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Abstract

Ion-irradiation of semiconductor surfaces has emerged as a promising approach to generate a
variety of self-organized nanostructures. Furthermore, the combination of focused-ion-irradiation
with molecular-beam epitaxy provides unprecedented design and control of surfaces and interfaces
of hybrid materials at the atomic level during fabrication. In this review, we describe the directed
self-assembly of nanostructure arrays ranging from islands to nanorods to 3-dimensional
nanoparticle arrays. First, we discuss focused-ion-irradiation of III-V surfaces, which leads to
preferential sputtering of Group V species, followed by the formation of group IlI-rich metallic
nanostructures. For continued irradiation beyond a threshold dose, the nanoparticle (NP) evolution
is determined by the sputtering yield and the local ion beam angle of incidence, resulting in arrays
of nanoparticles, nanorods, or nanoparticle chains. In addition to describing the formation of close-

packed embedded Ga:GaAs nanocomposites using overgrowth of focused-ion-beam (FIB)-
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fabricated NP arrays, we discuss surface plasmon resonances of NP arrays, as well as the influence
of both surface and buried NP arrays on the GaAs photoluminescence efficiency. Finally, we

discuss the potential of "plasmonic crystals" for plasmon-enhanced optoelectronics.
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I. Introduction

In recent decades, advances in nanofabrication processes have enabled the formation of
nanoparticle (NP) arrays with tailored NP geometries and array configurations.''> For example,
top-down approaches such as electron-beam lithography (EBL) and nano-imprint lithography
(NIL) have been used to fabricate a wide variety of array geometries, with well-controlled NP sizes
and spacings.! However, EBL- and NIL-based fabrication involve complex multi-level processing,
including thin film deposition, lithographic patterning, and chemical etching. Alternatively, hybrid
processes that combine top-down and bottom-up approaches have been used to transform surface
metallic layers into metallic NP arrays, providing a greater flexibility in NP geometry, often at the
expense of the uniformity of NP sizes and spacings.?'® Examples include thin film deposition
followed by annealing-induced de-wetting?® and solution-based NP assembly using linker
molecules.’ Finally, bottom-up approaches such as controlled aggregation of NPs have been
achieved via the placement of drops of NPs in an aqueous solution on prepatterned trenches!!
and/or via encapsulation of aggregates of NPs in polymeric shells.'

In recent years, ion irradiation has emerged as a promising bottom-up approach for self-
assembly on a variety of semiconductor surfaces.'33¢ In addition, FIB-irradiation has been used to

induce random distributions of surface nanostructures including nanorods (NRs),'*!7 NPs,!318-33

163436 and nanochains (NCs).?>* Furthermore, FIB-irradiation of

nanoislands,?® nanoripples,
surface hole arrays has been used to generate arrays of metallic NPs, vertical NRs, and lateral
NCs. 232526293133 On semiconductor surfaces, ion-induced nanostructure formation is often
attributed to the segregation of the ion species due to its limited solubility in the target material.’

For III-V compounds, such as GaAs, a single-phase line compound is expected when the

stoichiometry is exactly 1:1, as shown in the equilibrium phase diagram in Fig. 1(a).*® For
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deviations from the 1:1 stoichiometry, the equilibrium phases at room temperature are GaAs plus
either Ga or As. Since ion irradiation disrupts the surface stoichiometry, and the sputter yields of
Group V elements are typically higher than those of Group III elements, ion irradiation often leads
to the formation of Group Ill-rich surfaces, as shown in Fig. 1(b).***> Furthermore, sputtering-
induced self-assembly, in which ion-irradiation of a flat surface induces spontaneous development
of nanoscale morphologies, has emerged as a promising candidate for nanopatterning.***> Since
ion implantation is currently used for doping, it would be straightforward to use the same
equipment for another purpose. Finally, ion sputtering-induced self-assembly is a single-step
process; thus, it could be more competitive than multi-step approaches involving EBL.>*? Both
FIB and EBL are serial and maskless processes; however, the lower mass of electrons in
comparison with that of ions limits their applicability to sputtering-induced surface patterning.

In this review, we describe recent progress on FIB irradiation-directed self-assembly of
metallic nanostructure arrays on III-V compound semiconductor surfaces. In section II, we
describe semi-quantitative calculations of sputtering yield, surface non-stoichiometry, and the
resulting threshold ion dose for nanostructure nucleation. In Section III, the relationship between
the sputtering yield trends and ion-induced nanostructure array formation is then discussed in the
context of three example Ga-V surfaces: GaAs, GaSb, and GaN. Next, in Section IV, we describe
the conversion of FIB-patterned surface nanostructures into 3-dimensional (3-D) nanocomposites,
with an emphasis on GaAs:Ga nanocomposite fabrication. In Section V, we describe a combined
computational-experimental approach to tailoring the optical properties of plasmonic
nanocomposites ("plasmonic crystals"), especially Ga NP plasmon-enhanced photoluminescence
efficiencies of GaAs gain media. Finally, in Section VI, we discuss the issues and opportunities

offered by "plasmonic crystals" for enhancing optoelectronic applications.



AlP

Publishing

10

11

13

14

15

16

18

19

20

21

22

II. FIB-irradiation induced sputtering

In this section, we describe calculations of sputtering yield, surface non-stoichiometry, and
the resulting threshold ion dose for nanostructure nucleation. First, we discuss FIB irradiation of
III-V surfaces. In particular, we discuss the role of preferential sputtering of Group V species on
the formation of Group III-rich NPs. We also consider the influence of the ion beam angle of
incidence on sputtering yield and the resulting impact on the threshold ion dose for nanostructure

nucleation.

A. Sputter Yield Trends

During ion irradiation, sputtering of constituent elements is often quantified by the sputter
yield, Y, defined as the number of sputtered atoms per incident ion. For III-V compounds, the
sputter yield is the sum of the sputter yields of the Group III and Group V species, i.e. Yi-v = Y
+ Yv each of which depend on the mass, valence, and energy of the incident ions, as well as the
mass, valence, and cohesive energy of the target.**> To calculate sputter yields of III-V
compounds, we assume that the collision between incident ions and target atoms involves a linear
collision cascade where the density of mobile target atoms is sufficiently low that atomic collisions

may be ignored.****1*> With Yio estimated by Sigmund’s sputtering theory,

Y, - 4208,
U

target

M

where a is the correlation factor, which accounts for the partial screening of the nuclear charges of
the projectile and target, both of which are not included in the Rutherford cross-section; Sh is the

nuclear stopping cross section; and Utrget is the energy needed to separate the constituents of a
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solid into neutral free atoms at rest, i.e. the cohesive energy. a and S are expressed as follows:*-

41,45

a= 0.]5(1 + mrarger)O.RS (2)

mGa

8.462x107" Z6Z rarget65, (€)

3
023 023
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S, (E)) =

where ZGa, Ziarget, MGa, Muarger, and Sn(e) are the atomic numbers of incident Ga* ion and target
material, the atomic masses of incident Ga* ion and target material, and the nuclear stopping cross
section as a function of the reduced energy, £.*! £ is an unitless quantity which devides the ion-
solid interaction into two regimes where nuclear stopping prevails over electron stopping for ¢ <
30 and vice versa for & > 30.*! In our case, since ¢ < 30, nuclear stopping is dominant over electron
stopping, and Sa(¢), an empirical formula which quantifies the nuclear stopping cross section as a
function of reduced energy, is expressed as follows:

In(1+1.1383¢)

S ()= 4
() 2(£+0.01321*2'%° +0.195935") @
where ¢ is expressed as follows:
32.53m,,,,E
&= . 00.23 023 ®)
ZGaZIarge!(mGa + mlargcl)(ZGa + Zlm‘gel )

For binary compounds, we use a law of mixtures to calculate atomic mass (target), atomic number
(Ziarger), and cohesive energy (Utarger) of the target.®

Figure 2 shows the computed values of Y, Y and Yv for several III-V compounds as a
function of increasing cohesive energy. For all cases, Yv values are consistently greater than those

of Yu, indicating preferential sputtering of Group V elements. As denoted by horizontal dashed

lines, we define Yv < 2.5, 2.5 < Yv <4, and Yv > 4 to be low, moderate, and high sputter yield,
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respectively. Due to the relationship between sputter yield and milling rates,*® similar trends are

expected for the milling rates of the elements and compounds.

B. Surface Non-Stoichiometry and Threshold Ion Dose

To derive an expression for the non-stoichiometry of the group-III rich surface region, we
define a projected volume and calculate the non-stoichiometry within that volume, as shown in
Fig. 3(a). At the surface, defined as z = 0, the normal-incidence ion beam produces a nearly circular
cross-sectional area with radius, Ro. We assume a Gaussian increase in the lateral projected range,
R(z), from R(0) = Ro at the surface (z = 0) to R(zp) = Rp at the endpoint of the ion trajectory (the
39-41,45

longitudinal projected range, z = zp) as follows:

—In—2

R 2
—(zz,)*

R(z)=R,e ©)

The projected volume, Vjp, is then determined by integrating the circular cross-sectional area as a
function of the depth from z = 0 to zp, as shown in Fig. 3(a).

For an initially stoichiometric surface,

NIII(O):NV(O) :V,,ip @)
M, +M,

where Nmi(0) and Nv(0) are the initial number of group III and V atoms in the projected volume;
Vb is the projected volume; p is the mass density of the III-V compound; and M (v) is the atomic
mass of group III (V) elements. The sum of the sputtered group III and V elements is expressed as

follows:

dN,
NS‘III(t)+NS~V(t)=(Y1H+Yv)'ﬁ~t ®)
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where dNion/dt is the Ga* ion dose rate, quantified as dNion/df = I/gA (I = ion beam current, g =
elementary charge, and A = the cross-sectional area); ¢ is the irradiation time; Ym (v) is the sputter
yield of group III (V) elements. Following ion-irradiation for a time ¢, the number of excess group

III elements sputtered from the projected volume is expressed as follows:
dN,
Ns,v(t)st,m(Z):(Yv7Y111)'T;m't (9)

where Ns,m(#) and Ns,v(f) are the number of group III and V atoms sputtered from the projected
volume following ion-irradiation for a time ¢, respectively. Next, we define the surface non-
stoichiometry, d, in terms of II1+5V1-s. Following ion-irradiation for a time #, ¢ is given by the ratio

of the difference to the sum of group III (Nm(#)) and group V (Nv(?)) elements within Vp, as follows:

5: [Nm(t)_Nv(t)]

(10)
[Ny (1) + N, ()]
where Nm(f) and Nv(r) are defined as follows:
Nm(t):Nm(o)_Ns,m(t) (11)
Nv(t):Nv(O)_Ns.v(t) (12)
The expression for the non-stoichiometry following ion-irradiation for time ¢ becomes:
dN,
(Yv _YIII)'f.t
St = ! (13)

dN,
[2NIII 0)- (Y,” + Yv) #t]

Finally, for each ion current, we compute ¢ as a function of ion dose. As will be discussed below,
our experiments are performed using raster-scanning, typically with ~ 70% beam spot overlap, as
illustrated in Fig. 3(b); thus, J is computed in the regions of beam spot overlap.

Figure 4(a) shows the plots of calculated ¢ at an ion dose rate of 2.2x10'*/cmes vs ion dose

for InSb, InP, GaSb, InAs, GaAs, GaP, AlAs and GaN, in order of increasing cohesive energy.
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The specific ion dose rate was selected as an example among a range of values used in
experimental studies in this article as shown in Table 1. For all cases, J increases monotonically
with increasing ion dose. For d = 1, shown as a horizontal bold dashed line in the Fig. 2(d), surface
nanostructures consisting primarily of Group III elements are nucleated; thus, we term this value
as the “threshold ion dose”. In Fig. 4(a), the threshold ion doses are indicated by vertical dotted
lines that intersect the horizontal bold dashed line discussed above. From Fig. 4(a), it is evident
that the threshold ion dose increases with the cohesive energy of the III-V compound
semiconductors.?® Interestingly, the measured ion doses for nucleation of Group IIl-rich surface
nanostructures are consistent with these computed threshold ion doses.?® The sputtering yield is
also dependent upon the ion angle of incidence (fion). The depth to which incident ions can
penetrate, often termed the ion stopping depth, decreases with increasing ion. Therefore, for ion
irradiation at higher values of fion, an increase in the density of near-surface atomic displacements
is expected. Accordingly, the sputtering probability and the Group III surface composition are
expected to increase. In Fig. 4(b), the influence of increasing values of fion on the ion-dose
dependence of ¢ are shown for GaN surfaces. To quantify the difference in threshold ion dose
needed for the surface to reach 0 = 1, we define a threshold ion dose shift, ANwmreshod. In Fig. 4(c),
ANwreshold is tabulated for a wide range of III-V surfaces where the ANreshold value increases with

decreasing sputtering yield of the III-V surface.

II1. Beyond Threshold FIB Irradiation: Nanostructure Array Formation
In this section, we describe the impact of irradiation beyond the threshold ion dose, namely
the influence of both surface sputter yield and Gion on the formation and evolution of NP arrays.

Indeed, the ion dose-dependence of J, shown in Fig. 2(d), suggests that raster-scan FIB irradiation
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to produce arrays of Group Ill-rich spots would enable the controlled formation of surface
nanostructure arrays. For example, as illustrated in Fig. 5(a), FIB patterning up to the threshold
ion dose results in Group III-rich (0 < J < 1) hole arrays surrounded by stoichiometric (i.e., 6 = 0)
regions, as shown in the inset to Fig. 5(a). Once portions of the irradiated spots have encountered
doses within ~ 50% of threshold ion dose, subsequent irradiation leads to Group III segregation
(i.e. 0 = 1) via the nucleation of Group III nanostructures. Continued irradiation leads to Gion-
dependent preferential milling which depends upon the sputter yield of the host surface. In the
following, we consider the influence of the group V sputter yield (Yv = Yu-v - Ym) on self-
assembled nanostructure array formation in the context of three Ga-V surfaces: GaSb NRs with
Ga tips on GaSb surfaces (high sputter yield: Yv >4), Ga NPs on GaAs surfaces (moderate sputter
yield: 2.5 < Yv <4), and Ga NCs on GaN surfaces (low sputter yield: Yv < 2.5). Subsequently, in
section IV, we will show that FIB-induced 2-D surface nanostructures can be seamlessly

transformed into 3-D nanocomposites via molecular beam epitaxy overgrowth.

A. Moderate Sputter Yield: Ga NPs on GaAs

First, we discuss "beyond threshold dose" nanostructure array formation on surfaces with
moderate values of sputter yields, 2.5 < Yv <4, such as GaAs and InP. Following FIB patterning
of hole arrays up to the threshold ion dose, the entire region is “blanket” FIB irradiated, until the
Group III segregation dose (i.e. d = 1) is reached within the hole arrays, as shown in Fig. 5(b).
Thus, Group III nanostructures are nucleated, while the regions beneath the NPs remain
stochiometeric (0 = 0), and the regions between NPs become non-stoichiometric (0 < J < 1), as

shown in the inset to Fig. 3(b). Finally, for the highest ion doses, the regions between the pre-

10
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patterned holes become non-stoichiometric, resulting in NP nucleation in regions outside the pre-
patterned holes.?

Several example SEM images of Ga NP arrays on GaAs surfaces are shown in Fig. 6. These
images reveal independent control over the NP diameters (ranging from 60 nm to 340 nm) and
inter-NP spacings (ranging from 400 nm to 1500nm) using either the hole diameter or the array
spacings. Typically, the NP diameters are less than or equal to the hole diameters while the NP
arrays spacings reflect the hole spacings. In earlier studies, we showed that the NPs within the
arrays on GaAs surfaces consist primarily of amorphous Ga.”® For ion doses in the range of
2.3x10'® t0 9.0x10'® /cm?, NPs nucleate and grow exclusively in the pre-patterned holes.

For ion doses < 10'7/cm?, NPs nucleate and grow exclusively in the pre-patterned hole arrays,
with corner NPs larger than those of side and inner NPs. To consider the relative roles of bulk and
surface diffusion on NP array evolution, a series of 5 x 5 NP arrays, shown in Figs. 7(a) - 7(d),*
were prepared. For each NP, the height (%) and diameter (d) were determined using atomic-force
microscopy. The resulting aspect ratios, A/d, vs. ion dose are plotted in Fig. 7(e) for the corner,
side, and interior NPs (with two, three, and four nearest-neighbor NPs) that are designated by black,
red, and blue symbols. For all NP locations, //d increases monotonically with ion dose to a
saturation value. Thus, bulk Ga diffusion toward the hole edge leads to vertical Ga NP growth,
leading to the increase in h/d. Beyond the saturation dose, h/d decreases monotonically, with the
lowest aspect values for the corner NPs. At this point, Ga surface diffusion to the NPs leads to
lateral NP growth, leading to the decrease in 4/d. Furthermore, as illustrated in the top left inset to
Fig. 7(e), since the Ga NPs with fewer nearest neighbors are able to capture more Ga adatoms, the
Ga surface diffusion-induced lateral NP growth is fastest for the corner NPs, leading to the lowest

value of h/d.”

11
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B. High Sputter Yield: GaSb NRs on GaSb

We now consider beyond threshold dose nanostructure array formation for III-V compounds
with high values of Yv >4, such as GaSb and InSb, as shown in Fig. 5(c). Following FIB patterning
of hole arrays up to the threshold ion dose, the entire region is blanket FIB irradiated. In this case,
due to relatively low threshold ion doses for Group III segregation, the Group III NPs provide a
sputter mask, while the surrounding stoichiometric III-V regions are milled away.'>!¢ Therefore,
as shown in Fig. 5(c), arrays of vertical nanorods (NRs) with sloped sidewalls are formed. Each
NR consists of a stoichiometric (6 = 0) body with a segregated (J = 1) cap. The NRs form in the
hole arrays, while the regions between the NRs remain non-stoichiometric (0 < 6 < 1). If the
sputtered Group III atoms are also re-deposited during the process, the Group III caps would
remain intact and the NR sidewalls would be sloped, as shown in Fig. 3(c).

Example SEM and transmission electron microscopy (TEM) images of vertical NRs within
hole arrays on GaSb surfaces are shown in Fig. 6. Figures 8 present SEM images of (a) an array
of vertical NRs, along with (b) a close-up view of an individual NR. Within each array, 400 + 25
nm length NRs, with sloped sidewalls and 55 + 5 nm caps, are observed. Redeposition of sputtered
atoms may provide seeds for additional NP growth as has been reported for ion irradiated Au NP
arrays.>* This redeposition effect is expected to be pronounced on surfaces with high sputter yields.
Indeed in our case, nanoscale features are randomly distributed outside the pre-patterned holes
containing vertical nanorods on GaSb surfaces, as shown in Fig. 8(b). High resolution views of an
individual NR are shown in Figs. 8(c), 8(e), and 8(f), along with a corresponding SAED pattern in
Fig. 8(d). In Fig. 8(c), the bright field (BF) TEM image of the NR illustrates the shape of the NR

body and NR cap. The SAED pattern in Fig. 8(d) consisting of diffuse rings corresponding to

12
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amorphous Ga and spotty rings corresponding to the {111}, {220}, {311}, {400} and {331} planes
of zincblende GaSb. The BF high-resolution TEM (HRTEM) images in Figs. 8(c) and 8(d),
collected from the NR cap and NR body, reveal that the cap is primarily amorphous while the body
contains randomly-oriented nanocrystals with a lattice spacing of 6.0958 A, consistent with those
reported for zincblende GaSb. Figures 8(e) - 8(h) show a DF TEM image in STEM mode, along
with corresponding XEDS maps where green and red denote Ga and Sb, respectively. The XEDS
maps reveal a nearly pure Ga cap and a mixture of Ga and Sb in the body. The presence of
amorphous Ga caps and polycrystalline GaSb bodies, shown in Fig. 8(b) - 8(d) suggests that the
NR formation is due to a Ga cap-induced reduction in the local sputter yield in the region beneath
the Ga cap. In addition, as shown in Fig. 6(b), the diameter of the cap is much smaller than that of
the lower part of the body, suggesting a cap-induced self shielding mechanism, possibly assisted
by Ga and Sb redeposition on the sidewall of the body. Similar results were obtained for surface

nanostructures on ion-irradiated InSb surfaces.'*!6

C. Low Sputter Yield: Ga NCs on GaN

We now consider beyond threshold dose nanostructure array formation for III-V compounds
with low values of Yv < 2.5, such as GaN, as shown in Fig. 5(d). Following FIB patterning of hole
arrays up to the threshold ion dose, the entire region is blanket FIB irradiated. In this case, due to
the relatively high values of threshold ion doses, as shown in Fig. 4(a), the fion-dependence of the
sputter yield plays a significant role. Since the Group III-rich holes are semispheroidal-shaped,?
irradiation is effectively off-normal, leading to a variation in sputter yield across the hole, with the
highest values at the hole periphery.?”?* For a sloped sidewall (such as for 60° off-normal

irradiation) on the GaN surface, as shown in Figs. 4(b) and 4(c), the threshold ion dose is

13
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substantially reduced: ANtreshotd > 10'7/cm?. Thus, on the hole sidewalls, Ga segregation leading
to Ga NP formation occurs at relatively low ion doses, essentially suppressing the subsequent
nucleation of NPs at the hole centers, as shown schematically in Fig. 5(d). Meanwhile, during the
beyond-threshold FIB irradiation process, incident ions also sputter the nanostructures. Thus, the
NP sizes are determined by a competition between NP sputtering and migration of Group III
elements from surrounding Group II-rich regions. Since the contribution of sputtering increases
with increasing Gion, the Ga NP size typically decreases with increasing Gion. For Ga-rich hole arrays
with a interhole spacing less than 400nm, the small Ga NPs at the sidewalls of neighboring holes
together form one-dimensional Ga NC arrays, as shown in Fig. 5(d).? The critical interhole

3 and

spacing of 400nm is likely related to ion irradiation-enhanced surface diffusivity of atoms,>
further work is needed to identify an underlying mechanism.

Several example SEM images of lateral NC arrays on GaN surfaces are shown in Fig. 9. The
SEM images in Figs. 9(a) and 9(b) were collected at viewing angles (i.e. secondary electron
detector angles) of 0°, while those in Figs. 9(c) and 9(d) were collected at 52°. The NCs consist of
Ga NPs with diameters ranging from 10 nm to 20 nm. It is important to note that Ga NPs are
primarily located on the sloped sidewalls of the holes, and the small interhole spacing allows the
group of Ga NPs in neighboring holes to form continuous ensembles, leading to one dimensional
NC arrays. In an earlier study, we explored the formation of Ga NC arrays at holes with a variety
of depths.? For holes with a large depth, the fraction of surface area where ion irradiation is off-
normal is greater, and therefore, the nucleation of small NPs at the hole periphery is preferred. The
formation of nanochain arrays exclusively on one side of pre-patterned holes in Figs. 5(d) and 9 is

likely associated with the ion beam raster scan mode. As the ion beam is immediately scanned

over one side of the pre-patterned holes in their first row, atoms sputtered from outside the holes
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are redeposited on nearby regions within the holes. Subsequently, the redeposited regions within
the holes would require a higher ion dose for nanochains to form, thereby preventing their
formation from occurring efficiently. This process is repeated as ion beam is scanned over a next
row of holes. Therefore, in each row of pre-patterned holes, the nanochains form at one side of
hole peripheries which encounters incoming ion beam scan first. As ion beam scan continues
across the holes, other sides of the hole peripheries do not form nanochains. Similar to Ga NP
arrays on GaAs surfaces, the diameter of NCs and interchain spacing can be separately controlled

by defining the diameter of pre-patterned holes and interhole spacing, respectively.

I11. 3-D Nanocomposites

A long-term goal in plasmonics is to selectively place NPs at buried interfaces to improve
emission and/or absorption efficiency, while providing flexibility in device design. As described
in Section I, 3-D device fabrication typically involves multi-step processes such as electron beam
evaporation and EBL, typically limited to the front or back surface of a device structure. Here, we
describe a successful strategy for overgrowth of FIB-fabricated NP arrays, resulting in the
formation of close-packed embedded plasmonic Ga:GaAs nanocomposites, i.e. "plasmonic
crystals”.>> An overview of our fabrication process is shown in Fig. 10. In the first step, 2-D Ga
NP arrays are fabricated via Ga* FIB-irradiation on III-V compound semiconductor surfaces such
as GaAs.> The specimens are subsequently transferred into the MBE chamber, typically within
30 min of removal from the FIB chamber to minimize surface oxidation. Following bake-out and
pre-heating processes, the specimens are exposed to co-fluxes of Ga and As with growth rates and
V/II beam-equivalent pressure ratios at elevated temperatures to control the thickness,

stoichiometry, and crystalline quality of overgrown layers atop the entire sample surfaces, as
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shown in Table 2. Before, during, and after each overgrowth, the surface crystallinity is monitored
in real-time using reflection high energy electron diffraction (RHEED). This FIB-assisted MBE
approach is likely to enable the realization of a wide range of metal-semiconductor "plasmonic
crystals".

Figures 11(a) - 11(c) show representative atomic force microscopy (AFM) images of surfaces
at each step of the FIB-MBE process for fabrication of plasmonic crystals.>® Specifically, Fig.
11(a) shows a pristine, featureless GaAs surface, without Ga NPs. Its corresponding fast Fourier
transform (FFT), shown as an inset to Fig. 11(a), is nearly featureless, consistent with the absence
of ordered surface features. Figure 11(b) shows an AFM image of FIB-induced Ga NP arrays on a
GaAs surface prior to MBE overgrowth. The Ga NP arrays consist of an average NP diameter of
40 + 6 nm and an average interparticle spacing of 72 + 9 nm. In the corresponding FFT shown in
the inset to Fig. 11(b), a hexagonal spot pattern with a split center spot, indicating the existence of
a six-fold symmetry with a superimposed two-fold symmetry, is observed, consistent with the
AFM image of elongated hexagonal arrays of NPs. Following 50 nm-thick overgrowth of the NP
arrays, similar elongated hexagonal arrays are observed with corresponding FFT consisting of
hexagonal patterns with a split center spot, as shown in Fig. 11(c).

To assess the crystalline quality and microstructure of the MBE-overgrown Ga:GaAs
nanocomposites, both in-situ RHEED patterns and ex-situ cross-sectional TEM images were
collected. Figure 11(d) shows a RHEED pattern collected following overgrowth where spotty,
concentric rings correspond to {200}, {113}, {400}, {331}, and {115} planes of zincblende GaAs
are observed.’ In Fig. 11(e), a bright-field cross-sectional TEM image of overgrown Ga NP arrays
(with average NP diameter of 40 + 6 nm) reveals NP arrays at the interface between the GaAs

substrate and the MBE-overgrown GaAs layer.”> The corresponding selected area electron
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diffraction pattern shown in Fig. 11(f), exhibits spotty rings correspond to the {111}, {200}, and
{113} planes of zincblende GaAs, consistent with the RHEED patterns discussed above.>® The
results demonstrate the seemless overgrowth of high-quality epitaxial polycrystalline GaAs on
GaAs substrates where buried Ga NPs are intact. Further work is needed to investigate the texture

and grain size of the overgrown layer.>

IV. Optical Properties of Plasmonic Nanocomposites

In this section, we present plasmonic properties of both surface and buried NP arrays
fabricated by the beyond threshold FIB irradiation and MBE methods described in this paper. First,
we describe the surface plasmon resonances of FIB-induced Ga NP arrays on GaN surfaces. We
then discuss the influences of both surface and buried Ga NP arrays on the absorption and
photoluminescence efficiency of GaAs. Using a combination of PL spectroscopy and
electromagnetic computations of light-matter interactions, we identify a regime of Ga NP diameter
and overgrown GaAs layer thickness where NP-array-enhanced absorption in GaAs leads to
enhanced GaAs near-band-edge PL efficiency. These findings suggest the feasibility of utilizing
the new plasmonic material (Ga) and their novel fabrication (FIB) for plasmonic devices. Finally,

we discuss the remaining issues and opportunities for Ga NP-based plasmonics.

A. Surface Plasmon Resonances of Ga NP Arrays

Localized surface plasmon resonances (LSPRs) are collective oscillation of electrons induced
by the interaction of radiation with sub-wavelength conductive layers, such as NPs.>”* For
incident radiation whose frequency matches the natural frequency of electrons oscillating against

the restoring force of positive nuclei, a plasmon resonance occurs. Due to their high free electron
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density, metals and highly-doped semiconductors/oxides are typically used to induce LSPRs.57-%

On semiconductor surfaces, arrays of metallic NPs have shown significant promise for a wide

60-64

variety of applications including photocatalysts to boost chemical reactions, optical antennas

60,65,66

to enhance incoming signals, surface enhanced Raman spectroscopy (SERS) to better detect

60,67,68 69,70

analyte molecules, and plasmonic heaters to enable photothermal/photoacoustic imaging.
For photocatalysts, LSPR of plasmonic NPs generated by incident resonant light generates hot
electrons and increases a local electric field within a surrounding medium, both of which can
influence the charge of adsorbates, enhancing the catalytic reaction of the medium-adsorbate.5%-%
Since plasmonic NPs typically have high optical cross-section at their resonant wavelength, they
become optical antennas.®*%>%® When these plasmonic NPs are located near a catalytic medium,
the NPs and the nearby medium form an antenna-reactor pair where the NPs enhances the local
electric field and the resulting catalytic activity of the medium.

Furthermore, since many biomolecules, such as proteins and deoxyribonucleic acid (DNA),
possess electronic transitions in the UV region, metallic NPs are promising for Surface-enhanced
Raman Scattering (SERS). In particular, illumination of metallic NPs leads to the generation of
LSPR which enhance Raman scattering from the analyte molecules, enabling enhanced detection
via SERS, 006768

Finally, optical loss-induced heating, which has been traditionally considered a nuisance in the
field of plasmonics, may provide new opportunities such as photo-thermal and photo-acoustic
imaging.%7° Specifically, the heat-induced local variation of refractive index of a surrounding
medium enables a new optical microscopy technique which can detect metallic NPs with diameters

below 10 nm. Also, the local temperature increase often induces the volume expansion of a

surrounding medium which in turn generates an acoustic wave which can subsequently be detected.
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To date, plasmonics research has focused nearly exclusively on Ag and Au NPs.>7%0-73
Although ensembles of Ag and Au NPs are widely produced in standard wet chemistry and device
processing laboratories, they are limited by low LSPR energies (< 3.5 eV) and suffer from air
corrosion-induced LSPR damping.” Thus, new plasmonic materials and new fabrication methods
are needed. For example, arrays of various metal NPs, including Ga, Ag, Au, In, and Ni with sizes
ranging from 20 to 300 nm, have been used to access the ultraviolet, visible, and infrared LSPR
energy ranges, as shown in Fig. 10. For these reports, a variety of methods, including spectroscopic
ellipsometry (Ga),’*’® surface-enhanced Raman scattering (Ga, In),”%" UV-Vis absorption (Ag,
Au), 3182 dark-field scattering (Au),3*®* and far-field extinction (Ni),* were utilized to locate LSPR
energies of NPs. Recently, using Ga NP arrays, LSPR energies in the range 0.8 to 5.8 eV were
reported for arrays with NP diameters ranging from 10 to 300 nm.?3!557+7 BFurthermore, a
comparison of literature reports for the optical constants of liquid (amorphous) Ga and Ag NPs
reveals conductivity values which are of the same order of magnitude, presumably leading to low
dissipation losses.””’® Thus, both the wide tunability of LSPR energy and the low dissipation losses
for Ga NPs are very promising for plasmonics. Therefore, we discuss recent progress on optical

properties of FIB-fabricated NPs and their potential for metal-semiconductor "plasmonic crystals".

B. Ga NP Plasmon-Enhanced GaAs Photoluminescence

To facilitate understanding of the influences of surface and buried NP arrays on the
photoluminescence efficiency of the GaAs gain media, we compute the absorption and
spontaneous emission (SE) rate enhancement ratios of GaAs:Ga nanocomposites. For this purpose,
we use the finite-difference time-domain (FDTD) method to solve Maxwell's equations on a

discrete spatial and temporal grid,®® using perfectly matched layer boundary conditions, which
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allow attenuation without reflection at the boundary of the simulated space. For our simulations, a
broad-band plane wave is incident on a volume of vacuum layer and a nanocomposite, consisting
of a square array of Ga NPs with a wide range of NP diameters, interparticle spacings, and NP
depths. Using low temperature frequency-dependent complex permittivities of Ga’® and GaAs®"#8

from the literature, the electric field, E(x,y,z,0), and the absorbed (injected) optical power per unit
volume Py (injected) (@) = %coIm(n(x,y,z,w))E(x,y,z,w)2 are calculated. To determine the total
absorbed (injected) optical power, Wabs (injected), the absorbed (injected) optical power per unit
volume is then integrated over the entire simulated space as follows:

1
Wabs (injected) = f Paps (injected) (w) = E w f [m(n(x: Yz, (U))E(x: Y.z, w)de (14)

Subsequently, the absorptance, «, is defined as the ratio of the total absorbed optical power to the

total injected power as follows:

a _ fPabs,NP(w)dV a _ fPabs,GaAs ((U)dV (15)
NP =T5H  oau GaAs = T p . Nau
fPinjected((‘))dV s fPinjected(w)dV
The absorption enhancement ratio is then calculated according to the following equation;
a P, w)dV
Absorption enhancement ratio = AL J Pabs e (@) (16)

AGans | Pabscans(@)dV
To compute the SE rate of GaAs with surface or buried Ga NP arrays, we consider Ga NP size-
and depth-dependent LSPR energies extracted from the FDTD simulation and effective dielectric
permittivities based on Maxwell-Garnett effective medium approximations.®*> To quantify the
Ga NP LSPR energies at each depth, the energy-dependence of the GaAs absorption efficiencies
are fit to a Lorentzian function, and the maximum likelihood absorption is attributed to the LSPR
energy. For each NP size and array depth, we then calculate the SE rate enhancement ratio,

according to the following equations:
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323 Q

— Z _ 17
412 n3 Vmode ( )
2
. E(u 1
SE rate enhancement ratio = F ( ) (18)
|Emax! 1l

— 2
1+ 4Q2 (Hncltent _ 1)
where F is the Purcell factor, A/n is the wavelength within the material, and Q and Vimode are the
quality factor and mode volume of the plasmonic structure, respectively. Finally, the predicted PL
emission enhancement ratio is determined by the product of the absorptance enhancement ratio
and the SE rate enhancement ratio.

We now consider the potential of Ga NPs for LSPR enhancement of semiconductor gain
media. In Fig. 14(a), both computed and measured LSPR energies of surface (on GaAs and GaN)
and embedded (within GaAs) Ga NPs are plotted as a function of NP diameter. In all cases, the
LSPR energies decrease monotonically with Ga NP diameter, consistent with earlier reports shown
in Fig. 12.23155 It is interesting to note the substrate dependence of LSPR energies, with
consistently higher LSPR energies for similarly-sized Ga NPs on the wider bandgap GaN surfaces
in comparison with those on GaAs surfaces. In Fig. 14(b), the PL enhancement, estimated as the
ratio of the normalized PL intensities for regions of the GaAs layer, with and without Ga NPs, is
plotted as a function of Ga NP diameter.3!> For surface Ga NP arrays, a decrease in NP diameter
from 69 to 33 nm induces an increase in the enhancement factor of GaAs PL efficiency from ~ 1.7
to ~ 3.3. For embedded Ga NPs with NP depths of 40, 100, and 200 nm, a decrease in NP diameter
from 66nm to 40nm induces increases in the enhancement factor of GaAs PL efficiency from ~
1.0 to ~ 1.5, from ~ 0.9 to ~ 1.4, and from ~ 0.6 to ~ 0.8, respectively. The influences of both NP
diameter and overgrown GaAs thickness on the enhancement of GaAs PL efficiency allows us to
identify an ideal range of the geometric parameters leading to a positive enhancement. Specifically,

Ga NP arrays with NP diameters smaller than ~ 60 nm and NP depths ranging from 0 to 100 nm
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enables the positive enhancement [(i.e., above the horizontal line in Fig. 14(b)] of GaAs PL
efficiency. It is interesting to note the maximum PL enhancement at Ga NP diameters of 33.3 +
1.3 nm and 40 + 6 nm for surface and embedded Ga NP arrays, respectively. Evidently, the
absorption and spontaneous emission rates are influenced by both NP diameter and depth in the
nanocomposite structure, producing the net PL enhancement or degradation. For both surface and
buried Ga NP arrays, the GaAs PL enhancement increases monotonically with decreasing Ga NP
diameter due to corresponding increases in both absorption enhancement and spontaneous

emission rate enhancement.>

C. Remaining Issues and Suggestions

Typically, the quality of LSPR is evaluated by its tendency as an oscillator to dampen or by
its dissipation of energy within the host. To quantify the bandwidth of an oscillator relative to its
resonance frequency, the LSPR quality factor is defined as Quspr = fi/Af, where f: is the resonant
frequency and Afis the full width half maximum of the resonant peak.’® For comparison, the QLspr
values for various metals with LSPRs in the visible and near-IR, including Ag, Au, and Ga NPs,
are illustrated in Fig. 15(a). For Ag NPs,”® Qrspr ranges from 3.83 to 7.61; for Au nanoshells,’**>
Qvspr ranges from 1 to 2; and for Ga NPs,” Qvser ranges from 1.9 to 3.5. It is interesting to note
that the value of Quser for Ga NPs is comparable to those reported for Ag and Au NPs.
Alternatively, to quantify dissipation of energy within the host, the quality factor is defined as Qross
= -Ereal/ Eimaginary, Where &real and gimaginary correspond to real and imaginary parts of the host dielectric

7697 and other metals

function.”® In Fig. 15(b), plots of QLoss vs. wavelength are shown for Ga NPs
including Ag, Au, Na, K, and Al NPs.”® It is interesting to note that the values of QLoss for Ag NPs

are significantly larger than those of Ga and other metallic NPs. Indeed, Ag, with its large negative
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€real and 1OW Eimaginary, 1S expected to exhibit low losses and therefore it has been the plasmonic
material of choice.!389-91.93

Although Ga and other metals are intrinsically lossy, the loss can be reduced or mitigated via
tailoring of the nanostructure geometry. For example, it has been reported that hybrid
nanostructures such as core-shell structures can effectively localize plasmon resonances.’®* Also,
alternative approaches which exploit intrinsic losses have been proposed and demonstrated. For
example, loss-induced heating has been used as the temperature readout during photothermal
imaging.®7%% Since our method enables the “shelling” of Ga NPs using semiconductor epitaxy,
the resulting core-shell structure may provide new opportunities. Furthermore, since non-noble
metals such as Ga provide promising opportunities in plasmonics, it is crucial to achieve its reliable
synthesis towards targeted nanostructures. Previously-reported fabrication methods for Ga NPs
such as MBE and solution-based chemical synthesis lack precise controllability of NP
size/interparticle spacing and typically require complex process steps, respectively.®® Meanwhile,
FIB-based self-assembly provides both precise tailorability of NP dimensions over a broad length
scale and a simple fabrication route. Furthermore, although an inert, self-terminating native oxide
layer typically formed on the surface of Ga NPs protects the core and enables long-term stability
in optical properties, their low melting point of 303K makes the shape of the corresponding
nanostructures easily changed under ambient conditions which could be detrimental to plasmonic
applications. We foresee that this issue can be mitigated by alloying Ga with other plasmonic

materials, thereby enabling their widespread and practical use.

V. Summary and Outlook
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In summary, in this review article, we described recent progress on FIB irradiation-directed
self-assembly of surface and embedded metallic nanostructure arrays. Following a description of
semi-quantitative calculations of sputtering yields, surface non-stoichiometry, and the resulting
threshold ion doses for group III segregation, we discussed the relationship between sputtering
yield trends and nanostructure array types. For Ga-V substrates with high, moderate, and low
sputter yields, vertical arrays (GaSb: GaSb NRs with Ga tips), NP arrays (GaAs: Ga NPs), and
lateral NC arrays (GaN: Ga NCs) are observed. The sputter yield-nanostructure type relationship
is expected to be applicable to a wide variety of III-V and II-VI compound semiconductor surfaces.
Next, we described the formation of close-packed embedded Ga:GaAs nanocomposites using
MBE overgrowth of FIB-fabricated NP arrays. Finally, we presented the plasmonic properties of
Ga NP arrays, and discussed the influence of both surface and buried NP arrays on the optical

properties of semiconductor gain media.
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Figure Captions

Fig. 1: (a) Equilibrium phase diagram of GaAs, a single-phase line compound. At room
temperature, deviations from the 1:1 stoichiometry are predicted to lead to the co-existence of
GaAs plus either Ga or As. Thus, focused-ion-beam (FIB) irradiation, which induces preferential
sputtering of As, is expected to lead to the co-existence of liquid Ga plus solid GaAs. (b) Left:
diagram of NOVA 200 dual beam workstation. 8i (0e) is defined as the angle between the incident
ion (electron) beam and the sample surface normal represented by the dashed line. For normal-
incidence FIB irradiation, the sample is tilted to 52° with respect to the incident electron beam.
Right: illustration of preferential sputtering of Group V atoms (red circles) during ion irradiation,
leading to a Group III (blue circles)-rich surface. Figure 1(a) reproduced with permission from

ASM Handbook: Alloy Phase Diagrams Volume 3 (1992), Copyright 1992 ASM International.

Fig. 2: Computed sputtering yields Yu.v (dotted), Ym (solid), and Yv (open) for various III-V
compounds as a function of cohesive energy. The horizontal dotted lines divide the value of Yv

into three sputter yield ranges: high (Yv > 4), moderate (2.5 < Yv <4), and low (Yv <2.5).

Fig. 3: (a) Illustration of projected ion volume near the surface of a III-V compound, showing the
ion beam spot radius, Ro, the longitudinal project ion range, zp, and the lateral projected ion range,
Rp. (b) Top-down illustration of raster-scan mode of FIB irradiation, with overlap of sequential

beam spots shown in blue.

Fig. 4: (a) Plots of computed non-stoichiometry, d, vs. ion dose, at a dose rate of 2.2x10" /cmes,

for various III-V compounds. For each compound, the ion doses needed to fully deplete group V/
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segregate group III, i.e. where J = 1, termed the "threshold ion dose", are shown as dotted vertical
lines. (b) ¢ as a function of ion dose for GaN surfaces at ion incidence angles, Gion, ranging from
0° to 60° where the difference in threshold ion doses at fion = 0° and fion = 60° is termed as ANreshold.
The inset shows the definition of ion used in our study. (¢) ANreshold for a variety of III-V surfaces

as a function of cohesive energy.

Fig. 5: Illlustrations of surface morphologies and corresponding local non-stoichiometries, d, for
(a) focused-ion-beam (FIB) patterned hole arrays, followed by blanket irradiation of the hole
arrays beyond the threshold ion dose for surfaces with (b) moderate (2.5 < Yv <4), (¢) high (Yv>
4), and (d) low (Yv < 2.5) sputter yields. (b) For moderate sputter yields, blanket irradiation of
the hole arrays beyond the threshold ion dose results in Group III NP nucleation and growth
exclusively within the pre-patterned holes. (c) For high sputter yields, blanket irradiation of the
hole arrays beyond the threshold ion dose also leads to the nucleation and growth of Group III NPs
within the pre-patterned holes. These Group III NPs subsequently serve as sputter masks, leading
to the preferential sputtering of regions outside the hole, resulting in the formation of arrays of
vertical NRs consisting of a III-V body and a Group III cap. (d) For low sputter yields, blanket
irradiation of the hole arrays beyond the threshold ion dose, the relatively high threshold ion doses
lead to effectively off-normal irradation with local variations in sputter yield across the holes. Ga
NP nucleation and growth occurs preferentially on hole sidewalls; during continued blanket
irradiation, the competition between NP sputtering and Group III migration results in the

nucleation of small NP at the hole periphery. The scale bar in (a) applies to all cases.
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Fig. 6: Matrix of Ga nanoparticle (NP) arrays induced on GaAs surfaces by tuning the diameters
and separations of the focused-ion-beam (FIB)-fabricated hole arrays. As the hole diameters are
varied from 80 nm to 360 nm, the resulting NP diameters range from 60 nm to 340 nm. As the
hole separations are varied from 150 nm to 400 nm, the resulting NP spacings range from 400 nm
to 1500 nm. Typically, the NP diameters of individual NPs are smaller than the hole diameters,

while the NP spacings match the hole spacings. The scale bar in the first panel applies to all cases.

Fig. 7: Top-view SEM images of FIB-induced Ga NP arrays for various ion doses: (a) 2.7x10'°
/em?, (b) 3.4x10'® /ecm?, (c) 4.1x10' /cm?, and (d) 4.8x10'® /cm?. Ga NP diameters increase with
ion dose, and the largest Ga NPs exist on corners of arrays, followed by those on sides, and finally
the smallest Ga NPs are found on interiors. (e) Plots of aspect ratios of Ga NPs vs. ion
dose/irradiation time. The inset shows a schematic of the "corner", "side" and "interior" Ga NPs
within a 5x5 array. The NP aspect ratios, defined as A/d, where h and d are height and diameter of
NPs, respectively, increase monotonically with dose to a saturation value which is represented by
the vertical dotted line, independent of NP location within the array. Beyond the saturation dose,
the NP aspect ratio decreases monotonically, with the lowest aspect ratios for the corner NPs.
Figures 7(a) - 7(e) reproduced from M. Kang, I. Beskin, A. A. Al-Heji, O. Shende, S. Huang, S.

Jeon, and R. S. Goldman, Evolution of ion-induced nanoparticle arrays on GaAs surfaces, Appl.

Phys. Lett. 104, 182102 (2014), with the permission of AIP Publishing.

Fig. 8: Scanning electron microscope (SEM) images of (a) nanorod (NR) array, along with (b) a
close-up view of an individual NR revealing its body and cap. (c) Bright-field (BF) transmission

electron microscope (TEM) image and (d) corresponding selected-area electron diffraction
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(SAED) pattern revealing diffuse rings corresponding to amorphous Ga and spotty rings
corresponding to the {111}, {220}, {311}, {400} and {331} planes of zincblende GaSb. BF high-
resolution TEM images of (e) the NR body and (f) cap suggest that the body consists of zincblende
GaSb (d = 6.0958 A), with an amorphous cap. Dark-field (DF) scanning TEM image (g) and
corresponding x-ray energy dispersive spectroscopy (XEDS) maps (h-j) reveal both Ga (green)

and Sb (red) in the body, with the cap consisting primarily of Ga (green).

Fig. 9: Scanning-electron microscope (SEM) images of lateral nanochain (NC) arrays on GaN
surfaces, collected with secondary electron detector angles of (a), (b) 0° and (c), (d) 52°. It is
apparent that the 10 - 20 nm-sized Ga NPs are primarily located on the sloped sidewalls of the pre-
patterned holes. The small interhole spacing allows the group of small and close-packed Ga NPs
in neighboring pre-patterned holes to form continuous ensembles, leading to one dimensional Ga

NC arrays with controllable NC diameter and interchain spacing.

Fig. 10: (a) Off-normal Ga* focused-ion-beam (FIB) irradiation is performed in selected 20 X 20
um? regions of GaAs samples. The FIB irradiation induces preferential sputtering of As atoms,
leaving behind Ga-rich GaAs surfaces, from which Ga NP arrays are nucleated. Following transfer
into the MBE chamber, GaAs layers of various thicknesses are grown atop the entire sample

surface.

Fig. 11: (a) - (c) Atomic-force microscopy (AFM) images of surfaces at each step of the focused-
ion-beam (FIB) patterning and molecular-beam epitaxy (MBE) overgrowth process, with total

color-scale ranges displayed (a) Az = 3.1 nm, (b) Az = 10 nm, and (c) Az = 23 nm: (a) featureless
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GaAs surface, without Ga nanoparticles (NPs), with corresponding featureless FFT shown as inset.
(b) NP arrays (average NP diameter of 40 nm), prior to MBE overgrowth, with FFT consistent
with the elongated hexagonal arrays of NPs. (c) NP arrays following 50 nm GaAs overgrowth,
with similar FFT shown as inset. (d) in-situ RHEED pattern collected immediately following 50
nm GaAs overgrowth, revealing spotty rings corresponding to multiple planes of zincblende GaAs.
(e) Cross-sectional bright-field transmission electron microscope image and (f) corresponding
selected-area electron diffraction (SAED) pattern, showing amorphous Ga NP array embedded
between the GaAs substrate and the MBE-overgrown GaAs layer. The SAED pattern, collected in
the overgrown GaAs layer, exhibits spotty rings corresponding to multiple planes of zincblende
GaAs, consistent with the RHEED pattern in (d). Figures 11(a) - 11(f) reproduced from M. Kang,
S. Jeon, T. Jen, J. -E. Lee, V. Sih, and R. S. Goldman, Formation of embedded plasmonic Ga
nanoparticle arrays and their influence on GaAs photoluminescence, J. Appl. Phys. 122, 033102

(2017), with the permission of AIP Publishing.

Fig. 12: A plot of localized-surface-plasmon resonance (LSPR) energy vs. average diameter for
various metallic nanoparticles (NP)s including Ga, Ag, Au, In, and Ni [A - F: Refs. 74 - 80, G:
Ref. 81, H - I: Ref. 82 - 84, J: Ref. 80, and K: Ref. 85]. The plot reveals that LSPR energies
decrease with increasing average NP diameter. LSPR energies of Ga NPs are tunable in the range

0.8to5.8¢eV.

Fig. 13: The simulation volume is a cube of 1 pym?® of GaAs with a 25nm-thick vacuum layer on
the top. The hemi-spheroidal Ga NP arrays are buried at a wide range of different depths below

the GaAs surface. We use the finite-difference time-domain (FDTD) method to solve Maxwell's
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equations in order to quantify both the absorption enhancement induced by localized EM field due
to localized-surface plasmon resonance (LSPR) of Ga NPs and spontaneous emission (SE) rate

enhancements via LSPR.

Fig. 14: (a) Plots of calculated and measured localized surface plasmon resonance (LSPR) energy
vs. average diameter of Ga NP. The calculations assume that a Ga NP is either in GaAs or on GaAs
and GaN. The plot reveals that Ga LSPR energies range from 0.8 to 2.5eV, showing a decreasing
trend with increasing diameter of NPs. (b) Measured PL enhancements as a function of Ga NP
diameter for Ga NPs on GaAs surfaces and Ga NPs embedded in GaAs layers. In (a) and (b), each
data point is based upon measurements of five different regions; the error bars, which are
determined by counting statistics, are smaller than the size of symbols. Figures 14(a) and 14(b)
reproduced from M. Kang, T. W. Saucer, M. V. Warren, J. H. Wu, V. Sih, and R. S. Goldman,
Surface plasmon resonances of Ga nanoparticle arrays, Appl. Phys. Lett. 101, 081905 (2012), M.
Kang, A. A. Al-Heji, J. -E. Lee, T. W. Saucer, S. Jeon, J. H. Wu, L. Zhao, A. L. Katzenstein, D.
L. Sofferman, V. Sih, and R. S. Goldman, Ga nanoparticle-enhanced photoluminescence of GaAs,
Appl. Phys. Lett. 103, 101903 (2013), and M. Kang, S. Jeon, T. Jen, J. -E. Lee, V. Sih, and R. S.
Goldman, Formation of embedded plasmonic Ga nanoparticle arrays and their influence on GaAs

photoluminescence, J. Appl. Phys. 122, 033102 (2017), with the permission of AIP Publishing.

Fig. 15: (a) A diagram showing measured values of the localized-surface-plasmon resonance
quality factor, QLspr, reported for Ag, Au, and Ga NPs. It is interesting to note that the value of
QOuspr for Ga NPs is comparable to those reported for Ag and Au NPs. (b) Plots of measured quality

factors, QLoss = -Ereal/Eimaginary, Where &real and gimaginary are the real and imaginary dielectric functions

41



of the host, for Ga NPs and other metals including Ag, Au, Na, K, and Al NPs. Figure 12(b)
reproduced with permission from Laser & Photon. Rev. 4, 795 (2010). Copyright 2010 WILEY-
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Molecular-beam epitaxy parameters used for the overgrowth of GaAs layers
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Focused-ion beam parameters used for the formation of nanostructures.

Table Captions

Table 1
Table 2
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Fig. 4
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Table 1

Target material

Parameter GaAs GaSh GaN
Ion energy (keV) 5 and 30 30 30
Ion current (pA) 40 - 60 and 230 50 50
Ion dwell time (us) 10 10 100
Ton dose (/cm?) 3.2x10'*-2.0x10"8 6.0x10" 1.0x10'8
Ion dose rate (/cm?es) 1.8x10™- 1.0x10" 2.0x10' 8.3x10'
Beam pitch (nm) 6.1 and 12.7 7.1 7.1
Magnification (x) 10000 10000 20000
Angle of ion incidence (°) 0,26 —82 0 0
Irradiation time (s) 1.8 -9100 30 1200
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Table 2

Publishing

AlP

Parameter Value

Load-lock bakeout temperature (°C) 150
Load-lock bakeout time (h) 8

pre-heating temperature (°C) 300

pre-heating time (min) 10

As; flux during heating (Torr) 5.4x10°

Growth temperature (°C) 300
Growth rate (um/h) 1

V/III beam-equivalent pressure ratio during growth 12
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