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Abstract

The use of liquid cell electron microscopy as a quantitative probe of nanomaterial structures and
reactions requires an accurate understanding of how the sample is altered by the imaging electron
beam. In particular, changes in the chemical environment due to beam-induced radiolysis can
strongly affect processes such as solution-phase nanocrystal synthesis or electrochemical
deposition. It is generally assumed that beam effects are uniform throughout the irradiated liquid.
Here we show that for a liquid cell filled with water, the inevitable presence of interfaces
between water and the surrounding surfaces causes a spatial variation in the energy absorbed by
the water near the walls. The mechanism for this effect is that the walls act as a source of
secondary and backscattered electrons which diffuse and deposit energy in the water nearby.
This increased dose rate then changes the local concentrations of radiolysis species. We quantify
and compare the effects for different materials used in practical liquid cells. We show that the
dose rate can increase by several times within tens of nanometers of a water/Au interface, locally
increasing the concentrations of species such as the hydrated electron. We discuss the

implications for materials processes that are typically triggered at the solid-liquid interface.

Keywords: liquid cell electron microscopy, radiolysis, electron beam effects, nucleation and

growth
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Introduction

Electron microscopy plays a central role in nanoscience and nanotechnology because of its
unparalleled abilities to characterize nanomaterials and to analyze reaction mechanisms through
in situ observations. In both these areas the capability to image in liquids, especially water, is of
key importance. Characterization of biological and bio-inspired materials benefits from imaging
in the native hydrated state without drying or cryofixation, while observations of liquid-phase
reactions in situ have opened a new window into understanding nanoscale processes such as
solution phase synthesis, biomineralization, battery cycling and electrochemical deposition. As a
result, liquid cell electron microscopy has become a widely used tool for examining structure and
reactions that impact broad areas of nanoscience.'™

However, the electron beam has a strong effect on the data obtained in these experiments. Beam
damage is often clearly visible and the limiting factor in imaging biomaterials in the liquid cell,’
while many dynamic processes in liquids, particularly nanoparticle synthesis, are driven or
modified by the electron beam.’ It is well known that the beam energies and intensities used in
TEM deliver a high radiation dose to the water that breaks it into various chemical species via
radiolysis. Radiolysis alters the liquid chemistry in a way that depends on the materials present in
solution; it may reduce metal ions leading to nanocrystal growth, form gas bubbles, or alter the
solution pH.®"* Accurate interpretation of liquid cell data depends on a detailed understanding of
the chemical changes resulting from the interaction of the electron beam with the sample: this is
needed to evaluate how the beam affects a reaction, or conversely define “safe” conditions under
which the images and measurements faithfully represent the material under study. A model
developed to calculate radiolysis effects in homogeneous samples provides some guidance.®!!
The change in chemical environment caused by the beam is estimated by applying a reaction-
diffusion model'' in which radiolysis species are created, react and diffuse within the appropriate
model geometry. This is typically a uniform water layer in which a cylindrical volume is
irradiated: the radiolysis species are created within this volume but can diffuse outside it and

react throughout the layer. The calculations confirm™'!

that chemical changes can be expected
even for the lowest dose imaging conditions; that these changes occur quickly compared to the
time frame of a typical image acquisition or in situ experiment; and that the steady state
concentration of each radiolysis species is determined by the dose rate. The dose rate is in turn
controlled by both the current density (i.e. total electron beam current per illuminated area) and

14,15

the rate at which the beam deposits energy in the water.'!
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The dose rate, or energy deposited (per unit mass) per second, is thus the key parameter
determining the chemical changes in the liquid, and critical to understanding reaction

mechanisms.'®!’

It is assumed that the dose rate is spatially uniform in the irradiated water,
because each electron deposits the same amount of energy in the water through which it passes,
as determined by the stopping power (energy lost per unit path length) of high-energy electrons
in water. However, dose uniformity is an untested assumption for liquid cell TEM, especially
since radiolysis phenomena are known to show spatial variation under other circumstances. At
oxide/water interfaces, water adsorption and the bandgap and doping in the oxide have been
shown to alter the effects of radiolysis close to the interface.'*'® Similarly, an enhancement in
dose near the interface between water and high density metals is known and often exploited in
medical radiation therapies to achieve localized irradiation using X-rays.'””" In the case of X-
rays, the enhancement is attributed to secondary and backscattered electrons (SEs and BSEs) that
are created in the irradiated metals then deposit their energy into the water nearby. In these
medical X-ray applications, dose enhancements are present over the order of tens of

micrometers, a length scale that is dominated by the effects of BSEs.

Since electrons also generate SEs and BSEs when they interact with materials, analogous effects
are expected to apply in liquid cell TEM. However, the regime of interest is quite different. In
the confined geometry of a liquid cell, phenomena occurring at nanometer length scales are of
greater practical importance than those leading to spatial variation over micrometer scales. The
low energy and high stopping power of SEs imply a short range in water of tens of nanometers.
Thus, energy deposition by SEs rather than BSEs is likely to be the dominant mechanism. We
would expect to see a spatial variation in dose rate in water, and hence a spatial variation in the
concentration of radiolysis species, near any interface depending on the adjacent material. Metal
electrodes in particular can have a high SE yield. Given the geometry of the liquid cell, where
the liquid is in a thin layer and many phenomena are studied at the liquid/window interfaces, any
change in the chemical environment in the close proximity of those interfaces can strongly affect
experimental data. For example, a spatially varying concentration of hydrated electrons could
alter beam-induced nanoparticle nucleation at the water/window interface, and spatially varying

changes in pH could alter processes occurring at electrodes.

Here we calculate non-uniformities in chemical environment due to the effects of SEs and BSEs
in typical liquid cell TEM geometries. We first show that there can be measurable changes to the
dose rate in the water adjacent to an interface. For example, the dose rate can be two or three
times larger in the vicinity of a gold electrode, dropping sharply a few nanometers away from the

interface. We then calculate the consequent spatial variation in radiolysis species using modified
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radiolysis calculations that include the spatially-varying generation term. One key species, the
hydrated electron, shows particularly localized changes at Au/water interfaces. The concentration
changes at the interface over 10 percent compared to the bulk water, an effect that although small
may bias liquid cell results especially for nucleation-dependent reactions such as nanoparticle
formation. We find that silicon nitride windows do not cause significant concentration gradients
in the cell, while in graphene liquid cells one may even expect some reduction of dose rate at the
walls. While we focus on liquid cell TEM, the approach described here is applicable to STEM

and can be extended to other systems such as SEM with electron radiation of varying energy.

Model for a spatially varying dose rate

The typical TEM liquid cell design for our calculations is shown in Figure 1 a, b. The cell is
composed of two silicon microchips, each with an electron transparent window typically made of
low-stress silicon nitride (Si,Ny) with thickness around 50nm. These enclose a liquid layer 200-
500 nm in thickness. Two common variations that we also consider are i) a metal electrode layer,
10-50 nm thick, inside the lower nitride window (Figure 1 b), to enable study of electrochemical
processes'' > and ii) cells that use graphene instead of silicon nitride to enclose the water.***’
The electron beam has energy 300 keV. It is incident from the top and passes through the top

window, water layer, metal electrode if present, and bottom window.

As the electron beam passes through a solid or liquid medium it transfers energy to the
medium.’?° Since the dose rate involves energy absorbed by unit mass per unit time, it can be
thought of as a quantity that is constant throughout the bulk medium. However, energy transfer is
a multi-step, spatially distributed process: energy is deposited in an inelastic event at one
location, but the energetic species that are created can move through the medium and
progressively deposit their energy elsewhere. Thus, locations near the interface between one
medium and another can experience a dose rate that is different from the bulk value, if there is a
difference between the stopping power (rate at which energy is absorbed per path length) in the
two media or a difference in the movement (escape depth, diffusion parameters) of energetic

species in the two media, resulting in a net flow of energy from one medium to the other.

Before examining the energy transfer that occurs at the interfaces in a liquid cell it is helpful to
consider the energy that is transferred from a material into vacuum. When high energy electrons
hits a solid medium, inelastic collisions generate secondary electrons that are emitted into the

vacuum with energies much lower than the incident energy, while elastic collisions cause
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backscattering of the primary electrons. Since the type of interaction that generated a given
electron cannot be determined, it is conventional to define SEs as any electrons with energy
below 50 eV, while BSEs includes all electrons with energies above 50 eV. Both SE and BSE
are generated at various depths within the solid and can experience multiple scattering events
before reaching the surface. Thus the total yield from a surface is made up of the BSE, the SE
from the primary beam (referred to as SE1), see Figure 1 c, and SE generated by BSE on their
way out (SE2). To be ejected out of the surface these electrons need to overcome the interfacial
barrier. The result is emission of electrons with a spectrum of energies and a cosine angular
distribution with maximum in the direction normal to the surface. For convenience we will refer
to the sum of SE and BSE as SBE (Secondary plus Backscattered Electrons).

At the solid/liquid interface in a liquid cell what we expect is actually an exchange of dose,
Figure 1 d. Each material (here, A and B) emits SBEs into the other, as if they were emitting into
a vacuum but with the appropriate surface barrier. If one material has higher SBE yield (5) than
the other (here, 84 > 0p), the dose is increased on one side of the interface and decreased on the
other, compared to the respective bulk doses. Even if the SBE yield is the same, a difference in
the SBE energy spectrum or the stopping power (S) of each material means that the energy of the
SBE:s is deposited at a different rate in the two materials. We may expect the dose rate in a water
layer that is enclosed on one side with an Si\N, window and on the other with an Au electrode to
vary with position as shown schematically in Figure 1 e. The total dose rate in the water is the
sum of the dose rate from the primary beam and the contributions from SBE from the
surrounding material. Below, we estimate these effects using simplifying assumptions. We then
calculate the expected changes in radiolytic species in the vicinity of interfaces due to this
change in dose rate.

We estimate the dose rate in water in a simplified 1D geometry based on the stopping power of
electrons in water. Stopping power (S) is defined as the density-normalized differential energy

that an electron loses as it moves through a thin element of material,

S(E) = —; E

where E is the electron energy, p is the density of the material and z is the distance travelled in
the material. S(E) for water can be found in literature®” and is reproduced here in Figure 2 a. As
the electron loses energy along its path, S changes as a function of distance travelled. This can be
calculated by integrating Eqn. 1. The range of the electron, defined as the distance after which S
becomes zero, is plotted in Figure 2 b. 300keV primary electrons in TEM have a range of about

840 micrometers in water™ and lose only ~50 eV in a typical 200 nm thick water layer. S
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therefore changes insignificantly as they pass through the specimen (Figure 2 c), and thus
constant S is a valid approximation for the primary electrons for all thicknesses (up to the few
um range) that can be envisaged in a TEM or STEM experiment. However, for the SBE that are
generated at the walls, S and the range are strong functions of E. Figure 2 d shows S(z) for
several SBE energies. The range of the electrons is short (below 10nm for energies <200eV) and
there is a peak in each curve reflecting the rapid deposition of energy towards the end of the

range.

The spatially dependent dose rate can now be calculated by using both the stopping power of
electrons at each energy (Figure 2 d) and the number of electrons or differential yield of SBE at
each energy. The total dose ¢ into the water, including both the primary beam and SBE, is given
by

10° Eprimary
@ = @pgt Qspp = m(SPE Ipe+ [0

105 Ipg ( Eprimary dSspE )
a2 SPE + fo ev SSBE dE dE

SsBE dI;;E dE) =

where PE denotes the primary electrons, I is the current, a is the beam radius and dspg the yield
of SBE.

The total yield, ~4%, was estimated by extrapolating to 300keV an expression derived for Au
and supported by measurements for primary energies up to 100 kV *°2. The differential SE
yield as a function of energy was estimated from the model of Chung and Everhart®’, Figure 3 a,
which agrees well with experimental measurements™ for primary energy 1.5 kV. Briefly, this

model proposes an analytical expression for the differential SE yield,
dé k E

dE ~ E, (E + phi)*
where § is the yield of SEs with energy E, E, is the primary energy (300 kV here), phi is the

work function of the material (5.1 eV for Au®*), and k is a constant. k can be calculated from this
equation if the total SE yield is known. Although the Chung and Everhart expression is
conventionally applied to SE with energies below 50eV, emitted electrons of higher energy, up
to ~100 eV, turn out to be important in the calculations below. The yield of these BSE with

energies 50 <E <100 eV is calculated using the Chung and Everhart expression.
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The Chung and Everhart model is clearly only an approximation and experimental data would be
preferable. However, the literature generally gives only the total yield and often only deals with
low primary energies, < 10 kV. In terms of differential yields, recent measurements of SE spectra
at low energies™ suggest that improved accuracy may be possible in the future. However, for any
experimental measurement, an additional source of error is that reported values often show a
large variation®' depending on the sample preparation and quantification technique because,
for example, of the effects of surface roughness on electron emission, or chemical effects on the
work function. In particular, for liquid cell experiments the work function of Au is expected to be
reduced significantly (perhaps by over 1eV) by the adsorption of water on the Au surface.’”®
This may increase the actual yield substantially, since the surface charge that prevents many of
the electrons from exiting Au would be screened by the water. SE yields of metals are in fact
known to increase due to adsorption of water, as has been quantified for Cu as a function of
monolayers of water adsorbed.”® For Au, reducing the work function by just 1 eV in the Chung
and Everhart model to account for water adsorption would increase the differential yields as
shown in Figure 3 a and would increase the total yield by 1.5x. This gives a sense of the possible

range of errors due to the effect of the water environment.

Given these caveats, we combine the Chung and Everhart expression for the number of SBE at
each energy with the stopping power curve for the rate at which each SBE loses energy to
calculate in Figure 3 b the dose contributed by each SBE energy as a function of distance from
the interface. The effect depends on the energy. Electrons emitted with E<100 eV (i.e. the SE
and the lowest energy BSE) create a spatially varying dose rate because their small range
localizes the energy they deposit to within a few nanometers of the water/Au interface. SBE in
this energy range are produced with high yield in Figure 3 a. Electrons emitted with E>100 eV
have a stopping power peak further into the water and the peak position shifts deeper as the
initial energy increases. With small and almost uniform differential yields for these higher
energy electrons in Figure 3 a, their net effect is a uniform and rather small enhancement of dose

throughout the liquid layer.

We emphasize the qualitative nature of this calculation due to the uncertainties in its major
parameters: total yield in the important low energy regime (0-100 eV), differential yield in this
regime, and work function. However, errors in these parameters do not change the overall nature
of the conclusion: that the dose rate is increased in a region several nm or less from an interface
between water and any material that emits SE or BSE when irradiated. We now consider the

effect of the increased dose rate near the interface on the chemical environment there.
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Spatially varying concentrations of radiolysis species

Once the spatial variation of the dose rate is known, we can calculate the chemical changes that it
will cause. Water radiolysis produces a variety of primary species (e, , H, Hy, OH, H,O,, HO,,
H30+, OH") which react further creating secondary products (O, O, O,", O3, O37, HO,, HO3).11
The most reactive of these are hydrated electrons, ey, and hydroxyl radicals, OH*.'"***! ¢,~ are
reducing in nature while OH* are oxidizing. We use the reaction-diffusion model of Ref.'' to
estimate the concentration of these and other radiolysis species at each position in the water
layer, modifying the calculation to include the spatial variations in the dose rate described above.
The model includes the generation and diffusion of each of the primary and secondary radiolysis
species as well as the reactions between species. Material balance gives the following equation

for the concentration C; of each species i:

dc; d2¢,
E = _Di T2 + Z k]k C] Ck — Z kil Cl' Cl + Sourcei
il

Jk#i
where D; is the diffusion coefficient, kj is the rate of the reaction between species j and k that
forms species i, and k; is the rate of the reaction between species i and / that destroys species i.
The source term is non-zero only for the primary species that are directly generated by the
electron beam. The generation rate is related to the dose rate by the G-value for this species, an
empirically determined parameter defined as the number of that species generated per 100 eV of

deposited energy according to:

G
T

moleS)

(eV) 1 <#atomsofi> 1( moles )

m3sec 100 eV N, \# of atoms

Source (
ource; N,

m3sec

where ¢ is the dose rate, G; is the G-value for species i and N, is Avagadro’s number. In the case
of a uniform, constant dose rate, calculations using this model show'' that the radiolytic species
reach steady state concentrations rapidly, within ~107 sec, for typical liquid cell TEM conditions
and these steady state concentrations have a sub-linear (approximately square root) dependence

on the dose rate for most species.

Results and Discussion

The total dose rate for a liquid cell with SixN, above and Au below is shown in Figure 4. The

contribution from the primary beam alone is also shown, as are two calculations in which the
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bounding materials are Si,Ny and graphene (and no Au present). For the typical TEM imaging
conditions used here, the dose rate increases by 2.5x in the 10 nm region near the Au/water
interface; effects are much smaller (1.05x) at the Si,Ny interface due to the lower overall yield,

and there graphene yields no visible effect.

The above calculation only includes transfer of energy from solid to water, and not in the other

303142744 por water/Au interfaces, we estimate that this effect will be an order of

magnitude lower due to the low SE yield of water’***

direction.
and therefore would not lead to a
significant change. However, at the water/SixN, interface it is possible that transfer of energy
from water to solid may reduce the already small effects calculated. For graphene, transfer from
water to solid would be the dominant effect and might therefore even imply that the dose rate at

the interface is lower than that in the bulk of the water layer.

The concentration of each radiolysis species as a function of depth was computed using the
reaction-diffusion model in a 1-D implementation in which the dose rate varies in z according to
the dotted red curve in Figure 4. The results below therefore apply for the water/Au interface; the
other interfaces in Figure 4 were not considered since their effects on the dose rate and hence
radiolysis concentrations are negligible. A zero flux boundary condition was used at the walls of
the liquid region. We used the G; and reaction parameters from Ref.'' and calculated only the

steady state concentrations.

Figure 5 a shows the fractional changes in several radiolysis species as a result of the SBE
contribution for typical conditions. Changes in the steady state concentration are seen for each
species, but the magnitude of the effect varies greatly. Low reactivity species such as H; diffuse
long distances'' so the spatially varying generation rate has little effect on the steady state
concentration. Highly reactive species are much more affected by interface proximity. Of all the
radiolysis species, e, shows the strongest position dependence of concentration. Its extreme
reactivity does not allow it to exist in high concentrations far from the region it is generated, a
feature exploited in electron beam writing of metal nanostructures mediated by hydrated

8,11
electrons.”™

Even the small changes of a few percent in e concentration, shown in Figure 5 a,
alter the chemical environment near the interface and could alter electrochemical reactions or
bias nucleation probabilities. Figure 5 b explores another important reactivity parameter of the
solution, the ratio of the e, and OH* concentrations, which provides a measure of the reducing
power of the solution.* Based on this measure, SBE effects appear to make the environment

more reducing near the interface. An increase in the probability that metal ions present near the
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interface are reduced will for example enhance the growth rate of metal nanocrystals there. In
Figure 5 ¢, we show that this particular chemical change is relatively independent of the overall
dose rate over the range that is typically used in TEM imaging. This suggests that low-dose
techniques will not prevent such a growth rate enhancement from occurring. Furthermore, since
the balance between particle etching and growth is known to depend on dose rate''. This result
also suggests the intriguing possibility of a dose rate range where particle are stable near the
interface but etch in the bulk. Finally, in Figure 5 d we show how interface effects depend on the
initial pH of the solution. For e}, enhancement near the interface is present at all pH values but
the effect is much stronger at both extremes of pH. Interface effects at electrodes may therefore
be particularly important for the strongly acidic electrolytes often used in electrochemical
experimentsB. Furthermore, other species (H', OH*) that show only weak interface effects at
mild pH show a greater interface enhancement when the starting solution is strongly alkaline.
This is presumably related to the rapid reactions of these species in the alkaline environment.
Experiments at higher pH should be interpreted carefully given the potentially strong effects of
these chemical changes. While interface effects are never negligible, a pH in the range of 5-8

appears optimal to minimize them.

There has not been a general consensus in the literature with regards to the G-values for low
energy electrons — especially at the high dose rates present in TEM — and reliable empirical and
even computational values are difficult to obtain. This makes the G-values an important source
of error in an analysis such as that presented above. To increase our confidence in the chemical
effects described above, we therefore carried out a sensitivity analysis for the G-values. This
involves starting from the spatially varying dose rate at the interface shown in Figure 4, but
calculating the effect of the additional dose rate via G-values that are more physically
meaningful for the low energy electrons that are responsible for the additional dose. As
mentioned above. the G-values used in Figure 5 were based on the results of Hill & Smith*®. In
this paper*®, calculations were made for electron energies in the range 100eV to 1MeV and it is
clear that one should expect some difference in G-values between the primary energy of 300keV
and the low energies of the SEs. We therefore linearly extrapolate the G-values to 10eV, while
satisfying conservation of species and electrical charge for the decomposition of water. In other
words, the G-values preserve an atomic balance for hydrogen (x2) and oxygen production and
for positively and negatively charged species. A sensitivity analysis involving four data sets is
shown in Figure 6 with the specific values and the method used to obtain each set described in
Table 1.
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The results show that, as expected, changes in the G-values cause some change to the results of
the calculation of the chemical environment at the interface. However, the overall trend is
unchanged. For example, the enhancement in the hydrated electron is a robust result. This is
perhaps unsurprising for the reasons discussed above: the enhancement of the dose rate generates
additional concentration of the radiolysis species; the species that are most reactive and therefore

diffuse the least distance show an enhanced concentration at the region of enhanced dose rate.

Set Scenario Description G-values (number/100eV) for
en ,H, Hy, OH*, H,0,, HO,, H', OH'

300keV Values are the same as those for high 347,1.0,0.17, 3.63, 0.47, 0.08, 4.42, 0.95
energy electrons (300 kV), as in Figure 5

100eV Value for low energy electrons obtained | 3.6, 1.0, 0.0,2.6,0.7,0.2,4.9, 1.3
directly from Ref.*®

10eV-a Values are obtained by linear 3.9,0.47,0.0,3.4,0.2,0.19, 4.35,0.45

extrapolation to 10 eV from the 100 eV
values in Ref.*® followed by adjustment

for species and charge balance

10eV-b As in 10eV-A but with a different 4.64,0.4,0.0,4.2,0.12,0.2,4.84,0.2
adjustment for species and charge

balance

Table 1 Four sets of G-values obtained by the method described in the second column. The first
set assumes no difference in G-values between primary electrons and SEs. The second set uses
the lowest energy calculated values available (for 100eV electrons). The last two sets are
extrapolations more appropriate for the energies of the SBEs that are responsible for the
increase in dose rate. The differences reflect two ways of adjusting the extrapolated values to

ensure species and change balance.

Conclusions

Non-uniformities in dose rate and hence chemical environment are to be expected near the

interfaces in a liquid cell during TEM observation. The yield of lower energy, mainly secondary
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electrons from an adjoining material drives these spatially-dependent changes in radiolysis
product concentrations; higher energy backscattered electrons contribute only a small, uniform
background. We find that a high density metal like Au, commonly used to fabricate the
electrodes in liquid cells, can more than double the dose rate in a 10nm region near the interface
under typical imaging conditions. Coupling this non-uniform dose rate with a kinetic model for
radiolytic species predicts increases in steady-state concentrations of several key radiolysis
products in regions close to the interface. Most affected is the concentration of the hydrated
electron: the chemical environment becomes more reducing at interfaces with materials that have
high SE yield. Some liquid cells use carbon as an electrode material, which based on the
simulations here may show reduced effects compared to those we have discussed for Au.
Although the above calculations have involved thin film electrodes, the phenomenon we have
discussed is more general. For example, in experiments that grow or involve metal nanocrystals
in the liquid cell, each nanocrystal will in principle change its own local chemical environment.
This may, for example, alter the growth rate of a growing metal nanoparticle compared to
expectations from a steady state dose rate.

More accurate estimates of spatially varying chemical environment require experimental data,
for the relevant materials at high primary beam energy and in the presence of water, on the yields
and energy distributions of electrons in the important low energy range (the SE and BSE up to
~100eV). The development of SE spectroscopy in the SEM at few-eV energies as an analytical
tool®® is very promising in this context, as it suggests that the necessary data may be accessible
for future, more rigorous calculations. The use of scavengers and other means to control the
chemical environment within the liquid cell is also expected to produce valuable experimental
data that can help to mitigate beam effects'® and may also improve simulations of interfacial
non-uniformities. In this context is intriguing that graphene liquid cells appear to mitigate beam

47’48, a result that has

damage in some experiments, compared to silicon nitride encapsulated cells
been attributed to the scavenging properties of graphene. We have also neglected other effects
that may play a role at interfaces, such as the possible formation of an electric field due to SE
emission®’ and energy transfer by exitons.'® These may also influence processes in the liquid cell
such as particle nucleation and diffusion, and further exploration of the full range of electron
beam interactions with all the materials present is required for a full understanding of liquid cell

TEM data.
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Figure 1: Elements of the liquid cell are windows (grey) composed of 50nm SixN, or 0.35nm graphene
mounted on a support (here a silicon microchip, black); a 200nm thick liquid region (blue); a second window
(grey) and in some cases a metal electrode (yellow) composed of Au, Pt or C, 50nm thick. c) Schematic
showing the collisional interactions of the primary beam (Black) with a layer of material. SE (Red) and BSE
(Green) are generated by the primary beam as it passes through the material. BSE lead to additional SE
generation (Blue). Net yield from the top surface is the sum. d) Interface of two materials A and B. The red
line shows dose as a function of position. Changes at the interface are determined by the yield of SBE in
both materials. Since 8A>0B , there is an increase in the dose in B due to a net yield of SBE from A to B and
a corresponding decrease in A. e) Schematic of the expected distribution of dose in a liquid cell with SixN,
window and Au electrode. This assumes that each layer is thin enough to assume a constant stopping
power, see text.
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Figure 2: Stopping power for water as a function of electron energy (From 27, reproduced with permission)
b) Range of electrons as a function of initial energy. c) Stopping power for the primary beam (300 kV) as a
function of distance traveled through water. d) Stopping power of SBE as a function of distance traveled
through water, with each line representing a different initial energy. The distance travelled is assumed to be
in a straight line. Scattering to higher angles will decrease the physical distance traveled from the interface.
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Figure 3: a) Theoretical differential yield from Chung and Everhart model?® for Au in vacuum (blue line);

note the SE yield is concentrated below ~30eV. Also shown (red) is the same calculation but with a work

function ® reduced by 1eV to estimate the effect of water. The peak position does not change greatly but

the yield increases. b) Contribution to dose as a function of the energy of the emitted electron, including
both SE and BSE. Lines are shown for the contributions of each electron energy at specific distances (z)
from the interface. For example, at the interface (z=0) electrons with energy up to ~50eV contribute
substantially to the dose. At 5nm from the interface, these electrons contribute but at a lower dose. At

greater distances the contribution is very low.%"
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Figure 4: Net dose rate (solid, magenta) distribution in a cell with Au electrodes at z=0 nm and a SixNy,
window at z=200 nm. Individual contributions are shown as dotted lines, from primary (blue) and from all
SBEs at interfaces with Au (red), SixN, (green) and graphene (black), as a function of position (z). Note the

logarithmic scale of the x-axis.
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Figure 5: Fractional change in steady state (SS) concentrations of several radiolysis species as a function of
depth above the interface, i.e. concentration calculated including SBE contribution divided by the (uniform
with depth) concentration without SBE contribution. b) Fractional change in the “reducing strength”, or ratio
of en- to OH* steady state concentrations as a function of depth. c) Ratio of the steady state concentrations
of en- and OH*, at the water/Au interface and in the bulk, as a function of primary dose rate. d) Ratio of SS
concentrations of several radiolysis species calculated with and without the SBE contribution at the water/Au
interface, as a function of the initial pH of the solution.} T+
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Figure 6: The effect of the G-values on the chemical environment at a water / Au interface. (a) The

percentage change in the concentration of several radiolysis species at the interface compared with the bulk.

The blue bars are identical to the values in Figure 5 a for en”, H' and OH* at z=0. (b) The ratio of e, to OH*
as a function of distance from the interface, calculated for each set of G-values in Table 1. The solid line is
identical to Figure 5 b.
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