Applied Surface Science 716 (2026) 164623

Contents lists available at ScienceDirect » Applied
Surface Science

Applied Surface Science

journal homepage: www.elsevier.com/locate/apsusc

ELSEVIER

Full Length Article

Near-surface processes of beam-sensitive materials under low energy
electron irradiation

Ibrahim Hameli "“®, Vasyl Shvalya®®, Neelakandan M. Santhosh *®,
Ardita Kurtishaj Hamzaj ", Oleg Baranov *~“®, Uros Cvelbar *-", Janez Zavasnik

a, b , %
@ Department of Gaseous Electronics (F6), Jozef Stefan Institute, Jamova cesta 39, SI-1000 Ljubljana, Slovenia

b Jozef Stefan International Postgraduate School, Jamova cesta 39, SI-1000 Ljubljana, Slovenia

¢ Department of Physics, University of Prishtina “Hasan Prishtina”, George Bush 31, 10000 Prishtina, Kosovo

4 plasma Laboratory, National Aerospace University, Kharkiv, Ukraine

ARTICLE INFO ABSTRACT

Keywords:

Electron irradiation
Electron beam interactions
Beam sensitivity

Gold chloride

Carbon deposition
Nanostructure formation

We investigate the interactions and modifications induced by low-energy electron beam irradiation in beam-
sensitive materials, with crystalline gold trichloride (AuCls) as a model system. Employing scanning electron
microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy (EDS) in an operando setup, we investi-
gated surface and bulk transformations as a function of irradiation time (0-1080 s) and accelerating voltage
(1-30 kV). Irreversible structural changes were observed both on the surface and within the bulk of the AuCls
crystal. Surface analysis revealed the formation and growth of ym-sized vertically oriented carbon nanopillars,
with voltage-dependent growth dynamics governed by backscattered (BSE) and secondary electrons (SE). At the
same time, the bulk of the AuCl; decomposed under carbon pillars, forming Au nanoparticles and near-surface
voids whose size and spatial distribution correlated with the energy deposition profiles. The observed
morphological and chemical alterations pose a significant obstacle to accurate chemical composition analyses by
energy-dispersive X-ray spectroscopy (EDS) and suggest a narrow operating window for conducting reliable SEM

analysis.

1. Introduction

Electron microscopy of beam-sensitive materials presents a signifi-
cant challenge due to the rapid structural damage caused by the electron
beam and associated issues. Low-energy electrons (1-30 keV) can cause
radiolytic damage [1], degradation (knock-on displacement [2] and
damage by the induced electric field [3-5]), heating [6], and charging in
materials such as zeolites nanosheets [7], metal-organic frameworks,
carbon nanotubes [8], semiconductors [9], organic-inorganic hybrids
and exceptionally soft, porous poorly conducting low density and
polymer materials [10-12]. Radiolysis is the predominant damage
mechanism in thin organic specimens. In contrast, knock-on displace-
ment is the primary mechanism for conducting inorganic specimens and
high-Z materials, which require an extremely high electron dose
(>1000 C/cm?) and energies beyond the capabilities of SEM systems
[13]. In low-voltage SEM systems, dynamic charging is another problem
caused by changes in the leakage resistance of the sample under electron
irradiation [14]. This low-keV e-beam irradiation can also lead to

charging of wide-bandgap materials, which can influence the develop-
ment of radiation damage, defect migration [15,16], surface diffusion
phenomena, and the trapping of charges beneath the surface [17]. Most
reports focus on damage caused by low-energy beams, which is limited
to the sample surface, while less data is reported on the material’s bulk
structure and integrity. Therefore, the combined quantification of beam
damage, visualizations, and characteristic doses is crucial for optimizing
the analysis of beam-sensitive materials and for potential electron beam
modification of the material [7,18].

Alongside charging, electric field damage, and radiolysis, the local
carbon deposition is a frequently observed phenomenon in SEM [19,20].
It is generally accepted that the volatile carbon-rich organic molecules
come from diffusion from the metal walls, gaskets, and greases, out-
gassing of metal parts exposed to the electron bombardment, and from a
sample’s surface and sample fixation materials [21,22]. The deposition
of carbon in SEM is caused by chemical reactions between organic
molecules and the electron-bombarded surface, involving secondary
electrons [23,24] or X-rays [25]. Typically, carbon deposited on the
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sample’s surface increases with total electron dose but can be minimized
by high beam current and short illumination time. If knock-on damage is
not an issue for a subjected material, the electron energy should be
maximized to reduce such deposition [19]. Carbon deposition on the
sample surface can physically change the size of the measured features
and reduce image contrast, potentially introducing significant dimen-
sional metrology errors and chemical composition analysis [26]. Both
low-keV damage to beam-sensitive materials and associated carbon pile-
up can influence not only visualization but also affect quantitative
compositional analysis by EDS, particularly when the beam is focused on
a nanometric area for an extended period. On the other hand, carbon
polymerization on the sample surface can be utilized, as demonstrated
by high-aspect-ratio nanoscale C-tips for low-capillary-force probes in
atomic force microscopy [26] and as nano-sized field emitters for elec-
tron guns [26], which illustrates a new approach for designing func-
tional nanodevices.

Currently, there is no reliable data connecting surface and subsurface
transformations and visualizing what is happening in the bulk of the
material under beam irradiation. Are these processes happening simul-
taneously, and what are their dynamics? To understand the damage
mechanism, the conditions under which it occurs, its consequences, and
to facilitate the use of nanocarbon engineering strategy, we designed a
specific experiment to tackle both challenges. With special attention to
the accelerating voltage and exposure time, we irradiated a member of
the transition metal chlorides, a beam sensitive AuCls, to investigate
possible dynamics of carbon pile-up during operando EDS spot analysis,
its effect on detected chemical composition data, and the effect of the
low-keV e-beam on the internal stability of a bulk crystal. Using this
approach, we found that the carbon pillars grow both vertically and
horizontally, with their bases being wider at lower voltages, and exhibit
reasonable control over their height over time. However, the carbon
pillars strongly affect the chemical composition results by EDS.
Furthermore, during prolonged exposure, the bulk AuCls decomposed,
accompanied by associated mass loss, the formation of Au nanoparticles
(Au NPs), and the creation of nanovoids. The spatial dimensions of voids
correlate well with the decrease in the Cl/Au atomic ratio and the
calculated deposited energy profile, suggesting that the largest voids are
expected within the 10-20 keV irradiation window.

2. Materials and methods
2.1. AuCls sample preparation and optical properties

Dehydrated powdered AuCls (auric chloride, CAS # 13453-07-1,
Sigma-Aldrich) was dissolved in deionized water (1 mM). We used the
dual-beam UV-Vis spectrometer (PerkinElmer Lambda 1050) with a
measured range of 250-850 nm and a resolution of 1 nm to analyze the
solution for the presence of Au ions. Afterwards, 1 pL of solution was
pipetted on a silicon wafer and dried in a fume hood at ambient con-
ditions. Such a prepared sample consists of AuClg crystals formed on the
surface of the silicon wafer.

2.2. Electron-beam irradiation study

Electron-beam irradiation experiments were performed using scan-
ning electron microscope (SEM, Prisma-E, Thermo Fisher Scientific,
Inc.) equipped with an energy-dispersive spectrometer (EDS). The
crystalline AuCl; on a Si wafer sample was inserted into an SEM
chamber and evacuated to a pressure of approximately 1-2 x 10~* Pa.
For the electron irradiation experiments, the convergence angle of the
electron beam was fixed via condenser lens and aperture settings, cor-
responding to the spot size (SS) 2.5 parameter with an effective e-beam
diameter of approximately 1 nm (see Supplementary Information File, SI).
The range of acceleration voltages and irradiation times was 1-30 kV
and 20-1080 s, respectively, in spot mode at a constant field of view
(scan width of 2.54 pm) at a working distance of 10 mm. Before
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experiments, the electron beam current (I) versus accelerating voltage
(U) was characterized by an in-situ Faraday cup (see the SI). All reported
irradiation experiments were performed on the same Au-chloride
crystal.

In the first experimental setup, we irradiate the AuClz crystal with
varying accelerating voltages (3, 5, 10, 15, and 30 kV) for different
irradiation times at each spot. In the time range of 20-600 s, the irra-
diation spots were single-exposed, while spots >600 s were irradiated
twice. In the second experimental setup, the irradiation time was kept
constant (600 s), combined with the variation of the accelerating voltage
(3,5, 10, 15, and 30 kV), with additional 1, 2, and 20 kV exposures.

The cross-sections of the irradiated AuCls sample were made by dual-
beam focused ion beam (FIB-SEM, Helios NanoLab 650i, FEI Inc.). To
preserve the delicate surface structures, the samples were first sputter-
coated with 100 nm of platinum (Pt) using a precision etching coating
system (PECS Gatan, plc). In FIB, the selected micro locations were
additionally covered with 300 nm of e-deposited tungsten (W), followed
by 500 nm of ion-beam-deposited tungsten. Such a thick metal layer
deposit successfully protected the Pt-sputtered Au-chloride and surface
structures during analysis and cross-section ion milling.

The three main experimental observations in our study — carbon
deposition in a pillar shape on the crystal surface, nanovoids, and Au
nanoparticles in the sample bulk — are explained using theoretical
models proposed by Kanaya-Okayama [27] for energy deposition inside
the sample and the Reimer model for thermal effects. The experimental
conditions were replicated as closely as possible through simulations of
electron beam interaction with the sample, based on Monte Carlo
methods run in the CASINO V2.42 codes [28,29]. From simulations, we
obtained valuable data on the interaction range, energy distribution in
the sample, and interaction products, including backscattering electrons
and secondary electron yield. The simulation results are combined with
theoretical ones to explain those experimental observations.

3. Results
3.1. UV-Vis and SEM characterization

To confirm the presence of Au®T ions, the AuCljs solution, diluted to
1 mM in Milli-Q water with a typical yellowish color, was characterized
using UV-vis spectroscopy (Fig. 1(a)). We recorded a characteristic
absorbance peak at 290 nm [30], which originates from ligand-to-metal
electron transitions (Cl 2p to Au 5d) [31]. All the AuCl3 was diluted, and
no presence of metallic Au was detected.

The SEM analysis of dissolved AuCl;z droplets dried at ambient con-
ditions on a Si wafer reveals monoclinic AuCls crystals, 5-30 pm in size
(Fig. 1(b)). The crystal in Fig. 1(c) was used for irradiation studies with a
selected beam current profile. The results of beam current versus
accelerating voltage measurements, taken using an in-situ Faraday cup,
for a fixed selected spot size (2.5 mm) used in the irradiation experi-
ment, are shown in Fig. 1(d). The beam currents measured for different
spot sizes are summarized in Table S1, and their respective beam cur-
rent-voltage (I-U) curves are shown in Fig. S1 of the SI file. These I-U
graphs show that the beam current increases from 0.2 to 1 kV, then
decreases at 2 kV, and after 3 kV, it increases linearly to 30 kV, reaching
avalue of 42.2 + 0.1 pA. We attribute the deviation in the 1-3 kV region
to the intrinsic properties of a tungsten filament associated with chem-
ical doping [32].

3.2. The estimation of fluence, electron flux, and absorbed dose

The damaging interaction of electron beams with materials limits the
use of electron microscopy in probing biological, polymeric, and other
beam-sensitive materials [3]. The maximum tolerable dose, rather than
the technical capabilities of the microscope, determines the ability to
visualize and image such materials. The studies report that electron-
sample interactions employ a variety of techniques and reporting
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Fig. 1. (a) UV-Vis spectrum of the water diluted (1 mM) precursor; (b) overview SEM micrograph of AuCl; crystals formed after drying on Si wafer, (c) SEM
micrograph of AuCls crystal for irradiation studies; (d) I-U characteristic of the electron beam for electron beam conditions used in irradiation experiments (spot size

of 2.5).

parameters, such as secondary electron emission and trapped charge
[33], as well as other methods, to assess energy deposition over electron
energies ranging from eV to the kilovolt range. Differences in beam
energy, current density, and exposure timing influence the observed
effects, which vary from charging artefacts to localized dose impacts.

The total cumulative dose of electrons received by the sample is the
key irradiation parameter that correlates with sample alteration. In
electron microscopy, the irradiation dose (number of incident electrons
per unit irradiated area) is typically considered simply as the number of
electrons received per unit area of specimen, a.k.a. the particle fluence F
= N/A, where N is the total number of incident electrons, and A is the
sample irradiated area. In our case, the fluence estimated for 1 kV is
1.863 x 10%° e /m?, while for 30 kV is 3.352 x 10%° e~/m?, which are
equivalent to an incident charge density of 2.984 x 10’C/m? and 5.371
x 107C/m?, respectively. Another parameter frequently used in electron
microscopy is the rate of electrons passing through an irradiated area,
known as the electron flux (the number of incident electrons per unit
area per unit time), where F represents the fluence and t represents the
exposure time. Again, for 1 kV, the electron flux is 1.863 x 10%° e~ /m>s,
and for 30 kV, it is 3.352 x 10%® e /m?s, respectively. In Fig. 2(a), we
have shown the electron flux calculated for all spot sizes in the 1-30 kV
range.

The above calculations were about the number and intensity of
electrons reaching the sample surface. But the electrons in the kV range
are very energetic; thus, they will penetrate straight into the sample
bulk. Inside the sample, the electrons scatter elastically or inelastically.
As the sample damage is due to inelastic scattering, it is advantageous to
express irradiation dose in Gray (Gy) units, which quantify the energy

deposited per unit mass of the specimen (1 Gy = 1 J/kg) through in-
elastic scattering, to make the measurement and the resulting radiolysis
effects independent of the electron accelerating voltage and enable
direct comparison with other methods.

The absorbed dose in SEM is calculated by relating the electron-beam
characteristics to the interaction with the sample. However, due to the
variation in depth-dose profiles of kilovolt-electrons in the sample,
careful attention must be given to the method used for determining the
total absorbed dose. The estimation was experimentally determined for
electron energy dissipation versus penetration depth in solid materials
using the Everhart and Hoff expression [34] and further elaborated upon
by Galloway and Roitman [35]. The calculation of the absorbed dose G by
the sample bulk using normalized correlational coefficients computed
from probe current can also be calculated by a simple formula for con-
verting electron fluence F to Gray units, based on a near constancy of the
stopping power per electron [36] as:

G = SF[Gy] 1

where S is the density-normalized stopping power of electrons (J-m2/kg)
during interaction with the AuCls sample, and the values are obtained
using the Bethe non-relativistic model for stopping power [37]. The
results of absorbed dose for several spot sizes, over the 1-30 kV range,
are shown in Fig. 2(b). For 1 kV and 30 kV, the estimated cumulative
absorbed dose is 3.178 x 10'® Gy and 9.504 x 10'2 Gy, respectively.
Fig. 2(b) shows that the absorbed dose decreases rapidly in the 1-5 kV
range and slower in the higher kV regime, because the inelastic events
scale inversely with the e-beam energy [38]. Due to this relation, the e-
beam inelastic damage, particularly for sensitive materials, is higher at

. . o J®-ssi0
’ B
» )
o o~ ®
B 20| ® . . .
E 10 . . .
2 Soo
2
5102 . . ] )
o ®oe @ ®
[
’3‘ 1027 . . . . .
b ... o o
§ L] e o ® o -
‘6 1026 | 09 @ e
m o 3 ° °
1055 L : . l l | l
0 5 10 15 e - -

b T T @ $8:1.0
®e. o > . @ SS:1.5
10 g ° ° ¢ Je ssa2s
®e. o ®  SS:3.5
= . o - g ~® e SS:5.0
& @ S8:7.0
:1015 Lo 3 e SS:8.0
7] %o .o
.g . ° o . .
T 1014 Lo E
8 10 ®o.o
5 . ° ° ° o °
2 %o . 0.
S 1ol ° e P ° o
°
.'-.:_m' ° 3 L o L]
10121 L 2 L ST S ° S
1 1 1 L L 1
0 5 10 15 20 25 30

Acc. voltage (kV)

Acc. voltage (kV)

Fig. 2. (a) The variation of electron flux through the sample surface over 1-30 kV for several spot sizes, (b) the cumulative absorbed dose of e-beam inside the
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lower e-beam energies. Further, if parameter S in Eq. (1) is multiplied by
the electron flux, the result can be expressed as the dose rate (Gy/s),
which quantifies the rate of power absorbed by the sample.

3.3. Sample surface alteration after e-beam irradiation

To assess the impact of electron beam irradiation on the surface
morphology alteration of the AuCls single crystal, we irradiated the
sample in spot mode for different kV and exposure times. As shown in
Fig. 3(a), the micrograph acquired by the back-scattered electron (BSE)
detector reveals circular black features at irradiation spots, with
increasing diameter as the irradiation time progresses. Since the BSE
detector is highly sensitive to Z-number variation, the black spots are
composed of elements lighter than AuCls, and were identified by EDS as
carbon. Secondary electron (SE) micrographs (Fig. 3(b)) reveal in detail
the top and tilted surface morphology of nanocarbon formation created
with a 3 kV e-beam at different times of irradiation, and the top-views
for other kVs are presented in Fig. S2 in Supplementary Information
File (SI). The base diameter of the carbon-deposited pillars was
measured, and the data are plotted (Fig. 3(c)) for selected cases, namely
3 kV, 5kV, and 30 kV. Comparing three cases, it is evident that the base
of the pillars is smaller at high voltages, which is about twice (1.91)
smaller for 30 kV (205 nm) than that observed for 3 kV (392 nm). The
growth diameter d is not linear over the full range of irradiation times,
showing a clear trend toward saturation, and was fitted with a typical
parametric cumulative distribution function: d dpe(1 — exp(—at)),
where a defines the growth rate. The value of this parameter is: a = 4.4
% 10% nm/s (BkV),a=3.3 x 10° nm/s (5kV), and a = 3.0 x 10° nm/s
(30 kV), suggesting faster lateral growth of the carbon pillar at lower
accelerating voltages. Fig. 3(d-e) shows top and tilted views of carbon
pillars grown at the irradiated spots with different kV settings for 10
min, and the corresponding graph is provided in SI, Fig. S3.
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3.4. The decomposition of near-surface crystal bulk

The sample irradiations were done in spot mode, and the EDS data
for the chemical composition evaluation were recorded simultaneously.
The EDS intensity profiles are plotted for 3 kV, 5 kV, 15 kV, and 30 kV,
covering an irradiation time range of 20-1080 s, as shown in Fig. 4(a-d).
Fig. 4(e—f) shows the variation of X-ray counts for carbon and silicon at
different accelerating voltages. These graphs show that the X-ray signal
over time tends to deviate from linearity. In the case of carbon intensity,
this deviation is due to the in-situ growth of carbon deposition on the
sample surface during irradiation. For the silicon case, it serves as a
marker for electrons traveling through the sample and reaching the
substrate, particularly at high kV. The EDS plots reveal the presence of
gold and chloride; however the Cl/Au atomic ratio graph in Fig. 4(g)
indicates a decrease in the chloride content in the sample bulk, indi-
cating decomposition of the sample AuCls bulk sample.

To investigate the alterations occurring under the sample surface,
cross-sections for subsurface analysis were made by focused ion beam
(FIB). The SE micrographs shown in Fig. 5(a-d) reveal that the bulk of
the sample near the surface is permanently damaged. The near-surface
decomposition of the sample crystal results in Au NPs formation
(Fig. 5(e)) and mass loss (nanovoids) (Fig. 5(f)). As a result of decom-
position, Au atoms coalesce in Au NP while Cl diffuses through the
crystal and escapes into the vacuum. The Au NPs with a diameter size of
10 nm or larger are agglomerated, while the most considerable void,
under a 10 kV irradiation spot, is 850 nm wide and 520 nm deep.

4. Discussions

4.1. Spatial growth of carbon pillars

Samples subject to microscopy experiments are rarely free of the
presence of hydrocarbons. There are multiple possible sources of hy-
drocarbon molecules, including residual atmospheric gases that
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originate directly from vacuum pumps, desorption from the inner walls
of the microscope chamber, and deposition on sample surfaces during
their preparation [19,39,40]. These molecules exist in the gas state or
are adsorbed on the sample surface. The hydrocarbon molecules have a
dissociation threshold energy in the range of 3-4 eV [41,42], which is
easily overcome by primary electron beam, backscattering electrons
(BSE), and secondary electrons (SE). The incoming e-beam initiates the
dissociation and polymerization of hydrocarbons, with carbon deposi-
tion occurring precisely at the spot of irradiation. The spatial growth of
C-pillars rapidly exceeds the dimensions of the irradiated area, and their
growth dynamics cannot correlate solely with incident electrons. In this
regard, electrons ejected inelastically from sample atoms must be
considered, particularly the SE energy, which corresponds to the
dissociation cross-section peak of hydrocarbons, enabling them to

contribute significantly to the growth of the carbon pillars [43]. SE
produced directly from the incident beam of electrons are known as SE-I
and escape from regions of the sample several nanometres below and
around the irradiation spot. BSE originates from a deeper volume of the
sample and escapes from much broader areas of the sample, and on its
way out, produces other SE, known as SE-II. The elastic and inelastic
interaction products of the e-beam with the solid sample occur through
an interaction volume with a typical shape, as visualized in Fig. 6(a) via
Monte Carlo simulations.

The SE-I escape only several nanometres wider than the irradiation
spot diameter. As the C-pillars are much wider than the SE-I escape area,
the SE-II must contribute the most. Several studies have connected the
growth of the C-pillars with SE [23,24,41,42,44]. Two features of SE
make them as suitable mechanism to explain the C-pillars spatial
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from simulations.

growth. First, it is their larger escaping area from the sample that explain
why the dimensions of carbon deposition dimensions exceeds enor-
mously the e-beam diameter, and secondly, the secondary electron yield
(SEY) decreases with increasing keV (see Fig. 6(b)), which explain the C-
pillars getting narrower with higher e-beam energy. On the other hand,
BSE contributes indirectly, as a provider of SE-II. Fig. 6(c) shows the
variation of the BSE coefficient #5g; for AuCls over e-beam energy range.
It depicts a rapid increase of BSE yield in the range 1-5 keV, followed by
a stable trend until 30 keV. Thus, if the width growth of pillars depends
directly on BSE, then a wider C-pillar is expected in 5 kV than in 3 kV,
which is not what we experimentally observed.

So far, the spatial growth of C-pillars is dependent on SE and BSE
emitted from the AuCls crystal, but apparently this is not the whole
story. The C-pillars are even wider than the SE-II lateral escape area from
the sample. Fig. 6(d) shows the average diameter Xggg of lateral escape
from the crystal obtained from simulations. The Xpgg is narrower than
the C-pillar width in low kV. For example, at 3 kV, the carbon pillar
width is 301 + 3.0 nm, while the Xpgg is 97.1 & 2.0 nm. The hydrocarbon

decomposition, followed immediately by carbon deposition, is a dy-
namic process that happens in situ with ongoing irradiation. The inter-
action of the e-beam with the C-pillars erecting will produce more SE
and BSE [24] from carbon itself. The pillar has a larger surface area
sideways, enabling more SE to escape from there and interact with
adsorbed hydrocarbons on the pillars, resulting in further lateral growth
[45]. Despite this, lateral growth is not an ongoing process, as it will
eventually saturate, as shown in Fig. 3(c). Theoretically, it will saturate
once the C-pillar volume exceeds the e-beam interaction volume. Prac-
tically, it will saturate sooner due to the continuous energy loss of
electrons, meaning that electrons in some far away regions of the
interaction volume do not have enough energy to produce SE, or the SE
have insufficient energy to escape the C-pillars.

Further, the Fig. 6(d) suggests that the C-pillar width size should be
larger at higher kVs, but Fig. 3(c—e) show an opposite trend. This
behaviour is undoubtedly impacted by SEY relative to e-beam energy,
but another fundamental aspect of e-beam interaction with solids could
also play a role, which is the change of e-beam shape from cylindrical
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near the surface to conical and finally becoming almost spherical as it
propagates through the material. To visualize these shape profile
changes, we simulate the e-beam interaction with a two-layer system: C
(500 nm thick) and AuCl3(1000 nm), for 3 and 30 kV, shown in Fig. S4 of
the SI. For a 3 keV e-beam, the shape of the e-beam 50 nm under the
surface of the carbon layer is conical in the central part, but electrons are
also scattered sideways (see Fig. S4(a)). In contrast, it takes a spherical
shape if observed 500 nm in the z-direction (Fig. S4(b)). For 30 kV, the
dominant shape is conical for both 50 and 500 nm under the carbon
layer surface, with only a few electrons scattering sideways, as is shown
in Fig. S4(c—d). As the e-beam energy increases, it becomes concentrated
along the central axis of irradiation, thereby decreasing its impact,
particularly regarding the lateral evolution of the C-pillar.

So far, the discussion has been focused on the horizontal profile of C-
pillars, but they also extend vertically. The measurements of C-pillar
height shown in Fig. S3 reveal that vertical growth will carry on linearly
relative to increasing e-beam energy. The top of the C-pillars has a round
shape, and its diameter is larger than that of the e-beam. The SE pro-
duced in the top area will contribute to height growth, as hydrocarbons
recently adsorbed or in a gas state close to the top of the pillars will
constantly dissociate from the SE of both types produced in the C-pillars.
The SEY decreases with increasing e-beam energy, implying that the C-
pillars’ vertical dimensions should be smaller at higher e-beam energy.
However, the experimental observations (Fig. 3(e) and S3) do not sup-
port this claim. Here, we propose a solution to this contradiction by
analysing, via simulation, the behaviour of BSE (a source of SE-II). As
mentioned earlier, the growth of C-pillars occurs in situ during irradi-
ation. We simulated the growth of C-pillars by adding five carbon layers
with thicknesses of 10, 50, 250, 500, and 5000 nm (bulk) on top of an
AuClj crystal, which itself has a thickness of 5000 nm. The simulation
had two parts: first, we obtained the values of the BSE coefficient only
from the AuCl; crystal, and afterwards, the carbon layers were added. In
this manner, it was possible to track the impact of increasing the carbon
layer on the BSE yield of the system. The Fig. 7 summarizes the results of
these simulations graphically, revealing that when C-pillar reach 10 nm
height, in the 1-3 keV range, the BSE originate from both carbon
deposition and AuCls crystal, and from 5 keV to 30 keV almost all BSE
comes from AuClg as the values are similar for single system
[AuCl3(5000 nm)] and two-layer system [C(10 nm)-AuCl3(5000 nm)].
As the carbon deposition continues to grow, more and more BSEs orig-
inate from carbon nanostructures, which explains the decrease of
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Fig. 7. The variation of simulated BSE coefficient values for AuCl;, for the
1-30 keV range, and after the addition of a different thickness of carbon layer
on top of the AuCl; crystal.
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growth after the carbon pillar reaches 500 nm height.

We observe that in bulk carbon (5000 nm), the value of the 7 is
minimal and decreases slowly from 1 to 5 keV, after which it remains
constant and does not depend on the e-beam energy. In this regard, the
vertical growth of the C-pillar will saturate once the BSE originates
within itself. The maximum depth of carbon bulk from which electrons
backscatter is ~3000 nm. We treated the BSE here as a source of SE-II,
and from these results, we see that the BSE increases rapidly in the
1-5 keV range and then very slowly from 5-30 keV. Thus, the SE-II yield
will follow the trend of 5z by increasing relative to e-beam energy until
it reaches a value that represents the properties of carbon bulk nano-
structures. This behaviour of BSE explains the experimental results
shown in Fig. 3(e), where the C-pillar increases as the e-beam energy
increases from low to high.

4.2. Near-surface decomposition of AuCls crystal

The carbon-deposited nanostructures hinders the under-surface
alternation of gold chloride crystals, as signalled by EDS analysis and
Cl/Au ratio variation, and visualised by FIB cross-section. The interac-
tion of e-beam with the crystal bulk induces decomposition of gold
chloride, resulting in mass loss (voids) and Au NP formation. The Au NPs
are concentrated near the surface, while the voids are extended both
horizontally and vertically inside the crystal bulk. Voids impose detri-
mental effects on the properties of materials [46], and their formation
mechanism is treated using two inelastic-origin interaction effects:
thermal effects and radiolysis.

The inelastic interaction of electrons with the crystal converts a part
of the energy into heat [46,47]. There are several models [48-50]
established to estimate the temperature rise in solid samples due to
intense e-beam irradiation. In our work, the temperature rise in a sta-
tionary probe for thick samples was assessed using the Reimer model
[36,51]:

15U
AT=—"— H (2)

where I is the beam current (A), U the accelerating voltage (V), R the
electron interaction range (m) within the sample bulk, and « is the
thermal conductivity (W/meK). The thermal conductivity of AuCls is not
determined theoretically or measured accurately (see section S4 of the SI
for more details). The temperature rise estimated for AuCls, according to
Eq. (2), is given in Fig. 8 (in Table S2 and Fig. S6 of the SI, the
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Fig. 8. The temperature rise relative to increasing acc. voltage for AuCl; crystal
(k = 1.0W/m e K) according to the Reimer model.
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temperature rise estimations for other conditions are provided). The
temperature rise was also estimated for an extended range of thermal
conductivity 0.1-5.0 W/meK for AuCls (see Table S3 and Fig. S7 of SI).
Based on these calculations, the temperature rise due to AuCls crystal
electron irradiation, for the spot size 2.5, is < 6.0 K. Similar values of
temperature rise are also obtained for C-pillars. Based on these results,
the thermal effects are considered negligible in the mechanism behind
sample decomposition. This conclusion is also derived from the fact that
the spatial profile of the voids does not match the profile of the tem-
perature rise relative to increasing acceleration voltage. The Reimer
model implies a higher temperature for the lower kV range (the amount
of inelastic interaction scales inversely with the increasing energy of
incident electrons). On the other hand, voids have smaller spatial di-
mensions in that voltage range.

The radiolytic mechanism involves the inelastic transfer of energy
from incident electrons to the AuCls crystal, primarily causing Au—Cl
bond breakage. Following bond disruption, chlorine (Cl or Cly) escapes
as a gas under the SEM vacuum, while gold atoms agglomerate into
nanoparticles concentrated near the crystal surface. This mass loss,
through chlorine release and Au nanoparticle formation, produces voids
within the crystal bulk.

Interestingly, voids formed under 10 kV irradiation are larger than
those under 15 kV, while no voids are observed under 20 or 30 kV
irradiation. This indicates that void growth is not directly proportional
to the electron beam interaction volume. Given the poor electrical
conductivity of AuCls, inelastic interactions deposit energy predomi-
nantly in the form of secondary electrons. Those generated in deeper
regions cannot escape, leading to charge accumulation and the forma-
tion of local electric fields—sometimes referred to as a “Coulomb ex-
plosion” [52]—which drive further bond breakage and atomic
migration. These local electric fields enhance radiolysis and act more as
shape-defining factors for voids.

Additional factors such as crystal surface imperfections and long
exposure times can further influence void morphology. Monte Carlo
simulations assume that the electron beam strikes a perfectly flat surface
at normal incidence, which does not always reflect real conditions.
Irregular surface profiles alter electron scattering trajectories, while
prolonged beam exposure may cause beam drift, distorting the shape of
C-pillars and the voids beneath. Together, these three factors act as
morphology-defining influences.

Overall, we regard deposited energy as the most critical factor
shaping void formation. To quantitatively support this assumption, we
analyzed deposited energy as a function of incident beam energy using
theoretical models and simulations.The theoretical model proposed by
Kanaya et al. [53,54] was used to estimate the deposition energy E4
using the following simple relationship:

Ex = Eo — ijrEr — s Epse(eV] ®

where Ej is the energy of incident electrons, Epgg is the energy of
backscattering electrons, E7 is the energy of electrons transmitted from a
certain depth x of the sample, and 7 is the electron transmission coef-
ficient. The values of Eggg and #5¢; are obtained from simulations (see
section S5 of the SI). On the other hand, the values of Er and 7 are
calculated using the following equation:

Er = (1 - y)SEoleV] @

where y = x/R is known as reduced depth of electron penetration (R is
the range of electron
interaction [nm]), and:

m=ee(-z) ®

where y = 0.1872% (Z is the atomic number and is taken as the average
value of Au and Cl atomic numbers). The value of x is chosen to be 350
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nm under the surface, as the decomposition mainly occurs within this
range.

By combining the simulations and theoretical calculations results,
the values of all parameters in Eq. (3) were ultimately obtained to es-
timate the deposited energy in the AuCls sample relative to the e-beam
energy shown graphically in Fig. 9. This graph shows that the deposited
energy increases in the range of 1-15 kV and decreases in the range
20-30 kV. The trend of deposition energy aligns strongly with the
experimental observation of nanovoids’ spatial growth dynamics, with
the two largest voids occurring under irradiation spots of 10 and 15 kV.

The positive value of deposited energy for 20 kV implies that a void
must be present, but Fig. 5 indicates no voids directly under 20 or 30 kV
irradiation spots. As the FIB cross-section cuts continue in the y-axis
direction, the voids appear also under 20 and 30 kV, as shown in Fig. S9
(a-b). This interesting behaviour means that for the voids to occur, the
electrons must be deposited near the surface. Electrons accelerated at 20
kV or higher are very energetic, and their inelastic interaction has a
lower probability of initiating decomposition immediately under the
surface of the irradiation spot. The electrons also spread laterally, so
they will lose energy and be deposited away from the irradiation spot
but still near the surface to initiate void formation.

The voids grow more in the horizontal direction. The void under 10
kV is ~850 nm wide and 520 nm deep, a result also observed in simu-
lations (Fig. 10(a)), which show that electrons scatter more laterally
than forward as the energy increases due to the screening effect. The
wider size of the voids favours the second mechanism because the heat
generated through the sample tends to distribute radially [48] from its
source, resulting in a more symmetrical shape. The voids observed here
favour randomly scattering events depending on the energy distribution
through the bulk.

The appearance of the voids reveals an interesting interplay between
electrons and voids, as the electrons deposit energy that impacts the
formation and growth of the voids, and the voids, in turn, affect their
scattering dynamics through the crystal. Fig. 10(a) shows a direct
comparison of the real thickness of the sample under each irradiation
spot and the simulated depth and lateral interaction of the e-beam. This
figure indicates that electrons from the beam with an energy of 20 keV
or lower cannot be transmitted through the crystal; consequently, the
EDS spectra at 10 and 15 kV would not show a silicon peak. On the other
hand, the zoomed EDS in Fig. 10(b) shows a peak of silicon formed at 10
keV after 600 s. In contrast, the higher peak is visible in the zoomed EDS
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Fig. 9. The deposited energy over e-beam energy in the of AuCl; crystal ac-
cording to Kanaya model.
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Fig. 10. (a) Spatial dimensions of e-beam interaction with AuCls crystal and its real thickness under irradiation spot. (b) EDS spectra collected at 10 kV, for 10 min
irradiation, where the zoomed graph inset reveal the initial stage of silicon intensity peak formation. (c) EDS at 10 kV collected in the 20-1080 s time interval. The

zoomed graph shows a larger intensity peak for silicon.

inset of Fig. 10(c), which shows the variation of silicon X-ray intensity
for different irradiation times. In further investigation of this issue, we
simulated the voids at 15 kV e-beam (see section S7 of SI). Fig. S10(a)
shows simulations of a 350 nm thick void in a 15 kV field, which allows
electrons to reach the silicon with sufficient energy to generate a char-
acteristic X-ray of silicon in the K, transition. In contrast, Fig. S10(b)
shows that when voids are not simulated, electrons are localized entirely
inside the sample.

The energy of these local electric fields induced within the AuCls
bulk is sufficient to overcome the Au-Cl energy barrier (approximately
2.8 + 0.2 eV) and dissociate it, with the heavy Au atoms remaining in
the material. In contrast, the Cl atoms diffuse through the crystal or
escape from it. After dissociation, the Au®>" will capture free electrons
and reduce to Au®. Around 10° incident electrons are necessary to
reduce Au®t to Au® [55]. The Au atoms are heavy, and the incident
electrons in the range 1-30 keV cannot transfer enough momentum to
move them through the sample structure and start coalescence. In this
regard, the local electric field will interact with the Au atoms, thereby
impacting their charge symmetry distribution, which will result in their
electron clouds overlapping and bonding together. As the gold atoms
start to synthesize into Au NP, the surface free energy will decrease, thus
enhancing their thermodynamic stability.

In summary, the use of e-beam to tailor material properties at the
nanoscale poses a challenge due to the possibility of damage. In our
study, a gold chloride crystal was subjected to intense e-beam irradia-
tion in the 1-30 kV range of the SEM. The interaction of the e-beam with
the crystal yielded two significant results: firstly, carbon deposited on
the crystal surface as a pillar nanostructure; secondly, the under-surface
bulk of the crystal decomposed, leading to void formation and the cre-
ation of Au nanoparticles under the irradiation spots.

5. Conclusions

In this paper, we demonstrate the impact of electron beams accel-
erated in the range of 1-30 kV on a solid gold chloride sample. This
sample exhibits considerable e-beam damage sensitivity within this
interaction range. The first effect of the e-beam is the dissociation of
environmental or adsorbed hydrocarbons, resulting in carbon deposi-
tion on the sample surface in a pillar-like shape. These pillar-shaped
carbon nanostructures increase in both vertical and horizontal di-
rections, with height surpassing lateral growth. The width of the C-pil-
lars decreases with increasing e-beam energy and exhibits a clear
tendency to saturate with extended irradiation.

On the other hand, the vertical growth exhibits a linear trend, and
generally, the height of the C-pillars increases with kV. The incident
electrons initiate dissociation and depositions, but it is SE that are
directly involved in their spatial growth, with BSE playing an indirect
role. The second effect of the e-beam on the sample is that the near-

surface of the crystal is decomposed, as the surface proximity provides
a path for the diffusion and evacuation of volatile elements from the bulk
of the crystal. The alternation of Cl/Au ratio, particularly observed in 15
and 30 kV, indicated that the decomposition of Au-Cl results in the
diffusion out of the volatile component. At the same time, the non-
volatile remains in the crystal and agglomerates into Au NP concen-
trated near the surface. The mass loss during the decomposition results
in voids, with the most significant void occurring under 10 kV irradia-
tion. In the range of 1-15 kV, voids are created directly under the
irradiation spot; however, they can also be induced away from the
irradiation spot, as observed for 20-30 kV. The spatial evolution dy-
namics of voids and their irregular shape (wider than deeper) do not fit
with the assumption of a thermal effects mechanism; rather, it is radi-
olysis the main mechanism behind void formation, enhanced by three
additional morphology-defining factors: local electric fields, crystal sur-
face imperfections, and electron beam drift caused by long exposure
times. The interaction of an e-beam with a crystal exhibits an interplay
of electrons that alters the on- and near-surface dynamics of the crystal
during the deposition of carbon and its subsequent decomposition,
which occurs concurrently. These alterations subsequently impact the
dynamics of electron interaction with the sample, as revealed by EDS
analysis.
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