arXiv:1906.05882v1 [physics.app-ph] 13 Jun 2019
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Focused ion beams (FIBs) are widely used to modify optoelectronic devices, but their utility is
severely restricted in some I1I-V materials due to adverse effects such as nanofibre growth and con-
tamination. This study describes an effective machining method for the modification and passivation
of GaSb using a focused Gat beam with the addition of XeFs gas. The added gas suppressed the
nanofibre growth and allowed for controlled etching. Moreover, the milled surface exhibited much
lower roughness and contained much lower levels of carbon and oxygen contaminants. These effects
are attributed to the formation of a gallium fluoride layer, which inhibits the catalytic vapour-
liquid-solid (VLS) nanofibre growth. The fluoride layer prevents the surface oxidation, acting as
an effective passivation layer. This gas-assisted FIB process eliminates the idiosyncratic challenges
of modifying GaSb with an ion beam and it can be implemented cost-effectively and rapidly in
conventional FIB systems—allowing for site-specific modification of bespoke GaSb-based devices.
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I. INTRODUCTION

The III-V semiconductor compound GaSbh has a rela-
tively small bandgap of 0.7 eV and is the basis of many
photovoltaic and thermophotovoltaic (TPV) systems®,
particularly suitable for infrared, optical and high speed
devices in the spectral region from 1.3 to 6.5 pum?*. Con-
trolling the morphology of ITI-V laser diode devices can
be critical to manipulating their characteristics, includ-
ing threshold currents and wavelength® for example,
single-mode lasers based on machined surface gratings.
Minimising roughness—for instance at mirror surfaces—
is of importance for preventing scattering and the asso-
ciated reduction in optical power.

Conventional machining methods for GaSb typically
include combinations of lithography with plasma or re-
active ion etch (RIE) exposure’. Halogen and hydro-
gen plasmas are effective at producing smooth features
with an etching rate of ~ 10? — 103> nm/min and a
roughness of several nanometers®. However, they are
limited by the need for masking, since masks are typ-
ically manufactured only for large, wafer-level scaling.
For small scale production—particularly of prototype
or bespoke devices—manufacturing using lithographic
mask plates and transfer is prohibitively slow and ex-
pensive. Although polymer photo-resists are one po-
tential alternative, they are unsuitable for use in pro-
cessed devices—for example in failure analysis or post-
production modification—as these can introduce contam-
inants and require the application of solvents in their
removal—risking damage to functioning devices.

Focused ion beams (FIBs) are particularly useful in the
fabrication and modification of semiconductor devices
given the throughput, resolution and customisability that
they offer. However, GaSb poses idiosyncratic challenges
for machining using conventional Ga™ FIB. Many re-

ports have demonstrated either a porous, honeycomb-
like structure or nanofibre growth evolving under the
beam?13, |Schoendorfer et al.| proposed a vapour-liquid-
solid (VLS) growth mechanism for nanofibres under the
Ga™ ion beam, involving the formation of Ga droplets on
the surface of GaSh”. Other ions such as Au™ and Sn*
also cause the growth of undesired nanofibres?1012HI5
Many other ions (especially light species) cause swelling
of the material and subsurface cavity formation?1%,

Another challenge in GaSb modification is surface
oxidation—being much more likely to occur than in GaAs
or InP—as the reaction is not self-limiting. The surface
created by an ion beam seems to be particularly vul-
nerable to oxidation™ meaning that passivation strate-
gies must be employed on the surface to ensure suffi-
cient longevity of devices?@ 2, Passivation of the pristine
GaSb surface has been performed using several wet chem-
ical methods, including with sulfur and ruthenium?*23.
However, wet chemical methods are unsuitable for the
passivation of FIB-modified GaSb surfaces in functioning
devices. Since the performance of GaSb devices is closely
linked to the quality of the machined surfacet®24 these
adverse secondary effects render current FIB machining
processes impractical for use with GaSb.

In this paper we show that these effects of FIB applied
to GaSb can be effectively mitigated by the application
of XeFy gas to the sample surface during ion irradia-
tion. This gas-assisted etching approach has been used
in FIBs before on Si052%29 and GaN/GaN-SizN, 227 to
enhance the etching rate and reduce redeposition. A sim-
ilar approach with an electron beam has been successful
in GaAs, albeit with a much lower throughput®. We
show that in GaSb, it allows the combination of the spa-
tial resolution and versatility of focused ion beam ma-
chining with the smooth surface finish of plasma etching.
Milled features are deeper, smoother and contain vastly
less contamination with C and O species than with the



Ga™ beam alone. This method can be used for much
more effective prototyping of novel GaSb-based devices.

II. EXPERIMENTAL DETAILS

A single crystal wafer of n-doped GaSb (110) was made
by Wafer Technology Ltd. and provided by FEblana Pho-
tonics Ltd. Focused ion beam etching was performed
with 30 keV Ga™ at a normal angle of incidence in a Zeiss
Auriga dual beam FIB system. The gas injection system
(GIS) nozzle was placed ~100 pm above the sample sur-
face and used to inject XeF5 at 5°C in the direction of the
sample surface. The vacuum level at normal equilibrium
was ~2x107% mbar which rose to ~1x10~° mbar with
the gas valve open.

Squares of 10 yum x 10 pum were irradiated with a
beam current of 20 pA. The beam was scanned rapidly
(20000 Hz in x and 20 Hz in y) across the selected re-
gions. Scanning electron microscopy (SEM) was per-
formed both in-situ in the FIB system and ex-situ in a
Zeiss Ultra Plus and a Zeiss Supra SEM with a Bruker
Nano XFlash 5030 detector with which EDX hypermaps
were obtained using a range of electron beam energies at
an angle of 0°. Atomic force microscopy was performed in
an Ozford Asylum MFP-3D system in atmospheric condi-
tions in tapping mode. The probes used had a resonance
frequency of 300 kHz and a force constant of 40 N/m
(Budget Sensors tap300Al-G). Raman Spectroscopy was
performed in a Horiba Labram Aramis Raman spectrom-
eter with a 785 nm laser. A 1800 lines/mm diffraction
grating and a 100X objective aperture (NA=0.9) were
utilised (laser spot size was ~1 um). These spectra were
averages, comprised of 20 acquisitions, each of 1 s dura-
tion at a single point. A power of less than 1 mW was
ensured to minimise damage to the sample.

III. RESULTS

Figure [Ifa) shows an SEM image of the GaSb sur-
face with 10 pgm x 10 pm irradiated regions. There
are six such squares in two columns, imaged at an an-
gle of 54°. The left and right columns were irradiated
with the XeFs gas valve closed and open respectively.
The first, second and third rows were irradiated for 100,
200 and 500 s respectively i.e. doses of 1.25, 2.5 and
6.25 x 100 Ga®™ ecm~2. There is a clear difference in
morphology apparent between the two columns. Shadow-
ing effects in the image suggest that in the ‘without-gas’
squares the height of the irradiated surface is increased in
comparison to the surrounding areas, while the height of
the ‘with gas’ squares appears to be reduced, particularly
as the ion dose increases.

Figure [2| shows a more thorough SEM study of the
modified GaSb surface, irradiated for 100 s both with
(a)(b)(c) and without (d)(e)(f) gas. Images of the 200
s and 500 s regions are shown in the supplementary in-

Time (s) RMS (nm) AH (nm)
With XeFs|No XeFs |With XeFs|No XeFs
100 6.7 71.8 -18 188
200 14.5 99.6 -42 222
500 45.9 109.3 -142 127

TABLE I. Summary of key parameters from the AFM mea-
surements including irradiation time, use of XeF2 gas, RMS
roughness, and average change in height (AH)

formation. The ion irradiation causes the growth of a
rough, porous network of fibres. The width of the nanofi-
bres is reasonably uniform, varying between ~ 20 and
~ 30 nm. They are observed to overlap substantially so
that relatively large pores (some > 100 nm) are appar-
ent. Particle-like features are also observed among the
nanofibres which may be GaSb crystallites!!. With the
addition of the XeF5 gas, nanofibre growth is not appar-
ent and the pores are now much smaller (~ 30 nm) while
also appearing to be much more shallow. The irradiated
surface appears much less rough, in good agreement with
the AFM.

Figure [3] shows EDX spectra of the non-irradiated
(blue), 100 s irradiated with gas (red) and 100 s irra-
diated without gas (green) regions. The spectra were
acquired using beams of 3, 10 and 20 keV electrons
(solid, dashed and dotted lines respectively) for excita-
tion. With data acquired using different beam energies,
different signal depths are probed which allows compar-
ison between the near-surface region and the bulk. For
the non-irradiated GaSbh, the 20 keV and 10 keV spec-
tra appear as expected—with the clear presence of Ga
and Sb and small amounts of O and C. As the beam en-
ergy decreases to 3 keV, the intensity of the O-K and
C-K peaks increases sharply, indicating that these con-
taminants are strongly present near the surface. After
irradiation for 100 s with the Ga® beam alone, there is
a large increase in the O and C signals in all three spec-
tra, again this is especially clear in the 3 keV spectrum.
This suggests that the surface irradiated without gas—
which we know is now highly porous and composed of
nanofibres—becomes highly oxidised while also becom-
ing coated with hydrocarbon material. By contrast, the
spectra of the region irradiated in the presence of XeFq
gas show very little O and C. All three spectra acquired
of the ‘with gas’ case are very similar to their starting
material counterparts—demonstrating very low O and C
content. However, there is one notable difference which
is the new presence of a large F-K peak, clearest in the
3 keV case. As with the O and C signals previously,
this peak diminishes rapidly for the higher energy elec-
tron beams, suggesting that F is embedded at or near
the surface.

These results are highlighted by EDX maps of the 100 s
irradiated regions which were excited by the 10 keV elec-
tron beam, shown in Fig. 4] The first map is a secondary
electron image showing both 100 s regions (which are la-
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FIG. 1. SEM and AFM characterisation of 30 keV Ga™ irradiated squares. (a) shows the six 10 um x 10 ym squares, imaged
with a beam energy of 5 keV and at an angle of 54° to highlight the feature depth and morphology. The left and right columns

were milled without and with the XeF2 gas respectively.

From the top, the rows were irradiated for 100, 200 and 500 s

respectively. (b) shows AFM line profiles of the same irradiated squares averaged over the width of each for the ‘with gas’ and

‘without gas’ cases for the 100 s, 200 s and 500 s irradiations.

FIG. 2. SEM images acquired at a stage angle of 0° of 100 s irradiated squares. (a),(b) and (c) show squares irradiated without
gas with increasing magnification respectively. (d),(e) and (f) show squares irradiated with gas with increasing magnification

respectively.

belled) and the surrounding substrate. The carbon and
oxygen maps are shown in green and blue respectively
and illustrate clearly a much higher signal in the rough,
‘without gas’ region than in either the surrounding area
or the ‘with gas’ region. The fluorine map is shown in red
and shows a much higher intensity for the irradiated ‘with
gas’ region than either the ‘without gas’ region or the sur-

rounding area. The final map is of Ga/(Ga+Sb), showing
a significantly higher Ga composition in the ‘without gas’
region caused by the implantation of excess Ga from the
beam. The ‘without gas’ region is much more similar
to the surrounding material. The EDX characterisation
has shown that under irradiation in the presence of XeFs,
contamination is suppressed while F atoms are embedded
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FIG. 3. EDX spectra of the non-irradiated (blue), irradiated
‘with gas’ for 100 s (red) and irradiated ‘without gas’ for 100
s cases respectively for 3 keV, 10 keV and 20 keV electron
excitations (solid, dashed and dotted). The intensity of each
spectrum is normalised to the maximum of the Ga-L peak.

in the surface.

The results of Raman spectroscopy of the same regions
are presented in figure [5|(a),(b) for the ‘without gas’ and
‘with gas’ regions respectively. The spectrum acquired
for the non-irradiated GaSb is presented in both graphs
for comparison. The TO peak in the non-irradiated GaSb
is clearly visible at ~227.5 cm~'—in good agreement
with literature for the (110) orientation?*30,

In all three regions irradiated without gas (see Fig.
a)), the TO peak intensity is very low and close to un-
detectable. With a laser wavelength of 785 nm, Raman
signal depth in GaSb is estimated to be ~90 nmB¥32,
Since the AFM, SEM and EDX results indicate an in-
creased height (~ 200nm) composed of redeposited ma-
terial and contaminants, the Raman signal volume should
be contained within the material near the surface. We
therefore conclude that the elevated, nanofibrous surface

created by the ion beam alone contains trace amounts of
crystalline GaSb. For the ‘with gas’ case (see Fig. f|(b)),
all three spectra show a more moderate drop in TO inten-
sity. Since we know from the SEM and AFM data that
the buildup of nanofibrous material at the surface is sup-
pressed in these cases, the loss of signal is attributed to
amorphisation of the GaSb crystal. TRIM calculations
(see Fig. S3) indicate that damage due to irradiation
with 30 keV Ga™T is occurring up to a depth of ~50-60
nm®3, occupying most of the Raman signal volume. Ad-
ditionally, the TO peak is not observed to down-shift, as
expected in defective, crystalline GaSb. Therefore, we
can also conclude that the boundary between amorphous
and crystalline material is relatively abrupt in all cases,
with very little defective-but-crystalline material present.

There are other noteworthy features in the Raman
spectra of irradiated regions, including a broad feature
centred in the region 144-153 cm~!. We attribute this to
the Ay, peak of elemental Sb which has a larger cross-
section than GaSh®084B5  Although the Sb Ay, peak
may be very weakly present in the non-irradiated spectra,
it becomes much more pronounced in all irradiated cases.
In the spectra from regions irradiated with gas, the re-
sults are very similar to each other and this broad feature
dominates. The E%g peak is also discernible, strongest in

the 100 s ‘without gas’ casé38. With increasing irradia-
tion time in the ‘without gas’ cases, both Sb peaks are
observed to upshift and broaden. For the 500 s case,
the peaks cannot be resolved from one broad feature.
This seems consistent with the spectra becoming dom-
inated by Sb of worse crystallinity as irradiation time
increases®”. From Raman spectroscopy, clear effects of
irradiating in the presence of XeF, gas are to produce a
reduced height of amorphous material and reduced con-
tamination between the surface and the crystalline sur-
face beneath.

IV. DISCUSSION

The melting point of pure, metallic gallium is ~30°C.
It is widely established—and reported in their respective
phase diagrams—that liquid Ga droplets form at similar
temperatures when Ga is in excess in non-stoichiometric
gallium antimonide or gallium arsenidé*®40. A con-
ventional Ga™ FIB is known to both implant excess
gallium and locally increase the specimen temperature,
causing the formation of these droplets. Our EDX re-
sults certainly show that the ion irradiation adds excess
Ga atoms. The resulting droplet formation has been
mitigated—but not eliminated—in another work by con-
trolling the temperature in a cryo-FIB system®. How-
ever, in most experiments these droplets catalyse the
VLS growth of the undesired, amorphous nanofibres dur-
ing the non-equilibrium state caused by ion irradiation™®.

From the AFM and SEM data it is clear that the gas
prevents the growth of nanofibres under the beam. From
the EDX data, the addition of XeF5 gas has contributed



FIG. 4. Intensity maps of the 100 s irradiated regions acquired at 10 keV. As labelled, they are a secondary electron image
(in grayscale) and EDX maps of the carbon (green), oxygen (blue) and fluorine (red) K lines as well as a fraction map of
Ga-L/(Ga-L+Sb-Lg). The Ga-L and Sb-Lg maps are provided in the supplementary information. The scale bar is 10pm.
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(a) and (b) show Raman spectra of GaSb before and after irradiation (‘without gas’ and ‘with gas’ respectively) with

Ga™ at 30 keV with a 0° angle of incidence. The evolution of the spectra with increased irradiation time is shown descending
from the top. The samples were excited with a 785 nm laser. The TO GaSb and the Sb A, peaks are labelled accordingly
and marked with the vertical dashed lines. The intensity is normalised to the maximum of each spectrum.

two principle causes for this: the removal of excess Ga,
and the implantation of F atoms. We suggest that both
effects are necessary to prevent droplet formation and
hence nanofibre growth. While the removal of excess Ga
atoms plays an important role in maintaining the stoi-
chiometry, there is another possible source of Ga. Coa-
lescence of the V element in III-V materials has been re-
ported previously®94243 particularly of Sb in GaSb after
oxidation®? or ion irradiation?34, The coalescence of Sb
can lead to Ga segregation at the surface™® and our Ra-
man spectra indicate the presence of metallic Sb in both
the ‘with gas” and ‘without gas’ cases. The implantation
of F atoms is therefore critical to passivating Ga atoms
at the surface.

Given the lack of nanofibre growth or O/C atom

contamination at the surface, we conclude that the F-
passivated surface is chemically and thermally stable.
The reaction of XeFs with GaAs to form GaFs at the
surface has been reported previously?#4%. An analogous
reaction is likely to be occurring under the ion beam=24%,

The outcome of this process is that etched GaSbh sur-
faces can be produced (when compared with conven-
tional FIB) with much better throughput, much lower
roughness, more spatial confinement and more chemical
and thermal stability—while maintaining all of the site
specificity that is advantageous over lithography tech-
niques. Many experimental parameters remain to be
tested and optimised together such as beam energy, beam
current, gas vapor pressure/flow rate, specimen temper-
ature, scanning strategy, angle of incidence and more.



Considerable improvements remain to be made here but
already this process should be of considerable utility in
the modification of manufactured devices for bespoke ap-
plications.

V. CONCLUSION

In summary, we report an effective nanofabrication
method for GaSb-based systems. The addition of XeFq
gas allows a much smoother, faster etch than is possi-
ble with Ga™ alone by preventing nanofibre growth un-
der the ion beam. It also protects against contamina-
tion with C and O species, passivating the surface with
a fluorine-containing species which we deem likely to be
GaF3. The combination of spatial resolution, etch rate,

low roughness and surface passivation demonstrated by
this process should be of great interest to the III-V opto-
electronic community.
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