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ABSTRACT: The mechanochemical reaction kinetics of sulfur Hrwilg S In Cu subsurface:
with copper to form a metastable copper sulfide phase at room Temperature/K transport by dislocation and
temperature is investigated in ultrahigh vacuum by modifying the r - gl Boundgeri v
properties of the copper during cleaning in vacuum. The measured — ! ~2 nm
kinetics is in agreement with a theory first proposed by Tc“"gbs_;e" lF”

Karthikeyan and Rigney that predicts that the rate depends n iy 850 -
linearly both on the contact time and on the strain-rate sensitivity i I IR W m
of the substrate. The mechanism for this process was investigated 500

using thin samples of copper fabricated using a focused-ion-beam W~35 nm
and by measuring the crystal structure and elemental composition

of the copper subsurface region by electron microscopy after

reaction. The measured sulfur depth distributions produced by

shear-induced surface-to-bulk transport were in good agreement with values calculated using rate constants that also model the
reaction kinetics. Sulfur was found both in crystalline regions and also concentrated along grain boundaries, implying that formation
of metastable phases is facilitated by both the presence of dislocations and by grain boundaries.

KEYWORDS: dialkyl sulfide, copper, shear-induced surface-bulk transport kinetics, Auger spectroscopy, electron microscopy,
focused-ion-beam samples

B INTRODUCTION the copper with a tungsten carbide ball in the presence of
DMDS. First is the decomposition of the adsorbed methyl
thiolate species to evolve gas-phase hydrocarbons and deposit
atomic sulfur on the surface.””*™* The second process,
relevant to the mechanochemical synthesis of novel materials,
is the shear-induced surface-to-bulk transport of the adsorbed
sulfur to produce a metastable CuS, phase. Note that the
sliding conditions during these experiments are sufficiently
mild so that the temperature rise is negligible (<1 K)." Here,
the adsorbed sulfur formed by methyl thiolate decomposition
is lost from the surface to create new sites that allow the
reaction to continue. The metastability of the sulfide phase was

Mechanochemical processes often initiate novel and “green”
solid-state reactions that can result in the formation of
metastable materials that are not accessible through thermal
processes.”~ Mechanochemical reactions can be induced at
ambient temperatures and do not generally require a solvent.
Such solid-state reactions have been known for millennia; the
mechanical reduction of cinnabar to mercury in a copper pestle
and mortar was reported in ~315 BC'® and Faraday studied
the mechanochemistry of solids in the 19th century."'
However, little is known about the mechanism by which

such metastable materials are f(?rmed, although it _has. been demonstrated by showing that the subsurface sulfur thermally
suggested that they are caused either by energy dissipation at

> . . diffused to the surface once again on heating to a high
collision sites that increases local temperatures, through the temperature. > 8 8 &
formation of defect sites,">™"> or by dislocation glide.lé_18 P )

The first-order rate constants for these elementary-ste
Significant structural changes have also been found for sheared . Ty-step
. . reactions have been measured and used to construct a kinetic
metals; copper forms nanocrystalline structures in the

. 1925 model that predicts the mechanochemical reaction kinetics, the
subsurface region.

This issue is addressed using the mechanochemical reaction
between dimethyl disulfide (DMDS) and copper in ultrahigh Received:  October 22, 2020
vacuum. In the absence of an external force, DMDS and Accepted:  January 25, 2021
copper react stoichiometrically via S—S bond scission to form Published: January 28, 2021
adsorbed methyl thiolate species, which are thermally stable at
room temperature, and the reaction ceases at this step. Two
distinct mechanochemical processes are induced by rubbing
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evolution in friction as a function of the number of passes, the
depth profile of the sulfur in the copper bulk, and the variation
in the total amount of subsurface sulfur.” Note that the
reaction could be viewed as either a mechanocatalytic reaction
or a tribochemical process depending on whether the focus is
on the formation of gas-phase products or the deposition of a
friction-reducing film.*’

The kinetic analysis assumed that the distance that a sulfur
overlayer diffuses into the copper is proportional to the
number of times that it had been rubbed to produce an
effectively first-order rate constant.”” This agrees with
molecular dynamics (MD) simulations of sliding interfaces
which reveal the formation of shear-induced vortices that cause
surface atoms to be transported into the bulk.’"** The
resulting patterns formed in the near-surface region of the
sample resemble those produced in shear by classical Kelvin—
Helmholtz (K-H) instabilities despite the differences in
effective viscosity values,”’™* resulting in subsurface copper
structures that can lead to surprisingly low friction.****’

An analytical model for these phenomena proposed by
Karthikeyan and Rigney (KR)*' assumes a material flow law
given by the Herschel-Bulkley equation, where the shear stress

m
d . .
T, =T+ C(d—;) ** and 7, and C are fitting parameters, m is

the strain-rate sensitivity that can take values between 0 and 1,
and % is the shear strain rate. The KR model predicts that the
Y

time dependence of the characteristic width of the deformed
zone, y*, depends on the value of m. Since metals and, in
particular copper, have m < 1,**** this leads to y*  t (see
below). Since the contact time is proportional to the number
of passes p at a constant sliding speed and load, this prediction
is in accord with experiment.

As demonstrated below, the value of y* also depends linearly
on the strain-rate sensitivity, m, which, for metals in general,
and for copper in particular, decreases with the size of the
nanocrystallites””**~* The initial crystallite size in turn
depends on the temperature at which the copper had been
annealed during cleaning (see Experimental section), and if the
crystallites formed during rubbing depend on the initial
crystallite sizes, the surface-to-bulk transport kinetics will also
depend on the initial crystallite size. Since the hardness is a
gauge of crystallite size through the Hall-Petch effect,”*" this
suggests that the rate of metastable sulfide phase formation
should correlate with the copper hardness. These ideas are
tested by measuring the nanohardness of copper samples that
had been annealed at different temperatures (500, 850, and
1020 K) during cleaning in UHV, where it is found that the
hardness of the rubbed regions does depend on the initial
hardness. The surface-to-bulk transport rate is shown to vary
linearly with strain-rate sensitivity and the mechanism is
investigated by studying the depth profile of focused-ion-beam
(FIB) prepared samples that had been rubbed in the presence
of DMDS to identify whether the sulfur was located at the
interface between grains (in which case, the transport is grain-
boundary mediated) or uniformly distributed throughout the
sample (in which case, the mechanically induced transport
kinetics are mediated by dislocations).

B METHODS

Experiments were carried out in a stainless-steel, ultrahigh vacuum
(UHV) chamber operating at a base pressure of ~2 X 107'° Torr
following bakeout, which has been described in detail elsewhere.’’
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Briefly, the chamber was equipped with a UHV-compatible
tribometer, which simultaneously measures normal load, lateral
force, and the electrical contact resistance between the tip and
substrate. All measurements were made using a sliding speed of ~4
mm/s at a normal load of 0.44 N. Previous work has shown that the
maximum interfacial temperature rise for a copper sample under these
conditions is much less than 1 K.' The spherical pin (~12.7 mm
diameter) was made from tungsten carbide containing some cobalt
binder and could be heated by electron bombardment in vacuo or by
argon ion bombardment in order to clean it. The pin was mounted
onto an arm with attached strain gauges to enable the normal and
lateral forces to be measured. The arm was mounted to a rotatable
Conflat flange to allow the pin to be rotated to face a cylindrical-
mirror analyzer (CMA) to enable Auger spectra of the pin surface to
be obtained. Additional experiments were carried out by analyzing the
tungsten carbide pin by X-ray photoelectron spectroscopy (XPS) after
argon ion bombardment using a spectrometer containing a hemi-
spherical analyzer built by ThermoFisher (220i) with a focused Al Ka
monochromatic X-ray source.

The copper samples (Alfa Aesar, 99.99% pure, 1 mm thick) were
polished to a mirror finish using 1 ym diamond paste and then rinsed
with deionized water and degreased ultrasonically in acetone before
mounting in the UHV chamber. The copper was cleaned using a
standard procedure which consisted of argon ion bombardment (~1
keV, ~2 uA/cm?) and annealing cycles of ~10 min to ~500, 850, or
1020 K to result in different crystallite sizes and mechanical
properties. The argon ion bombardment and annealing cycles were
repeated until the copper samples were clean, and cleanliness of the
samples was monitored using Auger spectroscopy.

The samples were mounted in UHV either to a precision x, y, z
manipulator for measuring the sulfur concentration across a rubbed
region of the sample or to a transfer arm that allowed the sample to be
moved from the UHV chamber to a small cell which could be isolated
by a gate valve from the main chamber.’> The transfer arm slid
through a differentially pumped seal and the copper could be
resistively heated with the temperature measured via a thermocouple.
A 1 um thick film of aluminum could be deposited on the copper
when enclosed in the cell to protect it from atmospheric
contamination during transport to Sandia National Laboratories for
additional analysis.

The tribometer chamber contained a single-pass CMA for Auger
analysis and an argon ion bombardment source for sample cleaning
and depth profiling. Auger spectra were either collected using the
coaxial electron gun in the CMA using an electron beam energy of 3
kV or with a Staib model EKOSOM2 Microfocus electron gun. The
chamber is also equipped with a channeltron secondary electron
detector which allowed scanning electron microscopy (SEM) images
of the wear scar to be collected using the microfocus electron gun.
Auger elemental profiles across the rubbed regions were obtained to
measure the loss of sulfur from the surface as a function of the number
of times that the sample had been rubbed. To ensure that the sulfur
signal was being measured only in the rubbed region and did not
include signals from the unrubbed part of the sample, calibration
experiments were carried out to focus the electron beam on a 100 ym
diameter silver wire and by detecting Auger signals due only to silver.
Concentration profiles across the rubbed region were measured either
by moving the sample laterally by translating the precision
manipulator to which the copper sample was mounted, or by
deflecting the electron beam by using capacitor plates incorporated in
the high-resolution electron gun. Both methods yielded identical
results for the variation in Auger signal as a function of the number of
times that it had been rubbed. Finally, the chamber also included a
quadrupole mass spectrometer for leak checking and for gauging
reactant purity. Nanoindentation measurements were made using a
Nanoindenter G200 (KLA/Agilent) with an ~130 nm Berkovich tip.

All experiments were performed by initially rubbing the pin against
the clean copper sample (~1.7 X 1.7 cm® by ~1 mm thick) until a
constant friction coefficient (4 = ~0.53)>” was obtained. This resulted
in the formation of a wear track that attained a constant width after
the friction became constant, so that wear was assumed to have
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ceased. DMDS was dosed through a leak valve connected to a dosing
tube (with an internal diameter of 4 X 107 m) directed toward the
sample so that the pressure at the sample is enhanced compared to
the background pressure, which was set at 1 X 107 Torr during
DMDS dosing (pressures are not corrected for ionization gauge
sensitivity).

In the first experiment, the loss of sulfur from a saturated methyl
thiolate overlayer formed by dosing the rubbed sample with DMDS
was measured by Auger spectroscopy as a function of the number of
times that it had been rubbed for samples that had been cleaned by
annealing to 500, 850, or 1020 K.

In a second experiment, samples were prepared by rubbing copper
samples that had been annealed at 500, 850, or 1020 K in a
background pressure of 5 X 107® Torr of DMDS for 80 cycles at a
load of 0.44 N to cause sulfur to react with the copper. The sulfur
depth distribution has been measured previously by angle-resolved
XPS, which also showed that the bulk sulfur concentration was
relatively low and not likely to influence the mechanical properties of
the copper.” This protocol provided higher subsurface sulfur
concentrations for subsequent ex situ analyses at Sandia National
Laboratories. Electron-transparent lamella (11 gm X 6.7 ym X 16 ym
deep) were prepared from these aluminum-coated copper samples at
the Center for Integrated Nanotechnologies (CINT) at Sandia
National Laboratories using a Thermo Scientific Scios 2 DualBeam
focused-ion beam (FIB) apparatus. Scanning transmission electron
microscopy (STEM) and energy dispersive X-ray spectroscopy
(EDXS) were done with a FEI (now Thermo Fisher Scientific)
Titan G2 80-200 electron microscope equipped with a spherical
aberration corrector on the probe-forming optics, and four silicon-
drift X-ray detectors operating at 200 kV electron energy.

The DMDS (Aldrich, 99.0% purity) was transferred to a glass
bottle and attached to the gas-handling system of the vacuum
chamber, where it was subjected to several freeze—pump—thaw cycles.
The purity of the DMDS was monitored using mass spectroscopy.

Modified Karthikeyan—Rigney (KR) Model for Interfacial
Mixing at a Sliding Interface. The following outlines a
modification of the analysis by Karthikeyan—Rigney*' for the mixing
at a sliding interface to specifically investigate the dependence on
strain-rate sensitivity. The model assumes that the flow properties of
copper are described by the Herschel—Bulkley model** where

=17+ C[%)
y

Txy

(1)
Writing u(y,t) = U(4) where A = yt% and a = —%H, the Cauchy

equation of motion gives the following differential equation for the

velocity U(4)

ﬂ(%] B _( ®)

where p is the density. We derive a solution for the case in which m <
1, typical of a metal such as copper,”"***>*? so that A = yt™! and eq 2
simplifies to

ﬂ(d_U]z __[em)du
dA p JdA?

Cm(1 + m) dZ_U
p da?

()
A general solution of this equation is
2A A
U(A) = ¢, — |— arctan
o V2Ac (4)

Cm . . .
where A = > and ¢, and ¢, are constants of integration, which are

determined from the boundary conditions. Using the no-slip KR
boundary conditions*! which, at A = 0, gives U(0) = 0, so that ¢, = 0,
du()
Ta
is automatically obeyed from the form of the function in eq 4.
Applying the first boundary condition yields

and at +00, gives U(+00) = +U and = 0. The second condition

6787

2 __w
g T ( 5)
where ,/2Ac; = =S =B to give the full solution as
U pU
2U A
U(l) = — arctan(—)
T B (6)

However, the sliding conditions for copper in the experiments
carried out in this work involve a stationary copper substrate and a pin
sliding at a velocity U. This now gives boundary conditions; at A = 0,

U(0) = U, and at +o0, U = 0 and %(M = 0, so that now

U(d) =U - 2U arctan(i)
T B

(7)
The slope at the origin is given by
wl _ 2w
di |-, 7B (8)

Taking the average value of A* to be that at which the linear
extrapolation of U(A) becomes zero gives
_ 2
7B

1 =0

)

*

Substituting A* = yT gives y* o mt and predicts that the surface layer
moves at a constant distance per pass as found experimen-
tally">*7>>>%% and that this distance is proportional to the strain-
rate sensitivity, m. Since the strain-rate sensitivity and hardness
depend on crystallite size,” the hardness values of the copper samples
are measured after heating to various temperatures to control the
crystallite size, and the results correlated with the surface-to-bulk
transport kinetics of sulfur to form a metastable CuS, phase.

B RESULTS AND DISCUSSION

The dependence of the copper crystallite size on annealing
temperature is illustrated in the Supporting Information(Figure
Sla—c); the resulting nanohardness values were measured on
the rubbed and unrubbed areas of the samples and are shown
in the Supporting Information (Figures S2 and S3). This
indicates that the hardness in the rubbed region does depend
on the cleaning temperature thereby confirming that samples
with different initial mechanical properties can be obtained by
varying the temperature at which the sample was heated.
However, the elastic moduli were found to be the independent
of annealing temperature (Figure S4). The analysis of tungsten
carbide tribopin is shown in Figure SS.

Measurement of the Kinetics of Sulfur Surface-to-
Bulk Transport in Copper as a Function of Sample
Annealing Temperature. The rates of surface-to-bulk
transport were measured for copper samples that had been
annealed at 500, 850, or 1020 K during their preparation. The
sulfur coverage was measured as a function of position across
the rubbed region (wear track) by Auger spectroscopy using a
small-spot-size electron gun.” The signal includes contribu-
tions from the methyl thiolate overlayer and adsorbed sulfur as
well as subsurface sulfur.”” Disentangling these contributions
requires the rate of shear-induced methyl thiolate decom-
position to be measured from the methane formed during
sliding.”® The surface was dosed with DMDS at a sample
temperature of 300 K to form a saturated methyl thiolate
overlayer’” and the coverages were measured by monitoring
the S KLL Auger signal at 151 eV kinetic energy. Full Auger
spectra were collected within the wear track and the sulfur
coverage was gauged from the ratio of the peak-to-peak

https://dx.doi.org/10.1021/acsami.0c18980
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intensities of the S KLL to the Cu LMM Auger features. The
surface was then rubbed, and signals were measured at various
intervals until no sulfur was detected. The resulting plots of the
normalized S/Cu Auger ratio as a function of the number of
passes are displayed in Figure 1 for samples that had been

1.2
._g 1.0 Cu annealed to 550 K
© Cu annealed to 850 K
s Cu annealed to 850 K, Ref 1
> Cu annealed to 1020 K
@)
~—
) 0.6
°©
(0]
E‘ 0.4
£
B 0.2
prd

0.0

0 10 20 30 40 50 60 70 80 90 100
Number of Passes

Figure 1. Surface-to-bulk transport kinetics. Plot of the relative sulfur
to copper (S/Cu) Auger ratio measured inside the wear track as a
function of the number of times that the copper samples had been
rubbed in a background pressure of 1 X 107® Torr of DMDS at an
applied normal load of 0.44 N and a sliding speed of 4 mm/s after
being cleaned and annealed at 500 (@, red), 850 (A, green) and 1020
(M, black) K. Shown for comparison are the results obtained
previously for a sample that had been heated to 850 K (¥, blue)."
The errors in the C/Cu Auger ratios are determined from the
standard deviation of several measurements.

annealed at 500 (red circle), 850 (green triangle) or 1020
(black square) K. The experiments were repeated several
times, were very reproducible, and revealed that there are
significant differences in the rates at which sulfur was lost from
the surface. Shown for comparison are the results obtained
previously for a sample that had been heated to 850 K (blue
inverted triangle),1 where the agreement with the current
results is good.

Methyl thiolate species react by two distinct shear-induced
processes, the first being C—S bond scission, with a first-order
rate constant k;/s, and the second is sulfur surface-to-bulk
transport with a first-order rate constant k,/s.”*”*" Because the
time that the tip stays in contact with a point on the surface is
not precisely known, reaction rates are described as a function
of the number of passes over the surface which, for sulfur
surface-to-bulk transport, is denoted as kj/pass. The results in
Figure 1 are analyzed to yield values of k; (per pass), and the
fits are shown as solid lines though the data and the results are

summarized in Table 1. The value of kj defines the
characteristic distance that the sulfur penetrates the bulk of
the sample. In the case of the experiments carried out in this
work, the depth at which the sulfur concentration is predicted
to decrease to ~50% of the value at the surface for the sample
annealed to ~1020 K is very small (~0.3 nm), increasing to
~10 nm for a sample heated to 850 K, and ~35 nm for a
sample heated to 500 K.

Subsurface Structure and Composition of Copper as
a Function of Sample Annealing Temperature. Copper
samples were prepared using a similar protocol in which an
initial wear track was created, and the sample then rubbed
while being continuously exposed to gas-phase DMDS at a
background pressure of 5 X 107 Torr for 80 scans. The
samples were then coated with aluminum to provide a
protective layer, and FIB samples were extracted from the
rubbed regions and analyzed. Figure Sld,e shows high angle
annular dark-field (HAADF) transmission electron microscopy
(TEM) images, and Figure S1f shows an FIB scanning electron
microscope (SEM) image of the subsurface regions of copper
samples that had been prepared by heating to various
temperatures. The results show that the measured crystallite
sizes agree with those obtained from the hardness measure-
ments (Table 1). Energy-dispersive X-ray (EDX) spectral
images (comprising a full X-ray spectrum at each pixel in an
array) were acquired from selected areas of each sample close
to the copper surface to investigate the depth distribution and
location of sulfur in the subsurface region of the sample.

Figure 2 is a 100 nm X 50 nm image of a sample that had
been cleaned and annealed at 1020 K and then reacted in
DMDS while rubbing showing the component distribution
(the location and amount are shown in a color overlay) and
the corresponding X-ray spectra, which indicate which
elements are present at a particular location. The X-ray
spectral image was analyzed by Sandia’s Automated eXpert
Spectral Image Analysis (AXSIA) software.’”*’ Thus, the
component image and corresponding spectral shape matrices
represent a reduced-rank and denoised model of the original
spectral image. The X-ray energies are indicative of the
elements present in the sample, where copper has a
characteristic K, energy at 8.040 keV, a K; energy at 8.905
keV, and an L, energy at 0.928 keV and is clearly evident in the
Cu component spectra (red). It is uniformly distributed
throughout the sample as seen in the color overlay. The dark
region at the top of the image is the aluminum capping layer
(component spectral shape not shown). Sulfur is clearly
evident in the Cu—S spectra (green) from the K, peak at 2.307
keV and is localized at the copper surface, consistent with the
small kj value (Table 1). A small amount of oxygen
contamination is evident in the Cu—S component from its
characteristic K,, energy at 0.525 keV.

The large crystallites in the sample that had been annealed
to 1020 K (Table 1) results in a low surface-to-bulk transport

Table 1. Parameters for Copper Annealed and Cleaned In Vacuo at Various Temperatures

annealing temperature/K H/GPa estimated grain size”/nm  measured grain size’/nm  h*"/nm  dislocation density”/m? x 10" k;/pass
500 1.35 £ 0.02 115 97 + 13 284 3.95 4+1
850 1.15 £ 0.0 250 350 + 70 465 2.4 2.5 +£02
1020 0.72 + 0.01 1400 1200 + 120 1178 0.95 0.0S1 + 0.004

“Values estimated from the Hall-Petch equation (eq S2). “Measured from electron microscope images in S1d—f. “Measured from the Nix-Gao

formula (eq S1). “Estimated using eq S3 using the value of h*.
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Figure 2. A 100 nm X 50 nm EDXS image of a copper foil that had been cleaned and annealed in UHV at 1020 K and then reacted while rubbing
for 80 cycles at an applied normal load of 0.44 N and a sliding speed of 4 mm/s in § X 107® Torr of DMDS. The interface between the copper and
the aluminum capping layer is at the top of the image and the X-ray spectra displayed for various points in the image are indicated by colored

arrows.

rate (Figure 1) and a small value of kj. The rate constant is
proportional to the distance that the sulfur moves into the
subsurface region per pass, and the kinetic model for the
reaction of DMDS with copper can be analyzed to yield the
sulfur depth distribution as a function of the number of
passes.” This analysis predicts that the sulfur should only
penetrate a few angstroms into the subsurface of a sample
annealed at 1020 K, consistent with the narrow sulfur-
containing band seen in Figure 2. An integrated profile of
the sulfur signal as a function of depth is displayed in Figure 3
(black square), collected from region defined by the yellow box
in Figure 2, and has a width of ~2 nm with a maximum at ~0.5
nm below the surface. This implies that the spatial resolution
of the instrumental and experimental configuration is ~1 nm,
primarily due to broadening of the electron beam (initially
smaller than ~0.12 nm) as it interacts with the sample. The
solid line through the data in Figure 3 shows the theoretically
predicted profile broadened by numerically convoluting it with
a 1 nm wide Gaussian function using Origin software, leading
to good agreement with the experimental profile.

Similar results are presented in Figure 4 for a sample that
had been cleaned and annealed at 850 K and then reacted with
DMDS while rubbing. Here, the average crystallite size is ~250
nm, approximately the same as the 200 nm X 100 nm field of
view of the X-ray spectral image. Again the component X-ray
spectra show the presence of copper and sulfur, where the
sulfur is located near the surface of the sample (indicated by
the green component in the color overlay) but penetrates
further into the bulk than for the sample annealed at 1020 K
(Figure 3), in accord with the larger value of k} for a sample
annealed to 850 K (Figure 1 and Table 1). Note that the
analyzed region in Figure 4 consists of a single copper grain
demonstrating that surface-to-bulk transport is facilitated by
dislocations.®” ¢

A profile of the Cu—S EDXS signal is plotted in Figure 5
(black square) as a function of distance into the sample in the
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Figure 3. Plot of the intensity of the sulfur Ka X-ray signal at 2307 eV
as a function of distance from the surface of a copper foil that had
been cleaned and annealed in UHV at 1020 K and then reacted while
rubbing for 80 cycles at an applied normal load of 0.44 N and a sliding
speed of 4 mm/s in § X 1078 Torr of DMDS, where the origin of the
abscissa represents the surface, where negative values are within the
copper sample (H). The line through the data is a fit to the theoretical
depth profile” which has been broadened by 1 nm to take account of
the spatial resolution of the instrument.

region defined by the yellow rectangle in Figure 4. Here the
sulfur signal peaks at ~4 nm below the surface but penetrates
tens of nanometers into the bulk. Note that previous angle-
resolved XPS results for a sample that had been annealed at
850 K and reacted in DMDS yielded profiles that were in
excellent agreement with the depth profile calculated using the
kinetic model described above.” A sulfur depth profile that was
broadened by convoluting it with a 1 nm wide Gaussian
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Figure 4. A 200 nm X 100 nm EDXS image of a copper foil that had been cleaned and annealed in UHV at 850 K and then reacted while rubbing
for 80 cycles at an applied normal load of 0.44 N and a sliding speed of 4 mm/s in § X 107® Torr of DMDS. The interface between the copper and
the aluminum capping layer is at the top of the image and the X-ray spectra displayed for various points in the image are indicated by colored

arrows.
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Figure S. Plot of the intensity of the sulfur Ka X-ray signal at 2307 eV
as a function of distance from the surface of a copper foil that had
been cleaned and annealed in UHV at 850 K and then reacted while
rubbing for 80 cycles at an applied normal load of 0.44 N and a sliding
speed of 4 mm/s in § X 107% Torr of DMDS, where the origin of the
abscissa represents the surface, where negative values are within the
copper sample (black square). The line through the data is a fit to the
theoretical profile® which has been broadened by 1 nm to take into
account the spatial resolution of the instrument.

calculated using k; = 2.5/scan (Table 1) is plotted as a solid
line in Figure S. The agreement with the experiment is
reasonable, although there are differences between theory and
experiment, likely due to local concentration variations from
the small sampling area. In addition, the sample surface may
not be exactly parallel to the electron beam due to roughness.

6790

A similar spectral image analysis is shown for a sample that
had been cleaned and annealed at 500 K in Figure 6. Here, the
field of view is 480 nm X 320 nm, while the average crystallite
size of this sample is ~100 nm (Table 1). A line is included in
the image to indicate the surface. The spectral image shows a
sulfur-rich region adjacent to the surface to a depth of ~65 nm,
but with less sulfur at larger depths. This region is somewhat
heterogeneous and will thus yield depth profiles that will
depend significantly on the measurement position. However,
the depth profile calculated using k, = 4.0/scan (Table 1) is
shown as an inset to the figure and indicates that the width of
the subsurface sulfur-rich region agrees with the theoretically
predicted profile. These results indicate that the experimental
variation in the sulfur depth with sample annealing temper-
ature agrees with the calculated depth profiles using the
measured surface-to-bulk transport rate constants. In partic-
ular, the sulfur depth profile and surface-to-bulk transport rate
constants correlate with dislocation densities (Table 1).

There are also linear, sulfur-rich features found deeper into
the sample that are separated by ~100 nm, close to the final
grain size of the 500 K annealed copper sample. Figure S1d
shows a HAADF TEM image of this sample, where the red
square highlights the region analyzed in Figure 6, confirming
that the sulfur-rich regions do correspond to the locations of
the grain boundaries. This implies that sulfur transport along
grain boundaries can also facilitate the surface-to-bulk
transport of sulfur in copper.”' ™%

Modified KR theory predicts that the shear-induced rate of
sulfur transport into the bulk of copper to form a metastable
copper sulfide depends on (i) the strain-rate sensitivity of the
substrate and (ii) is proportional to the number of times that
the sample has been rubbed. The second prediction has been
confirmed experimentally” and has been used to model the
gas-phase reaction between copper by DMDS.”

The predicted strain-rate sensitivity dependence was tested
on samples that had been cleaned and annealed at different

https://dx.doi.org/10.1021/acsami.0c18980
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Figure 6. A 480 nm X 320 nm EDXS image of a copper foil that had been cleaned and annealed in UHV at 500 K and then reacted while rubbing
for 80 cycles at an applied normal load of 0.44 N and a sliding speed of 4 mm/s in § X 107® Torr of DMDS. The interface between the copper and
the aluminum capping layer is at the top of the image and is indicated by a white line, and the X-ray spectra displayed for various points in the
image are indicated by colored arrows. The inset to the spectra shows the predicted depth profile” which has been broadened by 1 nm to take into

account the spatial resolution of the instrument.

temperatures (500, 850, or 1020 K) to produce copper with
different initial grain sizes (Figure S1, Table 1). Measurements
of the surface-to-bulk transport kinetics yielded significantly
different values of the rate constant, kj (Figure 1, Table 1),
depending on the sample annealing temperature. Since the
hardness of copper depends on grain size through the Hall—
Petch effect,’® and the strain-rate sensitivity also depends on
the size of the crystallites (Figure S6, modified from ref 56),%*
the dependence of the rate of surface-to-bulk transport of
sulfur into copper (k}) on strain-rate sensitivity m is shown in
Figure 7, and the linear dependence is in accord with the
prediction of the model.

In order to identify the origin of the strain-rate sensitivity
dependence of the rate of sulfur surface-to-bulk transport, the
elemental depth distribution was measured using EDXS and
the results are displayed in Figures 2, 4 and 6. For a sample
that had been annealed at 1020 K (Figure 2), the sulfur is
located very close to the surface (Figure 3), consistent with the
measured value of k) ~ 0.05 per pass. Here, the crystallite sizes
are large (~1400 nm, Table 1) and the dislocation density,
obtained as indicated in Supporting Information from eq S3, is
low (~9.5 X 10'2/m?). The surface-to-bulk transport rate
increases to kj ~ 2.5 per pass as the annealing temperature
decreases to 850 K (Figures 4 and S), where the crystallite size
(~250 nm, Table 1) is sufficiently large that there are no grain
boundaries in the image in shown in Figure 4, while the
dislocation density increases to ~2.4 X 10"3/m* (Table 1).
This clearly implicates the participation of dislocations in the
transportation mechanism of sulfur into the copper bulk.

The sample that had been prepared at a lower temperature
(500 K, Figure 6) contains smaller grains (~115 nm, Table 1),
and has a higher dislocation density (~3.95 X 10'3/m?). The
sulfur penetrates still further into the bulk of the copper (kj ~
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Figure 7. Plot of the rate constant for the shear-induced transport of
sulfur into the subsurface region of copper, k;, as a function of the
strain-rate sensitivity for samples modified by heating the copper
sample to various temperatures. The errors in the values of k; are the
standard deviations of the fits to the data in Figure 1 and the errors in
the strain rate sensitivities were obtained from the errors in the
hardness values.

4 per pass, Table 1), in agreement with predictions from
measurements of the surface-to-bulk transport kinetics (Figure
6, Inset). Thus, the surface-to-bulk transport rate of sulfur in
crystalline regions of the copper sample scales with the
dislocation density as evidenced by the plot in Figure 8,
implying that strain-rate sensitivity depends on the dislocation
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Figure 8. Plot of the rate constant for the shear-induced transport of
sulfur into the subsurface region of copper, kj, as a function of
dislocation density for samples modified by heating the copper sample
to various temperatures. The errors in the values of k; are the standard
deviations of the fits to the data in Figure 1, and the errors in the
dislocation densities were obtained from the errors of the hardness
values.

density.”® Note that the dislocation glide has been proposed as
a mechanism for alloy formation during high-energy ball
milling.' o-18

However, in the case of a sample annealed at 500 K (Figure
6), some sulfur is detected even deeper in the copper in linear
regions that coincide with the location of grain boundaries that
are identified by electron microscopy (Figure S1d), suggesting
that sulfur can also diffuse along grain boundaries. The linear
regions are ~20 nm wide, much wider than expected for grain
boundaries in copper,”® and may be due to the boundaries
being tilted with respect to the incident electron beam. An
alternative possibility is that because the width of the linear
regions are relatively independent of depth into the substrate,
the sulfur diffuses rapidly along grain boundaries when they are
present but much more slowly via dislocations, where it
diffuses away from the grain boundaries to form EDXS features
that are ~20 nm wide. These results suggest that both the
presence of grain boundaries and dislocations can facilitate the
surface-to-bulk transport of sulfur and the formation of a
metastable phase.

It should be emphasized that the formation of nano-
structured materials at the sliding interface by Kelvin—
Helmholtz instabilities proposed by Rigney’>***”*® is not
directly captured by the analytical KR model used here. It
should not, in principle, describe the experimental mixing
behavior nor reproduce the kinetics and the strain-rate
sensitivity dependence found experimentally, yet it does.
However, finite-element simulations that have been performed
using a nonlinear viscosity of copper analogous to the
Herschel—Buckley model reveal deformation, material folding,
and the occurrence of vortices while rubbing’ that are
reminiscent of Kelvin—Helmbholtz instabilities.

Bl CONCLUSIONS

The previously identified shear-induced transport of sulfur into
the subsurface region of copper is investigated by modifying
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the material properties of copper by varying the annealing
temperatures (500, 850, or 1020 K) during the vacuum
cleaning procedure. The surface-to-bulk transport kinetics are
modeled by an adaptation of a theory first proposed by
Karthikeyan and Rigney that predicts that the distance that an
adsorbed overlayer penetrates the bulk of the sample is
proportional to the number of times that the sample was
rubbed and that the rate should be proportional to the strain-
rate sensitivity of the substrate. Previous work has verified the
linear dependence of penetration depth on the number of
rubbing cycles. It is found here, by measuring the hardness of
the copper after it has been rubbed, that the temperature at
which the copper sample was annealed during its preparation
influences its hardness, and therefore its strain-rate sensitivity,
m. This enables the second prediction of the Karthikeyan—
Rigney model to be tested by measuring the surface-to-bulk
transport rate by monitoring the loss of sulfur from the surface
as a function of the number of times that the sample had been
rubbed and showing that it does vary linearly with m, in accord
with the theoretical prediction.

The mechanism for this process is investigated by preparing
thin samples of the surface region of copper that had been
annealed at 500, 850, or 1020 K during the cleaning procedure.
Electron microscopy images of the samples indicate that larger
crystallites were formed for samples that had been annealed at
high temperatures, as expected. EDXS measurements as a
function of depth into the sample revealed that the sulfur was
highly localized for a sample that had been heated to 1020 K,
penetrated a moderate distance (~10 nm) into the surface for
a sample that had been annealed to 850 K, and even deeper
(~65 nm) for a sample that had been heated to 500 K. For the
samples that had been annealed to 1020 and 850 K, the
crystallite size was sufficiently large that there were no grain
boundaries in the analyzed region, while sulfur still penetrated
into the bulk, implying the surface-to-bulk transport of sulfur is
facilitated by the presence of dislocations in the copper. This
observation is in accord with previous studies of mechanical
mixing (alloy formation) by ball milling, which implicates a
dislocation glide mechanism in the mixing,'™"*

It was noted that the Karthikeyan and Rigney model does
not specifically describe Kelvin—Helmholtz-type instabilities
that would lead to intermixing near the surface and the
transport of adsorbates into the subsurface region. However,
more detailed finite-element calculations for copper using
similar shear properties as the Karthikeyan and Rigney model
by Pouryazdan et al.° identify flow features that resemble those
formed by Kelvin—Helmholtz instabilities.

Finally, in the case of copper samples with smaller
crystallites which have been cleaned by annealing at a lower
temperature (~500 K), additional sulfur is found deeper into
the copper in locations that electron microscopy identifies as
grain boundaries. It appears that rate of surface-to-bulk
transport of sulfur into copper is facilitated by the presence
both of dislocations and grain boundaries.
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