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Abstract

A nondestructive ex situ Synchrotron Laue X-ray Microdiffraction (WSLXRD) technique is used to investigate
the plasticity mechanisms in the metallic nanostructures and their evolution at high homologous temperatures
through analyzing low melting temperature metals such as tin. Without the use of expensive high temperature
equipment, the current approach of studying plasticity mechanisms at high temperature is enabled by the low
melting behaviors of the samples allowing them to provide insights on high temperature deformation
mechanisms, such as thermally activated dislocation climbs. Nanopillars with a diameter near 1pm were
deformed by uniaxial compression to strains of in excess of 20% at a strain rate of approximately 0.001s™.
Defect density evolution in the nanopillars was evaluated by synchrotron Laue X-ray microdiffraction
(LSLXRD) before and after deformation (ex situ). It was found from the Laue peak broadening measurements
that there was no significant change in the dislocation density of the same pillar before and after such an extent
of deformation. These findings were being compared to similar experimental results of indium and gold
nanopillars (from our previous reports). They were found to be in stark contrast to our previous results with
indium (although both are low melting temperature metals) where the synchrotron Laue X-ray microdiffraction
showed significant peak broadening — before vs. after the uniaxial compression to a similar amount of
deformation. It appears high temperature plasticity mechanism in tin nanostructures involves significant lattice
diffusion behavior, as opposed to simple displactive behavior (through dislocation movements) that has been

proposed in recent studies of tin nanostructures.
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Introduction

The “Smaller is Stronger” phenomenon [1] where crystalline materials are mechanically deformed in small
volumes such as nanopillars has been ubiquitously demonstrated that the size of the sample dramatically affects
the crystalline strength of materials at the micron- and nano scales. This has been revealed through uniaxial
compressions over a wide range of metallic nanopillars as showcased in the reviews by Uchic ef al. [2] and
Greer and Hosson [3]. Plastic deformation in small volumes through uniaxial compression requires higher
stresses than are needed for plastic flow of bulk materials. There are both extrinsic and intrinsic effects that
seem to be responsible for this observation. The intrinsic effects, in contrast, are those size effects that arise in
small, unconstrained single crystals under deformation. For example, indentation size effect (ISE) for crystalline
materials at small depths due to geometrically necessary dislocations (GNDs) and strain gradients [4] and high

strengths of sub-micron pillars of gold due to dislocation starvation hardening process [5].

Despite the fact that much has been done to evaluate the room temperature mechanical properties of metals [1—
11], little experimental evidence is available to shed light on the high temperature mechanical properties of
metals. Most of the work so far has been on cubic crystallographic structured metals such as gold (T, =1085°C),
nickel (T =1455°C) and molybdenum (T, =2617°C) where the melting temperature is way above the ambient
conditions. Very few slip systems in these materials are active at room temperature (RT). To understand high
temperature deformation mechanisms, one has to either use expensive equipment that works at high

temperatures or find a low melting temperature metal that can behave like a high temperature material at RT.

Low melting point metals provide an advantage to gain knowledge in the high temperature
plasticity/deformation mechanisms for nanostructures. In these low melting point metals, the number of active
slip systems available at room temperature increases significantly with thermally activated dislocation motions
such as dislocation climbs and cross slips. Nanopillars of tin (T, =232°C) will be studied here, and the results
will be compared to similar nanopillars of indium (Tw =157°C). Both of these metals have tetragonal structures
and are much used as alternatives to lead-free solder in the microelectronic packaging industry and solar
photovoltaics (PV) industries (in the thin film technology as well as the solder material in solar PV packaging

industries).
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There is a limited amount of experimental data at micro and nanoscales due to lack of suitable techniques that
could capture the extrinsic and intrinsic behavior of materials under deformation. Synchrotron Laue X-ray
Microdiffraction (uSLXRD) is a non-destructive ex situ technique that can be performed before and after
uniaxial compression tests to understand the defect density evolution of metallic nanopillars. The dislocation
defects such as statistically stored dislocations (SSD) or geometric necessary dislocations (GND) can be
detected by this technique [6,12,13]. In this paper, we will talk about how the pSLXRD technique can be used
to analyze and evaluate the dislocation plasticity behavior mechanisms between three materials systems — Gold

[5,6,10,11,14], Indium [15-18] and Tin [12,19-22].

Through the pSLXRD technique, the dislocation behavior of gold nanopillars has been established due to
dislocation source starvation effect where dislocations leave the gold crystal more frequently than they multiply,
resulting in a dislocation-starved state [6]. Indium nanopillars exhibit a net increase in dislocation defect density
where defect multiplication rate is greater than annihilation rate due to recovery, recrystallization and surface

evaporation [16]. This behavior is similar to bulk deformation of indium.

Having many technologically important applications, such as in microelectronics as well as in solar PV
packaging industries, it is important to study deformation mechanisms in tin nanostructures, particularly since
recent advances in microelectronics and solar PV could lead to smaller and smaller features of tin solder. The
PSLXRD technique has revealed some new insights on nanostructures of many material systems, such as gold
and indium [6,16] and thus lead to further understanding of their mechanical properties in small scales that can
be due to its homologous temperature, size effect and/or crystallinity of the material. Understanding and
controlling plasticity and the mechanical properties of materials could thus lead to new and more robust

nanomechanical structures and devices.
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Experimental Methods

The Technique: Synchrotron Laue X-ray Microdiffraction

Synchrotron Laue X-ray Microdiffraction (WSLXRD) is a type of X-ray Laue diffraction technique that has been
used for a variety of applications for its non-destructive nature and suitability in examining the defect structure
of sub-micron and nanometer scale specimens [4,7,23-30]. The X-ray beam comes from a powerful synchrotron
source, which can be focused into a submicron spot size, close to the grain size of most single crystalline
materials. X-rays allow deeper penetration depths, sample preparation, and measurements under various
conditions. Bragg’s Law is satisfied with a white X-ray beam of a continuous range of wavelengths, allowing a
huge number of reflections to be obtained simultaneously even when the lattice is locally rotated or bent,
resulting in the observation of streaked Laue spots. Laue diffraction also enables the exploration of the point
defects, coherent precipitates, dislocations, stacking faults or grain boundaries in defect structure of imperfect
crystals. Thus, the polychromatic characteristic of the synchrotron radiation makes it sensitive to local lattice
curvature or rotation in the crystals under consideration. It is this sensitivity to local lattice curvatures that
makes the pnSLXRD technique is suitable for probing plasticity at small scales since strain gradients and

geometrically necessary dislocations (GNDs) are directly related to the local lattice curvatures [6,12,13].

This technique involves scanning the sample with the focused X-ray beam at submicron resolution, thus gaining
structural information about the crystal and its defects in the diffracted volume through the shapes of the Laue
diffraction peaks. Using this approach, we can monitor the change in the Laue diffraction peaks before and after
deformation. A quantitative analysis of the Laue peak widths then allows us to estimate the density of GNDs in
the sample. The absolute number of GNDs in the crystal can be determined using the relevant dimensions of the
sample. A comparison of the numbers of GNDs before and after, or even during, the deformation provides
information about the change in microstructure associated with plastic deformation. Conventional structural
characterization methods such as transmission electron microscope (TEM) [31] and Resonant Ultrasound
Spectroscopy (RUS) [32,33] will expose the structure to high energy electron beams and sounds that might alter

the internal defect structure during analysis.
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The microstructure of as-fabricated and uniaxially compressed nanopillars was characterized by the uSLXRD
technique with Beamline 12.3.2 at the Advanced Light Source synchrotron facility at Lawrence Berkeley
National Laboratory, Berkeley, CA [29,34] as shown in Figure 1. Only tin nanopillars with a diameter of 920nm
were characterized as diffracted X-ray signals from smaller diameter pillars were not reliable. The energetic X-
rays are not damaging to the internal nanopillar structure since there is negligible change in the sample

temperature during measurements, making the pPSLXRD technique especially useful for low melting

temperature metals.

nA = de Lsn A -Ray CCD Detector
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X-ray source: ALS Synchrotron,

Beam size:
0.8 x 0.8 um

Fig. 1: Schematic Layout of the Beamline (BL) 12.3.2 at the Advanced Light Source (ALS)

Each nanopillar sample was mounted on a MICOS high precision XY -positioning stage (resolution of 0.05um)

and raster scanned under the white X-ray beam with the purpose of locating the nanostructures. This imaging
process provided both X-ray microfluorescence (uXRF) and the X-ray microdiffraction information of the
scanned area. The pSLXRD patterns were collected using a MAR 133 X-ray charge coupled device (CCD)

detector with pixel size near 100um and analyzed using a custom-made XMAS software package [13].

Berkeley Lab (LBNL), BL 12.3.2
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Previous work by Budiman et al. [8] has detailed the steps for the uXRF followed by the uSLXRD scanning of
the nanopillar [6]. The chosen X-ray scan area of an individual nanopillar is a ~10x10um? square with 0.5um
step sizes. The pSLXRD scan process involved the collection of 400 CCD frames, which required 3-4h to

collect. The exposure time for each frame was 5s, in addition to about 10s of electronic readout time.

With pSLXRD, the change in the Laue diffraction images before and after uniaxial compression of nanopillars
can be monitored. A quantitative analysis of the Laue peak widths allows us to estimate the density of GNDs in
the submicron pillars from the Cahn-Nye relationship of the local GND density is p = |k|/b where K is the local
curvature and b is the magnitude of Burger’s vector [35,36]. The absolute number of dislocations in the single
crystal can be derived with the exact geometries of the pillars, n = pWH = WH|k|/b, where W and H are
diameter and height of the pillar [6]. A comparison of the number of dislocations before and after the uniaxial

compression would unveil the change in the material involved in the deformation.

Fabrication of Nanopillars

The tin nanopillars were made by the electron beam lithography followed by metal electroplating (EBL&ME).
The EBL&ME method was developed by Burek and Greer first for gold [14] and tin nanopillars [19]. The
specific procedure to generate indium nanopillars is described in [17]. The fabrication of the samples was done
in collaboration with Dr. D. Jang (of KAIST), Dr. M. Burek (of Harvard University) and Prof. T. Tsui (of
University of Waterloo) [14,16—19]. This method allows for large number of varying-sized nanopillars over a
short period of time. Seed layers of titanium (20nm) and gold (100nm) are deposited by electron beam
evaporation before lithography of PMMA beams to act as a cathode in subsequent electroplating steps,
encouraging the growth of the nanopillars during electroplating. The resulting nanopillar diameters are of a wide
range of between ~70-920nm with aspect ratios of 2-4 and separation distance of 10um. Figures 2 and 3 show
the SEM micrographs of an array of 920nm diameter tin pillars. A 15-day rest period was maintained for all
nanopillar samples prior to microstructural and mechanical characterization to ensure thermally activated
processes such as grain growth or annihilation of fabrication induced defects at free surfaces had reached

equilibrium at RT prior to testing.
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Fig. 2. An array of 920 nm diameter tin pillars in a 100 x 100 um array. Reprinted with permission from [19]

Fig. 3: Tin nanopillars fabricated with various diameters from 200 to 920 nm. Reprinted with permission from [19]

Ex-situ Uniaxial Compression Tests

The uniaxial compression tests were conducted at Stanford University using the same tool of the
Nanoindenter XP (Agilent/MTS, Knoxville, TN) with a custom flat punch diamond tip. The compression tests
were done by displacement control in continuous stiffness mode (CSM) of the instrument. The strain rates used
in the tests were mainly 0.001s” with additional studies at 0.01s"' and 0.0001s™. The data obtained during
compression were then converted to uniaxial stresses and strains using the assumption that the plastic volume is
conserved throughout this mostly homogeneous deformation. For indium and tin, the deformed nanopillars were
stored in the dry ice sublimation environment (-78.5°C) during transportation for the synchrotron experiments to

prevent additional dislocation activities due to temperature.
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Results and Discussion

Ex-situ Uniaxial Compression Tests
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Fig. 4: SEM micrographs of tin, indium and gold nanopillars (a) before and (b) after uniaxial compression and
(c) their respective engineering Stress-strain graphs. Reprinted with permission from [19] for Tin, [16] for
Indium and [6] for Gold

The engineering stress-strain curves of tin, indium, and gold were obtained under displacement control of
uniaxial compression with a strain rate of 0.001 s as shown in Figure 4. From tin’s engineering stress-strain
curve, the nanopillar exhibits strain bursts after the initial yielding. The max flow stress (measured as 5% strain)
observed is 80MPa. This is known to be due to the sudden shear failures along the crystallographic slip planes.
Crystallographic shear offsets, sidewall surface wrinkles and bulges perpendicular to the loading direction are

observed on its post compressed pillars while trying to maintain its shape.

However, the engineering stress-strain curve of similar tetragonal indium reveals that this sample was quite soft
with a flow stress (measured at 5% strain) of ~13MPa. Post SEM image of indium provides no evidence of the
plastic strain being carried out by significant crystallographic shear offsets but instead accommodated by

sidewall wrinkling, bulging and folding. There are no discrete slip bands observed in this deformed sample.

253



254

H.P. ANWAR ALI et al. / Procedia Engineering 215 (2017) 246-262

For FCC gold, the uniaxial loading in the <111> direction of the nanopillar saw its initial flow stress reaching
250MPa at 2% engineering strain. It reached the maximum yield strength of 280MPa, close to 10 times the yield
stress of gold in bulk. It observed multiple strain bursts after the initial yielding too. The post-compressed gold
pillar remains centrally loaded and preserves its cylindrical shape throughout the deformation process. Visible

slip markings were observed on the deformed surface of the pillar that appears to be along {111} plane.

MSLXRD Laue Diffraction Peak Profile Comparison
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Fig. 5: pnSLXRD Laue diffraction pattern and their intensity plot comparisons between tin, indium and gold
nanopillars (a) before and (b) after uniaxial compression. The diffraction spots have been converted to
reciprocal q space. Reprinted with permission from [16] for Indium and [6] for Gold

For the three materials, a single unique Laue diffraction pattern (not shown here) belonging to a (204) body-
centered tetragonal (BCT) crystal for tin, a (111) face-centered tetragonal (FCT) crystal for indium and a (111)
face-centric cubic (FCC) crystal for gold was identified for the entire nanopillar volume. These specimens
consist of a very large grain which occupies the majority of the nanopillar volume, and any remaining grains are

too small to diffract enough incident X-ray signals for detection.

Both pre- and post Laue diffraction spots for all three materials, tin, indium, and gold have the same shape and
that they are both rounded — not broadened towards a certain direction as shown in Figure 5. This rounded shape
is typical of an undeformed crystal whereas broadening of a Laue diffraction spot in a certain direction
(streaking) would have been associated with the presence of strain gradients in the deformation volume. The

crystals in the nanopillars were well annealed with no excess initial dislocations of the same size (i.e. no GNDs).
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Further, no crystal rotation was observed up to the maximum compressive strain performed in the experiment.
The intensity traces are taken along a particular y angle to study the Laue diffraction peak profile more
quantitatively. The y angle defined in the plot is orthogonal to 26. The profiles were fitted with Lorentzian
curves. This peak broadening consists of three contributions: crystal size effect, instrumentation and the

possibility of random dislocation storage during fabrication.

The intensity trace of tin Sn (406) Laue diffraction peaks taken from uniaxially compressed tin nanopillars
demonstrated negligible peak broadening relative to their as-fabricated state. The measured FWHMs of both tin
(406) Laue spots profiles show that there is a decrease of 0.03° in the angular width. This is similarly observed
in gold where their difference in measured FWHMs of both gold (-3 11) Laue spots profiles showed an increase
of 0.01° in the angular width. Both of these differences are still within the experimental error bar of

instrumentation [37,38], rendering the pre- and post- uniaxial compression measurements statistically identical.

However, the size of Indium (413) post-compression Laue diffraction spots are significantly larger than those
from the as-fabricated state. The amount of diffraction peak broadening is quite different between the as-
fabricated and post-compression results as the peaks have the full-width-half-max (FWHM) values of 0.298°
and 0.553°respectively. This increase of peak width by 0.255° is likely a result of defect accumulation, implying
that the rate of defect generation during deformation exceeded that of annihilation, where some of these defects
can be dislocations. There is also a lack of crystal rotation even after near 28% compressive strain. This is
another indicator that a large number of active systems were available during indium nanopillar compression to

avoid rotational deformation.

Discussion

It appears from the uniaxial compression engineering stress-strain curves as well as the pSLXRD Laue
diffraction results that BCT tin seems to behave closer to that of FCC gold compared to that of FCT Indium. A
recent experiment by Philippi ef al. considered tin micropillars of diameters between 1 to 10um and performed
ex-situ pSLXRD experiments to determine the effect of size and orientation behavior of tin micropillars on its
mechanical behavior [12]. Irrespective of the slip plane orientation it was compressed (i.e. [001] and [110]

directions), their Laue data observed a negligible amount of peak broadening with less than 10 geometrically
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necessary dislocations (GNDs) at the sample center. This is similar to our pSLXRD result based on the

calculation using the Cahn-Nye relation of p = % [35,36] to determine the number of dislocations left in the

crystal of the whole width of pillar to be 7-8 dislocations. In comparison, the number of dislocations left in the
crystal for gold was found to be 3-4 dislocations [6] and indium can be approximated to 15 dislocations. Burek
et al. justified this with their initial synchrotron pSLXRD findings of tin nanopillars that was done in
collaboration with our group [19] that since there is no significant peak broadening between the pre and post
compression data, it can be assumed to be behavior follow mechanisms similar to that of gold. However, our
subsequent analysis appears to suggest other mechanisms might be in play in the case of tin nanostructures

(compared to that of gold nanostructures) exactly due to its low melting temperature property.

Gold is a face-centred cubic (FCC) crystal with a melting temperature of 1064°C. This, in turn, results in a
homologous temperature of 0.1 for experiments done at room temperature (RT). Like typical FCC metal at room
temperature, there are only a limited set of active systems for dislocation glide. Dislocation motion is often
constrained to a specific slip system, whereby dislocations glide along the crystal planes with the lowest critical
resolved shear stress (CRSS) until they reach the free surface, shearing the crystal along that crystallographic
plane. The compression behavior observed by gold nanopillars is explained by the dislocation starvation effect
[5,10] where the rate at which the mobile defects annihilate at the sample surfaces is far greater than the rate at
which defects generate or multiply. The total distance that a dislocation travels before reaching a free surface is

essentially a straight line.

However, the dislocation behavior at room temperature for low temperature metals such as indium and tin
would also involve thermally activated processes such as cross slip and dislocation climb. These processes are
expected to have a non-trivial contribution in the mechanical deformation of these structures and might even be

annihilated.

Indium is a face centered tetragonal (FCT) and space group of I 4 / mmm. At room temperature, indium
undergoes recovery and recrystallization due to its low melting point of 157°C which results in a homologous

temperature of ~0.7. Budiman et al. quantified the net increase of defect density seen from Laue peak
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broadening of indium is due to the competition between defect multiplication rate from the dislocation-
dislocation interactions and generation of dislocation sources and annihilation from the thermally activated
processes [16]. The symmetrical broadening of the rounded peak is taken to be an accumulation of asymmetric

broadening peaks activated simultaneously in multiple directions.

Tin is a body centered tetragonal (BCT) with c/a = 0.5456 and space group of I 4 1/amd. It has a melting
temperature of 232°C or (505K) which results in a homologous temperature of ~0.6. At room temperature, tin
exists as a P-allotrope (white tin), and three of the most commonly observed BCT tin slip systems are (110)[-
111], (110)[001] and (100)[010] [39]. It seems expected that the dislocation behavior should be close to indium

based on its crystallographic tetragonal character. This is observed for most FCC and BCC metal trends [3].

Besides crystallographic character, another factor is the size effect between the three materials. For nanopillars,
size effect in strength is frequently described with power law equation of a~d ™™, where d is the size or the
diameter and m is the size exponent . Burek et al. compressed different diameter sizes of tin nanopillars (350nm,
560nm and 920nm) at a constant strain rate of ~0.001s™! and plotted the engineering flow stress measured at 5%
flow stress as function of feature size and found that slope of the log-log plot to be ~0.572 [19]. Recently, Kim
et al. summarized Burek’s results with their own results for 1um and 5um nanopillars and concluded with the
exponent of ~0.70 [20] and Philippi et al. observed the exponent of ~1 [12]. However, as the diameter is
reduced from 450nm to 130nm, Tian et al. observed a different kind of size behavior at same 0.001s™' compared
to the faster strain rate of 0.01s™ where diffusional deformation through coble creep replaces the displactive
plasticity as the dominant deformation mechanism at room temperature [22]. In some sense, there is some size
effect experienced in tin depending on the diameter size of nanopillar being considered. In comparison, FCC
gold observes a strong size effect with the size effect of ~0.66 [10]. This is in line with typical values for FCC
metals [3]. Indium didn’t observe a clear size effect trend with the different size diameter nanopillars for the

same 0.001s™ strain rate [18].

It is thus observed that 920nm diameter tin nanopillars experience the size effect phenomenon closer to FCC

gold rather than following close to indium which exemplifies typical low melting temperature behavior at room
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temperature. A cause for this can be seen from the constant temperature with varying stress level creep
experiments within the elastic regime performed by Kim et al. on 1pm and Sum diameter single crystal pillars
[20]. From their experiments, they observed huge creep deformation at room temperature and creep stress
exponent close to 1 which indicates atomic diffusion governs the overall creep process. This is unlike bulk Sn
which observes dislocation climb with a typical stress exponent of ~3-7 and creep activation energy close to
atomic self-diffusion [40,41]. Further evaluation with in-situ SEM creep tests confirmed it was due to lattice
diffusion rather than coble creep that resulted in the behavior of the tin nanopillars. However, for indium
nanopillars, Lee et al. observed creep stress exponent be approximately 6 regardless of the size of pillars
observed. This suggests a dislocation nucleation dominated bulk-scale mechanism [18]. No comparative work

could be found for gold nanopillars of similar grain size.

This explains the behavior why the examined 920nm diameter tin nanopillars observed no change in the Laue
peak broadening post compression. Though tin has multiple slip systems and has a relatively high homologous
temperature, the preferred path for dislocations seems to change with the grain size of the metal. As shown by
Kim et al. [20], the dislocations in 920nm tin nanopillars prefer to move by atomic diffusion changes to the
lattice in nanopillars in comparison to bulk-like deformation behavior in indium shown by Lee et al. [18] and

Budiman et al. [16].

It is through its size effect from bulk to the nanoscale regime that enables it to transition from the typical power
law creep behavior to a diffusion flow based behavior. An interesting future work would be to understand the
evolution of defect densities of metals with established size effect behavior of different diameter size nanopillars

for comparison with our present work.
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Conclusion

The use of Synchrotron Laue x-ray microdiffraction (WSLXRD) as a technique for probing high temperature
deformation mechanisms is showcased here with the evolution of defect densities comparison of two low
melting temperature tetragonal metals of tin and indium together with the establish gold nanopillars. The
uSLXRD technique clearly identified tin to be similar to gold in terms of negligible dislocations with no
significant increase in the Laue diffraction peak widths. The size effect of the tin nanopillars causes the
transition in dislocation behavior from dislocation nucleation mechanisms to lattice diffusion based one. Thus, it
is not sufficient to just look at the low melting temperature metals but also the size dimension at which it is to be

studied to understand the high temperature mechanisms in metals.
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