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Abstract

Focused ion beam (FIB) techniques are employed widely for nanofabrication, and
processing of materials and devices. However, ion irradiation often gives rise to severe
damage due to atomic displacements that cause defect formation, migration and
clustering within the ion-solid interaction volume. The resulting restructuring degrades
the functionality of materials, and limits the utility FIB ablation and nanofabrication
techniques. Here we show that such restructuring can be inhibited by performing FIB
irradiation in a hydrogen plasma environment via chemical pathways that modify defect
binding energies and transport kinetics, as well as material ablation rates. The method
is minimally-invasive and has the potential to greatly expand the utility of FIB

nanofabrication techniques in processing of functional materials and devices.



Introduction

Focused ion beam (FIB) processing of materials plays a critical role in fields that include
nanoelectronics, nanophotonics, and electron microscopy [1, 2, 3, 4, 5]. However, despite a
high degree of technological maturity, the utility of FIB techniques is limited by unintended
restructuring of materials by energetic (keV) ions. In particular, the compositional
stoichiometry and topography of compound materials are often modified profoundly by ion
impacts. This is exemplified by the well-studied I1I-V semiconductors GaP, GaAs, GaN, InN and
InAs [6, 7, 8, 9, 10]. In these materials, ion bombardment causes segregation and
accumulation of the group III element at the surface, resulting in modification of both the
composition and topography (i.e., roughness) of the surface. Such ion beam restructuring
compromises the functionality of materials and devices, and limits the applicability of FIB
processing and nanofabrication techniques.

Here, we introduce a minimally-intrusive chemical method to inhibit restructuring caused
by energetic ions. We show that hydrogen radicals delivered to the surface of a III-V
semiconductor (Fig. 1(a)) can suppress restructuring caused by a FIB. Specifically, we
irradiate GaP by 12 keV Xe*ions in high vacuum, and in the presence of hydrogen radicals
generated by a remote plasma microinjector. In vacuum, we observe severe ion beam
restructuring, which includes the accumulation of excess Ga and formation of Ga droplets at
the surface
(Fig. 1(b)). Conversely, in a hydrogen plasma environment, FIB irradiation yields smooth GaP
surfaces devoid of excess Ga. This is attributed to hydrogen-mediated chemical pathways that
modify defect kinetics during ion irradiation, and inhibit material restructuring caused by
the ions.

The underlying mechanisms are elucidated using two sets of reference control

experiments. First, hydrogen radicals generated by the plasma are replaced with Hz gas or



H20 vapor to illustrate the chemical effects of these molecules on material restructuring.
Second, hybrid dynamic experiments are performed in which FIB restructuring of GaP is
initiated in vacuum to generate excess Ga at the surface. Hydrogen radicals, Hz gas, or H20
vapor are then introduced (during ion irradiation) to observe their effects, in real time, on
the excess metallic Ga at the surface. Our results indicate that hydrogen radicals suppress
defect migration and clustering during ion bombardment of GaP, and also increase the
physical sputtering yield of Ga clusters. More broadly, the results indicate that hydrogen
suppresses ion beam restructuring of materials by modifying the binding energies of
crystallographic defects.

Our work shows that radicals generated by a hydrogen plasma can be used to prevent
compositional restructuring of a compound material by energetic ions. The approach is

demonstrated using GaP, and has potential for broad applicability to materials that are grown

and processed in hydrogen-rich environments.
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Figure 1: Experimental setup, and Xe*ion beam irradiation of GaP in vacuum at room
temperature (RT). (a) Coincident focused ion beam (FIB), electron beam and a gas/plasma
microinjector. The electron beam is used for scanning electron microscopy (SEM) and



energy-dispersive x-ray spectroscopy (EDS). (b) Illustration of Ga droplet formation caused
by ion beam irradiation of GaP. (c¢) EDS spectra taken at 10 s intervals, showing the
accumulation of Ga at the surface of GaP caused by ion irradiation in vacuum. The inset is a
close-up of the Gaka peak. (d) SEM images of GaP taken at FIB irradiation times of (i) 0 s, (ii)
20 s and (iii) 40 s, showing the formation of Ga nanodroplets in vacuum. The scale bar
represents 500 nm. The Xe* ion beam energy and current were 12 keV and 0.8 nA. The
electron beam conditions used to collect SEM images and x-ray spectra are detailed in the
Methods Section.

Results and discussion

Ion beam irradiation in vacuum

We start by demonstrating the effects of FIB restructuring (in vacuum) on the composition
and topography of (100)-oriented GaP. The ion Xe*is employed as it is relatively inert and it
is not present in pristine GaP. This allows unambiguous detection of changes in surface
composition that are caused by ion beam restructuring, rather than the implantation of Ga*
(the most common ion used in FIB instruments).

Irradiation of GaP by 12 keV Xe* (Figure 1(a,b)) alters the composition of the surface as is
demonstrated in Figure 1(c) by energy-dispersive x-ray spectroscopy (EDS). EDS is an
electron beam analysis technique that is surface-sensitive to a degree determined by the
employed electron beam energy and incidence angle[11] (which were set to 3 keV and 52°,
as is detailed in Methods). The spectra show that the intensity of the Gakex-ray peak increases
with time (i.e., Xe*ion dose), due to the build-up of excess Ga at the GaP surface during FIB
irradiation. The excess Ga coalesces into droplets, as is illustrated in Figure 1(d) by a series
irradiation by 12 keV Xe*ions. Images were acquired periodically whilst the FIB irradiation
was paused at 5 s intervals. Images acquired at 0, 20 and 40 s are shown in the figure. A movie
of the droplet formation process is provided in the Supplementary Information,
Supplementary Video S1. The movie was produced from SEM images acquired by

interrupting the FIB irradiation periodically.



The images in Figure 1(d) and Supplementary Video S1 demonstrate the formation of Ga
nanodroplets caused by ion beam restructuring of GaP. Importantly, the droplet formation is
not a simple consequence of preferential sputtering of P from GaP, as the sputter yields of Ga
and P in GaP are 2.1 and 1.7, respectively.[12] The droplet formation in Ga-containing
materials[13, 14, 15, 16, 17, 18, 19] is instead a consequence of the high cohesive energy of
Ga, and proceeds through ion-induced defect migration, and associated Ga coalescence,
nucleation and ripening mechanisms.[20, 9, 19] That is, ion irradiation generates defects
within the ion-solid interaction volume which diffuse and interact to form clusters, including
stable Ga clusters and eventually droplets with high Ga-Ga binding energies and low sputter
yields. The droplets grow (under continued ion irradiation) to a critical size[20] at which the
growth rate is equal to the sputter rate. We note that droplet formation is not a universal
consequence of ion beam restructuring of compound materials. It is, however, a consequence
of a change in surface composition (which is universal), and thus a useful model system for
the present study as it can be monitored in real time by SEM imaging during ion irradiation.

Droplet formation modifies not only the surface composition, but also the topography,
which we imaged ex-situ by atomic force microscopy (AFM). Figure 2(a) shows an AFM map
of GaP that had been irradiated (in vacuum) by 12 keV Xe*ions. The droplet height can reach

~ 10 nm, giving rise to substantial surface roughness, as is illustrated by the pink AFM line

profile in Figure 2(d).
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Figure 2: Ion beam irradiation of GaP at room temperature in vacuum, H:z gas, and
hydrogen plasma environments. (a-c) AFM maps of three regions of GaP that had been
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irradiated by ions in (a) vacuum, (b) Hz gas and (c) hydrogen plasma environments. (d) AFM
line scans showing the roughness of the surfaces imaged in (a-c). Ga droplet formation is not
affected by Hz gas, but it is suppressed by the hydrogen plasma. The ion beam energy and
current were 12 keV and 2.3 nA.

The droplet formation seen in Figure 1 and 2(a) is a well-established consequence of ion
beam restructuring of Ga-containing semiconductors.[15, 9] We therefore use Xe*irradiation
of GaP as a well-established model system to investigate the role of hydrogen in suppressing

material restructuring by ions.

Ion beam irradiation in the presence of hydrogen gas and plasma

Figure 2 (b) and (c) show AFM maps of two regions of GaP that had been irradiated by 12 keV
Xet* ions in H2 gas and hydrogen plasma environments, respectively. The maps and the
corresponding AFM line profiles in Figure 2(d) show that Hz gas has a negligible effect on
droplet formation, whilst a hydrogen plasma can eliminate droplet formation entirely. We
attribute the ineffectiveness of Hz gas at suppressing surface restructuring to the high
stability of Hz molecules. In contrast, the remote RF plasma[21] delivers highly reactive,
thermalized hydrogen radicals to the surface, and the droplet suppression seen in Figure
2(c,d) proceeds through a chemical pathway.

We emphasize that both the H2 gas and the plasma are delivered to the sample by the same
microinjector (see Figure 1(a)). A remote RF generator is turned off or on during gas or
plasma delivery, respectively, and the gas pressure in the specimen chamber is the same in
both cases. The primary difference between the two scenarios is that some hydrogen gas
molecules are decomposed and excited by the RF generator, producing H2* and H* radicals
(measurements performed versus sample bias indicate that hydrogen ions are not delivered
to the sample surface due to ion neutralization inside the capillary used to deliver the plasma
to the sample). The suppression of Ga droplet formation by the plasma observed in Figure 2

therefore cannot be explained by a physical effect such as a reduction in the ion beam current



density or ion energy caused by scattering of the ions by gas molecules. It is, instead, a
chemical effect driven by hydrogen radicals.

To elucidate the chemical pathway, we start by eliminating the most common effect
discussed in the FIB literature — namely, the formation of volatile gas molecules during ion
irradiation of a solid [8]. In the case of GaP irradiation in the presence of hydrogen (gas or
plasma), the volatile species would need top be GaHs and/or GazHe. The formation of such
volatile molecules can, in principle, lead to an increase in the removal rate of Ga, and thus
cause the suppression of Ga droplet formation seen in Figure 2(c). However, GaHs and GazHe
are both extremely unstable. Their formation is energetically unfavorable and they
decompose rapidly to form Ga and H2.[22, 23, 24, 25] Volatilization of Ga is therefore highly
unlikely, and so is desorption of GaHs and GazHs as the reason for the absence of Ga droplets
seen in Figure 2(c). We therefore disregard volatilization as a possibility and instead consider
the effects of hydrogen on defects generated by ion irradiation, and resulting consequences
for sputtering of GaP and Ga by ions.

Physical sputtering is caused primarily by momentum transfer from the keV ions to atoms
that make up a crystal, and the sputtering yield is influenced by the masses and binding
energies of the atoms. The binding energies are modified (typically reduced) at point defects
such as vacancies created by ion impacts,[26, 8] and modified further by the addition of
hydrogen that forms chemical bonds at the defects.[27, 28] In semiconductors, hydrogen is
known to stabilize defects such as vacancies,[29, 30] and a hydrogen plasma has been shown
previously to reduce the sputter rate of Ge during irradiation by 12 keV Xe* ions (at
400°C).[21] In metals, the opposite effect is expected since hydrogen typically destabilizes
vacancy defects.[31, 32] Here, we cannot measure unambiguously the effect of hydrogen on
the sputter rate of GaP at room temperature due to the accumulation of metallic Ga at the
surface which itself modifies the sputter rate. We can, however, show the effect of the plasma

on sputtering of Ga droplets, as is done in Figure 3(a). Image (i) shows Ga droplets that had



been generated by Xe* irradiation of GaP in vacuum, and images (ii) - (iv) show that the
droplets are removed upon introduction of the plasma (during continued ion irradiation).
The plasma increases the removal rate of Ga, consistent with the argument that hydrogen
destabilizes defects in metallic Ga and thus increases the sputter rate of the droplets (we note
that the plasma does not erode the Ga droplets in the absence of ion irradiation).

To clarify the role of hydrogen further, we repeated the experiment in Figure 3(a) at an
elevated sample temperature of 250 °C (Figure 3(b)). The elevated temperature has two
main consequences. The Ga melts (whilst remaining stable in vacuum since the melting and
boiling points are 30 °C and 2,400 °C, respectively), and the Ga droplets become mobile and
diffuse along the surface. The droplet mobility is illustrated by Supplementary Video S2 in
the Supplementary Information. It is also evident in Figure 3(b), image (i), due to the
formation of trails by diffusing Ga droplets. The droplet mobility requires both an elevated

temperature, and FIB irradiation (i.e., pausing the ion irradiation pauses the droplet motion).

MENE]

Figure 3: Hybrid experiments showing the effects of a hydrogen plasma on excess Ga on
the surface of GaP during ion beam irradiation. (a) Time-resolved SEM image series
showing Ga droplets generated by FIB irradiation in vacuum (i), and droplet erosion caused
by the introduction of a Hz plasma during the FIB irradiation (ii-iv). The experiment was
performed at room temperature. The scale bar represents 500 nm. (b) Analogous experiment
performed at 250 * C, where the Ga droplets are mobile in both vacuum and hydrogen plasma
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environments. The scale bar represents 400 nm. A mobile Ga droplet is highlighted in frames
(ii) and (iii). The Xe*ion beam energy and current were 12 keV and 2.5 nA.

Now, in contrast to the behavior observed at room temperature (Figure 3(a)),
introduction of the plasma at 250 ° C (Figure 3(b)) does not increase the sputter rate of the
Ga droplets. It instead causes an increase in the size of the Ga droplets which continue to
diffuse along the surface, as is seen in images (ii) and (iii) of Figure 3(b), and in
Supplementary Video S2. This is consistent with our proposed role of hydrogen at room
temperature - that is, hydrogen accelerates the sputter rate of Ga at room temperature
(Figure 3(a)) due to modification of atom binding energies at crystallographic defects which
do not exist in liquid Ga at 250 °C. The increase in droplet size seen in 3(b) is likely caused
by an increase in the mobility of excess Ga at the surface by hydrogen.

To summarize thus far, the key finding is that a hydrogen plasma suppresses the
restructuring of GaP and prevents the formation of Ga droplets during ion beam irradiation
at room temperature (Figure 2). The proposed mechanism is incorporation of hydrogen at
crystallographic defects, which increases defect binding energies and thus inhibits defect
migration and clustering within the ion-solid interaction volume. This mechanism is
consistent with the effects of the plasma on pre-existing Ga droplets (Figure 3). It is also
consistent with prior work on ion beam milling of GaP, GaAs and Ge, performed in the
presence of a hydrogen plasma, at high temperatures (= 350°C) [21]. In that work, the
investigated materials were maintained above their recrystallisation temperatures. This is a
special condition at which defects generated by the ions are annihilated by dynamic
annealing, the materials remain crystalline during ion bombardment, and the plasma
prevents surface roughening by immobilizing vacancies at the surfaces of semiconductors

[21].



Ion beam irradiation in the presence of H.0

Finally, we repeated our plasma-assisted FIB experiments using H20 vapor in place of
hydrogen. This control experiment is important because H20 is the primary contaminant
present in high vacuum FIB sample chambers, and in gas injection systems such as the one
we used to deliver hydrogen gas/plasma to the sample. The role of H20 must therefore be
understood, delineated and accounted for in order to confirm our claims pertaining to
hydrogen, and to eliminate the potential roles of alternative chemical pathways based on H20.

Figures 4(a) and (b) are AFM images of two regions of GaP that had been irradiated by 12
keV Xe*ions at room temperature in vacuum and in the presence of H20 vapor, respectively.
Ga droplets are generated in vacuum, as before, but they are not generated in a H20
environment. The reason for the latter is, however, different from that of the hydrogen plasma

- H20 gives rise to the formation of a surface oxide layer, as is illustrated by two experiments

shown in Figure 4(c) and (d).
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Figure 4: Effects of H20 vapor on excess Ga accumulation and ablation on the surface of
GaP during ion beam irradiation. (a,b) AFM maps of two regions of GaP that had been
irradiated by ions in vacuum and in a H20 vapor environment. (¢) Timeresolved room
temperature EDS spectra of a GaP surface in vacuum before ion irradiation (i), during H20
exposure before ion irradiation (ii), and during H20 exposure after ion irradiation (iii). The
spectra show that H20 gives rise to oxide formation. The Xe*ion beam energy and current
were 12 keV and 0.83 nA. (d) Time-resolved SEM image series showing mobile Ga droplets
generated by FIB irradiation in vacuum (i), and droplet immobilization and erosion caused
by the introduction of H20 vapor during the FIB irradiation (ii-ii). The experiment was
performed at 250 C. The scale bar represents 300 nm. The Xe*ion beam energy and current
were 12 keV and 0.83 nA.

Figure 4(c) shows EDS spectra of a GaP surface (with a native oxide layer) measured in:
(i) vacuum, before ion irradiation, (ii) H20 vapor before ion irradiation, and (iii) H20 vapor
after ion irradiation. In (ii), the intensity of the OK«x-ray peak increased (during EDS analysis)
due to electron-beam-induced oxidation of the surface. In (iii), the OK« intensity increased
further due to oxidation caused by ion irradiation in the presence of H20 vapor. The dramatic
increase in the OKq peak intensity seen in Figure 4(c) is absent when EDS analysis and ion
irradiation are performed in vacuum or in a hydrogen plasma environment (see Figure S1 of
the Supplementary Information). The oxide formation is caused by oxygen liberated through
electron- and ion-induced dissociation of surface-adsorbed H20 molecules.[33, 34, 35, 36]

Oxide formation at the GaP surface is important in the context of this work for two
reasons. First, gallium oxide has a lower surface binding energy[37, 38, 39] (i.e., a higher
sputtering yield) than Ga. Second, H20 adsorbates are present on all surfaces in high vacuum
(~ 10-4Pa) FIB sample chambers. It may therefore be speculated that H20 plays a role in our
plasma experiments because H20 contaminants may be present in the H2 gas, and/or the
hydrogen plasma may decompose H20 adsorbates present at the sample surface and thus
give rise to oxide formation. The EDS spectra in Figure 4(c) and Figure S1 suggest that this is
not the case, since FIB irradiation in the presence of a hydrogen plasma causes a slight

reduction rather than an increase in the intensity of the OK«x-ray peak (Figure S1(b,c)). These
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EDS results indicate that H20 is not responsible for the chemical effects (in Figure 2 and 3)
that we attribute to hydrogen.

Nonetheless, to confirm this further, we performed the additional test shown in Figure
4(d). In this experiment: (i) mobile, diffusing Ga droplets were generated on the surface of
GaP by FIB irradiation in vacuum at 250 * C, and (ii)-(iv) H20 vapor was introduced as the FIB
irradiation was continued. The introduction of H20 causes rapid immobilization of the
diffusing droplets (images (ii) and (iii)), followed by erosion of the droplets by the ions
(images (iii) and (iv)). This behavior is illustrated further by Supplementary Video S3 of the
Supplementary Information. The droplet immobilization is consistent with gallium oxide
formation since Ga is a liquid whilst gallium oxide is a solid at 250 °C. This is distinctly
different from the case of the hydrogen plasma (shown in Figure 3(b) and Movie S2). The
plasma does not cause droplet immobilization, nor does it cause droplet erosion at 250 C.
This result therefore confirms that the hydrogen plasma does not cause oxidation due to the
presence of H20 contaminants in the Hz gas, or in the gas delivery system.

Finally, we note that the droplet immobilization effect shown in Figure 4(d) provides a
very sensitive, rapid means to detect gallium oxide formation. It is more sensitive and faster
than EDS analysis because the electron beam dose needed to generate EDS spectra is much
greater than that needed to observe droplets in SEM images. In fact, we use the SEM imaging
method to test the purity of the H2 used in our experiments. We found that active purification
using a liquid nitrogen cold trap is needed to ensure that H20 contaminants do not dominate
chemical effects at the GaP surface, even when using a high purity (2 99.99%) source of Hz,

as is detailed in the Methods.
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Conclusion

We presented a minimally-intrusive chemical method for surface stabilisation during ion
beam processing of materials, demonstrated using the III-V compound semiconductor GaP.
The method entails the injection of thermalized hydrogen radicals to the surface during ion
irradiation. It prevents changes in surface stoichiometry and topography caused by ion beam

damage which has, to date, limited the applicability of ion beam processing techniques.

Methods

Materials and irradiation parameters: 10x10 mm substrates were cleaved from a (100)
orientated GaP wafer (MTI) and sonicated in acetone and isopropanol for 15 min each, and
gently purged with flowing N2. Individual samples for each dataset were loaded into a
Thermo Fisher Scientific HELIOS G4 dual (ion-electron) beam microscope and pumped to a
base pressure of 9 x 10-7 mbar before each experiment. All FIB irradiations were performed
using a focused, 12 keV Xe* beam, and the beam currents specified in figure captions. Each
irradiation was performed by scanning the beam over an area of 30 x 30 um, with a dwell
time and pixel overlap of 1 usec and 50%, respectively. Elevated temperature (250 ° C) FIB
irradiations were performed using a custom-built boron nitride restive heating stage.[21]
Analysis of surface Topography and elemental composition: Secondary electron imaging
was performed using the HELIOS G4 SEM, either in real time during FIB irradiation, or in an
interlaced fashion whereby the FIB irradiation was paused periodically, whilst SEM images
were collected. The electron beam was coincident with the FIB at the sample surface, the
sample was at normal incidence with the FIB, and tilted 52 with respect to the electron
beam, as is shown in Figure 1(a). In-situ x-ray analysis was performed using an Ultim Max x-
ray detector (Oxford Instruments), and an electron beam energy of 3 keV (Figure 1) or 2 keV

(3.2 nA) (Figure 4). Ex-situ AFM characterisation was performed using
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a Park XE7 AFM.

H2 gas/plasma delivery: Hydrogen gas and plasma species were delivered to the sample
using a home-built microinjector.[21] A gas/plasma injection capillary was aligned to the
field of view of the FIB/SEM, at a distance of approximately 200 um above the sample surface.
H2 gas from an ultra-pure lecture bottle was further dried using a liquid nitrogen cold-trap
and a water-specific molecular sieve to ensure delivery of dry Hz to the microinjector. An RF
plasma was generated using a power of 64 W, and operated at a FIB sample chamber pressure
of ~ 6 x 10-> mbar. Hz gas experiments were performed at the same

chamber pressure.

H20 vapour delivery: H20 vapor was delivered to the sample in a similar fashion using a
commercial microinjector (Thermo Fisher Multichem GIS). Experiments were performed

with a chamber pressure of 4 x 10->mbar.

Additional information on conditions used to acquire the data in Figures 1-4 is provided

in Section S4 of the Supplementary Information.
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Supplementary Video S2: Surface topography at elevated temperatures with the

introduction of Hz gas followed by Hz plasma.

Supplementary Video S3: Surface topography at elevated temperatures before and after the

introduction of H20 vapour.
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