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he current needs of material, biologi-

cal, medical, and catalytic research to

image objects and dynamic pro-
cesses in their native environment consti-
tutes the driving force in the developments
of high-resolution in situ/in vivo microscopy
of objects immersed in dense gaseous and
liquid environments at pressures above
10—100 Torr. Electron microscopy has a long
history in the development of both closed
and differentially pumped environmental
cell (E-cells) designs.' 2 The variety of appli-
cations of electron microscopy in dense
media has been demonstrated during re-
cent years,”~'® and a few commercial E-cells
for electron microscopy of dense media are
currently available."

The design of closed E-cells for electron
microscopy crucially depends on the elec-
tron transparency and mechanical stability
of the pressurized membrane windows. As a
compromise between these two major re-
quirements, the typical windows made of
SiO,, SiN, or polyimide membranes have a
thickness of 50—150 nm and a working area
ranging from a few to a few hundred square
micrometers. To improve image quality
further and work with lower electrons en-
ergies, thinner membranes made of lower Z
materials would be preferable.

Lately, high-yield protocols to fabricate
suspended membranes made of graphene
(G) or a graphene derivative, such as gra-
phene oxide (GO), have been proposed.'*~%?
Due to graphene and its derivatives' high
electron transparency,*** high thermal/
electrical conductivity, monolayer thickness,
inherently high breaking strength,?*~?° and
gas/liquid impermeability,”>?” they repre-
sent a nearly ideal choice of membrane
material for environmental cells.3° The
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Graphene oxide sheets dispersed in water and many other solvents can spontaneously assemble

into a surface film covering an evaporating droplet due to their amphiphilicity. Thus, graphene

oxide membranes with controllable thickness suspended over an orifice have been directly

fabricated using a simple drop-cast approach. Mechanical properties and electron transparency

tests of these membranes show their use as electron transparent, but molecularly impene-

trable, windows for environmental electron microscopy in liquids and dense gaseous media. The

foreseeable, broader application of this drop-cast window methodology is the creation of access

spots for electron probes to study isolated microsamples in their natural, undisrupted state

within the interior of prefabricated devices (such as microfluidic chips or sealed containers of

biological, chemically reactive, toxic, or forensic materials).
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Langmuir—Blodgett (LB) deposition tech-
nique has been used, which is suitable for
the fabrication of very thin (one or a few
monolayers thick) GO membrane windows.
In the LB deposition,®’ the GO sheets were
directly spread onto the water surface with-
out any modification due to their amphiphil-
icity. In addition, recent works have revealed
that GO sheets can be enriched at the air—water
interface through flotation, can stabilize emul-
sions of organic solvents and can act as surfac-
tant to disperse insoluble materials (such as
graphite and carbon nanotubes)3%** There-
fore, drying a droplet of GO containing
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dispersion can lead to the formation of a thin mem-
brane coating the surface.?

In this communication, we demonstrate a simple
drop-casting protocol to fabricate free-standing GO
membranes with thicknesses ranging from a few to a
few hundred nanometers created directly over a small
orifice (5—50 um in diameter) by taking advantage of
GO's high surface activity. As a proof of concept for
their use by scanning electron microscopy under wet
conditions, the electron transparency and mechanical
stability of these spontaneously formed membranes
were tested using 50 nm Au nanoparticles suspended
in water as a model sample. This method of creating
GO membranes does not require any sophisticated
microfabrication protocol, thus it can be conveniently
used for fabrication of electron transparent windows in
pre-existing devices, (micro-) chambers and vessels. It
is necessary to note that recent reports on the atomic
structure of GO and partially reduced GO revealed that
some nanometer size holes could be found in the
individual sheets3**> However, with at least a few
layers of randomly overlapping GO sheets, molecular
permeability through the windows can be drastically
reduced. Although fabricating of such windows from
more perfect graphene should improve membrane
impermeability, the use of solution-processable GO is
facile and much more versatile.

We tested different commercial apertures (see Meth-
ods section) as supporting frames for the GO windows
without any noticeable difference in behavior or char-
acteristics of the membranes. Depending on the ratio
between the microhole diameter d and the thickness h
of the orifice, two protocols were tested to fabricate GO
electron transparent windows (Figure 1). In the case of
small (4—10 um) apertures, two droplets (one of GO
aqueous solution and the other of pure water) were
placed to opposite sides of the metal frame (Figure 1b)
using a calibrated micropipet. The droplet of pure
water was ca. 10 times larger compared to a ca. 2—3 ul
droplet containing GO. Due to the amphiphilicity of
GO sheets*? the latter, being initially homoge-
neously distributed in the bulk of smaller droplet,
become segregated at the water—air interface of the
smaller droplet (Figure 1¢)**3% and the GO mem-
brane self-assembles at the water—air interface. This
rudimentary and loosely packed GO membrane at
the interface is partially water vapor permeable at
this stage due to incomplete coverage of the GO
sheets. As a result, the droplet evaporates slowly
(Figure 1d), resulting in gradual densification of
the interfacial GO membrane. The role of the large,
water backing droplet is to serve as a gentle support-
ing media for the GO membrane while drying occurs.
Prior to complete evaporation of the backing droplet,
the water was slowly substituted with acetone to
minimize the surface tension coefficient, thus avoid-
ing capillary-induced collapse of the membrane
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Figure 1. Two protocols for drop-cast fabrication of the GO
membranes. Left panels (a—e) have been used to prepare
membranes over few micrometer size apertures; the proto-
col in the right panels (f—1) can be used for larger orifices
few tens of micrometers wide; (m,n) optical images of the
GO membrane prepared on the copper orifice.

during the latter stages of drying (see Methods
section). Since this method does not involve
any additional chemical treatment, the resultant
membrane has the ultimate purity attainable, thus
reducing the propensity of the few micrometer
aperture from being clogged by any processing
residues.

The second method is designed for the deposition
of a GO membrane on one side of the large (10—
50 um) apertures (Figure 1f—I). The detailed protocol
is described in the Methods section. Briefly, the
orifice was filled with the polymer to create the
smooth surface coplanar with the front of the frame
(Figure 1f—h). The droplet of GO aqueous solution
was placed over the filled orifice (Figure 1i), and
similar to the previous case, the GO membrane was
formed upon the slow drying of the droplet
(Figure 1j,k). The polymer support was slowly dis-
solved in acetone to create a free-standing GO
membrane (Figure 11). After the preparations, all
membranes were subsequently dried at 125 £+ 5 °C
in air for half an hour. This procedure eliminates the
excess of interlayered water, strengthens the mem-
brane, and improves its adhesion to the frame
surface.”®
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Figure 2. (a) AFM image of the membrane edge; (b) optical image in polarized light of the dried GO solution. The scratched
area was used to define the thickness of the membrane. The scale bar corresponds to 250 um; (c) step height histogram

measured using AFM at the ridge of the scratch.

RESULTS AND DISCUSSION

Membrane Characterization. Different from standard
SiO, or SiN membrane microfabricaton technologies,
the drop-cast method offers the opportunity to create
the membranes selectively at predefined location and
with adjustable thicknesses. For both protocols, the
thickness h of the membrane can be controlled via
dilution level Cgo of the primary GO solution and/or
the diameter D of the contact area of the droplet using
the simple relation h = (4V/7pgo)(Cso/D?), where V.
and pgo are the initial volume of the droplet and the
density of the solid GO membrane, correspondingly.
Since the droplet contact line remains pinned during
the drying process, the thickness can be easily con-
trolled in the range from few to hundreds of nanome-
ters (see below). The typical diameter of the contact
area of the droplet on Si/SiO, wafers and on metal
apertures was on the order of 1 mm under normal
conditions and can be tuned by (i) modifying the
wetting properties of the substrate or (ii) creating a
hydrophobic barrier of a predefined diameter using a
liquid blocker (EM Sciences). To examine this depen-
dence, an array of equivalent 3 uL droplets with dif-
ferent concentrations of GO was allowed to dry on the
clean Si/SiO, surface. After drying, part of the residual
GO film was mechanically removed along the radius
and step height histograms were measured using AFM
at different locations along the ridge (Figure 2a,b).
Figure 2c depicts the experimentally obtained average
height values as a function of the GO dilution level
Cco and drop contact diameter D. Nearly linear depen-
dence confirms that the film thickness is rather homo-
geneous along the diameter and no appreciable coffee-
ring effect was observed (Figure 2b).3” This implies that
for such droplets the irreversible surface segregation
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rate of GO sheets to the interface is significantly larger
compared to the droplet evaporation time.

Morphology and Mechanics of the Suspended Membranes. A
special cell having a gas inlet and connection to a
highly accurate pressure gauge was designed to facil-
itate monitoring of the morphological changes and
deflections of the membrane during pressurization.
The typical topology of the 40 nm thick membrane
suspended over 50 um orifice is depicted in Figure Tm,n
and at higher magnification in Figure 3. The rippled
surface of the dry membrane is due to the fact that
GO membranes are usually formed on the concaved/
convex surface of the droplet depending on its drying
history (Figure 1c,d). In addition, different expansion
coefficients and slipping of the GO film on the support
surface during the annealing and cooling cycle can also
contribute to the observed corrugations. The forma-
tion of concave/convex membranes can lead to “flip-
flopping” behavior upon pumping (Figure 3a). For
suspended membranes as large as 50 um in diameter,
the height variations between “valleys” and “hills” can
reach a few micrometers, which hinders roughness
analysis using AFM. Optical profilometry (Nanovea)
was employed instead for quantitative analysis of the
membrane morphology and mechanics during pres-
surization (Figure 3b,c). With a pressure differential,
most of the initial slack of the membrane can be
removed, and flattening usually takes place at AP <
10* Pa. Further increase of the pressure leads to the
development of the tensile strain in the membrane and
finally its disruption (not shown here). More than 30
membranes with the thicknesses between 20 and
250 nm and orifice diameters between 4 and 50 um
have been tested. For large fields of view, the 50 um
membranes with the thickness of ca. 30—50 nm were
found to be the best practical compromise between

VOL.5 = NO.12 = 10047-10054 = 2011 W&)

WWww.acsnhano.org

10049


http://pubs.acs.org/action/showImage?doi=10.1021/nn204287g&iName=master.img-002.jpg&w=303&h=190

b)

Y [mm]

+23.50

-4.000

-13.00

-22.00

Figure 3. (a) Optical image of the 50 um membrane showing flip-flopping behavior during the pressurizing cycle; (b)
topography of the released and pressurized membrane measured quantitatively using optical profilometry. The color scheme

corresponds to high variations measured in micrometers.

liguid sample
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Figure 4. Principle design (left) and characteristic dimensions of the E-cell (right panel).

requirements of the mechanical stability and electron
transparency. These membranes were capable of with-
standing the pressure differential up to 1.3 x 10° Pa,
which is sufficient for most practical needs of environ-
mental electron microscopy. Smaller membranes
(<10 um in diameter) can withstand a similar pressure
differential even if they are as thin as a few nanometers.
Using the bulge test method,*® the tensile strength
Omax Of circular GO membranes can be evaluated.®
Measuring the bulge height h (after the removal of the
initial slack) and P, of the pressurized suspended
membrane, along with the thickness t and diameter D
just before the failure for typical 40 nm thick and 50 um
wide membranes, the average stress 0pmayx = (Pmax X
D?)/(16ht) was evaluated to be ~80 MPa, which is close,
but somewhat lower compared to the reported ~120
MPa tensile strength value for GO paper.?®

KRUEGER ET AL.

E-Cell Design and Sample Requirements. Figure 4 shows
one of the tested designs of the E-cell. The cell is made
of two metal discs and is sealed with a pressure relief
rubber membrane gasket. The latter serves to isolate
the ca. 20 uL compartment and to eliminate an over-
pressure onto the GO membrane when the sample
(liquid) contains an excess of trapped gas. This ap-
proach was invented by Quantomix Inc.,*® and it
drastically simplifies the cell design and improves
its reliability. Such cell is capable of preserving an
interior wet environment for months. The interfacial
water diffusion between the GO membrane and sup-
porting frame was found to be one of the possible
channels for vacuum leaking especially in the cases
when the membrane is pressurized from the back
side (Figure 1e). This can be significantly reduced
via simply flipping the supporting frame and using
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the GO covered plane as the cell's interior surface
(Figure 1i).

The crucial requirement for SEM imaging with
membrane-based E-cells is the proximity of the sample
to the backside of the membrane.®'® The liquid con-
taining samples (such as nanoparticle (NP) solutions)
can be drop-casted directly onto the backside of the
GO membrane. The adhered nanoparticles become
immobilized at the backside of the membrane and
therefore can easily be imaged. However, free nano-
particles in Brownian motion usually move too fast
compared to the beam rastering rate. The placement of
nonplanar or large rigid samples that do not adhere to
the membrane surface cannot be realized simply by
pressing them mechanically against the membrane
due to its probable disruption. To overcome this im-
pediment, we have developed an encapsulation meth-
odology, which employs the secondary drop-casted GO
membranes as a capping agent (unpublished data).
Using this encapsulation method, potentially any sam-
ple can be gently adhered to the surface of the electron
transparent membrane while the wet environment
around the sample can be preserved.

SEM Imaging. Figure 5a,b represents the typical SEM
images of the closed wet cells equipped with 10 um GO
window and filled with the Au NP solution. Panels aand
b of Figure 5 were obtained under the same conditions
using a back-scattered electron detector (BSED) and an
Everhart—Thornley detector (ETD), respectively. Since
the ETD is sensitive to low-energy secondary electrons,
greater detail of the membrane surface morphology
(such as multiple GO wrinkles) can be seen. The profile
analysis (Figure 5¢) of the individual 50 nm Au nano-
particles revealed that a 20—40 nm thick GO mem-
brane does not deteriorate the resolution of the
microscope for the objects attached to or in close
proximity (0—50 nm) to the back side of the mem-
brane. Figure 5d demonstrates that EDX analysis can
routinely be performed on the objects immersed in the
water. However, probing the interior of the few micro-
meters orifices (which were tilted 39°) leads to a
significant contribution of background X-rays from
the surrounding stainless steel frame to that of the
total EDX spectrum. An accurate protocol for qualitative
EDX analysis for such samples has yet to be developed.

The detailed analysis of images taken with the ET
detector as a function of the beam energy reveals
particularities of the contrast formation mechanism.
Namely, it was possible to image Au NPs through the
GO membrane using unprecedentedly low electron
beam energies (starting form 2 keV). Since the thick-
ness of the membrane (20—40 nm) significantly ex-
ceeds the inelastic mean free path for secondary
electrons in GO,*° it is plausible to assume that the
SEM signal from Au NPs is formed mainly by secondary
electrons of type S and Sy, induced by electrons back-
scattered from the Au NP.*? For qualitative evaluation
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Figure 5. (a) SEM image of the Au NP solution taken in BSE
through ca. 40 nm GO membrane. Image conditions: 30 keV,
tilt 39°; (b) SEM taken under the same conditions but using a
surface-sensitive Everhart—Thornley detector. The scale bar
corresponds to 5 um. (c) Line profile over the individual
50 nm Au nanoparticle immersed in liquid water and
adhered to the bottom of the membrane. (d) Exemplary
EDX spectrum taken from Au NP aqueous solution through
the GO membrane. The majority of the unmarked peaks
originate from the surrounding stainless steel frame.

of the electron transparency of GO membranes, we
used the dependence of the gray scale difference
between Au NPs and water (Sa,—Sw/Sau) as a function
of electron beam energy (Figure 6g, black squares).
The results were compared with experimental data
(triangles and circles in Figure 6g) adopted from refs 8
and 43. It can be noticed that the GO membrane
becomes reasonably transparent for electrons already
at 2 keV, significantly outperforming the standard com-
mercial ~150 nm polyimide (Quantomix) and 100 nm SiN
membranes. The complementing analysis of the appar-
ent nanoparticle density as a function of the beam energy
indicates a gradual increase of observable NP with
excitation energy. The latter is presumably due to in-
creased range of higher energy electrons, which allows
probing through the thicker local patches of the GO
membrane and/or deeper into the water.

Finally, we observed interesting phenomenon of
electron-beam-induced directional movement of nano-
particles, which were weakly bound to the backside
of the membrane. Figure 7a—c represents three se-
quential scans over the same area of the membrane,
which covers the solution of 50 nm Au nanoparticles.
While the scans in the Figure 7a,c were recorded at the
rastering rate of ca. 4 x 10° nm/s, the scan in Figure 7b
was recorded at significantly slower rate of ca. 3 x
10% nm/s. The appearance of “ghost” traces in Figure 7c
is an indication that the Au NPs became mobile during
the scan. The effect of relocation of the nanoparticles
can be seen by direct comparison of the image
Figure 7a and Figure 7c and in the zoomed out image
of Figure 7d. This implies that prolonged interaction of
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Figure 6. (a—f) Sequential SEM images of the same area of the GO membrane acquired with ET detector as a function of
electron beam energy. (g) Relative signal (black squares) from Au NPs a function of electron beam energy. For comparison, the
data for commercial 150 nm polyimide (circles) adapted from ref 8 and 100 nm SiN membranes (triangles) adapted from ref 43
are shown; (h) apparent density of Au NPs under GO membrane measured from the same area as a function of electron beam

energy.

Figure 7. (a,b) Sequential scans over the same area of
ca. 1 x 1 um?, indicating the beam-induced dragging of
the weakly adhered Au nanoparticles at lower scanning rate
(b). (d) Zoom out image of the scanned area. Partial ordering
of the nanoparticles and their accumulation at the borders
of the scanning area can be noticed.

the electron beam with a weakly adhered nanoparticle
creates a dragging force. The exact nature of this
phenomenon requires separate study; however, one

KRUEGER ET AL.

can assume that prolonged exposure of the NP to high-
energy electrons leads to accumulation of the electro-
static charge in it, which exceeds its dissipation rate
into the surrounding media. The latter, in turn, triggers
the Coulombic interaction of the NP with the electron
beam and/or with the excess of electrons/ions in
interaction volume in the surrounding media. As can
be seen in the images of Figure 7c,d, this slow rastering
leads to some degree of alignment of the nanoparticles
along the scanning direction and their accumulation
in the right side of the scanning area. This effect of
“settling” of randomly distributed nanoparticles into
the regular lattice or chain aggregates along with their
controllable dragging to specific location by the elec-
tron beam can be seen as kind of electron-beam-
induced lithography with nanoparticles in liquids and
needs to be explored in the future.

We also observed that prolonged exposure of the
same GO membrane area to an electron beam with the
areal dose in excess of 10 C/cm? may lead to darkening
of the background (Figure 7d) and some morphologi-
cal changes of the membrane along its perimeter
(Figures 5b and 7d). Similar beam-induced distortions
(shrinking) of GO membranes in vacuum were reported
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during TEM characterization upon exposure to elec-
trons with doses on the order of 10* C/cm?.** While
the reported morphological and electronic changes
in GO membranes suspended in vacuum can be
explained in terms of electron-induced surface and
interlayer reduction and defect formation, the case
of GO membrane interfacing with liquid water can
be more complicated and to the best of our knowl-
edge has not been explored. The observed “im-
provement” of membrane transparency can be
explained by the decrease of the water background
signal relative to the one from the nanoparticles.
This effect can have two origins: (i) the deposition of an
additional carbon layer onto the scanned area due to
electron-induced cracking of hydrocarbons from the
residual gas and (i) microbubble formation beneath
the membrane. In the former case, these are low-
energy secondary electrons from the deeper interfacial
water layers, which are primarily attenuated by a newly
formed carbon layer. Alternatively, if a microbubble is
formed in the irradiated area, the amount of secondary
electrons from the water vapor becomes drastically
reduced compared to the liquid phase and the nano-
particles that are adhered to the membranes, resulting
in darkening of the bubble area in the ET SEM image.

METHODS

Fabrication of the GO Membrane Windows. A GO dispersion in
water of 1 mg/mL was obtained using a modification of
Hummers method*' (see details in ref 31). The average lateral
size of the GO sheets was on the order of a few to a few tenths of
micrometers. We have used electrochemically formed (SPI
Supplies) or laser-drilled metal orifice discs made of Cu, Ni,
and stainless steel (National Aperture, Inc.) as well as SiN, SiO,
(SiMPore Inc./TEM windows), and ruby (Bird Precision Inc.) (with
diameters from 3 to 9.5 mm and thickness of h ~ 20 um as the
frames to support the GO membranes). The orifice diameters
ranged from 4 to 50 um. To fabricate GO windows over the few
micrometer holes, we placed ca. 20 uL primary drops of distilled
water into the array of wettable wells of PTFE printed slides
(Electron Microscopy Sciences). UV-ozone-cleaned (Jelight
Company Inc.) apertures were placed on top of the primary
drop of water, and a small secondary droplet of 1 mg/mL GO
solution was drop-casted over the aperture opening. Upon
evaporation of the secondary droplet and formation of the GO
membrane, the water of the primary droplet was slowly sub-
stituted with acetone using a micropipet to relieve the surface
tension. Upon complete drying, the orifice with the suspended
membrane was annealed in air at 125 + 5 °C for half an hour.

To create a temporary mechanical support during the
formation of the large membrane, the aperture was placed on
the surface of a fresh gel film (Gel-Pak), which tightly and
reversibly adheres to the front surface of the aperture. Easily
soluble in acetone liquid nail polish (Electron Microscopy
Sciences) was drop-casted on to the back side of the aperture
(Figure 1g). After drying of the lacquer drop, the gel film was
removed leaving the smooth, solid, lacquer surface coplanar
with the front of the supporting metal frame (Figure 1h). The
front side of the frame was UV-cleaned to improve its hydro-
philicity, and a microdroplet of GO solution was placed over the
filled hole (Figure 1i). After the droplet had dried and the
self-assembly of the GO membrane concluded, the polymer
support was dissolved in acetone to release the free-standing

In both cases, the tension in the scanned area of the
membrane can cause the morphological changes.

CONCLUSIONS AND OUTLOOK

In summary, the solution processability of graphene
and graphene derivatives coupled with their high electron
transparency and mechanical strength make this class of
2D and quasi-2D window materials a prospective platform
for in situ environmental electron microscopy. The poten-
tial limitation of any membrane-based environmental
SEM/TEM imaging technology is damage of the mem-
brane induced by prolonged irradiation from the electron
beam. However, experiments show that membrane dete-
rioration only takes place at very large areal doses in excess
of 10 C/cm? for few kilovolt electrons. In addition, these
inexpensive suspended membranes are designed for a
single use thanks to well-developed techniques such as
spin coating, Langmuir—Blodgett, drop-casting, dip coat-
ing, and spraying suitable for large-scale production. The
advantage of the drop-cast technique, described in this
study, is that the membrane can be realized at an arbitrary
location which can be beneficial for creating molecularly
impenetrable, yet SEM accessible, areas in pre-existing
devices or objects such as microfluidic chips or
devices possessing microcracks requiring analysis.

membrane. Upon complete drying, the orifice with the sus-
pended membrane was annealed in air at 125 + 5 °C for half an
hour. After inspection with high-magnification 400x —1000 x
optical or electron microscope, the orifice was mount inside the
environmental cell.

SEM, AFM Imaging. AutoProbe CP-Research AFM (Thermo-
microscopes/Veeco) operating in air was used for imaging of the
GO deposits on Si/SiO, wafers. The probe (resonant frequency
80 Hz) was rastered in tapping mode at a scan rate of 1 Hz. Nearly
all SEM studies have been conducted with environmental FEI
Quanta 450 scanning electron microscope in high vacuum mode.
Unconjugated monodispersed 50 nm gold colloids (Tedd Pella)
were used as test media and drop-casted onto the back of the
membrane before the sealing of the E-cell.
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