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Abstract Electron beam induced etching (EBIE) has
traditionally been used for top-down, direct-write, chem-
ical dry etching and iterative editing of materials. The
present article reviews recent advances in EBIE mod-
eling and emerging applications, with an emphasis on
use cases in which the approaches that have convention-
ally been used to realize EBIE are instead used for ma-
terial analysis, surface functionalization, or bottom-up
growth of nanostructured materials. Such applications
are used to highlight the shortcomings of existing quan-
titative EBIE models, and to identify physico-chemical
phenomena that must be accounted for in order to en-
able full exploitation and predictive modeling of EBIE
and related electron beam fabrication techniques.

Keywords: electron beam induced etching, direct-write
nanofabrication, nanostructures, surface functionaliza-
tion, self-assembly, radiation effects, nanomaterials

PACS codes: 81.65.Cf, 81.07.-b, 79.60.Dp, 68.43.Mn,
68.43.-h, 82.30.Lp, 61.80.Fe, 61.80.-x, 81.16.Dn

1 Introduction

Gas-mediated electron beam induced etching (EBIE) is
a direct-write, subtractive nanofabrication technique in
which an electron beam and a precursor gas are used
to realize chemical dry etching with a spatial resolu-
tion of ~ 10 nm [1-5]. EBIE is typically performed us-
ing electron microscopes that are equipped with gas
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injectors, and enable in-situ imaging and analysis of
the features fabricated by an electron beam. The tech-
nique is analogous to focused ion beam processing [6-
11], but avoids damage, staining and redeposition ar-
tifacts caused by ion bombardment. EBIE is realized
using gaseous precursors such as H,O, O,, NH;, XeF,,
Cl, and SFg, which have been used to volatilize a wide
range of materials, including graphene [12], single [13]
and multi-walled [14] C nanotubes, amorphous carbon
[15-18], single crystal [19-22] and nano-crystalline [23]
diamond, Si, SiO,, SizN,, Cr, Ti, TaN and photoresist
[24-38]. Historical overviews and reviews of the EBIE
technique and the underlying chemical pathways can
be found in references [1-5]. The present article is fo-
cused on recent advances in EBIE modeling methods,
and emerging applications of EBIE and related electron
beam material restructuring, fabrication and analysis
methods.

2 Mechanisms

EBIE precursor gases are injected into an electron mi-
croscope specimen chamber using one of two methods.
Either a capillary is positioned near the electron beam
impact point at the substrate surface, and used to in-
ject the gas into a chamber that is pumped continu-
ously using a high vacuum pumping system [39,40].
Alternatively, the entire vacuum chamber, or a sub-
chamber [18] is filled with a precursor gas, as is done
in environmental electron microscopy [41-44]. Ideally,
the precursor gas does not etch the substrate sponta-
neously'. Instead, the chemical reactions that give rise
to etching are driven by interactions between the inci-

L This is, however, not true in some cases, such as when
XeF, is used for etching of Si [45,46,31], TaN [28], or TaBN
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dent and emitted electrons, and surface-adsorbed pre-
cursor molecules (Fig. 1(a)). When an electron beam ir-
radiates a substrate, precursor molecule adsorbates are
consumed in the etch reaction, and the local surface
concentration decreases to a steady state value, typi-
cally within ~ 1 millisecond [1]. The time-evolution of
adsorbate concentration at each point on the surface is
given by a competition between adsorbate consumption
in etching, desorption, and adsorbate replenishment.
The latter proceeds through adsorption from the gas
phase and diffusion along the substrate surface (Fig.
1(b)). The vertical etch rate (0z/0t) generally scales
with the product of the electron flux, f(z,y), and the
concentration of surface-adsorbed precursor molecules,
N,(x,y), at each point (x,y) on the substrate surface
(Fig. 1(c)). It can be calculated as a function of elec-
tron beam irradiation time (t) by solving differential
equations of the form [1,2]:

ON, ON.,, )
- = A= kNy = =2+ DV2N,, (1)
0z ON,

a =V ot = VYO'f]\/va7 (2)

where a and « signify surface-adsorbed precursor molecules

and dissociation products, respectively; A, kN, and
aévt“ are the adsorption, desorption and electron in-
duced dissociation rates (per unit area), and D is the
precursor adsorbate diffusion coefficient. The constant
V' is the volume of a single molecule removed from the
substrate in the etch reaction, and o is an electron scat-
tering cross-section for the activated process that leads
to volatilization?. Adsorption is usually assumed to pro-
ceed through a single physisorbed state (Fig. 2(a)), and
surface coverage is normally limited to 1 ML by the
Langmuir isotherm:

A =sF(1-©), (3)

where s is the sticking coefficient, F(z,y) is the gas
molecule flux at the substrate surface (given by the gas
pressure and temperature), and ©(x,y, ) is the precur-
sor adsorbate coverage.

[27], where delocalized etching occurs spontaneously and the
electron beam is used to accelerate the local etch rate.

2 Tt is usually assumed that electrons dissociate precursor
molecule adsorbates, thereby generating reactive fragments
which react with and volatilize the substrate [1]. Hence, o is
an ‘effective’ [23] cross-section for fragment generation. How-
ever, in some cases, such as XeF, EBIE of SiO, [26] and
XeF, EBIE of SigN, [30], etching has been argued to pro-
ceed through a cyclic process of electron induced removal of
O (or N) from the substrate surface, and spontaneous etch-
ing of excess Si by XeF,. Such processes can be modeled by
the above equations provided that o is taken to represent a
cross-section for the electron induced restructuring step that
leads to the removal of O (or N) from the surface.

The above modeling approach is also applicable to
the related technique of electron beam induced depo-
sition (EBID) [1-5,47-49], and is often used in studies
of deposition and etch kinetics. Reaction rate kinetics
are of interest because they affect spatial resolution,
proximity effects, fabrication rates, composition and the
topography of nanostructures fabricated by EBIE and
EBID [50-53,49,54,23,55,16]. In recent years, the basic
model defined by Eqns. 1-2 has been used (or modified)
to account for the following phenomena:

— The gas pressure distribution inside the electron mi-
croscope specimen chamber [39,40,56,57], which gov-
erns the gas molecule flux F(z,y) across the sub-
strate surface. The precursor pressure can vary sub-
stantially across the surface region irradiated by the
electron beam, particularly when the precursor gas
is delivered into the vacuum chamber using a capil-
lary located near the beam impact point at the sur-
face. Pressure distributions are significant because
they causes the EBIE rate to vary across the sub-
strate surface through Eqn. 3.

— Precursor transport into high aspect ratio pits [55].
The gas flow conductance of a pit decreases with
increasing aspect ratio, and hence alters the replen-
ishment rate of precursor molecules consumed in
EBIE. The replenishment rate affects N, which de-
termines the etch rate through Eqn. 2. Etch pit con-
ductance can be the dominant, etch-rate-limiting
process when fabricating high aspect ratio pits. It
causes the etch rate to decrease as the etch pit grows
during EBIE, giving rise to a characteristic, sub-
linear dependence of etch pit depth on electron beam
processing time [55].

— The behavior of etch reaction products («) at the
substrate surface [58]. The diffusion, desorption, and

electron induced re-dissociation of etch product molecules

can be modeled by setting up a differential equation
analogous to Eqn. 1 for each molecular species at the
substrate surface. Etch reaction product kinetics are
relevant if the molecules have a significant residence
time at the surface, or if multiple reaction steps are
needed to produce a volatile species that ultimately
desorbs from the surface. Electron induced dissoci-
ation of reaction products acts to reverse EBIE. It
can limit the etch rate, and can give rise to complex
dependencies of etch rate on electron flux [58].

— EBIFE performed using a precursor gas mizture com-
prised of an etch precursor and a deposition pre-
cursor [16,54]. Mixtures are implemented by setting
up a differential equation for each molecular species
making up the gas, and can be used to simulate the
resulting dependencies of the etch (and deposition)
rate on electron flux. Mixtures play a role in EBIE
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when residual contaminants such as hydrocarbons
are present in the vacuum chamber and give rise to
unintended EBID that competes with etching [18,
29,16]. Mixtures can also be used to intentionally
modify and control reaction kinetics, and hence con-
trol the morphology [54] or composition [59-61,53,
62-66,49,67] of nanostructures fabricated by elec-
tron beam fabrication techniques.

— The potential well and energy barrier associated with
activated chemisorption [68], a type of adsorption
in which a gas molecule overcomes an energy bar-
rier and forms a chemical bond with a surface (Fig.
2(b)). Activated chemisorption alters the tempera-
ture dependence of the adsorbate concentration N,
and enables electron beam chemical processing at el-
evated temperatures where the surface coverage of
physisorbed precursor molecules is negligible. This
has a number of benefits such as accelerated desorp-
tion of unwanted adsorbates (e.g. C-containing con-
taminants), and enables control over the species of
surface-adsorbed precursor molecules through par-
tial, thermal decomposition of the adsorbates.

— Spontaneous decomposition of precursor molecules
at the substrate surface, which can occur in paral-
lel with electron induced dissociation. This effect
has been modeled for the case of XeF, [69] which
can fragment through a dissociative chemisorption
pathway, leading to fluorination of many surfaces
[45,46,70,71] at room temperature. The model used
to simulate the spontaneous and electron induced
dissociation of XeF, [69] is a variant of a model
of activated chemisorption [68] that had been de-
veloped to describe the temperature-dependence of
EBID preformed using tetraethoxysilane (TEOS) as
the precursor gas.

— Chemically active (and inactive) surface sites that
enable (or inhibit) EBIE, and dynamic activation
of surface sites through electron beam restructuring
of the substrate [23]. Surface site activation can en-
able EBIE of materials that can not be etched in
their virgin, unmodified state. It can also alter etch
kinetics, and give rise to a characteristic super-linear
dependence of etch pit depth on electron beam pro-
cessing time.

The above continuum models of EBIE [16,23,54,
55,58,69] and analogous (continuum and Monte Carlo)
models of EBID have been used to simulate the time-
evolution of the geometries (and in some cases the com-
position [53]) of structures fabricated by these tech-
niques. The key limitations of existing models are that:
(i) the model input parameters are often not known for
precursor-substrate combinations of interest, (ii) changes
in sample geometry caused by EBIE (or EBID) and

their consequences for the electron flux profile, f(x,y),
have not been modeled realistically over large areas
and for long processing times, and (iii) all of the in-
dividual effects listed above have thus far been stud-
ied in isolation, and are yet to be consolidated into
a generic, predictive model of etching and deposition.
Furthermore, a number of physical and chemical pro-
cesses have, to date, not been incorporated explicitly in
published EBIE models. These include electron stim-
ulated desorption [72-74], knock-on damage and sput-
tering caused by high energy (2 100 keV) electrons and
other mechanisms through which an electron beam can
alter the substrate composition and nanostructure [75-
82], the use of actual (rather than effective [23]) cross-
sections for EBIE, realistic multi-step reaction path-
ways, surface roughening caused by EBIE (Fig. 3(a-d)),
electron beam induced heating [83], and the effects of
charging [84] caused by electron injection into insula-
tors or electrically isolated substrate regions.

3 Applications

Traditionally, EBIE has been used as a direct-write sub-
tractive nanofabrication technique (Fig. 3(a-h)). Sam-
ple applications include iterative editing of individual
nanostructures [85,19], repair of photolithographic masks
[27,28], fabrication of nanopores in membranes [30,35],
etching of 3D in-plane features in photoresist [37], and
re-shaping of tips used in scanning probe microscopy
[33,38]. EBIE has also been used to improve the purity
of materials grown by EBID. This application exploits
the fact that EBIE is a material-specific chemical etch
process. A gas mixture comprised of a deposition pre-
cursor (e.g. Au(CH;),(C;H;0,)) and an etch precur-
sor (e.g. H,0) is used to deposit a material such as Au
and simultaneously etch impurities (C) that are unin-
tentionally co-deposited during EBID. The gas mixing
method has been used to purify EBID-grown Au [62—-
65], Pt [66], Fe;O, [61] and SiO, nanostructures [59, 60,
86].

Vanhove et al. [87,31,88] have developed a material
characterization technique in which gaseous EBIE re-
action products are ionized by ultra-short laser pulses
(above the substrate surface) and analyzed by a mass
spectrometer. This innovative method enables depth-
resolved analysis of solids, and fundamental studies of
EBIE mechanisms that lead to volatilization.

Recently, precursors that are conventionally used for
EBIE have been used to achieve other forms of material
restructuring. This has been demonstrated most dra-
matically using XeF,, which can be used to realize three
distinct processes (Fig. 4(a-c)): electron beam induced
fluorination of surfaces [69,89], conventional EBIE, and
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growth of GaFj-containing microstructures [90]. Flu-
orination (Fig. 4(a)) has bee used to functionalize a
range of surfaces, and to develop a deposition process in
which F-terminated surface regions are used to catalyze
chemical reactions that initiate localized, room temper-
ature chemical vapor deposition [69]. The key, distin-
guishing aspect of this electron beam writing technique
(Fig. 4(a)) is that the function of the beam is to remove
surface-terminating molecules and replace them with a
chemisorbed species such as fluorine (as opposed to the
removal of bulk material from the substrate, as is done
in conventional EBIE, Fig. 4(b)). The technique is a
variant of similar methods used to fabricate chemically
active surface regions [91-97], and electron irradiation
methods used in surface chemistry studies of phenom-
ena such as electron induced oxidation [98].

Electron induced dissociation of XeF, adsorbates
can also be used to fabricate GaF;-containing microstruc-
tures (Fig. 4(c)) through a spontaneous, chemically-
assisted structure formation mechanism driven by a
charged particle beam [90]. Specifically, a focused Ga™
ion beam is used to induce bottom-up growth of Ga-
filled, GaF; microcapillaries by irradiating a GaN sub-
strate in the presence of XeF, precursor gas. The GaFy
structures form as a result of electron induced decom-
position of XeF, adsorbates on a surface that contains
excess Ga. The electrons that dissociate XeF, are sec-
ondary electrons emitted from GaN as a result of ion
irradiation.

Finally, Lassiter et al. [99] have used electron beam
irradiation in a H,O environment to iteratively edit
the geometry and modify the plasmonic properties of
a single (gold shell — silica core) nanoparticle. In this
work, chemical etching was excluded as the underlying
mechanism which was ascribed to a form of ablation
assisted by heating and charging. This application il-
lustrates the potential of direct-write, electron beam
writing techniques for iterative editing of active, func-
tional nanostructures.

3.1 The gap between applications and present
modeling capability

The above applications highlight the need for ad-
vances in predictive, quantitative modeling of electron
(and ion) beam induced etching, deposition and restruc-
turing of solids in gaseous environments. For exam-
ple, EBIE models are needed to improve present un-
derstanding of surface roughening that occurs during
etching, and typically limits the spatial resolution and
geometries of sub-10 nm features fabricated by EBIE
[85] (see Fig. 3(a-d)). Roughening must be minimized
to improve EBIE resolution and the depth resolution of

the EBIE-based mass-spectroscopic analysis technique
developed by Vanhove et al. [88].

Furthermore, existing models can not simulate: (i)
heat- and charge-assisted restructuring processes such
as that proposed by Lassiter et al. [99], (ii) the growth
and size distribution of nanocrystallites grown by EBID
(which are known to depend on fabrication conditions
[79-82,67]), and (iii) the clustering and spatial distribu-
tion of impurities present in deposits that were grown
by conventional EBID or purified by gas mixtures that
give rise to simultaneous EBID and EBIE [59-66,86].
Predictive models of these phenomena will improve our
ability to tune material functionality by controlling com-
position, internal nanostructure and feature geometry
at the sub-10 nm scale.

Electron beam induced fluorination (Fig. 4(a)) has
been modeled in detail, but the process of spontaneous
deposition catalyzed by chemisorbed fluorine has not
been modeled [69]. Similarly, the spontaneous growth
of the Ga-filled microstructures shown in Fig. 3(i) and
4(c) was simulated by a mass transport model that
helped explain the self-organized structure formation
mechanism [90]. However, this new form of bottom-up
growth has not been incorporated into standard models
of particle beam processing (such as Eqns. 1-3). A uni-
fied model would improve present understanding of the
scope and applicability of chemically-assisted electron
and ion beam processing methods in terms of through-
put, resolution, feature placement accuracy, and the ge-
ometries, composition and complexity of materials that
can be fabricated by these techniques.

4 Outlook

Recent applications of electron beam writing techniques
have blurred the distinction between EBIE and related
deposition methods by demonstrating that precursors
which have conventionally been used for etching can
also be used to functionalize surfaces [69,89] and to
grow complex, non-planar microstructures [90]. These
developments, and other examples of surface activa-
tion [91-97] and nanostructure editing through non-
chemical pathways [99], highlight the wide diversity of
processes that can be exploited by electron beam pro-
cessing techniques. Furthermore, these recent applica-
tions illustrate the need for advances in predictive mod-
eling of electron (and ion) beam restructuring of mate-
rials in both inert and reactive environments. Models
published to date have been used to explain a range
of isolated etching, deposition and surface restructur-
ing phenomena. However, the models neglect numer-
ous physical and chemical mechanisms and can not de-
scribe effects such as surface roughening and the simul-
taneous evolution of surface topology, internal nanos-
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tructure and composition of materials fabricated or re-
structured by charged particle beams. Future work will
likely address these shortcomings, and lead to a better
understanding of the full potential of EBIE and related
material restructuring [69,90-97] and characterization
[87,31,88] techniques.
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Fig. 2 Potential energy diagrams for physisorption (a) and
activated chemisorption (b) used in models of gas-mediated

T

electron beam induced processing [68,69].

Fig. 3 (a-d) Four frames from a movie showing the formation
of a nano-gap in a carbonaceous nanowire on a bulk SiO, sub-
strate by high resolution, H,O EBIE [85], (e) scanning probe
microscopy tip sculpted by XeF, EBIE [38], (f) etch pit in
chrome fabricated by XeF, EBIE [16], (g) 37 nm gap etched
in graphene by O, EBIE [12], (h) gap cut into a single-walled
carbon nanotube by O, EBIE [13], (i) false-color electron im-
age of a Ga-filled GaF; microcapillary grown using XeF, as
shown in Fig. 4(c) [90].
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Fig. 1 General steps involved in electron beam induced etching: (a) electron beam irradiation, and emission of secondary and
backscattered electrons from the substrate, (b) consumption of adsorbates in the etch reaction, and precursor replenishment
through adsorption from the gas phase and diffusion along the substrate surface, (c) volatilization of the substrate in the
vicinity of the electron beam.
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Fig. 4 Three forms of material processing driven by electron dissociation of XeF, adsorbates: (a) fluorination of the substrate
surface [69], (b) electron beam induced etching, and (c) fabrication of gallium-filled, GaF; capillaries by ion bombardment
of GaN [90]. GaF, forms due to XeF, decomposition by secondary electrons which are emitted from GaN and irradiate the
sidewall of the growing pillar. An electron image of such a microstructure is shown in Fig. 3(i)



