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Semiconductor nanostructures have been attracting wide-

spread attention for their unique quantum-confined nanoscale

properties. In particular, the luminescence properties of nano-

scale semiconductors are seen as a key to the future of optoelec-

tronic microdevice fabrication. One material that has received

substantial attention in the field is GaSb, a direct-bandgap

semiconductor that has been used to fabricate high-frequency,

low-power-consumption electronic devices,[1] optoelectronic

devices with varying wavelengths,[2] and ordered semicon-

ductor quantum dots.[3] Previous studies using ion accelera-

tors[4] and more recently using focused ion beams (FIBs)[5–7]

have shown that ion irradiation of GaSb under appropriate

implantation conditions results in the formation of porous

surface structures, similar to those observed previously in ion-

irradiated Ge.[8–10] Depending on the ion energy and fluence,

either porous cellular structures or nanofiber layers can result.

Nitta and Taniwaki proposed a formation mechanism for the

GaSbporous layerbasedontheformationanddiffusionofpoint

defects inducedby ion irradiation,[11–14] and subsequent studies

have added to the growth model in an attempt to explain

observed behavior of the porous layer.[6,7]

Although numerous techniques exist for the production

and modification of various nanostructures on material sur-

faces, fabrication of such structures embedded underneath the

material surface have proved elusive. In this Communication,

we present the novel formation of embedded nanofiber layers

under the intact surface of GaSb single crystals by high-energy

Auþ ion irradiation, and we analyze the distinct regions of the

fiber layers formed as a result. Using the newly obtained data,

previous growth models are examined and a new universal
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model is developed to account for results under a broad

spectrum of experimental conditions.

The novel embedded fiber layers were formed by

irradiating a stationary GaSb sample with 1 MeV Auþ ions

at perpendicular incidence to ion fluences of 1� 1014 ions cm�2

to 6� 1015 ions cm�2. After ion irradiation to 1� 1014 ions

cm�2, three distinct regimes were visible in the GaSb sample

cross section by scanning electron microscopy (SEM), as

shown in Figure 1. At the sample surface, the sample shows a

thin intact surface layer of uniform thickness (the top portion

of Figure 1b). At this ion fluence, the thickness of the surface

layer was measured to be roughly 20 nm. At higher fluences of

up to 6� 1014 ions cm�2, the surface layer remained uniform in

thickness, at 20� 3 nm as measured by SEM. At ion fluences

higher than 6� 1014 ions cm�2, the surface layer tends to be

removed, primarily due to mechanical stress from volume

expansion of the subsurface fiber layer. At ion fluences greater

than 1� 1015 ions cm�2, the GaSb fibers became completely

exposed, with a cobweblike structure beginning to speckle the

surface of the irradiated area above 6� 1015 ions cm�2.

Directly underneath the thin surface layer is a regime of

fully formed, relatively uniformly spaced GaSb nanofibers of

�20 nm in diameter. At a fluence of 1� 1014 ions cm�2, the

fiber layer measured roughly 1.95mm in thickness (Figure 1a),

and the layer continued to increase in thickness with increasing

ion fluence. The fiber layer retained its structural integrity up

through a fluence of 6� 1014 ions cm�2, at which point the layer

measured 6mm in thickness. However, at higher ion fluences the

fiber layer became increasingly fragile and the thickness was

no longer uniform. At the maximum tested ion fluence of

6� 1015 ions cm�2, portions of the GaSb fiber layer reached a

thickness of roughly 20mm. The fiber diameter, which was

measured to be in the range of 20� 4 nm from electron

microscopy images, remained fairly uniform both within each

sample and across the range of ion fluences (Figure 2).

Increasing the ion fluence from 1� 1014 to 6� 1015 ions cm�2

did not appear to affect the average fiber diameter (Figure 2a).

In addition, separate GaSb samples were irradiated with

150 keV Krþ ions to a variety of ion fluences. Auþ and Krþ

ions were used to avoid reaction with the material whilst also

allowing observation of changes due to both metallic and

gaseous ion implantation over a variety of ion energies. The

Krþ implanted samples also resulted in very uniform fibers of

�16 nm in diameter (Figure 2b). Seemingly, GaSb nanofiber

diameter is only weakly affected by ion mass, energy, and

fluence, as evidenced by our experimentation and values re-

ported in the literature.[6,11,14] It appears that increased ion

fluence mildly decreases fiber size, while use of heavier

implantation ions results in slightly larger fibers, but an in

depth study of fiber size as a function of implantation para-

meters is needed before definitive trends can be extrapolated.

Transmission electron microscopy (TEM) measurements

indicate the presence of nanocrystals within the GaSb fibers,

as also reported in the literature,[7] but themajority of the fiber

volume remains amorphous (Figure 2c).

At the bottom of the sample cross section, a transitional

nanoporous layer contains voids 10 nm in diameter (Figure 1d),

as compared to �50 nm in diameter in the fiber regime. This

transitional layer is a formation regime, inwhich the bulk of the
g GmbH & Co. KGaA, Weinheim 1119



communications

Figure 1. a) Cross-sectional SEM image of GaSb fiber layers irradiated

with 1MeV Auþ to 1�1014 ions cm�2. Insets show b) the surface

layer (tilted to 108 off axis), c) the presence of fully formed fibers, and

d) a transition regime in which the fibers blend into the substrate.

e) The same sample is shown at an angled perspective, showing the

incident ion beam direction, surface layer, fiber layer, and crystalline

substrate.

1120
incident ion energy is deposited. As the incident Auþ ions slow

down, they rapidlybegin to loseenergy throughatomiccollision

cascades, resulting in a thin porous layer and a quick transition

fromGaSbfibers to thedense substrate.A thin layer of partially

amorphous GaSb, caused by limited atomic collision

damage,[10] separates the porous region from the crystalline

substrate.[12]
Figure 2. a) GaSb fibers irradiated at 6�1014 ions cm�2 with 1MeV Auþ io

diameter is fairly uniform and does not change at increased ion fluence.

6� 1015 ions cm�2 with 150 keV Krþ ions. Cross-sectional TEM image sh

fairly constant at varying implantation energies. c) HRTEM of a single fiber r

are present within the fiber, and diffraction of the fiber volume (inset) sh

the presence of nanocrystals in the bulk fiber mass.
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At the sample surface, after an ion fluence of 1� 1014 ions

cm�2, the entire irradiated area of the sample was covered by a

uniform surface layer, but as ion fluence increased, the surface

layer was progressively removed in a nonlinear fashion.

Initially, only very small breaks resembling polymer crazing

occur in the surface layer (Figure 3a). As the ion fluence

increases, the breach in the surface layer expands outwards,

exposing increasingly greater amounts of the embedded

nanofibers (Figure 3b). When two openings in the surface

layer expand into one another, the expansion fronts are pulled

into thin strands (Figure 3c). As ions continue to bombard the

surface, the surface layer begins to detach from the fiber layer,

with large patches of the surface beginning to crack and spall

off (Figure 3d). Eventually, the entire surface is removed but

further ion irradiation creates cobweb-like structures uniformly

distributed across the exposed fiber surface (Figures 3e and f).

Tests performed with low-energy and high-energy ions all

resulted in the formation of web-like surface structures at high

ion fluence, showing that these structures are not related to the

presence or removal of a surface layer over the fibers. High-

fluence irradiation experiments demonstrate that the forma-

tion of the web structures is a side effect of ion-damage

degradation of the fibers.

As showcased in Figure 3a, openings in the surface layer

initially tend to be long and thin and they often are arranged in

parallel orientations. However, investigation of the break

orientations shows no crystallographic dependence, indicating

that some other formation mechanism is responsible. As the

breaks expand, they tend to retain their initial orientation

until, with increasing ion fluence, surface openings begin to

intersect and overlap, causing all semblance of an ordered

removal method to be lost.

A defect structure formation mechanism has been

developed in detail by Nitta et al. that describes the formation

process of porous GaSb at relatively low ion-implantation

energies (�60 keV).[11–14] To confirm the current model for

low-energy ions, we performed in situ SEM and ion irradiation

with 30 keVGaþ ions in a traditional Ga-based dual-beamFIB

SEM system. The results from the in situ experiments, shown

in Figure 4, effectively confirm the model. At first, low-energy

ions create a thin porous layer directly beneath the surface
ns. SEM imaging shows that fiber

b) GaSb fibers irradiated at

ows that fiber size also remains

eveals that multiple nanocrystals

ows distinct halos, confirming
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(Figure 4b). As ion fluence

increases, the surface layer is

breached, exposing the thin

porous region (Figure 4c–e).

Eventually, at an even higher

ion fluence, the porous struc-

tures grow outwards, develop-

ing into a well-defined area of

surface nanofibers (Figure 4f).

However, this formationmecha-

nism breaks down for ion

implantation at higher energies,

in this case with 1MeV Auþ, as

evidenced by the presence of a

thick, embedded-fiber region as

seen in Figure 1. A formation

mechanism for higher-energy

ions is shown in Figure 5.
small 2008, 4, No. 8, 1119–1124



Figure 3. GaSb surface response to varying ion fluence. a) The GaSb surface layer is first breached with 1 MeV Auþ ions at a fluence of around

1� 1014 ions cm�2. b) As the ion fluence increases, the surface layer is stretched, exposing the embedded nanofibers. c) Continued stress

further increases the size of the openings and pulls the surface into taffy-like strands. d) Eventually, the majority of the surface layer begins to

crack and peel away, exposing the fibers to the surface. e, f) Continued ion irradiation past this point results in degradation of the fibers,

evidenced by small web-like patches speckling the surface.
At first, incident ion irradiation results in the formation of

point defects and some surface sputtering. Because of highly

inefficient recombination of vacancies and interstitials in

GaSb,[15] vacancies preferentially coalesce into voids that

continue to grow until vacancy diffusion in the remaining

nanofibers allows voids to annihilate at fiber walls.[6] The same

diffusion mechanism is active in the surface layer, which
Figure 4. In situ SEM observation of GaSb surface under FIB irradiation w

fluence is: a) unirradiated, b) 1� 1015 ions cm�2, c) 1.3�1015 ions cm

e) 2.6� 1015 ions cm�2, f) 6.5� 1015 ions cm�2. Surface morphology su

low-energy ion irradiation, showing the initial formation of porosity just un

surface exposure and fiber formation. Samples are tilted to 528.
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explains why the diameter of the fibers and the thickness of the

surface layer are roughly equal. As voids accumulate, the

density of the material drops dramatically, allowing incident

ions to penetrate deeper into the substrate. Due to the nature

of high-energy ion bombardment, the majority of atomic

collisions happen at the end of the ion range, where ion energy

is relatively low and nuclear stopping is predominant. Thus,
ith 30 keV Gaþ ions. Irradiation
�2, d) 1.6�1015 ions cm�2,

pports the current model for

derneath the surface followed by

GmbH & Co. KGaA, Weinheim
incident ions continue to cause

void formation and growth at

the bottom of the fiber layer

(at the interface with the

substrate) while resulting in less

damage to the region directly

underneath the surface layer

and minimal damage to the

surface layer itself. As a result,

surface sputtering is all but

eliminated, explaining why the

surface-layer thickness remains

constant at increasing ion flu-

ence. Essentially, once the

porous layer is formed, atomic

collisions in the low-density

porous layer are minimized,

which helps to explain the rela-

tive uniformity in fiber di-

ameter at increasing ion flu-

ences, although diffusion

mechanics and surface-energy

considerations could also be

important factors controlling

fiber size.

Overall, irradiation with

high-energy ions causes
www.small-journal.com 1121
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Figure 5. Nanofiber formation mechanism for higher-energy ions, with a two-dimensional GaSb cross section shown under ion irradiation.

a) Incoming ions cause the formation of vacancies and b) as vacancies agglomerate, voids form. c) As voids accumulate, the material becomes less

dense, allowing further penetration by the incoming ions, so much so that d) incoming ions are virtually unaffected by the void layer, and

surface sputtering is all but eliminated.
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continuous void growth at the bottom of the fiber layer, where

nuclear stopping is significant. Because the energy of the

incoming ion is weakly curtailed by the sparse fibers, the

incoming ion continually deposits the bulk of its energy

through atomic collisions in the dense transition regime. This

model of continuous fiber growth upon ion irradiation breaks

down at very high fluences, when the fiber layer becomes thick

enough that significant atomic energy losses begin to take

place in the fiber layer rather than in the substrate. With

1MeVAuþ ions, this occurred at about 1� 1015 ions cm�2 in a

fiber layer thickness of roughly 13–15mm. Despite fiber-

degradation effects being visible in fiber layers of 15mm in

thickness, fiber layers of up to 20mmwere visible in some high-

fluence samples, as mentioned earlier. Statistical variation of

ion ranges alone cannot explain this increased fiber layer

growth at high ion fluence, but Ga and Sb vacancy diffusion

could be responsible for continued fiber growth. Ga and Sb

diffuse at different rates in GaSb,[16] and vacancy in-diffusion

into the GaSb substrate is a possible method by which fibers

could continue to form past the projected ion range.

Investigation of GaSb samples irradiated with 2 and 3MeV

Auþ ions showed that a surface layer of roughly the same

thickness (�20 nm) was also formed, albeit at slightly higher

incident ion fluence. Since high-energy ions initially slow down

primarily through electronic and not atomic collisions, higher-

energy ions produce more atomic vacancies deeper within the

material and fewer vacancies near the surface region. As a

result, a higher ion fluence is required for the surface layer to

accumulate sufficient vacancies to reach the ‘‘fully formed’’

stage.

Ultimately, the GaSb porous structure is dependent upon

the ion damage imparted to the material or, more specifically,

the number of vacancies produced. Using the transport and

range of ions in matter (TRIM) code,[17] vacancy production

per ion was calculated for the surface regime under irradiation

by 1, 2, and 3MeV Auþ ions. Combining the results from the

TRIM calculations with experimental data of the fiber

structure as a function of ion fluence, a critical vacancy

concentration was found at which both surface layer and fibers

are fully formed. Results indicate that when the local vacancy

concentration reaches between 1.5 and 2� 1022 vacancies cm–3

(a dose of �1 displacement per atom, or dpa), the GaSb fibers
www.small-journal.com � 2008 Wiley-VCH Verlag Gm
reach a ‘‘fully formed’’ stable size and are not strongly affected

by further ion bombardment. TRIM data indicates that

ultrahigh-energy ions at relatively low fluence should be able

to produce fully formed fibers embedded fairly deeply within a

sample, and ultrahigh-energy-ion tests in germanium have

shown that embedded porosity is possible.[18] Experimental

data suggests that even 3 MeV Auþ ions may be able to

produce a void-free surface layer thicker than �20 nm, albeit

at very low fluences of 1� 1013 ions cm�2 or less but further

experimentation is needed to confirm the mechanics of fiber

growth at high energy and low fluence.

Consequently, the presence of a surface layer is directly

related to ion-implantation energy. Ion irradiation of GaSb

with low-energy ions does not appear to be capable of

producing a thick, embedded fiber layer because irradiation

with low-energy ions causes surface sputtering that rapidly

removes the surface film. Sputtering effects are much less

significant with higher-energy ions, as surface-sputtering yields

drop rapidly due to expansion of the fiber layer with increasing

fluence, yet the surface layer is still removed by increasingly

higher ion fluences. Figure 6 presents a surface-layer-removal

mechanism for high-energy ion bombardment of GaSb.

The key to the removal of the surface film seems to lie in

the volume swelling of the fiber layer. At low ion dose

(�1 dpa), little swelling has occurred, leaving the surface layer

under stress but still intact. As the underlying fiber layer

continues to swell, it places the surface layer under tension,

causing breaks in the surface to appear. Uniform stresses

should result in breaks that are more or less aligned with one

another, as in Figure 3a, but localized stress concentrations

due to uneven swelling of the fiber layer can cause random

alignments of breaks. At high dose (�15 dpa), massive swell-

ing causes breaks in the surface to crisscross and overlap. The

bottom of the surface layer, previously under compressive

stress from volume expansion, curls upwards when released

from the underlying fibers; curling of the surface layer results

in cracking and flaking off of the remaining patches of surface

film.

In general, removal of the surface layer is a function of

swelling of the underlying fiber layer and is a purely

mechanical removal mechanism. Since swelling due to ion

irradiation is directly related to vacancy concentration, the
bH & Co. KGaA, Weinheim small 2008, 4, No. 8, 1119–1124



Figure 6. Surface-layer-removal mechanism for GaSb is shown in a top-

down view, with tensile force increasing from T1 to T4. a) Initially, little

swelling has occurred, leaving the surface intact, although very slight

defects can be seen at high magnification. b) As the underlying fibers

swell, the surface layer is placed in tension, causing plastic deformation

and exposing the fibers. c) With increased swelling, breaks expand,

until d) at high fluence, massive swelling results in uneven stress

between the top and bottom of the surface layer, causing the surface

film to crack and peel off.
overall swelling and surface response is a function of the

atomic damage imparted to the material. By controlling the

incident ion fluence, energy, and mass, an embedded fiber

layer can be formed where the surface swelling and removal

effects are mitigated to the best degree possible.

Validity of this removal mechanism hinges on the plasticity

of amorphous GaSb at the nanoscale. Bulk GaSb is brittle but

the nanoplasticity of amorphous semiconductors is not well

understood. Recent evidence seems to support the idea that

nanoscale semiconductors may deform plastically,[19,20] espe-

cially while under ion irradiation,[21] and our visual evidence of

the GaSb surface layer seems to support these claims. The

craze-like openings in Figure 3a and the taffy-like strands seen

in Figure 3c are consistent with characteristics of a material

undergoing plastic deformation.

Using the available growth models and our data, we can

quantify the effects of the various implantation parameters

that produce GaSb fiber layers. First, the thickness of the fiber

layer can be tailored by adjusting the incident ion fluence. An

increase in ion fluence will increase the thickness of the fiber

layer until fiber-degradation mechanisms take over at very

high ion fluence. The incident ion mass and energy determine

at what depth in the GaSb sample the majority of atomic

displacement damage occurs. By changing the ion mass and

energy, one should be able to dictate the presence and

thickness of a surface layer. Heavy, low-energy ions create

purely surface structures, while light, very high energy ions are

capable of producing embedded fibers, as evidenced in

185MeV Iþ irradiated Ge.[18] Two mechanisms affect the

response of the surface layer, sputtering and volume expansion

of the fiber layer. With low-energy ions, sputtering is

significant and the surface cover is rapidly removed. With

higher ion energies, where sputtering is not significant, the

surface layer is stable to higher ion fluences but eventually the
small 2008, 4, No. 8, 1119–1124 � 2008 Wiley-VCH Verlag
surface layer is removed by the expansion of the embedded

fiber layer. Also, it is essential to mention temperature as

another important parameter that strongly affects the growth

of the fiber layer by controlling the mobility of vacancies and

interstitials in the matrix. Although not covered in this

Communication, ion implantation at either considerably low

or high temperatures tends to inhibit void and fiber growth, as

reported in the literature.[6]

In summary, high-energy ion irradiation was used to

fabricate novel, distinct embedded layers of nanofibers

(�20 nm in diameter) within bulk GaSb, and the thickness

of the fiber layer can be tailored by adjusting the incident ion

energy and fluence. The ability to produce embedded fiber

layers of specific thicknesses in GaSb may well have vast

applications in the fabrication of microelectromechanical

systems (MEMS) and other microelectronic and optoelec-

tronic devices. The results also suggest that by using higher-

energy ions at lower ion fluences, the thickness of the void-free

surface layer can also be modifiable, allowing deep, subsurface

fiber formation. Observation of the behavior of GaSb surface

films under irradiation lends credence to the idea that

amorphous semiconductors may behave plastically at the

nanoscale.
Experimental Section

Mirror-polished (100) single-crystal GaSb wafers were irradiated

at room temperature with 1–3MeV Auþ ions using a National

Electrostatics Corporation 9SDH-2 3.0-MV tandem electrostatic

accelerator at PNNL to fluences ranging from 3.9�1013 ions cm�2

up to a maximum of 6�1015 ions cm�2. Additional samples were

irradiated with 150 keV Krþ ions at similar ion fluences using a

200 kV Varian Ion Implanter at the Michigan Ion Beam Laboratory.

Plane-view SEM images were taken of the as-irradiated samples

using a Phillips XL30 field-emission-gun SEM and an FEI Nova

Nanolab Dualbeam FIB operated in SEM mode. Samples were then

cleaved, taking care not to damage the delicate surface of

the cleaved specimens. Cross-sectional SEM was performed

on the cleaved samples using the FEI Nova SEM with an electron-

beam incident angle of 908 to the side of the original sample

surface. Composition of the nanofiber layers was confirmed with

energy-dispersive X-ray spectroscopy (EDS) analysis using an EDAX

UTW detector. Cross-sectional TEM samples were prepared accord-

ing to standard X-TEM specimen-preparation procedures and

observed using a JEOL 2010F analytical electron microscope; EDS

was also used to confirm specimen composition using an EDAX

r-TEM Detector. The Nova Dualbeam system was also used to

perform in situ ion irradiation and SEM. Mirror-polished GaSb

samples were irradiated with 30 keV Gaþ ions at perpendicular

incidence to fluences of up to 6�1015 ions cm�2; SEM imageswere

taken in situ at an angle of 528 from the sample surface. The TRIM

(Transport and Range of Ions in Matter) computer code was used to

calculate approximate implant parameters of the Auþ ions for use in

analyzing observed results. For TRIM calculations, values were

defined as: bulk GaSb density of 5.6 g cm�3, threshold displace-

ment energy of 25 eV for Ga and Sb, and surface binding energies of

2.82 eV for Ga and 2.72 eV for Sb.
GmbH & Co. KGaA, Weinheim www.small-journal.com 1123
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