pumps and stirrers to control and
manipulate liquids and reagents, as well as
optical waveguides.

+  On-chip integrated electrodes for sensing and
actuation due to the use of a dielectric material
as the spacer.

+ The nanoaquarium can be used in either a
static mode without flow, or a continuous
flow mode. In static mode, the nanoaquarium
is self-contained and does not require fluidic
feed-through in the sample holder. This sim-
plifies construction, reduces the cost of the
sample holder and minimizes the volume of
solution consumed in an experiment.

+ The nanoaquarium can be made to include
pillars that connect the top membrane to the
bottom membrane in the window region to
mitigate the problem of membranes bowing
out in the vacuum environment.

+ The nanoaquarium is intended to be used as a
disposabledevicetoavoid cross-contamination;
however, devices can be reused when desired.
The nanoaquarium can be removed from the
holder, drained, and refilled with a new/fresh
solution as needed for the experiment.

3 Nanoaquarium Fabrication Method
The nanoaquarium is fabricated with stand-
ard microfabrication techniques. For a detailed
description of the fabrication process, see Grogan
and Bau.’ In this section, we describe the fabri-
cation process only briefly. Figure 2 depicts the
various fabrication steps. The fabrication process
starts with prime grade, double-sided polished, Si
wafers with <100> orientation. We deposit stoi-
chiometric silicon nitride (=50 nm) by low pres-
sure chemical vapor deposition on all surfaces of
the wafers. The thickness of the SiN determines
the thickness of the membrane windows that
sandwich the liquid-filled imaging chamber and
enable electron transmission. 50 nm SiN windows
allow resolution of <0.2 nm at 200 kV.*> When and
if desired, the windows can be made even thinner.

Two mating wafers are used to construct the
top and bottom of the nanoaquarium. When
electrodes (or heaters) are desired, we deposit an
adhesion layer and pattern platinum electrodes
and/or heaters on the bottom wafer’s topside by
lift-off technique. Next, we overlay silicon oxide
by plasma-enhanced chemical vapor deposition
and polish the oxide coating with a chemical-
mechanical polisher. The thickness of the silicon
oxide layer determines the height of the imaging
chamber and the path length of the electrons. The
silicon oxide also insulates the metallic paths from
the fluid chamber. The silicon oxide is densified
and degassed by heating the wafer in a vacuum
oven at 300°C-500°C for several hours. This
treatment prevents excessive outgassing from the
silicon oxide during subsequent bond anneal-
ing, which otherwise might cause separation of
bonded wafers.
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Figure 2: Depiction of the various fabrication
steps. Color coded as follows: gray—silicon,
green—silicon nitride, yellow—electrode stack,
blue—silicon oxide. (a) 50 nm silicon nitride
deposited by LPCVD. (b) 30 nm Ti/Au or Pt/Ti elec-
trode stack deposited and patterned by evapora-
tion and lift-off. (c¢) 150 nm-450 nm silicon oxide
deposited by PECVD. (d) Oxide planarization
in a CMP. (e) Backside nitride patterned in RIE.
(f) Frontside oxide patterned with BOE. (g) Plasma
activated wafer bonding to a blank nitride-coated
wafer. (h) Backside nitride on top wafer patterned
in RIE. (i) Windows and vias etched with KOH.
(j) Inlet, outlet, and electrodes are exposed.

Next, we pattern the silicon oxide layer
using buffered oxide etch to define the imaging
chamber(s) and conduits, and to expose the elec-
trodes at desired locations. The imaging chamber
contains pillars to connect the chamber’s floor
to its ceiling to minimize bowing of the thin
SiN windows when the device is inserted in the
vacuum chamber of the electron microscope. We
then pattern the nitride on the back side of the

bottom wafer in a reactive ion etcher to form the
observation window pattern. Then, we thoroughly
clean both the patterned and unpatterned wafers
with piranha solution (sulfuric acid and hydro-
gen peroxide) and RCA1 (ammonium hydroxide,
hydrogen peroxide, and water); plasma activate
the surfaces to be bonded; and bond the bottom,
patterned wafer directly to the top, unpatterned
one. The bonded wafers are annealed at 250°C
for 2-4 hours. Next, we pattern the nitride on
the upper side of the top (blank) wafer in a reac-
tive ion etcher so that the observation windows
on the top and bottom wafers are aligned. Using
the patterned silicon nitride as a mask, we etch
the bonded wafer stack in potassium hydroxide
solution to define the inlets, outlets, imaging win-
dows, and access to metal pads. Many devices are
fabricated concurrently on a single silicon wafer
(Figure 3). The individual chips are separated and
any remaining nitride in the inlets and outlets and
above the electrode pads is removed (Figure 1).

4 Experiments with the Nanoaquarium
We have demonstrated the usefulness of the
nanoaquarium for studying a variety of phenom-
ena such as interactions among nanocrystals,
aggregation of nanoparticles, interactions between
nanoparticles and contact lines, and electrochemi-
cal processes.

4.1 Interactions between nanopatrticles
Colloidal crystals (or metamaterials) are formed
by oriented assembly of particles. The nanoaquar-
ium is wellsuited to image interactions among
nanoparticles. Figure 4 shows a pair of video
frames, taken one second apart, of 50 nm diam-
eter gold particles suspended in water. The images
were taken in a STEM (FEI Quanta 600 FEG Mark
II) with 20 kV acceleration voltage. The left frame
features a cluster of two particles (a dimer) which
is subsequently joined by a third particle in the
right frame to form a trimer. The 50 nm gold par-
ticles provide high contrast and can be seen very
clearly with a relatively low voltage electron beam.
Similar experiments can also be used to examine
the assembly of anisotropic particles and monitor
orientational adjustments during aggregation.

4.2 Diffusion-limited aggregation

One of our early investigations was on diffusion
limited aggregation of 5 nm gold particles sus-
pended in water.”® Although the phenomenon
is now wellunderstood, most of the information
on the details of the aggregation process were
obtained through computational experiments.
The nanoaquarium experiment is perhaps the

Journal of the Indian Institute of Science IVOL 92:2 | Apr.—Jun. 2012 | journal.library.iisc.ernet.in



The Nanoaquarium: A New Paradigm in Electron Microscopy

Figure 3: (a) An infrared image of a bonded pair of wafers with embedded devices showing excellent
void-free bonding. Each set of bonded wafers contains 52 devices. (b) Zoomed in photo of the patterned

bottom wafer prior to bonding.

Figure 4: STEM images of 50 nm gold colloids in water showing the interactions of individual particles and
small clusters. The dimer in the left frame becomes a trimer in the right frame by the addition of a monomer
that entered from outside the field of view.

only study that has provided detailed dynamic
information at the single particle level. The sus-
pension was drawn into the nanoaquarium by
surface tension forces, and imaging was per-
formed at 20-30 kV in a STEM (FEI Quanta
600 FEG Mark II). Figure 5 features a few video
frames, spaced 28 seconds apart, taken during the

aggregation process. A sample video is available
at http://arxiv.org/abs/1010.3286. Among other
phenomena, the videos enabled us to monitor
the growth rate of clusters and image interactions
among clusters. For example, figure 6 depicts the
average number of nanoparticles in a cluster as a
function of time. The symbols and the solid line
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Figure 5: Aggregating nanoparticles. Three frames from recorded video of 5 nm gold particles and clusters

composed thereof, as observed in situ with STEM.
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Figure 6: The average number of nanoparticles in a cluster is shown as a function of time for the growth
process pictured in Figure 5. The symbols and dashed line correspond, respectively, to experimental data
and theoretical predictions. Inset shows a large aggregate grown in the same system for a long time. The

fractal dimension of the cluster, D,

~ 1.77, measured using FracLac for ImageJ, is consistent with three-

dimensional cluster-cluster diffusion-limited aggregation. Fractal dimension describes the exponential scal-
ing relation between physical size and mass or complexity of a structure.

correspond, respectively, to experimental data and
theoretical predictions. The experimental data is
consistent with the predicted linear growth. The
process results in the formation of the fractal
structure shown in the inset.

Some of the regions of the imaging window
(Figure 5) featured small clusters of particles
in the process of aggregating, and others con-
tained sizable aggregates. While the height of the

nanochannel limited the height of the aggregates
to less than 300 nm, the projected area of many
of these large aggregates exceeded several microns.
And yet the fractal dimension of the large aggre-
gates (about 1.77) was consistent with 3-D clus-
ter-cluster diffusion-limited aggregation. Indeed,
it seems odd that relatively large clusters would
exhibit characteristics of three-dimensional
growth when two-dimensional growth might be
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expected due to confinement effects. The answer
to this apparent paradox was revealed by observ-
ing the early stage aggregation, accessible with the
nanoaquarium. We found that initially, clusters
assemble in the channel from individual parti-
cles that are small relative to the conduit height,
and they follow a three-dimensional growth
habit. Eventually, the size of these growing clus-
ters approaches the height of the channel and
the clusters’ movement is confined to a plane.
Growth then proceeds through lateral cluster-
cluster aggregation. Since these aggregating clus-
ters already possess characteristics of growth in
the three-dimensional regime, these characteris-
tics are preserved in the resulting aggregate. Such
insight would not have been possible without the
capability to perform in situ observations on the
aggregation process. Our experimental data agree
with theoretical predictions for cluster growth and
with experimental data obtained by other means,
which suggests that the imaging technique has not
altered the experiment in any significant way.

4.3 The interaction between
nanoparticles and moving
contact lines
Nanoscale investigation of the solid-liquid-vapor
interface has remained a significant experimen-
tal challenge, but such studies are possible in the
nanoaquarium.” The nanoaquarium was filled
with an aqueous suspension of gold nanorods

Thin liquid
film

(20 nm in diameter, 40 nm in length) stabilized
with surfactant cetrimonium bromide (CTAB).
Imaging was performed in a 30 kV STEM (FEI
Quanta 600 FEG Mark II). Electrical potential
of ~15 V was applied across the embedded elec-
trodes to generate a bubble that displaced liquid
(and nanorods) to the perimeter of the observa-
tion chamber. Figure 7 shows the vapor bubble
surrounded by liquid. Witness the clear contrast
between the low density (light color) vapor bub-
ble and the higher density (dark color) liquid. We
focused our observations at the interface between
the bubble and the “bulk” liquid around the
perimeter of the imaging window, which we refer
to as the contact line. When the electron beam was
focused onto the interface, the contact line moved
(sometimes receding, sometimes advancing, and
sometimes oscillating). At a receding contact line,
nanorods were propelled away from the “bulk”
liquid (opposite from the direction of contact
line movement). See Figure 8 for the sequence of
events. Interestingly, initially stationary particles
did not move significantly until the contact line
had passed by the particles by a distance of tens of
nm. At an advancing contact line, nanorods were
aligned and pushed into aggregates. Surprisingly,
the initially stationary nanorods were not engulfed
by the advancing contact line but were instead
pushed ahead and formed a line that was parallel
to the moving interface. Movies of these phenom-
ena are available at http://arxiv.org/abs/1110.3273.

Contact line

Gas bubble .

100 um

Figure 7: Top view STEM image of the nanoaquarium with a bubble (light gray) occupying most of the
imaging window and liquid (dark gray) around the perimeter.
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Figure 9: In situ TEM images of electrodeposition of copper on platinum electrodes from a solution of cop-
per sulfate. (a)—(c) Potentiostatic deposition at—0.8 V relative to the open circuit potential. Time begins when
potential is applied. (d) Potentiostatic stripping of the copper film at a different location on the electrode.
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The experimental observations are consistent with
a mathematical model that determines the fluid
velocity in the thin film by considering the surface
tension force and disjoining pressure in the thin
liquid film.**

4.4 Imaging of electrochemical
processes

In situ electrochemistry is possible in the
nanoaquariumby making use of the integrated
electrodes. For example, deposition and strip-
ping of copper in an acidified copper sulfate
solution (0.1M CuSO, + 0.18M H,SO,) was per-
formed in order to observe the onset of dendritic
growth. Imaging was performed in a 300 kV TEM
(Hitachi H9000) using a custom-made sample

electrode

dendrite

holder with electrical connections. Deposition
and stripping was performed through cyclic vol-
tammetry and under potentiostatic conditions at
a variety of potentials. At “low” voltage (-0.6 V
relative to open circuit potential), sparse nuclea-
tion and growth of distinct clusters was observed.
At “medium” voltage (—0.8 V relative to open cir-
cuit potential), dense nucleation that coalesced
to form a continuous film was observed, along
with some lateral growth beyond the electrode
edge (Figure 9). At “high” voltage (—1.2 V relative
to open circuit potential), rapid coverage of the
electrode, followed by lateral growth of dendrites,
was observed (Figure 10). These results extend the
range of deposition conditions beyond those of
prior work.'>1¢

(b)t=4s

copper
illag

Figure 10: In situ TEM images of electrodeposition of copper on platinum electrodes from a solution of
copper sulfate. (a)—(f) Potentiostatic deposition at —1.2 V relative to the open circuit potential. Time begins
when potential is applied. Rapid coverage of the electrode followed by growth of dendrites is seen. The field
of view moves upward throughout the series to track the growth.
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5 Conclusions

We have described a new imaging tool, the
nanoaquarium that allows researchers to image
phenomena occurring in liquid media with the
high resolution of the electron microscope. The
utility of the device for studying oriented assembly,
the formation of colloidal crystals, particle aggre-
gation at interfaces, and electrochemical proc-
esses has been demonstrated. The nanoaquarium
is likely to be useful in many other disciplines, in
particular in biology, and to provide new insights
into diverse processes.

The capabilities of the nanoaquarium can be
greatly enhanced by enabling in situ manipulation
and control of the processes being imaged. One
can imagine processes taking place in laboratories-
on-chips being imaged in real time. The potential
of dynamic electron microscopy in liquid media
is tremendous and is likely to lead to new insights
and facilitate discoveries.

However, the electrons interact with the
medium to be imaged in many ways, which are
only partially understood. To image effectively
processes taking place in liquid media, we must
improve our understanding of the effects of elec-
trons on liquids and the objects suspended in
liquids.
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