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O
ur understanding of the role that
surface chemical heterogeneities1�4

and topographical features5�10

play in water droplet formation is just be-
ginning to emerge. The nanoscale feature
size of superhydrophobic surfaces (SHS)
makes studying of such effects particularly
challenging. While most SHS can be wet
completely following sufficient condensation,
when droplets form on selected natural2,11,12

and artificial5,6,13�16 surfaces, they adopt
nearly spherical shapes and become highly
mobile.5,13,14 A better understanding of
how droplets form on the SHS which retain
their superhydrophobic characteristics dur-
ing condensation would aid in the design
and industrial application of SHS as promo-
ters of the highly efficient dropwise con-
densation process.5 In order to study the
influences of the local topography and the
spatial heterogeneity of surface properties
on droplet condensation, an imaging tech-
nique with nanoscale spatial resolution and
fast temporal resolution is necessary. Atom-
ic force microscopy (AFM) and environmen-
tal scanning electronmicroscopy (ESEM) are
two methods capable of imaging water dro-
plets with the required spatial resolution.17

AFM is not capable of imaging three-dimen-
sional topological features such as randomly
stacked nanowires5,18 or ribbed nanoneedles19

and is too slow to capture the fast dynamics
of the condensation process. A number of
issues also arise during ESEM imaging of the
nano-to-microscale condensation dynamics
on macroscale samples with nanoscale to-
pographical features. First, the macroscale
size of the sample prevents imaging at high
viewing angles. Second, even when very
small samples are employed, part of the
sample is obstructed by the local microscale
topography such as neighboring nanowires

or nascent water droplets.20 Third, second-
ary electrons originating in the bulk sub-
strate can significantly contribute to the
total secondary electron (SE) signal when
imaging drops less than 1 μm in diameter,21

complicating image interpretation. Lastly,
electron beam heating can cause rapid
evaporation of condensed drops and thus
limits the range of useful imaging magnifi-
cations.10 Because the electron beam heat-
ing effects are more pronounced on sub-
strates with low thermal conductivity,10

imaging of condensation on SHS made out of
natural,2,11,22,23 polymer,24,25 and oxide5,18,19,26

materials is particularly difficult. In this work,
we introduce a new approach for in situ

ESEM condensation imaging that avoids the
substrate-related imaging issues by re-
moval and transfer of a small part of the
macroscale substrate to a thermally insu-
lated sample platform. Specifically, micro-
manipulation and focused ion beam (FIB)
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ABSTRACT A better understanding of the role that nanoscale surface chemical heterogeneities

and topographical features play in water droplet formation is necessary to improve design and

robustness of nanostructured superhydrophobic surfaces as to make them fit for industrial

applications. Lack of an imaging method capable of capturing the water condensation process on

complex nanostructures with required magnification has thus far hindered experimental progress in

this area. In this work, we demonstrate that by transferring a small part of a macroscale sample to a

novel thermally insulated sample platform we are able to mitigate flooding and electron heating

problems typically associated with environmental scanning electron microscopy of water condensa-

tion. We image condensation dynamics on individual complex particles and a superhydrophobic

network of nanostructures fabricated from low thermal conductivity materials with an unobstructed

90� perspective of the surface-to-water interface with field of view as small as 1 μm2. We clearly

observe the three-stage drop growth process and demonstrate that even during late stages of the

droplet growth the nearly spherical drop remains in a partially wetting Wenzel state.

KEYWORDS: complex nanostructures . environmental scanning electronmicroscopy
. superhydrophobicity . nanoscale water condensation . focus ion beam . wet-STEM
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micromaching are used to transfer a small section of
the original sample to an exposed portion of a thin
metal grid partially encapsulated in a thick thermal
insulator. The small size and perpendicular orientation
of the sample with respect to the electron beam limit
the absorbed energy and enable simultaneous visua-
lization using secondary and transmitted electrons.
The thermally insulating coating over the high thermal
conductivity metal grid encourages water condensa-
tion preferentially on the exposed metal area and the
attached sample. To compare this new approach to
current strategies of sample preparation for ESEM
imaging, we image water condensation on thermally
insulating nanowhisker-decorated copper oxide (CuO)
particles drop-casted onto ametal block,27�29 a carbon
foil,30�33 and attached to the thermally insulated
sample platform. We demonstrate that our approach
allows for high-magnification imaging while mitigat-
ing heating and flooding problems often encountered
when using standard imaging strategies. To further
demonstrate the enhanced capabilities of this new
methodology, we image condensation on a small
section of a low thermal conductivity superhydropho-
bic Cu(OH)2 nanowire network,5,18,34 a task that has
proven to be very challenging in the past. With a wide,
90� unobstructed perspective, we clearly observe the
three-stage drop growth process previously observed
solely from a top-down view10 and demonstrate that,
even during late stages of the droplet growth, the
nearly spherical drop remains in a partially wetting
Wenzel state.

RESULTS AND DISCUSSION

Fabrication of the imaging platform and the micro-
scale sample preparation are achieved using a combi-
nation of simple coating, micromanipulation, and FIB
micromaching steps. To fabricate the thermally insu-
lated sample platform, a commercially available cop-
per (Cu) TEM half-grid with several extended posts is
partially dipped in a small drop of liquid cyanoacrylate
adhesive and allowed to dry. This coats the Cu gridwith
a solid exhibiting low thermal conductivity35 (≈0.5W/mK);
the resulting coating thickness is between 100 and
200 μm (see Figure 1a). To avoid charging problems, a
50 nm gold layer is sputtered on both sides of the
coated grid to improve electrical conductivity. The
cyanoacrylate coating is milled away locally using the
FIB to expose a metallic Cu area approximately 5 μm�
10 μm in lateral extent. Figure 1a shows that the Cu
area is surrounded by cyanoacrylate and orientated at
90� with respect to the rest of the metal grid surface
and, when mounted in the ESEM, the electron beam.
Next, a section of the original macroscale sample is
transferred to the exposed Cu area. An example of the
whole process is illustrated in Figure 1b, which shows
the transfer of a CuO particle. After being attached to a

tungsten needle with a platinum (Pt) pad created by
focused ion beam induced deposition, the CuOparticle
is lifted from the original surface and lowered onto the
exposed Cu area. If the desired part of the sample is
firmly attached to the original surface, a wedge-like
section of the surface is cut away using the focused
gallium ion beam prior to attachment of the needle.36

After the CuO particle is attached to the Cu area using a
Pt pad, the Pt pad connecting the particle and the
needle is milled away using the ion beam. In the final
step, a Pt pad is deposited around thewhole Cu surface
and particle interface by three iterations of 90� sample
rotation and Pt pad deposition steps. The deposited
“Pt”material contains about 80% low thermal conduc-
tivity amorphous carbon.37 We found that a 500 nm Pt

Figure 1. (a) Schematic and SEM images of the fabrication
process of the thermally insulated sample platform. (b) SEM
and FIB images showing the transfer of a CuOmicroparticle
from the original substrate to the exposed Cu area on the
sample platform (the viewing perspective of the FIB images
is oriented at 52� with respect to the SEM images). (c)
Comparison between condensation dynamics on a coated
(top) and an uncoated Cu grid (bottom) mounted in the
cooling stage with a temperature decrease from 3 to 0 �C
with background water vapor pressure of 650 Pa.
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pad thickness helps to reduce the thermal contact
resistance of the particle and surface interface while
avoiding significant secondary Pt deposition on the
sample.
The partial cyanoacrylate coating on the Cu grid

allows for initiation of condensation on the exposed Cu
area prior to condensation on the thermal insulator
surface. Figure 1c shows that condensation first occurs
on the exposed Cu area with a stepwise decrease in
the cooling stage temperature from 3 to 0 �C with
background water vapor pressure of 650 Pa. During
the next 30�60 s, condensation slowly propagates
outward on the thermal insulator surface. For compar-
ison, Figure 1c also shows that a whole uncoated Cu
post is wetted within 15 s of initiation of condensation
(see movie 1 in Supporting Information). As we will
demonstrate next, the time delay in water flooding of
the sample area gained through the thermal insula-
tion of the Cu grid is sufficient for capturing the
nano-to-microscale condensation dynamics on the
CuO particles.
To demonstrate the advantages of the newmethod,

we image condensation on CuO particles drop-casted
onto a metal block, a carbon foil, and attached to the
thermally insulated sample platform. Schematics of the
three arrangements and the corresponding thermal
resistance networks are shown in Figure 2. In all cases,
water condensation is initiated by reducing the tem-
perature of the cooling stage from 3 to 0 �C with a
background water vapor pressure of 650 Pa. On the
steel block, the temperature decrease quickly inducing
water condensation on and around the CuO particles.
Figure 3a shows that the quick flooding of the block
surface causes physical movement of the CuO particle.
As indicated bywhite arrows in the SEM image series in
Figure 3a, the CuO particle rotates over 180� with
respect to its original position within 13 s of the be-
ginning of water condensation (see movie 2 in Sup-
porting Information). The particle movement, which
does not occur when condensing water on thermally
conductive particles such as carbon nanopipes depos-
ited on a steel block,27,29 can be alleviated by attaching
the CuO particle to the substrate using a Pt pad. The
fast surface flooding, in turn, is avoided when cooling
the carbon foil on a Cu supportive mesh (Figure 3b,c).
Condensation occurs much slower on the foil than on
the surface of the steel block, most likely due to the
high thermal resistance of the carbon foil. However,
once condensed on the carbon foil, the water droplets
are susceptible to electron beam heating effects even
at low imaging magnification33 (see movies 3 and 4 in
Supporting Information). The SEM image series in
Figure 3b,c clearly shows fast evaporation of water
drops condensed directly on the carbon foil and on the
CuO particles on top of the carbon foil. The rate of
evaporation increases with increasing magnification10

and increasing drop size because of corresponding

increase in the electron flux and the absorbed elec-
tron energy. The rate of evaporation also increases if
the drop is condensed on the particle because of
increased absorbed electron energy within the par-
ticle itself and because of additional thermal resis-
tance of the particle and carbon foil to particle
interface.
The quick flooding and the strong electron beam

heating effects are mitigated during imaging of con-
densation on the CuO particle attached to the ther-
mally insulated sample platform. As a result, we are
able to image wetting and filling of 100�500 nm gaps
between 75 and 250 nm nanowhiskers, leading to the
formation of a 400�500 nm drop with a viewing field
as small as 1 μm � 1 μm. Although the increase in the
drop growth time (30 vs 15 s) that we observed when
changing field of view from 2 μm � 2 to 1 μm � 1 μm

Figure 2. Schematic representation and thermal resis-
tance networks corresponding to the process of imaging
of water condensation on CuO particles (a) drop-casted
onto a steel block, (b) drop-casted onto a carbon foil on
Cu supportive mesh, and (c) attached to the thermally
insulated sample platform. PE, SE, and TE stand for
primary, secondary, and transmitted electrons while _Qeb,
Q
·
1, and Q

·
2 are for the total absorbed power and its

portions conducted away through the liquid�vapor in-
terface and the sample.
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indicates that some electron beam heating effects are
still present, this situation is clearly much improved
since attempting to image condensation on the original
CuO surface using similar magnifications typically
causes the drop to evaporate completely within a
few seconds.10 Because comparable magnification con-
densation imaging has so far only been achieved for
highly conductive nanostructure and substrate pair,27,29

the high-magnification imaging of condensation on
the insulating CuO particle is likely to be enabled by the
improved heat transfer away from the sample in our
setup. Lastly, performing the same experiment at a
large viewing field of 10 μm� 10 μmdemonstrates the
advantages of viewing the drop formation with an
unobstructed 90� perspective. The surface-to-water
interface is clearly visible throughout the entire drop
formation process in Figure 4 (see movie 5 in Support-
ing Information).
The ability to image the surface-to-water interface is

crucial in developing an understanding of the wetting
behavior of water on SHS. Accordingly, we apply the
methodology developed in this work to image con-
densation on a section of superhydrophobic Cu(OH)2
nanowires, which do retain their superhydrophobic
properties during condensation.5,10,18 During the sam-
ple fabrication process, caremust be taken tominimize
the sample modification from ion beam exposure and
unintentional material redeposition from sputtering.
The SEM images in Figure 5 demonstrate that the FIB
prepared section of the Cu(OH)2 nanowire network
retains the superhydrophobic characteristics of the
original surface (see Methods section for fabrication
details). The nanowire network section has a signifi-
cantly higher thermal resistance than the CuO micro-
particle sample. Consequently, it is difficult to prefer-
entially induce condensationon theattachednanowires
solely by varying the temperature of the cooling stage,
and the commonly used technique of varying

the pressure is required to achieve the desired
result.1�3,7,17,20,27,30�33 In this technique, water con-
densation is induced by a pressure increase from 600
to 650 Pa while holding the temperature of the holder
and platform constant at 0 �C. Individual drop con-
densation during this procedure proceeds according
to the previously proposed three-stage growth mech-
anism.10 First, previously nucleated drops less than
1 μm in diameter coalesce, causing the condensation
to wet and fill an area between the nanowires (drops
are highlighted by white arrows in the top SEM image
sequence in Figure 5). The characteristic dimension of
this area is approximately 2�4 μm across. Subsequently,
a liquid drop begins to emerge from the wetted area.
This drop emergence is driven by an increase in the
contact angle between the drop and a base area of
constant size. The drop reaches a near spherical shape
and switches from a near-constant-base area growth
mode to a near-constant-contact angle mode when it
reaches a diameter of approximately 4�6 μm. On the
macroscale sample, the droplet continues to growuntil
it coalesces with neighboring drops, flooding the
surrounding portion of the sample. Using the new
approach, the drop collapses when it comes in contact
with the edge of the Cu grid about 15 μm away from
where it originated. The high-magnification SEM images
in the bottom of Figure 5 show that even minutes into
the growth process the nearly spherical drop remains
in a partially wettingWenzel state, despite having grown
to a diameter of 10�20 μm (see movie 6 in Supporting
Information). Since we previously observed high dro-
plet mobility and departure of 300 μm condensed
water drops from the macroscale sample of SHS formed
from randomly stacked Cu(OH)2 nanowires,

10 this re-
sult implies that a larger drop diameter is necessary for
the theoretically predicted38,39 Wenzel to Cassie state
transition to occur on this surface.

Figure 3. Series of SEM images illustrating (a) flooding and particle displacement and (b,c) electron beam heating problems
during imaging ofwater condensation on CuOparticles (a) drop-casted onto a steel block and (b,c) drop-casted onto a carbon
foil on Cu supportive mesh. In all cases, water condensation is achieved by the reduction of the cooling stage temperature
from 3 to 0 �C with a background water vapor pressure of 650 Pa.
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In conclusion, we introduce a new approach
for in situ ESEM imaging of nano-to-microscale
condensation dynamics on complex nanostructures.
The approach consists of transferring a small part of a
macroscale sample to a novel thermally insulated
sample platform on which preferential condensation
can be achieved. We demonstrated that imaging of
condensation on the CuO particle attached to the
thermally insulated sample platform is advantageous
because it mitigates the quick sample flooding and the
strong electron beam heating problems associated
with current imaging strategies of low thermal con-
ductivity samples. As a result, we imaged wetting and

filling of gaps between nanowhiskers leading to the
formation of a 400�500 nm water drop; this was accom-
plished with an imaging field of view as small as 1 μm�
1 μm. Furthermore, the unobstructed 90� perspective
allowed us to image the interface between the surface
under study and the water during the entire drop
formation process. Using the new approach, we
obtained images of water condensation on a sec-
tion of a superhydrophobic Cu(OH)2 nanowire net-
work that support the three-stage drop growth
mechanism. We were also able to determine
that even nearly spherical drops with diameters
as large as 20 μm remain in a partially wetting

Figure 4. Series of SEM images illustratingmicro- and nanoscale imaging of water condensation on CuOparticles attached to
the thermally insulated sample platform. In all cases, water condensation is achieved by the reduction of the cooling stage
temperature from 3 to 0 �C with a background water vapor pressure of 650 Pa.

Figure 5. SEM image series of the three-stage water droplet growth process on a section of SHS formed from randomly
stacked Cu(OH)2 nanowires.
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Wenzel state. The methodology introduced in this
work should be appropriate for high-magnifica-
tion imaging of other problems involving water

phase changes, such as water evaporation from
nanopores40,41 and ice formation on icephobic
nanostructures.42�44

METHODS
Platform and Sample Fabrication Procedure. The fabrication of the

platform and the sample preparation were achieved by a
combination of simple coating, micromanipulation, and FIB
micromaching steps. All FIB milling and Pt deposition as well
as sample micromanipulation were performed using an FEI
Nova 600 DualBeam equipped with an Autoprobe 200 nano-
manipulation system. All FIB operations were performed with
ion beam energy of 30 keV, but the ion current was varied for
different steps. For milling the cyanoacrylate coating, milling
the Cu(OH)2 nanowire network, Pt pad deposition, and imaging
during micromanipulation ion beam currents of 21 nA, 2.8 nA,
0.28 nA, and 9.7 pA were used, respectively. The 200�500 nm
thick Pt pads were fabricated using focused ion beam induced
deposition (FIBID) from a C9H16Pt gas precursor using a dwell
time of 200 ns per pixel. During fabrication, all structures were
imaged at 0 or 52� tilt using an electron beam current of 98 pA
and electron beam energy of 5 keV.

To fabricate the platform, Omniprobe Cu lift-out grids with
three posts were coated with a small drop of liquid cyanoacry-
late (Krazy Glue) and allowed to dry in an ambient room
environment for 2�3 h. The coating procedure resulted in a
solid cyanoacrylate coating with a thickness of 100�200 μm. To
minimize electrical charging, a 50 nm gold layer was sputtered
on both sides of the coated grid using a Cressington 208 HR
sputter coater equipped with a quartz microbalance thickness
monitor. Next, the cyanoacrylate coating was locally milled
away using the ion beam until a tip of a Cu post is exposed.
Because of the perpendicular grid and ion beam column
orientation, the exposed Cu area was orientated at 90� with
respect to the rest of the metal grid surface.

The procedure for transferring a CuOmicroparticle from the
original sample is outlined in the paper. To remove a section of
the Cu(OH)2 nanowire network, an angled line “U”-shaped cut
with dimensions of 5�10 μmwas performed at 0� sample tilt. A
vertical line cut performed at a sample tilt of 52� completed the
release of the cut-out wedge. To facilitate the needle attach-
ment step, a temporary 1μm� 1μmwide and 1μmthick Pt pad
was deposited in one corner of the wedge prior to its release.
The wedge was attached to the Cu area with an orientation
correction to maximize the Cu to wedge contact area. The
volume containing the temporary Pt pad was milled away after
the wedge attachment and needle release.

ESEM Imaging Procedure. The condensation experiments were
performed in a FEI Quanta 200 FEG ESEM whose stage tem-
perature was controlled with a water-cooled thermoelectric
(Peltier effect) element. The water vapor pressure in the ESEM
chamber was controlled using the microscope's differential
pumping system and gas delivery manifolds. The Cu grids were
attached to the Cu TEM grid holder for the cooling stage. Water
condensation was achieved by either varying the cooling stage
temperature or by varying of the chamber pressurewith specific
conditions corresponding to different experiments indentified
in the paper. Besides the fabricated sample platform, carbon
Quantifoil TEM Cu mesh with an orthogonal array of 1.2 μm
diameter holes was used, as well as a 1 cm diameter steel block
substrate. The samples were simultaneously imaged using the
gaseous secondary electron detector (GSED) and the scanning
transmission electron microscopy detector (STEM) with a frame
time of 1 s. Images were captured with a 1 Hz frequency. To
minimize the absorbed energy, condensation was imaged at a
low electron beam current (0.08 nA) in all arrangements.
Different electron beam energies were used to minimize the
absorbed energy for bulk and thin samples. For the CuO particle
drop-casted onto a steel block, the lowest possible electron

beam energy providing acceptable image quality for a given
working distance andbackground pressurewas used (10 keV).10

In contrast, condensation on CuO drop-casted onto the carbon
foil or attached to the thermally insulated sample platform was
imaged with electron beam energy of 30 keV because electron
energy loss (and therefore energy deposition in the sample)
decreased with increasing electron energy.45
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