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Abstract

The studies reported here were carried out in order to explore the potential applications of
cryogenic focused ion beam (cryo-FIB) milling as a Group IlI-V device fabrication tool.

Cryogenic cooling of 11I-V semiconductor material during’&#B irradiation has recently been
reported [1] to suppress the reactions between the Ga ions in the FIB and the 1lI-V elements in
the material, yielding patterned features that are cleaner than comparable features defined by FIB
milling at room temperature. In this paper, we compare the features observed on our I1I-V
strained layer superlattice (SLS) materials system as a result of room temperature FIB milling to
the features observed as a result of cryo-FIB milling (at -135°C) under the same beam conditions
(30 kV:1 nA). The features on the cryo-FIB milled material were observed both when the

material was still cold and after it returned to room temperature. We found that both room
temperature FIB milling and cryo-FIB milling with subsequent sample warm-up resulted in the
formation of Group Il enriched features which are similar in some aspects to features observed
on other FIB milled IlI-V materials as reported in the literature [2]. However, we speculate that
the features observed on cryo-FIB milled I1l-V materials after warm-up will be material-
dependent, and in light of recent studies [3], dependent upon the sample warm-up conditions
(i.e., rate and environment). The suggestion that the structural and chemical properties of
features fabricated by cryo-FIB milling are temperature- and atmosphere-dependent is an
important consideration when it comes to device fabrication, and these dependencies will need to
be better understood and controllable if cryo-FIB milling is to have future applications in this
area.

Introduction

Because of their milling, imaging, and deposition capabilities, focused ion beam (FIB)

instruments have proven to be versatile tools and have found applications in a variety of fields.
Dating back to the 1980s and continuing today, the semiconductor industry has used FIB
technology as a tool for integrated circuit and mask repair [4]. Today, FIB instruments are also
used by scientists and researchers across industry and academia to prepare samples for materials
characterization. For example, FIB milling enables site-specific cross-sectioning of a sample for
imaging in a scanning electron microscope (SEM). Many modern FIB instruments are
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incorporated into a dual-beam FIB/SEM system which allows for higher resolution imaging (via
the SEM) during milling. FIB milling also enables the preparation of site-specific, ultra-thin

specimens suitable for imaging in a transmission electron microscope (TEM). FIB instruments
can also be used as a tool for both top-down machining and bottom-up fabrication techniques.

Applications for cryogenic FIB (cryo-FIB) milling, a technique in which a FIB is used to mill a
sample that has been cooled to cryogenic temperature, have arisen primarily out of the life
sciences over the past decade as a means to prepare frozen biological samples for imaging via
cryogenic electron microscopy [5]. Although stemming from the life sciences, applications for
cryo-FIB in the physical sciences are emerging as well. This is perhaps especially true for
materials that exhibit sensitivity to the ion species used to generate the ion beam.

The most widely used ion source in FIB instruments is a gallium (Ga) liquid metal ion source
(LMIS) [4]. Gallium is attractive as an ion source because of its low melting temperature (29.8
°C at standard atmospheric pressure [6]) and its low volatility [4]. However, some materials
show sensitivity to the Ga ion beam. This sensitivity is manifested as changes in the structure
and chemical composition of the starting material upon exposure to the Ga ion beam [7].
Compound Group IlI-V semiconductors are one class of materials that show such sensitivity.
Cryo-FIB milling has recently been reported to suppress the reactions betweendhd&an

and llI-V materials [1]. The suggested advantage of cryo-FIB milling over room temperature
milling of Group IlI-V materials is appealing, given the variety of present and potential future
applications for these materials (e.g., as electronic or photonic devices given the favorable
electron transport and direct band gap properties associated with several 11l-V semiconductor
systems).

A Group llI-V strained-layer superlattice (SLS) materials system was explored in this work.
Group IlI-V SLS materials consist of very thin layers of alternating Group 1lI-V materials (e.qg.,
InAs and GaSb) to form a superlattice stack. Group 1ll-V SLS materials have promising
applications as focal plane arrays (FPASs) for infrared (IR) sensor systems. One of the appealing
features of SLS-based FPAs is that their IR sensitivity can be engineered, ranging from short to
long wave IR [8, 9], based on not only the composition of the superlattice layers but also their
thickness. This thickness dependence on the electronic band structure comes about because of
the electrons and holes being confined to separate layers in Type-Il superlattices [10, 11, 12].
This separation of charge carriers brings about a spatially indirect, effective energy band gap that
can be tuned by varying the thicknesses of the alternating layers [13]. Additionally, the
separation of electrons and holes into different layers should help extend carrier lifetime [11], as
the strain between layers in a superlattice can split the heavy hole and light hole bands. As a
result of this band splitting, the energy-momentum space in which Auger transitions are allowed
to occur can be limited [12, 14].

SLS-based FPAs are also appealing because they are theoretically predicted to have lower dark
currents than the mercury-cadmium-telluride (HgCdTe)-based FPAs currently relied upon for
space and military IR imaging applications. The realization of lower dark currents in SLS-based
FPAs would enable the sensor system to operate at higher temperatures, or would offer improved
sensitivity at the same operating temperature. However, SLS technology is at an early stage of
development, and dark currents are observed to be higher than theoretically predicted [15].
Defects can contribute to these higher-than-expected dark currents, suggesting that significant
improvements remain possible with advances in materials growth and device processing
techniques [15].
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Of relevance to this work are the defects that arise during FPA processing. One of the first and
most critical steps in FPA fabrication is pixel definition, often accomplished by wet or dry

etching. The isotropic nature of wet etching makes it difficult to have precise dimensional

control over the pixels in an FPA [16]. An additional consideration, especially for multilayered
materials such as SLS, is that uneven wet etch rates can result in pixels with undulating sidewalls
[17, 18]. Thus, wet etching is believed to have limited applications in SLS FPA fabrication [13].
Dry etch methods tend to be more controllable, enabling pixels with high aspect ratios and
uniform etch depths across a wafer [19]. However, surface damage and etch by-products are two
common, undesirable side effects of dry etching. For example, defects associated with surface
damage can introduce additional states in the energy band gap which can contribute to increased
dark current. Conductive etch by-products that re-deposit onto the wafer can create pathways for
current flow along pixel surfaces, which can degrade the performance of an individual pixel and
cause electrical shorts between neighboring pixels. A wet clean-up etch is sometimes used in an
attempt to remedy these issues. However this adds an additional processing step, and can lead to
undercutting with respect to the mask [8] which yields pixels with sloped sidewalls. Having

pixels with vertical sidewalls is desirable for applications that could benefit from increased
resolution without sacrifices on sensitivity [20]. That is, pixels with vertical sidewalls can be
packed closer together than pixels with sloped sidewalls. Reducing pixel pitch by decreasing the
gap between pixels enables higher resolution capabilities, as more pixels could then fit on a
given wafer, without compromising the sensitivity of the FPA, as the size of the pixels

themselves would not change.

Addressing the defects that arise during FPA processing is the motivation for this research. The
reported [1] ability of cryo-FIB milling to precisely define features on Group IlI-V materials that
are smooth and free of etch by-products makes it an attractive technique for fabricating and
characterizing SLS-based IR detectors and FPAs. Thus, the authors’ intentions were to further
explore the usefulness and benefits of Ga-based cryo-FIB milling as applied to Group IlI-V
material.

Materials and Methods

The starting material used in these experiments consisted of a GaSb substrate on top of which a
500 nm GaSb buffer layer, a 5.05 pm superlattice stack, and a 10 nm InAs cap were grown by
molecular beam epitaxy (MBE). The superlattice stack itself consisted of ultra-thin layers, with
each layer having a thickness of only a few nanometers. The layers in the superlattice stack
consisted of different combinations of the elements In, As, Ga, Sb, and Al. The IlI-V wafer was
cleaved into smaller pieces, or samples, with separate samples used for room temperature FIB
milling and cryo-FIB milling.

FIB milling and subsequent structural characterization were carried out in a Zeiss AURIGA
CrossBeam FIB-SEM system equipped with a GEMINI field-emission scanning electron
microscope (FE-SEM) and ion beam technology including an Orsay Physics Cobra GenhMIS
column capable of producing a Gan beam with energy up to 30 keV.

Before milling was executed, a bitmap image representing the pattern to be milled was read into
the CrossBeam system software. The bitmap pattern, shown in Figure 1, included a 2x2 array of
20 um squares, with a distance of 4.7 um separating the squares. The resolution of the entire
bitmap pattern is 965 pixels in width by 725 pixels in height. Shortly before milling was enabled,
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the read-in bitmap pattern was overlaid onto a captured SEM image of the sample area to be
milled. Milling was then enabled. Standard bitmap feature milling software capabilities of the
system were used to control the scan generation of the features.

Also included in Figure 1 is a general representation of the pattern followed by the FIB, with the
milling pattern starting in the bottom left corner and ending in the upper right corner. Note that
the FIB is always milling in the same direction throughout the entire pattern. This aspect of
unidirectional milling is a function of the scan generator of the FIB instrument used. Other scan
generators enable the FIB milling direction to be specified, and differ, for different areas of a
pattern [21].

The pattern shown in Figure 1 was milled into two samples (one at room temperature, the other
at cryogenic temperature) by a single pass of a 30kV:1nA focused ion beam at normal incidence
over a duration of 6 minutes. The total dose applied to the milled area was ~ 0.25,r/g€/um
~1.6x10"ions/cnf.

The room temperature FIB milling experiments were completed first. SEM images were

captured at room temperature once the FIB milling was complete. Secondly, the sample chamber
was opened and a Leica cryo-stage and a cold-trap shroud were loaded into the system. Figure 2
includes photos of the cryogenic cooling components. Liquid nitrogen-based cooling lowered the
temperature of the cryo-stage to -135°C in approximately one hour. Heat was conducted through
the bottom of the sample as mounted to the cryo-stage using copper tape. The temperature of the
system was allowed to stabilize, and the cryo-FIB experiments were performed. SEM images
were captured immediately after cryo-FIB milling was complete and the sample was still cold

and stable. Finally the cryo-FIB milled sample was allowed to passively warm back up to room
temperature overnight while still under vacuum. Additional SEM images of the cryo-FIB milled
sample were captured when the sample was at room temperature. All of these room temperature
and cryogenic FIB experiments were performed and SEM images captured before the respective
samples were exposed to atmosphere.

Once all of the FIB milling experiments were completed, x-ray energy dispersive spectroscopy
(EDS) was carried out at room temperature on both the cryo-FIB milled and room temperature
FIB milled samples in order to gain information on the elemental composition of the features
observed. The EDS work was performed on a Zeiss Ultra-60 FE-SEM instrument (operating at
15 kV) equipped with an Oxford X-Max Silicon Drift EDS detector system. (The samples were
exposed to atmospheric conditions between the time when they were removed from the
CrossBeam system and inserted into the Ultra system — over about a 10 day period.)

A semi-quantitative analysis of the generated EDS spectra was carried out using Zeiss RemCon
software and Oxford INCA software. Only the expected IlI-V elements were included in the
analysis. The reported atomic percentage values should be used as a means to provide insight
into how the elemental composition varies between different features.

Results and Discussion

SEM images of the SLS sample milled at room temperature are shown in Figure 3. The entire
milled pattern is included in Figure 3a, where there is an observable difference in the texture of
the milled region (or floor) and the unmilled region. The image contrast and texture in the
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unmilled region indicates the presence of crystalline grains in the starting material (the SLS
wafer) [22]. This is worth noting because FIB milling rates depend upon the crystalline structure
of the material being milled [4]. The texture of the milled floor, which is more easily observable
in Figure 3b, indicates reactions between the Ga FIB and the IlI-V elements in the wafer. Most
notable is the presence of pebble-like features or nanodots which vary in morphology and
diameter. Similar features were observed on binary 1ll-V systems, such as GaAs, milled by a 30
kV Ga'" beam at doses of ~ 910" ions/cnf[2].

The milling conditions used (single pass of a 30 kV:1 nA ion beam over 6 minutes, total dose of
~ 1.6x10" ions/cnf) yielded an etch depth of roughly 570 nm, as shown in Figure 3b.

EDS spectra were captured at different points across the patterned region of the room
temperature milled sample, as indicated in Figure 4. These points correspond to the nanodot
features in the milled area (spectra 1-3), the milled floor (spectra 4 and 5), and unmilled areas
(spectra 6 and 7).

Only the expected llI-V elements were included in the semi-quantitative EDS analysis, whose
results are included in Table 1 as atomic concentrations (at. %). Several qualitative observations
can be made based on these data. One such observation is that the gallium concentration is
higher in the milled region (on- or off-nanodot) than it is in the unmilled region. This is to be
expected, as a significant amount of Ga from the FIB will be implanted into and re-deposited
onto the milled and nearby unmilled regions [23].

Perhaps of more interest is the observation that the nanodots are indium-rich. This observation
aligns fairly well with observations made in similar studies, where Ga FIB milling of several
Group IlI-V binary systems (InAs, GaAs, InP) was found to produce nanodots rich in the Group
lIl element (In or Ga) [2]. Though the IlI-V SLS system studied in this work is more complex
than the binary Ill-V systems discussed elsewhere [2], the SLS system and the binary systems
exhibited similar behavior in response to being exposed to Ga FIB milling at room temperature.
That is, FIB exposure to both types of systems resulted in the formation of nanodots which were
generally similar in structurdi.e., of varying morphology and diameter, but also having

diameters in the hundreds of nanometers range) and chemical composition (i.e., Group IlI
enriched). For the binary Ill-V systems, nanodot formation has been attributed to the preferential
sputtering of the Group V element followed by the assembly of the excess Group Ill atoms [2].
The similarities noted above may suggest that a similar phenomenon is also occurring in this
SLS materials system as a result of room temperature Ga FIB milling.

The same FIB milling conditions were used to mill a sample that was cooled to -135°C. SEM
images of the resulting cryo-FIB milled pattern, taken immediately after FIB milling while the
sample was still cold, are shown in Figure 5.The entire milled pattern is displayed in Figure 5a.
Immediately noticeable is the cleaner appearance of the FIB milled floor, which appears to be
absent of the nanodot structures observed after room temperature FIB milling. The texture of the
milled floor is more easily observed in Figure 5b, which zooms in on the corner of a mesa. The
regular, gridded pattern on the FIB milled floor is an artifact comprised of the bitmap resolution,
scan generator parameters and beam conditions used. It is basically the ‘fingerprint’ left behind
by the FIB, referred to as the beam profile. However, the mesa sidewall also shows signs of the
beam profile, and for FPA applications having textured sidewalls is considered a negative. The
texture and roughness of the edges and surfaces may be modified by optimizing the bitmap
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resolution and scanning parameters. The use of third party pattern generators would facilitate the
optimization of these parameters in regards to structures such as FPA pixel mesa sidewalls.
Nevertheless, even at this higher magnification, no nanodot features are observed, which
suggests that cryogenically cooling the sample during FIB milling suppresses the reactions that
lead to the formation of the nanodots at room temperature.

The milling conditions used (single pass of a 30kV:1nA ion beam over 6 minutes, total dose of ~
1.6x10"ions/cnf) yielded an etch depth of roughly 800nm, as shown in Figure 5b. This suggests
that cryo-FIB milling of SLS material resulted in a higher etch rate compared to room
temperature milling. In the context of FPA fabrication, higher etching rates would help cut down
fabrication time.

At the time these experiments took place, there was no information available in the literature (to
the best of our knowledge) describing if the comparably pristine features obtained by cryo-FIB
milling IlI-V material, such as those discussed in [1], were preserved once the material returned
to room temperature. This issue is of concern for applications that could utilize cryo-FIB milling
as a device processing technique, because the remaining process steps, device storage, and/or
ultimately device operation would likely expose the material to higher temperatures. Thus, to
observe any temperature dependence on the structure of the cryo-FIB milled features, the cryo-
FIB milled sample was also imaged at room temperature. The resulting SEM images are shown
in Figure 6. Immediately noticeable in Figure 6a are relatively large and tall features in the

milled region that appear to be protruding from the milled floor. One of these features is also
observed in Figure 6¢. Smaller, bead-like nanodot features are also present as shown in Figures
6b and 6¢c. However, none of these features were present when the sample was still cold (e.g., as
shown by the images in Figure 5).

EDS spectra were also collected for the features observed on this sample, namely the large
features observable in Figures 6a and 7a, the smaller bead-like nanodot features observable in
Figures 6b and 7b, the milled floor, and the unmilled regions. A summary of the semi-

guantitative EDS analysis is included in Table 2 (additional locations were analyzed besides
those indicated in Figure 7). The EDS analysis suggests that the large features are indium-rich, to
an even greater extent than the nanodots observed after room temperature FIB milling.

Allowing the cryo-FIB milled sample to passively warm back up to room temperature under
vacuum overnight resulted in the texture of the milled region to change. While no nanodot-like
features were observed while the sample was still cold, two general types of features were
observed when the sample was at room temperature — smaller bead-like nanodot features and
taller features as shown in Figure 6c¢. Also, the room temperature texture of the cryo-FIB milled
regions (e.g., as shown in Figure 6a) differs from the texture observed on the room temperature
milled regions (e.g., as shown in Figure 3a). That is, the nanodots that form as a result of cryo-
FIB milling and subsequent sample warming are fewer in number and appear more regularly and
spherically shaped than the nanodots that formed as a result of room temperature FIB milling.
The composition of the nanodots that formed as a result of room temperature FIB milling and
cryo-FIB milling with subsequent sample warming also differed. The nanodots that formed as a
result of room temperature FIB milling are rich in indium, while the nanodot beads that formed

as a result of cryo-FIB milling and subsequent warm-up have a similar In, Ga, As, and Sb
concentration. The large features observed on the cryo-FIB milled sample, on the other hand, are
predominantly made up of indium.
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Since these experiments took place, the authors have come across more recent studies which
highlight the effects that sample warming has on the structure of cryo-FIB milled material,
including Group IlI-V material [3, 7]. In one report, GaN material was milled by a Ga FIB at
different temperatures ranging from 300 K to 128 K, with the severity of material alteration (due
to reactions between the Ga FIB and the 1lI-V material) qualitatively decreasing with decreasing
temperature with no alterations observed when milling was performed at 128 K (-145 °C) [7].
However, the structure of the cryo-milled region changed once the sample returned to room
temperature in those studies as well. The authors have also become aware of additional studies
that shed light on the effects that sample warm-up rate and environment (i.e., vacuum vs.
atmosphere) have on the structure of the FIB milled material [3]. These findings suggest that the
warm-up conditions may need to be controlled to optimize cryo-FIB systems as a device
fabrication tool for 11I-V semiconductors and other Ga sensitive materials.

The features that result from cryo-FIB milling our SLS material and allowing that material to
warm-up under vacuum resemble the features that were observed on InAs material that was FIB
milled at room temperature (also under vacuum) at doses greater thahiama@nf [2]. The
samples used for this project were exposed to doses of ~ ¥’6eri€lcnt. In both cases, the
respective FIB milling technique employed resulted in the formation of features that belonged to
one of two general size distributions (smaller nanodots or larger features), with the larger
features being In-rich. We speculate that the InAs cap layer that is present on our SLS material
may have been a factor that helped bring about the noted similarities. Given the differences in
the way IlI-V materials respond to room temperature Ga FIB milling [2], however, we further
speculate that the features observed on cryo-FIB milled IlI-V materials after warm-up will also
be material-dependent, and in light of recent studies [3], dependent upon the sample warm-up
conditions (i.e., rate and environment, which can both be monitored and controlled).

Conclusions

In these first studies on using a cryo-FIB system as a Group IlI-V SLS device fabrication tool,
we found that cryogenically cooling the sample during FIB milling does appear to suppress the
reactions between the Ga in the FIB and the IlI-V elements in the SLS material, yielding a
cleaner milled region than was achieved by room temperature FIB milling. However, when it
comes to considering cryo-FIB milling for SLS FPA fabrication, more work is needed in order to
optimize the FIB scan generation, pattern resolution, and beam profiles to achieve smoother
features such as the milled floor and pixel sidewalls.

Another important consideration is the structural and chemical temperature dependence of the
cryo-FIB fabricated features. That is, the clean features that were observed while the sample was
still cold morphed upon sample warm-up. We speculate that the preferential sputtering of the
Group V material is still occurring at cryogenic temperatures, but the nucleation and growth of
the Group Il enriched features occurs at higher temperatures.

Recent studies that came out after these experiments were performed suggest that the properties
of features generated by cryo-FIB milling can subsequently be influenced by the warm-up rates
and environment to which the sample is exposed. These warm-up conditions would need to be
controlled in order to optimize cryo-FIB systems as device fabrication tools for I1l-V
semiconductors and other Ga sensitive materials. Alternatively, the arrival of FIB milling
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instruments that use species other than gallium (e.g., xenon) could also help FIB instruments find
applications in IlI-V device fabrication, and also offer the potential of higher milling rates [24].

Outside of the realm of device fabrication, cryo-FIB milling shows potential for applications that
allow the milled material to remain cold (i.e., specimen preparation for cryo-TEM). Additionally,
cryo-FIB milling combined with EDS analyses may help interested parties better understand the
phenomena of FIB milling and Ga implantation on IlI-V materials.
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Figures

Figure 1 — Left: Bitmap pattern (to scale). Right: Schematic of the corresponding FIB
raster pattern (not to scale). The FIB is blanked over the white regions of the bitmap.

Figure 2 — Cryogenic cooling components. (a) Photograph of the cold-trap shroud, cryo-stage, and cryo-
sample holder. The allen wrench is included for scale. During cryogenic operation, the temperature of the
shroud is lower than that of the cryo-stage, so that any water vapor present in the sample chamber will
condense on the shroud instead of the sample, ideally. (b) Photograph of the sample holder with two samples
attached by copper tape. (c) Photograph of the inside of the sample chamber, as the sample holder is inserted
into the sample stage. The cold-trap shroud is also present.
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Figure 3 — SEM images of the features milled at room temperature. (a) Entire pattern. A higher
magnification image of the mesa corner indicated by the red box is provided in (b).

©2013-The MITRE Corporation. All rights reserved.
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Figure 4 — SEM image of the room temperature FIB milled sample indicating the locations where EDS
spectra were captured.

Table 1 — Atomic concentrations based on semi-quantitative EDS analysis of the room tempeture FIB milled
sample.

Atomic concentrations (at. %)
Feature Spectrum Al Ga As In Sb
1 43 200 17.7 405 176
2 51 189 194 38.2 184
3 53 209 198 349 19.1
Milled 4 55 196 227 28,0 24.2
5
6
7

Nanodot

floor 53 201 235 278 234
6.1 154 255 282 248
58 158 258 285 24.2

Unmilled
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Figure 5 — SEM images of the cryo-FIB milled sample, captured while the sample was still at -135°C. (a)
Entire pattern. A higher magnification image of the mesa corner indicated by the red box is provided in (b).
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Figure 6 — SEM images of the cryo-FIB milled sample, captured after the sample returned to room
temperature. (a) Entire pattern. At this magnification, the large, tall features are easily observable. Higher
magnification images of the regions indicated by the red and yellow boxes are shown in (b) and (c). The
smaller, nanodot-like features are more readily observable in (b) and (c). Also, the height different between
the large, tall features and the nanodot features is more apparent in (c).
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Figure 7 — Example SEM images indicating the locations of the cryo-FIB milled sample analyzed by EDS. The
EDS analysis was carried out with the sample at room temperature. (a) Lower magnification image showing
the large, tall features. (b) Higher magnification image showing the smaller nanodot features present in the

milled region (marked as Spectra 1 and 2) and the milled floor (marked as Spectrum 3).

Table 2 — Semi-quantitative EDS analysis, carried out at room temperature, of the cryo-FIB milled sample.
Additional features were analyzed besides those indicated in Figure 7.

Atomic concentrations (at. %)
Feature Spectrum Al Ga As In Sb

3.1 13.7 11.2 63.8 8.2

Large al
feature a2 4.1 154 13.4 56.7 104
3.6 12.1 9.8 67.6 6.9
bl 5.9 20.0 23.5 28,6 22.0
Nanodot b2 5.8 21.7 23.8 26.0 22.7

5.6 20.9 24.0 26.7 22.9
Milled floor b3 6.1 19.9 24 .4 27.0 22.6

6.2 15.7 26.0 283 23.8
6.2 15.9 25.3 289 235

Unmilled a3
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