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Bubble and Pattern Formation in Liquid Induced by an Electron Beam

Abstract

Liquid cell electron microscopy has emerged as a powerful technique for in situ studies of nanoscale processes
in liquids. An accurate understanding of the interactions between the electron beam and the liquid medium is
essential to account for, suppress, and exploit beam effects. We quantify the interactions of high energy
electrons with water, finding that radiolysis plays an important role, while heating is typically insignificant. For
typical imaging conditions, we find that radiolysis products such as hydrogen and hydrated electrons achieve
equilibrium concentrations within seconds. At sufficiently high dose-rate, the gaseous products form bubbles.
‘We image bubble nucleation, growth, and migration. We develop a simplified reaction-diffusion model for the
temporally and spatially varying concentrations of radiolysis species and predict the conditions for bubble
formation by . We discuss the conditions under which hydrated electrons cause precipitation of cations from
solution, and show that the electron beam can be used to “write” structures directly, such as nanowires and
other complex patterns, without the need for a mask.
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Abstract: Liquid cell electron microscopy has emerged asowepful technique forn situ
studies of nanoscale processes in liquids. An ateunderstanding of the interactions between
the electron beam and the liquid medium is esdaitiaccount for, suppress, and exploit beam
effects. We quantify the interactions of high eneetectrons with water, finding that radiolysis
plays an important role, while heating is typicalhgignificant. For typical imaging conditions,

we find that radiolysis products such as hydroged khydrated electrons achieve equilibrium
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concentrations within seconds. At sufficiently hidhse-rate, the gaseous products form bubbles.
We image bubble nucleation, growth, and migratide. develop a simplified reaction-diffusion
model for the temporally and spatially varying centcations of radiolysis species and predict
the conditions for bubble formation #,. We discuss the conditions under which hydrated
electrons cause precipitation of cations from soitytand show that the electron beam can be
used to “write” structures directly, such as namewiand other complex patterns, without the

need for a mask.

Liquid cell electron microscopy is a new technidii@t provides unique capabilities fiorsitu
imaging and control of nanoscale phenomena indiquedia with the high resolution of the
transmission (TEM) and scanning transmission (STEMgtron microscopés’ The liquid cell
confines a layer of liquid between two membraned Bnhermetically sealed from the high
vacuum of the microscope. The membranes and ligiadsufficiently thin (tens of nanometers
to a few micrometers) to transmit electrons (Figlag. Liquid cell (S)TEM provides insights,
not readily accessible by other means, into phenangich as electrochemical processés;
motion, aggregation, and assembly of nanoparticiés;nucleation and growth of

% macromolecular

nanoparticles®® interactions between particles and interfdcebpiling:?
conformations” and biological processes in ceifs®*

During imaging, the electron beam interacts with §ample. Many nanoscale crystallization
and growth processes occur only in the beam’s poedé&® The beam can be used to charge
nanoparticles and affect their motibhMicrostructural changés as well as formation and

dynamics of bubbles or voids due to the beam haen beported®?°*® Amongst a variety of

potential beam effects, radiation chemistry, or interaction of ionizingdiation with the fluid
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medium, is critically important. Although the exmj knowledge of electron beam interactions
with solid matter provides useful insighifsthe effects in liquids are quite different becao$e
the high mobility of species in the liquid. Here w&amine two beam-induced nanoscale
phenomena, bubble nucleation and growth and bealacéd nanostructure formation. We
develop a simple reaction-diffusion radiolysis motte the conditions common to electron
microscopy, and compare theoretical prediction$ wikperimental observations. We then show
that the beam can be used as a “pen” to write n@eswith complex patterns without the need
for a mask.

Experiments were performed in our custom-made digeill, the nanoaquarium (Figure £8).
In Figure 1b and Supplementary Video 1, we show thedtion of nanoscale bubbles during
irradiation of an aqueous solution. In this expemty bubbles form periodically at a
serendipitous imperfection on a silicon nitride nbeame. The bubble formation occurred while
imaging an aqueous solution of gold nanorgals £ 7) with a trace amount of the surfactant
cetrimonium bromide (CTAB) with TEM &00 keV, beam currenf = 1 — 10 nA, and beam
radiusa ~ 2 um. Figure 1c depicts the bubbles’ radii as a fumctid time. Note the highly
regular periodic nucleation, growth, and detachnoétiie bubbles.

A second mode of bubble formation is shown in Fegda-b and Supplementary Video 2.
These larger bubbles are observed after irradiditngd cells for time intervals ranging from
minutes to hours. The bubble in Supplementary Viddormed after nearly an hour 80 keV
STEM imaging of nanoparticle growth in an aquecalsitton of 20 mM HAuCl, (pH < 2) at a
beam current = 0.05 — 1.2 nA, beam radiust ~ 0.5 — 1.5 nm, and raster area of 1 um?2.
Supplementary Video 3 shows another large bublde fdrmed under similar circumstances.

The data of Figure 2c shows that the bubble groatit increases as the beam current increases.
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Large bubbles also form in other solutions: golsharads with CTAB (as used in Figure 1)
under similar STEM imaging conditions, and variagutions including DI waterpH ~ 7)
irradiated in the TEM at300 keV with beam current/ =40 —50nA and beam radius
a ~ 500 nm.

We consider two possible mechanisms for this beainded bubble formation: radiation
chemistry (radiolysis) and heating. Both rely orergy transfer from the beam to the sample.
Liguid molecules subjected to radiation become tedcand ionized, and the resulting radicals,
ions, molecular species, and hydrated electroret cdeemically to yield byproducts. For water,
the primary species generateare e, (the hydrated electrondi;0*, H, OH, H,, andH,O0,.
Energy transfer that does not exceed the ionizaimhexcitation potentials converts into heat.

To estimate the beam-induced temperature incregsbalance beam-induced heat generation

with conductive heat dissipation away from thediated regior:*° The heat generation is given

by

q=10°p¥ (W/m), 1)
where

v 10°S1 Gy/s) @

T a?
is the volumetric dose-rate, is the density of the irradiated mediug/cm?), | is the beam
current(C/s), S is the density-normalized stopping pow@feV cm?/g electron) anda is the
radius of the beam (m). The factors 103 (cm3]J/g m3 Gy) and
10% (m? electron Gy g/cm? MeV C) convert units customary to radiation chemistnystaunits.
The stopping powe¥ is the average energy loss due to Coulomb interecper unit path length

of a charged particle moving through matter, antas been tabulated as a function of the



Accepted for publication in Nano Letters, DOI: 1021/nl404169a

incident energy and particle type for various matef® The thermal energy balance leads to a
temperature rise of just a few degrees Celsiugyfpical imaging conditions (see Supporting
Information for a detailed derivation), unlikely pooduce bubbles by boiling.

In liquid cell experiments, gaseous products ofalgdis are a possible explanation for bubble
formation, while the other species produced byalgdis are strong oxidizing and reducing
agents capable of driving or modifying other namesceactions. The amount, or yield, of each
species produced+) or destroyed ) per 100 eV absorption from ionizing radiation is
quantified with an empirical parameter, thevalue nolecules/100 eV).*? For irradiation of
neat water with high energy electrons or positrofagys,y-rays, and the like, typical values are
G(H,) = 0.44 molecules/100 eV and G(e,) = 2.7 molecules/100 eV.** The volumetric

production rate

G(X)
e Ny

Ry =p¥ M/s), 3)

of any species( is a function of the rate of energy transfer frtme beam and:(X). In the
above, e is the electron chard&€/electron), andN, is the Avogadro number.

Byproduct concentrations do not grow unabated.sAsvident from the highly regular bubble
formation of Figure 1, under continuous irradiatesteady state is reached. Reverse reactions
play a key role, competing with production to yie&entually a steady-state chemical
equilibrium with time-invariant product concentmis® To determine the concentration
distribution of radiolytic byproducts such Hs ande,, we must account for reverse reactions.
We find it convenient to work with a “concentratidependent effective production rat@y

which accounts for the rate of formation and theerse reactions of speci&s Importantly, the
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production ratepy slows down as the concentratiGpapproaches the steady state concentration

C Within the irradiated region

steady-X*
Ccxy \™*
Px = Ry (1 C > if Cx < Csteadyx
steadyX (4)
(DX =0 |f CX = Csteadyx-

Solutions of the multiple kinetic equations for ttegliolytic products indicate that the steady-
state concentrations can be correlated with thametric dose-rate using a power fAwf the
form

CsteadyX = Ay ¥'x. %)

For example, Ay, ~9.3 X 1077 M (s/Gy) ™Mz, 1y, ~0.44, A, ~1.2x 107" M (s/Gy) ",
andr, ~ 0.59 for deaerated water aH 6.3 By matching the predictions of equation (4) with
available experimental data, we find thaf, ~ 2 provides a good fit between our theoretical
predictions and published experimental dta.

Outside the irradiated region, the rate of extoctof reactive species is modeled with an
expression of the form=Cy /1y, Wherety is the relaxation time. For example, for hydrated
electronsr,, ~ 50 s, while for the relatively non-reactive hydrogap - 0.3

Equations (4) and (5) give us a simple frameworkhwvhich to predict the concentration
distributions of radiolysis byproducts as functiasfstime, position, irradiation dose rate, and
electron beam position and size, using them asdhbece terms in reaction-diffusion equations.
We carried out finite element calculations to pcedhe concentration distribution of two
speciesH, ande),, using equation (4) as the production term in a-tiimensional reaction-
diffusion equation within the geometry of the liquiell (Figure 3a and Supporting Information).

Figure 3b depicts thH, concentratiorCy, at the center of the beam as a function of timerwh
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the beam current i9.1, 1, and 10 nA. The concentration initially increases rapidly opo
irradiation and then the concentration-dependdetye production rate decays. A key result is

that it only takes a few seconds of irradiation €gr to asymptotically approach its dose-rate
dependent steady-state vallg,,q,.,- This is shorter than the timescale of mastsitu

experiments. Figure 3c depiafg, at the center of the beam as a function of beameuat
various times. The dashed lines in Figure 3b andreespond to the saturation concentration at
atmospheric pressure. Figure 3d depicts the sghsitaibution of the normalized concentrations
of H, andey, at various times.

We can now relate these estimatesHgf concentration to the observations of bubbles in
Figures 1 and 2. To form a bubble from gas dissblndiquid, the dissolved gas concentration
must significantly exceed the saturation conceiatnafC,,;), which depends on the pressure of
the system. Using Henry's L&Wfor H, in water, we estimaté,, (100 kPa) ~ 0.77 mM and
Cs,:(400 kPa) ~ 3.15 mM (reasonable values for the pressure in a liquil-ddomogeneous
nucleation requires a large supersaturation, exmerally measured to be
Chomogeneous ~ 190 mM  for H, at 100 — 400 kPa.>" Heterogeneous nucleation can occur
stochastically at any concentration betweégn and Cyomogeneous- INdeed, for the conditions of
our experiments, Figure 3 predicts thgt < Cy, < Chomogeneous- 1 NUS, Supersaturated radiolytic

H, is likely the main contributor to bubble nucleatiduring liquid cell (S)TEM imaging of
aqueous solutionsO, is predicted to form as a secondary byproduct watbady-state
concentration that can approach that Bf.3**® With a strong dependence on solution
composition, a longer timescale compared to thegmy byproducts, and an aqueous solubility
that is greater than that #,, 0, is less likely to be the cause of bubble nucleefidHowever,

once a bubble is formed), will contribute to its growth. The important pretion that
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continuous irradiation leads to a steady-stdieconcentration is validated by the periodic,
regular nanoscale bubble formation shown in Figlrend Supplementary Video 1. The
observations indicate that the system is, indeed,state of equilibrium, with rates of nucleation
and growth that do not vary significantly with time

The model also explains the role of irradiationdirdhenC H, = Csat: supersaturateH,

steady-

spreads by diffusion from the beam region to trst of the liquid cell (Figure 3d). With time,
this increases the probability of heterogeneoudeation and provides mord, molecules to

feed a bubble once formed. Bubble-free imagingiregiconditions such thay.,q,.,;, does not

greatly exceed’,,; (dashed lines in Figure 3b and c). Had we not fremtliequation (3) to
consider the concentration-dependent effective ymtion rate, the model would have predicted

Cy, ~ 264 mM (> Chomogeneous) @fter only60 seconds for 300 keV electrons witha = 500 nm

and! = 40 nA. The fact that we, and othéfsare able to image at a high dose-rate for moderate
time intervals without observing bubbles suggedsas the effectiveH, production rate is indeed
reduced as radiolytic byproducts accumulate.

Our model for the temporal and spatial variation rafliolytic byproducts suggests an
important application of the electron beam to famanoscale structures controllably. Highly
reactive radiolysis products such as the hydrakectren have short diffusion distances and are
therefore present at high concentrations only enittadiated region (Figure 3d). Thus, reactions
mediated by hydrated electrons can, in principée]dealized to the irradiated (beam) area. An
interesting application is shown in Figure 4. Thduction ofAu ions to neutralAu is known to
be mediated by hydrated electrdi$canning a focused electron beam over a regiotaicimg
a thin film of HAuCl, solution resulted in the precipitation of gold ahe formation of gold

nanowires, making up nanoscale letters, in this tas names of the authors’ institutions (Figure
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4a). The structures appeared robust. Bubble mttssed the features about, indicating that they
could be detached by surface tension forces withlaubage (Figure 4b). This liquid-phase
electron beam induced deposition is an intriguaahhique for generating micro- and nanowires
with controlled sizes and patterns without the osa mask and has been explored in this and
other material§®*

We now briefly discuss the limitations of the modete data used in developing equations (4)
and (5) were measured for low dose-rate irradiatiori000 Gy/s). However, the dose-rates in
liquid cell (S)TEM experiments are often ordersnzdgnitude higher than those considered by
radiation chemists. For example380 keV electron beam witla = 500 nm and/ = 1 nA in
water corresponds t® x 108 Gy/s. It is therefore necessary to consider the coreseeps of a
high dose-rate irradiation. Increasing the dose-ratcreases the likelihood that radical
byproducts will interact to yield molecular speciedich for neat water includé,, H,0,, and
recombinedH,0.%® We estimate that under typical imaging conditichese non-linear effects
are unlikely in the TEM but possible in the STEMugporting Information), potentially
changing concentrations by large amounts.

Our model also ignores the effect of solution cosifan (.9, additives angH). It is known

that C depends strongly — changing by orders of magnituda the degree of aeration

steady-Hj
and pH of the solutior?* Even at low concentration, a soluteg, N, and0, due to aeration)
may react with radiolysis byproducts to affect tbeemistry of the system. At a high
concentration, a solute may fundamentally altergraluction rate of radiolysis byproducts by
scavenging radicals. Since all the species in tesysare interrelatedia coupled reactions,
predictive calculations of transient and steadyestaehavior require analysis of the complete

chemical kinetics. Future analysis will provideigig into whether, or how, these dependencies
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on solution composition might apply at the high eloates of liquid-cell (S)TEM. We have
assumed that equations (4) and (5) can be apmiealdiolysis in both TEM and STEM for the
solutions we have discussed above.

In summary, liquid cell electron microscopy is amgoful in situ technique that provides a
unique insight into processes in liquid media. Hbectron beam affects the chemistry and
behavior of the solution under observation, howe@ar experimental data indicates that the
concentrations of the radiolysis products reachiliegum when subjected to the high dose
radiation common in electron microscopy. We havaged nucleation and measured the growth
rate of nanoscale bubbles and microscale “expld&iubbles. We have also developed a simple
guantitative model for the concentrations of ragha products, such &k,, as functions of space
and time. The model predictions are consistent with experimental observations. A central
feature of this model is the concentration-depenhdéective production rate, which allows the
concentrations of radiolysis products to reach eadyt state chemical equilibrium. The key
predictions of the model are that this steady-stteeached rapidly, within seconds; and that
when bubbles are observed, the predicted conciemisaare consistent with those required to
nucleate bubbles. For examplé; can exceed its saturation concentration withirosds to
minutes of imaging with only moderate beam currdiite temporally and spatially varying
concentrations of other radiolysis byproducts carcélculated in a manner analogous to what
we have described fo,. We have shown that one species, the hydratedrateowill be
strongly confined to the irradiated area, makingassible to write nanoscale features such as
letters from gold and other metallic solutions. €@thighly reactive radical and ionic byproducts

should follow trends similar to that ef.

10
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Radiolysis is of key importance in nuclear scienoedical imaging and therapeutics, food
preservation, and other manufacturing processewi€age acquired in these fields is
applicable to liquid cell electron microscopy. Cersely, the liquid cell provides a useful tool to
study radiation effects. We believe that the fundatal beam-sample interactions discussed here
are relevant to chemical reaction processes thatraturing liquid cell (S)TEM in media other
than water, and environmental scanning electrorrasoopy (ESEM) where water vapor is
present and the sample may be fully hydrated orleped with a water layer. Radiation
chemistry must be considered in all liquid cell esiments. For example, the increase in the ion
concentration in an irradiated colloidal suspensimay reduce the thickness of the Debye
screening length and induce aggregation, and hsdiratectrons may neutralize cations and
allow precipitation. Even if there are no bubblese cannot dismiss the invisible beam effects;
highly reactive species are continuously produceding beam irradiation. A detailed
understanding of radiation chemistry is essentgapredict, account for, mitigate, and harness

beam effects in the rapidly growing field of liquzdll electron microscopy.
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Figure 1. A schematic of a liquid cell and observations ofafi bubbles. (a) A schematic
illustration of a sealed liquid cell cross-sectiomt drawn to scalehg; = 300 um. hgy =

50 nm. hy;q is nominally100 — 300 nm, though membrane bowing can resulthj of a few
um.3* (b) Frames from a video sequence (Supplementagid/il) of heterogeneous bubble
nucleation, growth, and migration during TEM imagi800 keV, [ < 1 nA, beam radius

a ~ 2 um). A bubble nucleates on the membrane, grows, atatbes. Another bubble nucleates
at the same spot and the process repeats. Obdaubbte radii ranged fror0 to 200 nm. (c)
Mean bubble radius as a function of time (examblef Supplementary Video)1l Colored
circles represent experimental data and linesitaear fits. On average, bubbles grew at a nearly
constant rate ob ~ 70 nm/s, nucleated at a frequengy~ 0.3 Hz, and reached a maximum

radiush,,,, ~ 190 nm in 3.1 seconds before detaching and migrating out ofi¢he of view.
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Figure 2. Observations of “explosive” bubbles # mM HAuCl, (pH < 2) by STEM. (a) A
large bubble occupying most of the membrane windbiguid is pushed to the periphery
(Supplementary Video 2). Prior to the formatiorttoé bubble, various parts of the window were
irradiated for periods lasting from tens of secotala few minutes at each location. The small
black dots are gold nanoparticles nucleated bybteen during this time3(Q keV, I = 0.05 —

1.2 nA, beam radiust ~ 0.5 — 1.5 nm, raster area~ 1 um?). The four grey circles ar8iO,
pillars that were designed to hold the top anddmtmembranes together to reduce membrane
deflection. (b) A schematic of the liquid cell csesection with a large bubble in the imaging
window. A thin film of liquid remains on the memibes, as shown by continued nucleation of
nanopatrticles in the illuminated region. Subsequmspection with a light microscope revealed
that the membranes were bowed out by seyeral(c) The projected bubble area as a function
of time (Supplementary Video 3). The beam currdtgri@ated betwee.05 nA and0.75 nA,
which affected the bubble growth rate. The bubbégproximate area growth ratgn{>/s) is
indicated in the plot. The growth rate decreasethadubble displaces liquid and fills more of

the imaging window.

13
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specified aw; = 100 pm and2w, = 8 mm to reflect the dimensions of our device. The red
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dot, representing the beam, is located at the cehthe imaging window. Placing the beam off-
center does not change the results substantidily.pfedictedd, concentration at the center of
the beam or raster area is depicted as a functioradiation time for various beam currents (b)
and as a function of beam current for various tifegsThe black dashed line corresponds to the
saturation concentratiaofl,.(100 kPa) = 0.77 mM. The region under the dashed line provides a
conservative estimate of the range of currentstane intervals for bubble-free operation. (d)

The predicted concentratiafy /Ce,qyx Of Hz (right) andey, (left) in and around the irradiated

area of radiud pm (grey stripe) as a function of distance from tlearh center at various times

(seconds).

15
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Figure 4. Beam-induced precipitation of gold frod® mM HAuCl, solution. (a) By controlling
the dose-rate and exposed area in the liquid pedtipitation of Au at the liquid/SIN interface
was controlled in order to “write” nano-letters.€Tketters were written following the generation
of the large bubble in Supplementary Vide®d2 KeV STEM with 20 mM HAucCl,), after which

a thin liquid layer remained wetting the membraa i Figure 2). (b) Following the collapse
and reformation of a large bubble, the beam-induetdrs were dislodged from the membrane

surface, but remain intact.
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