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ABSTRACT: The electron dynamics of atomically thin 2-D
polar metal heterostructures, which consisted of a few
crystalline metal atomic layers intercalated between hexagonal
silicon carbide and graphene grown from the silicon carbide, [Kg
were studied using nearly degenerate transient absorption [
spectroscopy. Optical pumping created charge carriers in both
the 2-D metals and graphene components. Wavelength-depend- .
ent probing suggests that graphene-to-metal carrier transfer (s;:ﬁ,?ge
occurred on a sub-picosecond time scale. Following rapid (<300
fs) carrier—carrier scattering, charge carriers monitored
through the metal interband transition relaxed through several
consecutive cooling mechanisms that included sub-picosecond
carrier—phonon scattering and dissipation to the silicon carbide
substrate over tens of picoseconds. By studying 2-D In, 2-D Ga, and a Ga/In alloy, we resolved accelerated electron—phonon
scattering rates upon alloy formation as well as structural influences on the excitation of in-plane phonon shear modes. More
rapid cooling in alloys is attributed to increased lattice disorder, which was observed through correlative polarization-resolved
second harmonic generation and electron microscopy. This connection between the electronic relaxation rates, far-field optical
responses, and metal lattice disorder is made possible by the intimate relation between nonlinear optical properties and
atomic-level structure in these materials. These studies provided insights into electronic carrier dynamics in 2-D crystalline
elemental metals, including resolving contributions from specific components of a 2-D metal-containing heterojunction. The
correlative ultrafast spectroscopy and nonlinear microscopy results suggest that the energy dissipation rates can be tuned
through atomic-level structures.

KEYWORDS: 2-D materials, electron dynamics, electron—phonon coupling, metals, nonlinear optical microscopy, correlative microscopy

INTRODUCTION electron—phonon coupling strengths.'” However, upon sub-
nanometer 3-D spatial confinement, metal nanoclusters exhibit
complex dynamics that include wavelength-dependent elec-
tron—phonon coupling strengths.”'"'* Therefore, the explora-
tion of metals in the sub-to-few nanometer range may impact
energy management materials.

Recently, heterostructures incorporating two-dimensional
films of indium and gallium have been reported to be air-stable

Nanostructured metals offer a variety of potential applications
in plasmonics,"” nonlinear optics,’® photodynamic therapy,”
and photocatalysis," among others. For many of these
applications, overall performance is impacted by the efficiency
with which nonequilibrium electrons are transduced by metals
to disperse energy to the surroundings. A key intermediate step
in the energy dissipation process is electron—phonon
scattering, which occurs on the hundreds of femtoseconds to

picosecond time scale for many metals.” The large majority of Received: July 13, 2021
research on electron—phonon scattering in nanoscale metals Accepted:  October 14, 2021
has focused on coinage metals because of their superior Published: October 19, 2021

environmental stability. For these systems, electron—phonon
scattering rates reach bulk values as nanoparticle radii
approach 10 nm, leaving limited options for tuning
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Figure 1. Structure, optical properties, and dynamics of 2-D Ga. (a) Cross-sectional scanning transmission electron microscopy (STEM)
image of 2-D PMet and schematic indicating three components of the heterostructure. (b) Linear extinction spectrum of 2-D Ga PMet (red)
and epitaxial graphene on SiC (blue). The epitaxial graphene spectrum was offset vertically to account for different SiC thicknesses in the
two samples and aid in comparison. (c) Transient transmission results for 2-D Ga at a pump/probe wavelength of 650 nm. Fit components
corresponding to the results reported in Table 1 are overlaid and normalized to the experimental data as a guide to the eye. Inset shows
transient transmission data at 650 nm for another 2-D Ga sample to aid the viewer in visualizing the ~ picosecond signal growth (t,).

for months."” These structures, synthesized through confine-
ment heteroepitaxy (CHet), consist of a few crystalline atomic
layers of a group III metal, which form epitaxial to a 6H-silicon
carbide substrate and are capped by bilayer graphene (Figure
1a). This advancement greatly extends the range of nanoscale
metals that can be studied outside of a vacuum. Our previous
research showed that these metals adopt lattice structures
atypical of bulk and are characterized by large lattice strain; an
approximate 10% change in lattice parameters occurs over
three atomic layers. This large strain is a consequence of metal
growth between the silicon carbide and graphene layers, which
promotes covalent bonding at the high-energy SiC interface
and templates the metal into a highly strained hexagonal lattice
in contrast with the orthorhombic or tetragonal lattices of bulk
Ga and In, respectively. Metal—metal bonding occurs in the
polar metal layer, and van der Waals interactions dominate at
the graphene interface.'”'* These polar metal heterostructures
(PMets) are noted for their optical and physical properties
including superconductivity, large nonlinear optical yields, and
potential e-near-zero responses.'”~'° The large strain that
underlies their polar nature may also lead to efficient energy
dissipation rates. Because these metals are confined to a two-
dimensional platform, they may have other technological
benefits with regard to scalability and incorporation into
multicomponent materials. Building on the success of van der
Waals two-dimensional semiconductor heterojunctions,l(’_18
2-D metals that can be easily incorporated into hetero-
structures with tunable electronic and optical properties could
overcome many of the scalability challenges presented by 3-D
colloids and may provide a thin layer for improved thermal
energy management. In particular, interlayer carrier transfer in
these heterostructures could improve graphene-based tech-
nologies by transiently modulating sheet carrier densities and
reducing thermal fouling via rapid metal-mediated cooling.
Two-dimensional metals may also exhibit advantages such as
plasmon modulation, superconductivity, and e&-near-zero
properties over other 3-D metal nanostructures. 7~

Here, we describe the electronic carrier dynamics of 2-D
PMets. While the ultrafast dynamics of colloidal 3-D and bulk
metals are well-studied,”**™** the influences of 2-D metal
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confinement on carrier dynamics have not been reported.
Through nearly degenerate ultrafast spectroscopy that excited
and monitored metal interband transitions, carrier dynamics
due to 2-D metal excitation were resolved and distinguished
from carrier transfer from the graphene capping layer to the 2-
D metal. Measurements on 2-D Ga, In, and Galn alloys
demonstrate that the choice of metal and composition
influences energy dissipation in the 2-D polar metal
heterostructure (PMet). The connection between the non-
linear optical response and the lattice symmetry was leveraged
to elucidate the effects of alloying on the structure of the 2-D
PMet through polarization-resolved second harmonic gener-
ation (SHG) microscopy. The changes to 2-D metal structure
upon alloying are connected to faster electron cooling.
Combined, these results point to the ability to manipulate
energy dissipation in 2-D polar metal heterostructures and
potentially control interfacial energy transfer in more complex
heterostructures.

RESULTS AND DISCUSSION

The absorption spectrum of the 2-D Ga heterostructure
features a broad peak in the visible region, centered at
approximately 640 nm (Figure 1b). This peak is not observed
in the absorption spectrum of epitaxial graphene (EG) on SiC
and so is attributed to the metal component of the
heterostructure. The energy of this peak agrees well with
previous determinations of the dielectric functions of 2-D Ga
obtained from ellipsometry, which attribute this feature to an
interband transition of the metal."> This interband transition is
sensitive to the choice of metal intercalant, typically exhibiting
a 50 nm red shift for indium with respect to gallium (Figure
S1). The 2-D alloy interband transition energy can be tuned by
the metal composition,” and the absorption peak is located
between the 2-D In and 2-D Ga peaks (Figure S1).

The electronic relaxation dynamics of 2-D PMets were
investigated using femtosecond time-resolved transient ab-
sorption spectroscopy with nearly degenerate pump and probe
wavelengths in the visible and near-infrared. Pump and probe
beams were overlapped at the sample, and the differential
transmission signal was collected as a function of the pump—
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Figure 2. Wavelength-dependent dynamics of 2-D Ga and epitaxial graphene. Transient transmission traces for pump/probe wavelengths of
650 and 800 nm for 2-D Ga (red and orange, respectively) and epitaxial graphene (dark blue and light blue, respectively) on SiC at relatively

(a) short and (b) long times after excitation.

Table 1. Summary of Fitting Time Constants

polarity indium
t positive 650 + 100 fs
t, positive 39 £S5 ps
t; positive >150 ps
ty negative 680 + 110 fs

frequency

Ga/In (48% In) gallium
130 + 24 fs 430 + 130 fs
142 + 2.4 ps 16.5 + 3.4 ps
>150 ps >150 ps
1500 + 400 fs 470 + 170 fs
34+ S cem™

probe time delay. Further details are given in the Experimental
Section. Although the pulses used in these measurements are
<100 fs, strong interference signals from the pump/probe
pulses around zero delay time likely obscure the rapid
electron—electron scattering process, which we estimate to
be complete within 300 fs. Therefore, we treated 300 fs as the
effective instrument response time and limited our analysis to
signals at delay times >300 fs.

The transient absorption results from 2-D Ga are first
described as a general case (Figure 1c). The transient
absorption signal from 2-D Ga using 650 nm pump/probe
wavelengths for interband-resonant excitation/detection is
dominated by a positive-amplitude bleach signal, which evolves
over four characteristic time scales. The time-dependent
transient signal amplitudes are overlaid with fitting results
that reflect the four carrier relaxation steps in Figure lc. After
the initial excitation and instrument response time, the intense
transient bleaching rapidly recovers (blue line, ¢, in Figure 1c).
By approximately 2 ps pump—probe time delay, another
simultaneous, kinetic process overtakes the bleach recovery
and causes the bleach amplitude to intensify (becoming more
positive). This picosecond growth of the bleach component is
shown by the light blue line, ty in Figure lc. The growth also
causes an inflection of the differential transmission amplitude
in the pump—probe trace monitored at 650 nm, which is
visible in Figure lc (inset) and Figure 2a (red trace). These
two simultaneous subpicosecond and picosecond processes are
followed by a slower bleach recovery persisting over tens of
picoseconds (t,, Figure 1c), which eventually plateaus into a
third (t;, Figure 1c), slower decay that persisted for the 150 ps
pump—probe range of the experiments. Table 1 summarizes
the time constants obtained from fitting to a four-component
kinetic model (Experimental Section). Measurements were
also carried out using 800 nm pump and probe wavelengths
(Figure 2). Similar to interband excitation, 800 nm pumping
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induces a transient bleach that recovers on a subpicosecond
time scale. In general, the 650 and 800 nm excitations result in
qualitatively similar relaxation processes. At both wavelengths,
the transient signal grows on a picosecond-time scale and
subsequently decays with two time constants of tens of
picoseconds and over 150 ps. One notable difference, however,
was that, following the rapid 800 nm induced transient
bleaching, an inversion in signal polarity was observed (Figure
2). The similar dynamics but opposite polarity make the
transient absorption data at 650 and 800 nm appear as mirror
images in the plot in Figure 2 (orange and red traces).

Having described the general electronic cooling rates,
contributions from each of the 2-D PMet components (i.e.,
SiC, 2-D metal, and bilayer graphene) to the transient signals
are considered. Because the bandgap of 6H-SiC at 3.0 eV is
above the pump and probe energies used in these measure-
ments, it is assumed that the SiC substrate does not contribute
to the transient absorption signal measured here. The
differential signal from a SiC blank (Figure S2) is short-lived
and likely arises from interference between the pump and
probe pulses within the SiC dielectric around time zero. At
delay times >400 fs, there is no signal from the SiC blank,
indicating there is no contribution from multiphoton
absorption in SiC to the transient signals we observe in the
2-D PMet heterostructure.

Having ruled out contributions from the SiC substrate,
contributions from the few atomic layers of Ga and bilayer
graphene to the differential transmission are considered. The
peak in the 2-D Ga extinction spectrum at 640 nm is estimated
to have an extinction of about 2%, which is similar in
magnitude to the approximately 4% absorption of bilayer
graphene at visible wavelengths.*® Because both the 2-D metal
layer and graphene absorb in the visible region, we cannot
attribute the differential transmission signal to either
component on the basis of the linear extinction spectrum
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Figure 3. Carrier dynamics in 2-D PMets. After photoexcitation, carriers in both the 2-D metal and graphene are excited, and electrons
thermalize rapidly. Within the metal, electron—phonon coupling occurs in under 600 fs and carriers excited in graphene transfer to the metal
layers. Finally the metal dissipates energy into the SiC substrate (10—40 ps).

alone and must assume that both components are impulsively
excited by the short laser pulses. However, the wavelength-
dependent transient absorption signals provide insight into the
contributions of each component. Figure 2 shows the transient
signal for the 2-D Ga heterostructure and an EG/SiC standard
for nearly degenerate pump/probe pulses centered at 650 and
800 nm. For EG/SiC, there is an initial bleach of the graphene
absorption caused by Pauli blocking of interband transitions,
which decays and converts to a negative AT as the electrons
cool and a low-amplitude differential absorption of intraband
transitions dominates (Figure $3).”7 As expected, the transient
response of EG/SiC at both 650 and 800 nm pump/probe
wavelengths is similar.

The wavelength-independent transient response of EG/SiC
contrasts with the wavelength-dependent signals measured for
the 2-D Ga PMet (Figure 2). Therefore, we conclude that the
differences observed for the PMet at 650 and 800 nm
excitation/detection primarily reflect electronic cooling of the
2-D metal component of the heterostructure. The initial bleach
observed for 2-D PMets is attributed to Pauli blocking of the
metal interband transition; although detuned, the 800 nm light
still has nonzero spectral overlap with the broad PMet
interband transition. The mirrored dynamics in the 650 and
800 nm transient absorption data in Figure 2 (red and orange
traces) is a common feature of transient spectroscopy
measurements of nanoscale metals, where a positive signal
arises from absorption by excited charge carriers.”®*" This
observation supports the attribution of the transient signal to
Pauli blocking and excited state absorption of metal carriers.
Due to the spectral overlap between the graphene and metal
components in the visible region, we cannot completely
disentangle the 2-D metal and graphene contributions to the
signal. However, because of the signal inversion when probing
at 800 nm compared to 650 nm, which is not expected for
graphene, we assume that the transient absorption signal
primarily probes the metal component of the heterostructure.

On the basis of the polarities and time constants of the
transient signals, we assign the first decay component (t,) to
subpicosecond electron—phonon coupling within the metal of
carriers excited by the PMet interband transition. The second
decay component (t,) is assigned to energy dissipation from
the metal to the SiC substrate. This decay component is fit to a
time constant of approximately 15 ps. A similar decay

component was observed for gallium nanoparticles in SiO,.*
The presence of a nonmonoexponential decay for the long
time dynamics (modeled here as a biexponential decay with 15
and >150 ps time constants) likely indicates cooling processes
determined by contributions from both interfacial thermal
conductivity and heat diffusion in the substrate.”’ The
approximately 1 ps growth component (t,) is assigned to a
transfer of carriers initially excited in graphene to the 2-D
metal and, as such, is treated separately from the three
electronic cooling steps resulting from metal interband
excitation. It is possible that the growth is due to another
metal relaxation step, e.g., electron—electron scattering.
However, given the time scale of the growth step, which is
slower than electron—phonon scattering, it is more likely that
the growth results from carrier transfer through the following
mechanism. Although the bleach at ~650 nm primarily probes
the 2-D metal through the visible interband absorption feature,
the capping graphene layers are also excited by the pump pulse
even though their differential response is relatively low.
Photoexcited carriers in graphene can then transfer to the 2-
D metal layers, resulting in additional Pauli blocking of the
interband transition and a corresponding increase in the bleach
signal. The picosecond time scale for this process is consistent
with the optical phonon lifetime in graphene. All of the carrier
relaxation processes are illustrated in Figure 3.

Next, the dynamics of the 2-D Ga heterostructure are
compared to prior measurements on gallium nanoparticles.
Previous results from solid and liquid Ga nanoparticles smaller
than 20 nm in diameter indicated that electronic relaxation in
these systems follows the steps typically observed in noble
metal nanoparticles: after an initial instrument-response-
limited rise in transient signal as excited electrons equilibrate
to form a hot electron gas, subsequent picosecond cooling
occurs via electron—phonon coupling.’”** The electron—
phonon coupling time is described by a two-temperature
model (TTM).* In small Ga nanoparticles, the characteristic
electron—phonon coupling time is dependent on the size of
the nanoparticle, with the rate increasing as particles become
smaller.”” The time constants observed for the nanoparticles
are comparable to the initial fast decay observed in 2-D metals
(t,). The subpicosecond time scale is also similar to electron—
phonon coupling times observed in other 2-D systems, such as
graphene.”
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Although the time scales for electron—phonon coupling of
the 2-D PMets are in agreement with those of 3-D metal
nanoparticles, differences in the excitation power dependence
were observed (Figure S4). Typically, electron—phonon
coupling times in metals are expected to have a linear
dependence on the pump fluence, following from the TTM
and the linear dependence of the electron heat capacity, C,, on
the electron temperature, T,, described by C,(T,) = yT.. The
Figure S4 data show the power dependence observed for a
graphene-capped 2.5 nm-thick gold film on a SiC substrate
compared to the 2-D PMets. The Figure S4 data were obtained
using the same laser system. In the case of the gold film, a
linear pulse energy dependence of the electron—phonon
scattering rates was evident. In contrast, the 2-D PMets
exhibit no resolvable dependence of the electron—phonon
scattering rate (t;) on laser power. Deviations from the TTM
may occur for two primary reasons: (1) the density of
photogenerated charge carriers may exceed the available
phonon bath and (2) the electron heat capacity of the
materials may not scale linearly with electronic temperature in
the range studied. In order to assess these two cases, we
estimated the pump fluence on the basis of the focusing optics
used in the experiments, which result in pump beam waists of
several hundred microns. Here, a typical pulse energy of >2
nJ/pulse was required to obtain sufficient signal to accurately
quantify t;. Therefore, all pump fluences reported here are
estimated to be over 0.1 xJ/cm? In case 1, which corresponds
to saturation of the phonon bath, a “hot phonon effect” is
expected, and the measured electron—phonon coupling time
constant will be limited by the phonon lifetime. The hot
phonon effect has been observed in 2-D materials such as
graphene with visible pump fluences in the mJ/cm? range.**
While the pump fluences in this work do not approach the mJ/
cm’ regime, the increased carrier density of 2-D metals
(~10"*/cm?) compared to graphene (~10'2/cm*)"’ can be
expected to result in more excited carriers in the 2-D metal
heterostructures for a given pump fluence. Therefore, the
increased carrier density, along with differences in the phonon
modes of the 2-D PMet may alter the saturation fluence at
which the hot phonon effect becomes relevant in our
experiments. In case 2, the temperature at which the linear
approximation is no longer valid varies depending on the
electronic density of states near the Fermi level but can be
under 100 K in metals such as Ni.”* Therefore, the nonlinearity
of the electron heat capacity may contribute to the lack of a
linear fluence dependence for the electron—phonon coupling
time, ¢,. On the basis of the lack of a power dependence in the
2-D PMet time constants, we conclude that our experiments
are in a regime where the hot phonon effect, nonlinear electron
heat capacity, or both contribute to the dynamics of the
system. The observation of this difference in the electronic
properties of these elemental 2-D metals when compared to 3-
D metals such as gold and gallium represents an interesting
distinction between these systems.

Next, the influence of metal intercalant and composition on
the electronic relaxation dynamics of the PMets is described. In
addition to 2-D Ga, transient absorption spectroscopy was
performed on 2-D In and a 50% 2-D Ga/In alloy. Similar
absorption features are observed in the spectra of 2-D In and
the 2-D alloy (Figure S1). Transient absorption data for all
samples show similar features to the 2-D Ga sample already
discussed (Figure 4). Comparing the fitting results obtained
for different metal compositions (Table 1), it is apparent that
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Figure 4. Dynamics of 2-D PMets at 650 nm. Comparison of the
transient transmission results for 2-D Ga (red), 2-D In (dark blue),
and a 2-D alloy with 48% In and 52% Ga (orange) at relatively (a)
short, (b) medium, and (c) long times after excitation.

t, is shorter for the 2-D metal alloy compared to monometal
systems. Additionally, a longer time constant for carrier
transfer from graphene (t,) is obtained for the alloy. Heat
dissipation (t,) occurs more slowly for 2-D In than for 2-D Ga,
suggesting a smaller interfacial conductivity in the 2-D In
heterostructure. At long time delays, the alloy behaves similarly
to the 2-D Ga, suggesting that heat dissipation in alloys occurs
through the more efficient Ga channel. This result is consistent
with research on metal particles of gallium, indium, and their
alloys, which indicates that the thermal conductivities of
indium—gallium alloys are more similar to monoelemental
gallium than for monoelemental indium.>® However, the faster
heat dissipation in 2-D Ga contrasts with expectations for bulk
group III metals, where Ga has a lower interfacial conductivity
than In.*® This mismatch between bulk-based expectations and
the data on few-atomic-layer films is unsurprising given the
differences in crystal structure between bulk and 2-D indium
and gallium."” The atomic size may play a role in the different
interfacial conductivities of 2-D In and Ga; the acoustic
impedance of 2-D In and Ga may also contribute to the
interfacial conductivity, as it does in noble metal nano-
particles.”’ Further theoretical predictions of the acoustic
properties of 2-D metals may clarify the contributions to the
heat dissipation dynamics of 2-D Ga and In.

We attribute the increased electron—phonon scattering rates
in 2-D alloy heterostructures to increased structural disorder.
An acceleration of electron—phonon scattering with increasing
density of defects occurs in graphene, noble metal nano-
particles, and thin films.”’~*" The importance of the metal
phonon modes in determining the early time dynamics is also
suggested by the presence of oscillatory features observed in
the transient absorption data. In 2-D alloys, a prominent
oscillation is observed in the time-domain data. Fitting of these
oscillations by incorporating a damped sine function with the
previously discussed exponential decay reveals a frequency of
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approximately 35 cm™". Oscillations are observed in the time-
domain data from some 2-D Ga samples but with lower
relative amplitudes than in 2-D alloys (Figure S and Figure

T T T T T T
0 500 1000 1500 2000 2500 3000
Time delay (fs)

Figure S. Coherent dynamics in 2-D PMets. Residuals from fitting
transient transmission data reveal oscillations that are fit with a
damped sin function. The 2-D Ga residual is multiplied by a factor
of 5 to aid comparison. The frequencies of the oscillations for both
the 2-D Ga and the 2-D alloy samples correspond to low-frequency
shear modes in our calculations. The phonon displacements of
these shear modes are shown as insets in the respective panels,
where the z direction denotes the out-of-plane direction. Blue,
purple, pink, and black balls represent Ga atoms, alloy atoms,
silicon atoms, and carbon atoms, respectively.

SS). The oscillations measured for 2-D Ga exhibited a slightly
lower frequency (28 cm™) than the 2-D alloys. Low-frequency
oscillations in transient absorption data can arise from
stimulated Raman scattering or from displacive excitation of
coherent phonons.” Using a first-principles Green’s function
approach, we can attribute both of the observed low-frequency
oscillations to in-plane shear modes, as shown in the insets in
Figure S. Our calculations show that, in these systems, most of
the low-frequency phonon modes with nonzero frequencies are
in-plane shear modes. The experimentally determined
frequency oscillations are close to those for in-plane shear
modes with phonon wavevectors corresponding to ~1 nm
domain sizes (Figure S6), suggesting the important role of
disorder in the phonon dynamics of these systems.

The Figure S data also show a phase shift for the coherent
phonon dynamics when 2-D Ga is compared to 2-D Ga/In
alloys. This observation suggests that, although both
monometal and alloy systems couple to the same phonon
shear mode, the excitation mechanisms may differ. Typically, a
displacive mechanism excites high-symmetry phonon modes,
and asymmetric modes can be excited directly through
stimulated Raman. The mechanisms can be distinguished by
their phase with respect to the maximum of the exciting laser
pulse. While displacive oscillations should have a temporal
dependence of cos(wt), stimulated modes will have a
dependence of cos(wt + 7/2). The complex instrument
response in the transient absorption data leads to some
ambiguity in determining the absolute phase of these
oscillations with respect to the pump pulse. However, fitting
with a damped sine function reveals a relative phase difference
of 0.367 between the oscillations in the residuals of 2-D Ga
and the 2-D alloy, suggesting that displacive modes dominate
the transient signal in one case and stimulated Raman
processes dominate in the other. The phase difference between
the 2-D Ga and 2-D alloy PMets can be seen in the overlay

given in Figure 5. While these oscillations are present only
occasionally and with low amplitudes in 2-D Ga and In, they
are prominently observed in the transient absorption data for
all 2-D alloys studied. Taken together, the accelerated
electron—phonon scattering rates and intensified coherent
phonon oscillations suggest strong electron—phonon inter-
actions for the alloy structures. A possible explanation for the
stronger electron—phonon coupling is through symmetry
breaking from an added disorder in the 2-D alloys. This
reduced symmetry may allow for more efficient excitation of
phonon shear modes. Further study is required to elucidate
precisely how material structure influences the phonon
excitation mechanism.

Polarization-resolved SHG microscopy confirmed that
increased structural disorder in 2-D alloys resulted in faster
electron—phonon coupling and more intense coherent phonon
oscillations. Our previous work demonstrates the close
relationship between the atomic-level structure and polar-
ization-dependent SHG of 2-D polar metal heterostructures.'*
Polarization-dependent SHG microscopy was performed by
collecting the SHG-detected image while varying the excitation
and emission polarization planes (« and f, respectively), which
were referenced to the i-axis of the lab frame. The excitation
and emission polarization planes were adjusted with a
waveplate and polarizer, respectively (Figure 6g). 2-D In and
Ga display spatially alternating regions of signal with distinct
polarization dependences. These regions are the result of in-
plane symmetry breaking at step edges combined with a lattice
orientation that persists over an entire terrace, typically
persisting for microns. The lattice orientation is determined
by the interaction of the metal atoms with the SiC substrate.
Rotation of the lattice at each step edge results in distinct
deviations from the expected C;, point group symmetry,
allowing us to distinguish the changing metal orientation using
polarization-dependent far-field SHG microscopy. In 2-D Ga/
In alloys, however, these distinct polar patterns were not
observed. While the SHG-detected images from 2-D In, Ga,
and alloys show similar features, with micron scale terraces
separated by dark step edges, the terraces of the alloy samples
all demonstrate the nearly isotropic excitation polarization
d;pendences expected for a crystal with C;, symmetry (Figure
6).

The lack of an observable defect in the SHG polar patterns
for 2-D Ga/In is attributed to increased structural disorder in
the 2-D metal upon alloying. Spatially alternating polarization
patterns are observed in monoelemental 2-D In and Ga due to
templating by the SiC substrate, which causes the persistence
of the metal lattice rotation across an entire micrometer-wide
terrace."* Because of this strong metal—substrate interaction,
the metal layers in 2-D In and Ga retain the same lattice
rotation over an entire micron-wide terrace. In alloys, however,
the single metal orientation does not persist across an entire
terrace, but a mixture of the two possible lattice orientations,
which have a 180° rotational symmetry, are found to coexist
within a single terrace. Because regions with distinguishable
polarization patterns were not observed in polarization-
dependent SHG microscopy, we hypothesize that these
domains are smaller than the ~125 nm resolution of the
instrument. In our model, if the domains are not spatially
resolvable in the far-field, polarization-dependent signals from
each domain would be added together to yield the measured
nearly isotropic response. This interpretation is supported by
the observation that the signal from the spatially distinguish-

https://doi.org/10.1021/acsnano.1c05944
ACS Nano 2021, 15, 17780-17789


https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c05944/suppl_file/nn1c05944_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c05944/suppl_file/nn1c05944_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c05944/suppl_file/nn1c05944_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c05944?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c05944?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c05944?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c05944?fig=fig5&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c05944?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acsnano.org

48% Indium

100% Indium

SHG image

3]

Excitation

270° 270°

o

Emission
g

Pol.

Figure 6. Polarization-dependent SHG-microscopy of 2-D PMets.
SHG-detected images of the (a) 2-D alloy and (b) 2-D In show
bright regions (terraces) separated by dark areas (step edges). (c
and d) Excitation and (e and f) emission polarization-dependent
measurements using the experimental setup in panel g from
different areas of the sample reveal differences between 2-D alloy
and 2-D In.

able domains in 2-D In give a nearly isotropic response when
averaged (Figure 7a).

Evidence of increased structural disorder was also obtained
from high-resolution scanning transmission electron micros-
copy (STEM) images of the alloy (Figure 7c,d).”> Previous
statistical analysis of HR-STEM images of 2-D In revealed that
the first metal layer is aligned directly above the Si, and the
second layer exhibits a strong preference to sit directly above
the carbon atoms of the top SiC layer.'* This preference for a
particular registry of the metal atoms over the SiC results in the
same metal lattice orientation persisting across an entire
terrace. For a 2-D alloy, however, areas in which the first layer
of metal is registered with the carbon atoms of the top SiC
layer (Figure 7d) are observed, as well as areas with the
expected registry over the silicon atoms (Figure 7c). This
observation supports our interpretation that the isotropic

Indium Indium

Stripe A and Stripe B Stripe A + Stripe B 48% Indium Alloy
90° 90°

a.

Figure 7. Evidence for structural modifications in 2-D alloys. (a)
Averaging over multiple spatial regions in 2-D In yields an
isotropic excitation polarization dependence, similar to the
polarization dependence of 2-D alloy. High-resolution STEM
shows some regions with the first metal layer registered over (c) Si
and (d) some regions with the first metal layer registered over C.
Circles indicating approximate positions of atoms are a guide to
the eye.

excitation polarization dependences result from increased
disorder in the Ga/In alloy compared to the single metal
system. These results are consistent with the faster electron—
phonon scattering time observed in 2-D alloys compared to 2-
D In and Ga.

CONCLUSIONS

The dynamics of optically excited electronic carrier relaxation
spanning femtosecond to picosecond time scales are reported
for 2-D polar metal heterostructures. An initial subpicosecond
decay of the transient absorption signal is attributed to
electron—phonon scattering. Correlation of transient absorp-
tion decay rates and coherent phonon signals with SHG
microscopy polar patterns reveals that 2-D alloys display
increased disorder compared to the monoelemental systems,
which results in 3—5X acceleration of electron—phonon
scattering rates for alloys with respect to the monoelementals.
We also observe that the rate of interfacial heat dissipation was
more efficient for 2-D Ga than for 2-D In. Furthermore, the
gallium component determined interfacial energy transfer rates
of alloy systems. These results point to prospects for using
atomic-level structure to control energy transfer in multi-
component materials through the choice of metal intercalant
and alloying conditions. The ability to structurally tune
electron—phonon scattering rates to the extent observed for
the 2-D heterostructures is difficult to achieve in most
conventional 3-D nanoscale and bulk metals. Therefore, the
2-D metals may provide advantages for tailoring applications
that require eflicient dissipation of thermal energy. Using
selective pump—probe wavelength combinations, we also
observed picosecond graphene-to-metal carrier transfer. This
finding indicates that the metal can efficiently remove energy
from graphene, which may be beneficial for mitigating thermal
fouling of the capping layer.

EXPERIMENTAL SECTION

Synthesis. 2-D Ga, In, and alloy were obtained via the
confinement heteroepitaxy (CHet) method in a horizontal tube
furnace. The alloy precursor was formed by the mixing of gallium and
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indium powder on a custom-made alumina crucible at 80 °C in an Ar
environment, and annealing at 800 °C and 500 Torr for 30 min was
the optimized condition for the CHet process.”®

Linear Extinction. Extinction measurements were performed
using an Agilent Cary 5000 with a universal measurement accessory.
Reflection and transmission spectra were collected with p-polarized
light with a 20° incident angle on the sample. Extinction spectra were
calculated by extinction = 1 — %R — %T.

Transient Absorption Spectroscopy. The transient absorption
instrument used has been described previously.*” Visible pulses at 100
kHz repetition rate for transient absorption spectroscopy were
generated by a noncolinear optical parametric amplifier pumped by
a Yb amplifier (Spirit-NOPA, Light Conversion). After collimation
and compression with dispersion compensating mirrors, the beam is
split into pump and probe arms with a 90/10 beamsplitter. The pump
beam travels through a pulse shaper with AOM (2-DQuick-Visible,
PhaseTech), which acts as a chopper and along an optical delay line,
which sets the pump—probe time delay. The pump and probe are
focused onto the sample, and the transmitted probe is collected by a
spectrometer (SP2150, Princeton Instruments).

Analysis of transient absorption data was performed using Igor Pro
software. Time domain traces were fit to the four-component
exponential equation:

y(t) = Apexp(=t/t) + Ay-exp(=t/t,) + Ayexp(—t/t;) + A,-exp(=t/t,)

Four components was the minimum number required to obtain
satisfactory fits to the data.

For samples with significant oscillatory features, a damped sine
function was incorporated and data were fit to the equation:

y(t) = Apexp(—t/t) + A,-exp(—t/t,) + Ay-exp(—t/t;)
+ Agexp(—t/t) + A, cexp(—t/t, ) sin(2af, -t + @)

Nonlinear Optical Microscopy. Polarization-resolved SHG
microscopy was performed using a previously described method."*
Excitation pulses at 800 nm with 30 nm bandwidth from a Ti:sapphire
laser (Vitara, Coherent) were focused onto the sample with a 0.4 NA
aspheric lens. The excitation polarization was adjusted with a half-
wave plate placed before the sample. Emission from the sample was
collected with a 1.25 NA oil immersion objective (Nikon), and the
SHG was isolated from the fundamental and multiphoton photo-
luminescence using a combination of 400 nm bandpass and 650 nm
short-pass filters. An analyzer was used before the detector to
determine the polarization of the emitted signal. The signal was
imaged and spectrally resolved with an electron-multiplying CCD and
coupled spectrometer (iXion Ultra 897/Shamrock 303i, Andor).

SHG microscopy data was analyzed using ImageJ and Igor Pro
software. Equations to describe the polarization dependence of the
SHG signal have been given previously for our experimental
geometry."* Excitation polarization-dependent data were fit to the
equation:

SHG
Ix+y

2 cos¥(0 = @) + x@ sin*(0 — a) + 2¢? sin(0 — a) cos(0 — a)]?

XX Xyy xxy

¢4

+ [)(y(fz cos* (0 — a) + }(y(yzy) sin*(0 — a) + 2)(;;) sin(0 — a) cos(6 — a)]
Emission polarization-dependent data were fit to the equation:

I(B)oss o [cos(B — B,)-P) + sin(B — )PP

TEM. Cross-sectional transmission electron microscope (TEM)
specimens were prepared on a FEI Helios 660 focused ion beam
(FIB) system. One kilovolt final cleaning was applied after samples
became electron transparent to avoid ion beam damage to the sample
surface during FIB. High-angle annular dark field (HAADF) scanning
transmission electron microscopy (STEM) was performed on a FEI
aberration corrected S/TEM at 300 kV (Titan G2 60-300). Energy-
dispersive X-ray spectroscopic (EDS) elemental maps were collected
by using a SuperX EDS system (Bruker) under STEM mode.

17787

First-Principles Calculations. The low-frequency phonon modes
were assigned using first-principles calculations based on density
functional theory (DFT) with the local density approximation®’ to
the exchange-correlation functional as implemented in the plane-wave
pseudopotential code, QUANTUM ESPRESSO.** Optimized norm-
conserving pseudopotentials** were used, and the alloy was simulated
using the virtual crystal approximation (VCA). The atomic structure
of the metal bilayers and top five SiC bilayers were obtained by DFT
calculations on a slab with two metal layers and six SiC bilayers,
passivated by hydrogen atoms at the bottom. Bulk SiC was also
simulated. Monkhorst—Pack k-point grids of 26 X 26 X 1 and 26 X 26
X 6 were used, respectively, for calculations involving the slab and
bulk SiC. A plane-wave kinetic energy cutoff of 80 Ry and an energy
threshold of 107'° Ry was applied for the self-consistent cycle. All
atomic positions were relaxed until the forces acting on each atom
were less than 0.0001 Ry/Bohr. Coulomb truncation in the z direction
for the slab model was applied to ensure the calculations were done in
a 2-D framework. Density functional perturbation theory (DFPT)
calculations were performed on a 4 X 4 X 1 g-mesh to obtain the
force constant matrices of the metal/SiC slabs and bulk SiC. The
force constants for the bottom SiC bilayer and H atoms were replaced
by the force constant matrix from bulk SiC, and the phonons of the 2-
D metal on a semi-infinite SiC substrate were simulated using a
recently developed Green’s functional approach.
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