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Abstract: The investigation of chemical reactions during ion irradiation is a frontier for the study of the ion-material interaction.

In order to probe the chemistry of ion produced nanoclusters, valence electron energy loss spectroscopy (VEELS) was exploited

to investigate Ga* ion damage in ALO;3, InP and InGaAs, where each target material has been shown to react differently to the

interaction between impinging ions, recoil atoms and vacancies: metallic Ga, ternary InGaP clusters and metallic In clusters are

formed in AL,Os, InP and InGaAs, respectively. Supporting simulations based on Monte Carlo and crystal orbital Hamiltonian

calculations indicate that the chemical constitution of cascade induced nano-precipitates is a result of a competition between

interstitial/vacancy consumption rates and preferential bond formation due to differing bond strengths.

An understanding of energetic particle induced physical or
chemical alteration in compound materials has always been the
subject of nuclear physics '* and advanced material processing
611 In the last decades, various mechanisms of ion beam
irradiation damage have been predicted through density
functional theory '*'* and hybrid molecular dynamics/Monte
Carlo (MD/MC) simulations "%, including the production and
recombination of Frenkel pairs 2*?', cascade induced

interstitial/vacancy clustering > and long-range glissile loop

absorption 2. These theories are of importance to describe the

projectile ion dynamics in bulk materials. In fact, contributions
by chemical reactions have been totally ignored until Hofsdss
and Zhang proposed the new concept of “surfactant sputtering”
2327 During ion beam sputtering, additional phases may be
formed by chemical reactions between incident ions and target
atoms, as well as between target atoms. This will have impact on
the sputtering result, including changes in elemental sputtering
rate, mass redistribution related to recoil atoms, local strain and
phase separation, further altering the sputtering rate. The

conventional techniques used for determining ion beam damage
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can be summarized as: 1) Rutherford backscattering (RBS), 2)
extended X-ray absorption fine structure (EXAFS) in
synchrotrons, 3) atom probe tomography (APT) and 4) analytical
transmission electron microscopy (ATEM). Compared to APT
and ATEM, the probes of RBS and EXAFS have relatively poor
spatial resolution (~30 nm) ?* so that local fragments of atomic
clustering at nanometer scale are difficult to resolve. APT offers
atomic resolution in 3D, unfortunately, the preferential ionization
of certain atomic species during laser induced desorption is still a
challenge for measuring the local chemical constitution .
Similar issues have been addressed in ATEM, where the
development of aberration correctors has provided a possibility
to probe chemical fluctuations at the nanometer scale, for
example, in combining energy dispersive X-ray spectroscopy
(EDXS) or electron energy-loss spectroscopy (EELS) with
high-angle annular dark field imaging (HAADF), so ion
irradiation induced structural and chemical modifications can be
simultaneously studied at near-atomic scale. However, both
HAADF and EDXS have little sensitivity to the type of chemical
bonding, creating an obstacle for a direct understanding of
ion/matter interaction. For core loss EELS, energy loss near-edge
structure (ELNES) can directly probe the chemical constitution
at nanometer scale, however, the energy range is usually limited
to below 3 keV, so K-edges of heavy elements (such as Ga or In)
cannot be easily accessed and studies are restricted to L- or
M-edges.

Therefore, in this work, we investigate the cascade damage
of Ga* ions in compound materials by using monochromated
valence electron energy-loss (VEEL) spectroscopy, where the
formation of chemical bonds in nano-precipitates can be
evaluated at the nanoscale based on plasmon losses. A
description of metal ion clustering during interstitial/vacancy
annihilation must involve an understanding of preferential bond
formation. We show that for Ga* ion implanted ALOs, the
importance of fast Frenkel pair recombination in A:O3 and Al-O
bond formation can limit the occupation of Al sites with Ga* ions,
leading to the precipitation of metallic Ga clusters. For Ga

implantation into InP, although recoiled In and P atom display

short range bination rates of ies/interstitials, the
high Ga-P bond strength allows the formation of an InGaP
ternary alloy. Finally, in case of ion cascades in InGaAs,
heterogeneous distribution of interstitials and vacancies can lead
to long-range recombination. The strong In-As and Ga-As bonds
prevent In incorporation, resulting in the precipitation of In
nano-clusters. The ion-solid interaction mechanisms in AlOs,
InP and InGaAs are proven to be independent of accelerating
voltage, Ga' ion dose or dose rate.

A 500 nm InGaAs thin film layer on a 6 inch InP (001)
substrate and commercial single-crystalline o-AlO; were
purchased from Epihouse Optoelectronics Co., Ltd and Suzhou
Crystal Silicon Electronic & Technology Co., Ltd, respectively.
The Ga' ion damaged TEM specimens were prepared in a
Thermo-Fisher Helios 600i equipped with a focused Ga® ion
beam (FIB) system. The 30 kV Ga* ion beam current was used to
extract a 1.5 um thick lamella from the top of the bulk sample
with a beam current of ~2.5nA. A beam diameter of ~10 nm was
used for all experiments. ~ Specimens were further thinned by 30
kV Ga™ ion beams under an incident angle of 2°, where a beam
current of 39 pA was used to mill the sample down to 200 nm.

An electron transparent region (~100 nm in thickness,
estimated by VEELS in Fig. S1) was then produced by a 2 kV
Ga' ion beam under an incident angle of 2° with a beam current
of 23 pA, which enhances the ion implantation damage
compared to conventional FIB polishing at ~9 pA. The details of
all samples prepared for studying the dose, dose rate and
accelerating voltage effects on Ga implantation can be found in
the supplementary documents. Analytical transmission electron
microscopy (TEM) was carried out on a Thermo-Fisher Titan
Themis G2 double aberration corrected transmission electron
microscope operated at 60 kV. The microscope is equipped with
a monochromator and Gatan Quantum ER965 EELS system that
allows an energy resolution of ~150 meV. The energy dispersive
X-ray (EDX) elemental maps were recorded from Super-X
silicon drift detectors, where the energy resolution and collection

angle were nominally 136 eV and 0.9 srad, respectively.
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To determine whether high energies (30 keV) are needed for
creating major Ga* damage or whether low energies (2 keV) will
suffice, three groups of reference specimens were prepared by 30
kV and 2 kV Ga" ion beams under same dose and dose rate, as
shown in Fig. S2. A similar density of nanoclusters is observed in
as-implanted samples prepared at 30 kV and with a subsequent
polishing at 2 kV (Fig. S2 (b), (f) and (j)) and samples produced
at 2 kV only (Fig. S2 (a), (e) and (i)), indicating significant
damage already occurs at 2 kV. Therefore, the calculations of
target atom recoil and vacancy depth distributions in Fig. 1 were
performed by Monte Carlo simulation based on Stopping and
Range of lons in Materials (SRIM) * for an incident energy of 2
kV Ga" ions and an incidence angle of 2°, which correlates with
the experimental FIB set-up. With respect to the mechanism of
interstitial/vacancy annihilation we need to understand the
interstitial/vacancy  distribution. For  distribution  of
interstitials/vacancies at similar depth (called homogenous
distribution), the short-range interaction is expected to be
dominated by recombination of Frenkel pairs, while the
distribution of interstitials/vacancies at different depths (called
heterogeneous  distribution) could lead to long-range
interstitial/vacancy annihilation. In case of ALO; irradiated by
Ga" ions (Fig. 1(ad)), the shallow Al and O recoil
atoms/vacancy distributions allow the interstitial/vacancy
annihilation to be dominated by Frenkel pair recombination near
the surface. Regarding Al vacancies occupied by Ga” ions, as the
maximum Ga* ion range is found ~15 A underneath the sputtered
surface, the long-range interstitial/vacancy annihilation rate (R)

can be calculated from the heterd distribution of Al

et Depth(ang]”
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Fig.1 Simulations of the depth distribution of recoiled atoms and Ga" ions for a) AL,Os, b) InP, ¢) InGaAs and of vacancies in d) AL20s, e) InP and f) InGaAs.

vacancies and Ga* ions from eq (1) **.

J¥p,C,
) )

where Q is the atomic volume, , the sink strength of the vacancy
cluster, x the size of the vacancy cluster, D, the diffusion
coefficient of the interstitial/vacancy, and Cq the concentration of
interstitial/vacancy. As the concentration of Al recoil atoms at 15
A below the surface is approximately one order of magnitude
larger than the maximum concentration of Ga* ions in Fig. 1(a),
and the atomic volumes of Ga (11.8 cm*mol) and Al (10
cm?/mol) are similar, the number of vacancy clusters captured by
Al recoil atoms is approximately 23 times higher than that of Ga'
ions. The preferential occupation of vacancy sites by Al recoil
atoms will leave the Ga* ions clustered in ALO;.

In InP, the recoil atoms and vacancies also exhibit a high
distribution near the sputtered surface but range deeper into the
crystal, allowing the In and P interstitial/vacancy annihilation to
be dominated by Frenkel pair recombination. The recoiled In
atom concentration at 15 A below the surface is nearly two
orders of magnitude higher than the maximum concentration of
Ga' ions, so In recoil atoms will preferentially occupy the
vacancy clusters (Rin is 26 times higher than Rga), while the Ga*
ions can penetrate even further and be incorporated into the
lattice at larger depths. Finally, for InGaAs in Fig. 1(c,f), using
the atomic volumes of In (15.7 em*/mol), Ga (11.8 cm*/mol) and
As (13.1 ecm¥mol) as well as their corresponding interstitial
concentrations according to eq. (1), the In interstitial/vacancy
consumption rate is approximately 2.0 and 1.4 times higher than

that of Ga and As, respectively, which could lead to a clustering
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of In atoms in InGaAs of high In content.

Combining the HAADF images with EDX spectroscopy in
Fig. S3, the Ga implantation damage in Al,Os, InP and InGaAs
seems to agree with predictions from Monte Carlo simulations,
where Ga is observed in ALOs and In rich clusters in InP and in
InGaAs, respectively.

However, dose rate effects are excluded in SRIM
simulations where the influence of simultaneous ion arrival
events cannot be modelled. High ion beam currents could change

the ion range and the distributions of interstitials and vacancies
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in FIB implantation compared to commercial broad ion beam
systems *!. Besides, lattice damage due to Ga* ion implantation
has been shown to be dose related in silicon, which was
explained by the low solubility of Ga in Si. 3

The nanoclusters observed by HAADF and EDXS in Figs.
2-4 could be either electron/ion irradiation induced metallic
gallium/indium clusters **** or locally In rich semiconductor
compounds** produced by phase separation into indium depleted

and indium rich alloys, leaving the cascade/sub-cascade induced

interstitial/vacancy annihilation elusive.
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Fig.2 (a) HAADF of Ga implantation into Al:0s. (b) VEEL spectra of reference and ion damaged regions in AL:Os. (c-f) The plasmon energy maps extracted

correspond to a mixture of Ga and ALO; (g) ic diagram of i

acancy ion and annihilation in ALOs.
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To investigate the local chemical bonding of the ion induced
atomic clusters, plasmon energy loss spectroscopy is an ideal
approach for analyzing local chemical constitution in ternary
1I-V  semiconductors 235, According to free electron
approximation ¥, the frequency dependent plasmon energy is

given by *

Vg2
T @

where Epr is the free electron plasmon energy in EELS spectrum,

Epr = hop=h

wp the plasmon frequency, / the reduced Planck constant, N the
number of valence electrons per unit cell, O the elementary
charge, V' the volume of unit cell corresponding to doping
concentration, mo the electron mass, and & the permittivity of
free space. Many metals and narrow bandgap semiconductors
(GaAs, InAs and InP etc.) have relatively sharp plasmon peaks
near the value predicted by this model. For ternary InGaAs, if the
In rich nanoclusters observed were due to a high In content
ternary alloy, the valence electron density could be expected to
approach the density of valence electrons in InAs due to the
expansion of unit cell volume, resulting in a plasmon energy
between its binary alloys (GaAs: 15.5 eV * InAs: 14.1 eV %),
while in case of precipitation of metallic In clusters (In bulk
plasmon: 11.5 eV #') in InGaAs, two plasmon peaks would be
expected to emerge in VEELS due to the different numbers of
valence electrons per unit cell between metallic In and InGaAs.
In contrast to ternary InGaAs, if an InGaP ternary alloy were
formed due to Ga' injected into InP, the decrease of unit cell
volume would increase the valence electron density, which could
result in a blue shift of InP plasmon energy, while for Ga clusters
precipitated in InP, similar to metallic Ga clusters in AOs, two
individual plasmon peaks would be expected. For a wide
bandgap binary alloy such as Al:Os, a plasmon excitation should
involve the consideration of a bound oscillation near £, (bandgap
energy), i.e. a modified semi-free electron model that could lead

to a blue shift of plasmon peak energy towards higher energy

(Eps= E;;+Eg) 3. For Ga' ion implanted AlOs, if the Al site

were occupied by a Ga atom instead, the decrease of bandgap
and slight expansion of lattice volume would contribute to a
plasmon peak shift towards lower energy (red shift). However, if
the Ga rich area is dominated by metallic Ga, the wide bandgap
of ALO;3 (~8.7 eV) *? implies the Eps of ALO; is expected to be
significantly larger than E, of Ga, therefore, the individual

plasmon peaks of Ga and AlO; could be easily resolved in

VEELS even without a monochromator. Based on the principle
of plasmon loss spectroscopy, VEEL spectrum imaging was

performed to determine the chemical constitution of s

in ALOs (Fig. 2). By extracting the spectrum (Fig. 2(b)) from a
single nanocluster in Fig. 2(a) (black square area), an additional
plasmon peak was observed at 14.1 eV, which correlates well
with the plasmon energy of metallic Ga *. The Ga and Al,O3
plasmon peaks can be modelled by multiple linear least-squares
(MLLS) fitting as Lorentzian functions *. Maps of plasmon
energy with their corresponding intensities are shown in Fig.
2(c-f). As can be seen in Fig. 2(c) and (e) (fitting energy window
13.8 eV-14.4 V), the intensive metallic Ga plasmon resonance at
14.10.1 eV is only observed where nanoclusters are, indicating
the nanoclusters are metallic Ga. No evidence of an Al-Ga alloy
can be observed, once the energy uncertainty (~£0.15 eV) is
considered. In the plasmon energy map of ALOs (Fig. 2(d)), of
note, the structure of nano-precipitates has totally disappeared
within the plasmon energy map, confirming pure Al:O; in the
field of view. Only a relatively weak Al,O3 plasmon intensity in
Fig. 2 (f) (fitting energy window 25.3 eV-25.9 eV) can be found
in the regions with nano-precipitates, in agreement with Ga
nanoclusters within an Al,O3; matrix. The results are essentially
consistent with the prediction of Ga implantation into Al.O3
excluding any chemical bond formation. To reveal the physics
behind the interaction between Ga* ion and AL,Os, the integral of
crystal orbital Hamilton population (icohp) method * is adopted
to investigate the bond formation between Al-O and Ga-O (Fig.
S4), where the resultant integral intensity is summarized in Table.
1. For crystal orbital Hamilton population (cohp), we have
adopted the lobster simulation package, which is based on the
VASP simulation code, and the calculated energies reported here
are the overall integrals of all s,p,d states, including bonding as
well as anti-bonding states. As can be seen in Table 1, the
integral of crystal orbital Hamilton population (icohp) intensity
of A0z (39 eV) is slightly larger than that of Ga;0s3 (34.9 V),
indicating preferential formation of Al-O bonds. Therefore, due
to the superior rate of interstitial/vacancy consumption and
dominance of Al-O bond formation in ALOs, the limited
recombination of Ga® ions with Al vacancies leads to
precipitation of metallic Ga clusters. To support our analysis, the
effects of Ga™ ion accelerating voltage, dose and dose rate on
AlO; have also been investigated (Fig. S2, Fig. S6 and Fig. S7).
As shown in Fig. S2 and Fig. S6, higher accelerating voltage and

higher dose would enhance the structural damage in ALOs.
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However, the chemical constitution of nanoclusters remains

metallic Ga ind dent of the ion 1

ing voltage (Fig. S2
(d)) or dose (Fig. S6 (d)). For higher dose rate, the nanoclusters
appear brighter and the Ga plasmon intensity increases, which
can be attributed to the rapid amorphization of the ion
bombarded surface that prohibits an effective Ga* ion channeling
in the crystalline regions of the specimen *'4¢47. However, the

mechanism of metallic Ga nano-precipitates forming is the same,

50 nm

irrelevant of the dose rate. A schematic diagram of Ga® ion

implantation in AlOs is shown in Fig. 2(g).

Table 1 icohp calculation of Al-O, Ga-O, In-P, Ga-P, Ga-As and In-As

bonds

Al-O Ga-O In-P Ga-P Ga-As In-As

icohp(eV) 39 34.9 0.1 242 332 383

)\/

Normalized EELS intensity(arb.unit
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Region of nanocluster in InP(black square)
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Fig.3 (a) HAADF of Ga implantation into InP. (b) VEEL spectra of reference and ion damaged regions in InP. (c-d) The plasmon energy distribution maps

extracted are in with InGaP. (¢) ic diagram of i

and annihilation in InP, leading to ternary InGaP.
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Fig. 4 (a) HAADF of Ga" ion damaged region in InGaAs. (b) VEEL spectra of reference (blue square region) and nano-precipitates (black square region) in

InGaAs. (c-f) Plasmon energy maps of InGaAs and In. (g) Schematic diagram of metallic In segregation under Ga™ ion irradiation.

Comparing clusters in Ga implanted InP (black square
region in Fig. 3(a) and black curve in Fig. 3(b)) with InP bulk
plasmon spectrum (blue square region in Fig. 3(a) and blue curve
in Fig. 3(b)), a small but noticeable blue shift of the plasmon
peak and an absence of metallic Ga plasmon resonances is
observed in the region of nanoclusters (Fig. 3(c)). Also, a
lowered InP plasmon intensity (Fig. 3(d) fitting energy window:
14.0 — 14.6 eV) was found in the region of nano-precipitates,
suggesting the formation of a ternary InGaP. According to the
SRIM simulation, the injected Ga” ions are expected to cluster in

InP, which seems to contradict our experimental observation.

Nevertheless, according to Table 1, the Ga atoms prefer to bond
with P atoms much stronger than In atoms do (icohp intensity of
GaP = 24.2 eV versus 0.1 eV for InP), resulting in a likely
replacement of some In by Ga atoms within the sphalerite lattice,
leading to the formation of a ternary InGaP alloy. Similar to
AlbOs, the dependence of accelerating voltage, dose and dose
rate of Ga* ion-InP interaction has been investigated. As can be
seen in Fig. S2, Fig. S6 and Fig. S7, the change of Ga' ion
accelerating voltage, dose or dose rate will only give rise to the
formation of InGaP ternary alloy. Therefore, the mechanism of

interstitial/vacancy annihilation in InP (Fig. 3 (e)) is proven to be
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independent of ion dose and dose rate.
Finally, plasmon loss spectroscopy was used to analyze the

| dq

chemical constitution of nano-precipi in G

prompt Ga incorporation into the lattice, enabling the local

formation of an InGaP ternary alloy. Finally, in case of Ga”™ ion

InGaAs. As the indium containing semiconductor suffers from
electron irradiation damage for beam currents above ~100 pA at
200 kV accelerating voltage %, therefore, the optimization of
probe dose rate as well as the accelerating voltage is of
importance for minimizing the electron irradiation damage. In
our experimental set-up, the beam current of a monochromated
60 kV electron probe approached ~20 pA within a 2 nm pixel
size. Rastering the InGaAs based quantum well with this
convergent beam for 30 min, any electron beam damage remains
invisible (supplementary data in Fig. S5). Therefore, the
optimized accelerating voltage and electron dose level (10% /cm?)
of the probe are proven ideal for recording InGaAs VEEL
spectrum images. The large nanoparticle in Fig. 4(a) (region of
black square) displays a plasmon shoulder around ~11.5 eV (Fig.
4(b)), which agrees with the plasmon energy of metallic In . By
modelling both plasmon peaks with MLLS fitting routines, the
plasmon energy and peak intensity maps of InGaAs in Figs. 4(c-f)
agree with In-rich InGaAs around the nano-precipitate, which
correlates well with the theoretical prediction. According to
Fig. 4 (e: InGaAs fitting energy window 14.5 — 15.1 eV, f: In
fitting energy window: 11.2 — 11.8 eV), the intensive In plasmon
resonance of the nanocluster is identified as being due to metallic
In, indicating metallic In segregation within In rich InGaAs.
Considering the relative bond strengths of In-As (38.3 ¢V) and
Ga-As (33.2 eV) in Table 1, an entire occupation of vacancies by
In atoms would be unlikely, leading to oversaturated In
interstitials being precipitated near the high In content InGaAs
region. According to HAADF and VEEL spectra in Fig. S2, Fig.
S6 and Fig. S7, variation of the ion accelerating voltage, dose or
dose rate does not change the chemical constitution of the
nano-precipitates, indicating the implanted Ga* ion induced In
segregation is independent of dose and dose rate. Therefore, the
schematic diagram of Ga' ion induced In segregation in InGaAs
layer can be proposed as shown in Fig. 4(g).

In summary, we have explained different cluster formation

mechanisms in Ga® ion implanted materials based on an

of interstitial/vacancy during heavy ion

d InGaAs, In recoil atoms prefer to occupy vacancies
and excess In interstitials are expected to form In-rich
nano-precipitates.  These  remnant ion-solid interaction
mechanisms are proven to be independent of accelerating voltage,
dose and dose rate of Ga* ions. Our finding yields guidance for
investigating ion induced damage in compound materials,
combining ion/matter interaction theory with VEELS

experiments probing the local plasmons formed.

Supplementary Material

S1: EELS for thickness measurement for ALOs, InP and InGaAs,
respectively. S2: effects of different voltages on Al2Os, InP and
InGaAs. S3: HAADF and EDX spectrum of ALOs, InP and
InGaAs, respectively. S4: Crystal orbital Hamilton population
(COHP) calculation of Al-O, Ga-O, In-P, Ga-P, Ga-As and In-As.
S5: HAADF, plasmon maps of chemical constitution and EELS.
S6-S7: Effects of different doses and dose rates on Al,Os, InP

and InGaAs.
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clusters. For Ga sputtered InP, the preferential Ga-P bonding can
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