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Abstract

Engineering the band structure via moiré superlattices plays a crucial role in tailor-
ing the electronic and phononic spectra of hBN /graphene heterostructures, enabling a
range of emergent properties. While moiré heterostructures have been extensively stud-
ied through transport measurements to investigate electronic spectra, their influence on
the phononic spectrum, particularly on phonon-phonon and electron-phonon interac-
tions, remains less explored. In this study, we examine the temperature-dependent
(8K — 300K) frequency and linewidth responses of the phonon near the K-point of
graphene in hBN /graphene/hBN heterostructures for non-aligned, partially aligned,
singly aligned, and doubly aligned configurations. The non-aligned samples, where the

graphene is rotated by 30° with respect to both top and bottom hBN, exhibit pristine
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graphene behavior, characterized by minimal frequency variation with temperature and
a typical linewidth increase with increasing temperature. In contrast, doubly aligned
samples, where graphene and both hBN are perfectly aligned, display anomalous be-
havior, with Raman frequency decreasing linearly and the lifetime increasing with in-
creasing temperature. This anomalous anharmonic response could not be explained by
the existing models considering only intralayer (within the graphene) phonon-phonon
interactions rather indicates the role of strong interlayer phonon-phonon coupling (be-
tween hBN and graphene phonons), hitherto not observed. Furthermore, the enhanced
electron-phonon interactions due to the resonant condition of phonon decay into elec-
tronic channels of doubly aligned hBN /graphene /hBN heterostructures explain the ob-
served linewidth behavior. Our findings demonstrate the ability to engineer phonon-
phonon and electron-phonon interactions through alignment of hBN and graphene
hexagons, with implications for thermal management and carrier transport optimization

in hBN/graphene/hBN heterostructures.
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Introduction

Discovery of hexagonal boron-nitride (hBN) as an atomically smooth and chemically inert
substrate for graphene has enabled high-quality devices with exceptional electronic prop-
erties, including high mobility and low charge inhomogeneity.’ Owing to the hexagonal
lattice structure of hBN, combined with a bond length comparable to that of graphene, pre-
cise alignment of hBN with graphene produces a moiré superlattice structure.?® The moiré

superlattice produces a spatially varying potential known as moiré potential, which signifi-



cantly alters the electronic and vibrational properties of graphene. Moiré introduces a large
wavelength periodicity (\,,) in graphene compared to the original unit cell and leads to the
emergence of widely reported secondary and tertiary Dirac points.#® Additionally, the moiré
superlattice has led to a multitude of recently observed exotic phenomena such as Brown-Zak
oscillation, Hofstadter butterfly, electronic ratchet effect, etc.©40

Moiré formation due to the graphene-hBN interface has been extensively studied in the
past few years. 23T Degpite extensive studies into the formation and electronic correlation
effects due to moiré patterns at the graphene-hBN interface, there remains a significant gap
in understanding how moiré superlattice affects phonon-phonon and electron-phonon inter-
actions. Understanding phonon dynamics is crucial for understanding the thermal and trans-
port properties of graphene. In graphene-hBN systems, moiré superlattice strongly modu-
lates the phonon spectrum. Reconstruction of the original phonon bands due to band folding
and strong hybridization leads to a combination of dispersive and flat phonon bands.*® More-
over, the interaction of phonon modes in encapsulating hBN layers with those of graphene
has so far been overlooked. These phonon modes can significantly influence the system,
particularly when they are well-coupled and nearly degenerate with the phonon modes in
graphene.

Furthermore, spectroscopic studies of graphene are frequently influenced by the substrate

1920 which can obscure the inves-

or stress distributions in the case of suspended graphene
tigation of its intrinsic properties. Substrates such as SiOy exhibit high defect densities and
charge inhomogeneities, along with substantial lattice mismatches.*1"?> Although hBN as a
substrate reduces the defect density, it leads to stress distribution in graphene due to lattice
constant and angle mismatch.?*2” Therefore, a significant challenge is to develop a device
that provides a platform for stress-free graphene and effectively mitigates substrate effects.

In this article, we attempt to engineer a hBN-graphene-hBN heterostructure with re-

duced strain and uncover the intrinsic properties of graphene. We further investigate the

effect of emergent moiré pattern due to the hBN alignment with graphene on anharmonic



phonon-phonon and electron-phonon interactions. These interactions are the key determi-
nants of the dispersion of phonon frequency and lifetime as a function of temperature. We
conduct temperature-dependent (8K - 300K) Raman spectroscopy of the 2D Raman mode
of graphene on different hBN-graphene-hBN alignment regimes with a device structure that
allows us to study two different alignment configurations (i) hexagons of hBNs are aligned
with the hexagons of graphene - 0° , and (ii) they are rotated by 30° , on a single device. The
30° alignment case - maximally misaligned hBN and graphene - shows the pristine nature
of graphene with Raman frequency remaining almost constant with increasing temperature.
In contrast, the 0° alignment case - maximally aligned hBN and graphene - exhibits linear
decay of Raman frequency by more than 4 cm™! with temperatures from 8K to 300K. We

1,“8 where the phonon decays into

employ different anharmonic models like Klemens mode
half of its frequency, and other models,*” where the phonons decay into different combina-
tions of optical and acoustic branches, to explain our data. However, these models remain
inadequate to capture the observed trend. Further, an anomalous lifetime increment of K-
phonon with increasing temperature for 0° alignment case is observed in contrast to the 30°
alignment case with an opposite trend. Our study provides insights into the effect of moiré
potential on electron-phonon and phonon-phonon interactions in hBN/graphene/hBN het-

erostructures, with potential applications in engineering thermal and transport properties of

moiré materials.

Results

Fig [1|(a,b) shows the schematic of a typical hBN/Gr/hBN heterostructure. By varying the
angles between its individual layers, each potentially hosting unique and exotic physics. We
focus on the extreme angles between graphene and capping hBNs, specifically at 0° and 30° ,
with the top and bottom hBN (~ 30 nm thick) being aligned at 0° / 60° with respect to each
3031

other. A monolayer graphene is torn in two parts using the tear-and-stack technique and



aligned to top-hBN at 0° (Gg) and 30° (Gsg) orientations. The top and bottom encapsulation
hBN flakes are sourced from a naturally cracked hBN, ensuring easy and precise alignment
of the top and bottom hBN at 0° / 60° . Additionally, we fabricate a singly-aligned device,
where the top hBN is aligned to the graphene, and the angle between the graphene and
the bottom hBN deviates significantly from both 0° and 30° . We also include a standard
device, where the angle between any two layers is not close to 0° or 30° , but within a few
degrees, to provide baseline measurements. Moving further, we will refer to Doubly-aligned
(BNo/Go/BNy), Singly-aligned (BNy/Go/BNgo), 30° non-aligned (BNy/Gso/BNy) and the
standard device (partially aligned graphene-hBN with 0° < # < 30° ) as DA, SA, NA and
PA, respectively. Fig (d) shows an optical micrograph of one such heterostructure with
DA and NA configurations. Our device structure provides an ideal platform to perform a
comparative study of the effect of moiré between the upper (A, ~ 14 nm at 0° ) and lower
(A ~ 0.48 nm at 30° ) limits of the moiré wavelength by embedding both limits in a single
device using a single flake of graphene, eliminating potentially confounding variables. The
atomic stacking configurations of DA Fig [1f(c-left) and NA Fig [1f(c-right) show that the
carbon atoms and BN atoms are closest and furthest separated in DA and NA, respectively.
Thus, the corresponding coupling between the phonons of hBN and those of graphene at
the Brillouin zone K points is expected to be maximum and minimum for DA and NA,
respectively.

To verify the alignment of the fabricated devices, we measure the full width at half
maximum (FWHM) of the 2D Raman peak, which is directly proportional to the moiré
wavelength. This approach has been established as a reliable method for assessing the
alignment between graphene and hBN 12027 However, the method’s applicability is limited
to heterostructures with < 2° misalignment.”® Our fabrication technique overcomes this
limitation by precisely controlling the rotation between two torn flakes and verifying that
one flake is aligned close to 0° , thereby ensuring the alignment of the second flake at a desired

larger angle. This method non-invasively verifies the alignment of graphene with top and



bottom hBN. The consistency in temperature across different configurations is verified by
the anharmonic shift of the hBN peak in Raman spectra. The anharmonic character of the
multilayer hBN is expected to remain unaffected by the twist angle as the moiré effect at the
graphene-hBN interface decays with the number of layers moving away from the interface. We
observe similar anharmonic softening of the hBN peak across all configurations and samples.
For the temperature-dependent anharmonic shift of the hBN peak in all configurations, see
Supplementary Figure S3.

Fig [2J(a) compares the typical Raman spectra for the different configurations. Three
Raman active modes from graphene and encapsulating hBN are observed in the spectra.
The 2D mode (~ 2680 cm™!), originating from graphene, involves two near-K phonons
with opposite momenta and is the strongest Raman mode of pristine graphene due to the
Double Resonance mechanism.®*#*¥ The near-K phonon involved in the 2D Raman mode
corresponds to one of the two phonons (D; and Dy) that contribute to the defect-assisted
D Raman mode in graphene,®® which is expected to be at ~ 1350 cm~!. The D mode
corresponds to the breathing mode of graphene as shown in Fig [2(a) (top inset). We note
that the apparent D mode frequency, wp = (wp1 + wp2)/2, does not strictly correspond to
half the 2D mode frequency. This discrepancy arises due to the double-resonance process of
2D Raman, which involves only the D; phonon in Stokes Raman scattering. We will define
wo = wap/2, the phonons involved in 2D Raman process, and wyp = 2wy # 2wp. The G
(~ 1580 cm™!) and hBN (~ 1370 cm ™) modes, shown in Fig[2|(a) (top inset), correspond
to the opposite-phase oscillation (Ej,) of the two atoms in a unit cell in graphene and hBN,
respectively. In our spectrum, the G mode can hardly be seen. This very high-intensity ratio
of 2D and G modes establishes the high quality of the devices, being intrinsic or completely
undoped.®® Further, the weak D mode (~ 1350 cm™?!) of graphene establishes the quality of
the device. We also observe an anomalous peak (w ~1525 cm™') in Fig [2|(a). The frequency
of this mode approximately satisfies the Lyddane-Sachs-Teller relation®” corresponding to

the LO counterpart of a TO mode in hBN. This peak is also observed outside the graphene-



heterostructure region, confirming it does not originate from graphene.

The 2D peaks of DA and SA configurations are significantly broadened compared to NA
and PA heterostructures, as expected. ™27 Fig [2(b) shows the FWHM of the 2D peak of
multiple devices with varying alignments at room temperature. All sections with large angles
between graphene and hBN (PA and NA) exhibit 2D peak FWHM of approximately 18 cm™?.
The sharpness of the 2D peak confirms the pristine quality of graphene. For graphene aligned
to 0° with only one hBN (SA), the 2D peak FWHM increases to approximately 35 cm™?,
additional broadening by approximately 17 cm~!. This jump in FWHM has been previously
attributed to lattice relaxation and strain distribution due to moiré.“® We observe a further
broadening of the 2D peak to around 56 cm~! when graphene is aligned at 0° to both
the top and bottom hBN (DA), consistent with previous studies.* The increase in the 2D
peak FWHM from non-aligned to single-aligned to double-aligned confirms the symmetric

coupling of graphene with top and bottom hBN layers.

Temperature-dependent frequency and linewidth

The measured Raman spectra of 2D mode in the temperature range of 8K to 300K are
presented in Fig[2)(c,d) for NA and DA configurations, respectively. The measured (scatter)
data points are overlayed with the fitted voigt function to extract temperature-dependent
frequency and linewidth. The dotted straight lines are a guide for the eye to observe changes
in spectra with temperature.

The temperature-dependent shift in phonon frequency is primarily influenced by phonon-
phonon interactions and lattice thermal expansion. The latter’s effect on phonon frequencies
is determined by the sign of the Griineisen parameter, which is positive for in-plane modes
of graphene. This positive Griineisen parameter results in phonon hardening. At lower
temperatures, the thermal expansion of graphene, predominantly occurring along the out-
of-plane axis, has a negligible effect on in-plane phonon modes. Consequently, this results in a

minimal contribution to changes in phonon frequency when compared to the more significant



softening effects caused by anharmonic interactions.?”3% The phonon-phonon interactions can
be approximated to the anharmonic 3-phonon and 4-phonon scatterings and to 3-phonon
scattering alone at lower temperatures. We model this frequency shift (Eq. (1)) where the
optical phonon decays into two phonons (3-phonon scattering) and extend this model to

incorporate multiple decay channels.

W(T) =wo+ Y Xa (14 np(w, T) +np(ws, 1)) (1)

[0

where Y, is the contribution of a** decay channel to 3-phonon scattering and a fitting pa-
rameter, ng(w, T') is the Bose occupation factor of phonon with frequency w at temperature
T and w; + wy = wp, with wy being the phonon frequency in harmonic approximation. The
values of w; and w, depend on the decay channels as explained below. The Klemens model,
with w; = wy = wy/2, is widely used®® for modelling anharmonic shift for many materials
without clear justification. We find clear evidence that the Klemens model cannot model
the anharmonic character of graphene, and the decay channel must be configured appro-
priately. Furthermore, we note that a recent report has found that the electron-phonon
coupling (EPC) contributes negligibly to anharmonicity in undoped graphene below room
temperature.®” Therefore, we ignore the contributions from electron-phonon coupling medi-
ated frequency shift in our study.

In contrast to the phonon frequency shift, the phonon linewidth depends on both the
phonon-phonon and electron-phonon interaction. In a system dominated by phonon-phonon
interaction, the linewidth shows a linear trend with a positive slope at higher temperatures.
This is because the probability of anharmonic interaction increases with temperature due
to elevated phonon population at higher temperatures. As a result, the lifetime of the
phonon decreases, and the linewidth broadens. Assuming only 3-phonon interactions (cubic

anharmonicity), the change in linewidth of the phonon due to anharmonic interactions (I',;)



is given by

DPAPH(T) = D7 ST (14 ng(wn, T) + np(ws, T))) 2)

where I1, gives the contribution of the at* decay channel. In an anharmonic system, w decays
into multiple other phonons. In contrast, in a system dominated by electron-phonon coupling,
the phonon excites an electron from the valence band to the conduction band, creating an
electron-hole pair. An electron-phonon coupled system shows a distinct lifetime temperature
dependence compared to an anharmonic system. This behavior is a direct consequence of
the fermionic nature of electrons. As the temperature rises, the occupancy of electronic
bands increases due to thermal excitation, resulting in a decrease in the number of available
empty states for the electron from the valence band to excite. The change in linewidth due
to electron-phonon coupling (I'._,,) is proportional to the difference in occupation of the
initial and final state of the electron (Eq. (3)).?? The change in energy and momentum of
the electron is equal to the phonon energy and momentum. The final expression we use to
fit temperature-dependent linewidth data in an electron-phonon dominated system is given
by

PP (T) = Tg ™ + 5 [np(—wo/2, T) = np(wo/2,T)] (3)

where ng(w, T') is the Fermi occupation factor of an electron with energy hw at temperature
T, wy is the frequency of decaying phonon and + is the fitting parameters corresponding to

the coupling strength.

30° hBN-graphene-hBN

The measured 2D mode frequency (wop = 2wy) derives from the temperature dependence
of the near-K phonon involved (wg). For NA, the temperature dependence of wy is shown
in Fig [3|(a) (see Supplementary Figure 5 for the temperature dependence of G mode in
NA configuration). We find that the wy frequency in NA remains temperature-independent

in the measured temperature range. We fit the data with Eq. (line in Fig [3|(a)).



The decay channels and the corresponding weights (x,) for wy phonon are obtained from a
previous computational study.?” We will refer to this set of decay channels collectively as
the BLM channel. The BLM channel consists of approximately three decay channels with
varying weights, as shown in Fig @(a). We obtain the contribution of the decay channel
YerLm ~ —0.32 £ 0.43 cm~!. This vanishing contribution suggests that the real part of
the self-energy of the wy phonon in the NA system is negligible in this temperature range.
Furthermore, we fit the Klemens model and find a similar vanishing contribution. Note
that for a fixed value of y, the Klemens model predicts the smallest change in frequency.
Thus, any 3-phonon channel added to the model can only have a negligible contribution.
This shows that the NA system has suppressed anharmonic character. Fig (d) shows
the temperature-dependent FWHM of 2D mode (wyp). We observe a small broadening of
linewidth, suggesting a phonon-phonon interaction dominated system. Accordingly, we fit
Eq. with the BLM channel and obtain g7 = 4.4 + 1.8 cm ™.

This vanishing frequency shift contrasts sharply with the previous reports of 2D mode
frequency shift and linewidth broadening over a similar temperature range.*"*2 Those stud-
ies noted a non-linear (slow variation) temperature dependence of phonon frequency at T
< 100K and a linear temperature dependence beyond that. We find a similar non-linear
temperature dependence for PA configuration (Fig [3|(b)), suggesting a sensitive dependence
of phonon dynamics on the twist-angle between graphene and hBN. Note that the NA con-
figuration has the smallest possible moiré wavelength and thus will be least influenced by
the strain patterns which occur due to domain formation. By reducing the substrate effect
of hBN on the encapsulated graphene, our measurements in the NA configuration reveal the

intrinsic nature of phonon dynamics in graphene.

Partially aligned hBN-graphene-hBN

Fig [3|(b) shows the temperature-dependent frequency of wp mode in PA. To evaluate the

fitness of these models, we fit temperature-dependent frequency data for PA configuration
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with the Klemens model (blue line) and the BLM channel (red line). The BLM channel suc-
cessfully fits the measurements while the Klemens model deviates significantly. The decay of
the D phonon in graphene has been proposed to deviate significantly from the decay channel
wp — wp/2 + wp /2% and the inability of the Klemens model to fit the data is as expected.
The BLM channel perfectly fits the experimental data with xpry = -23.5 & 0.3 cm~!. This
anharmonic coefficient (xpras) is nearly 70 times more than that for NA configuration. The
only difference between the two configurations is the twist angle. The difference in stress
patterns and band folding due to moiré effects, which can enhance the phonon density of
states and, therefore, anharmonic character, are some possible reasons behind the amplifi-
cation of anharmonic character. This observation clearly evidences the fitness of the decay
channels predicted in the BLM channel for modelling anharmonic phonon interactions in
graphene and the inadequacy of the Klemens model for modelling anharmonic frequency
shift in graphene. Furthermore, the linewidth for PA shows a temperature dependence simi-
lar to that of NA, with IIgz ~ 3.36 £ 0.67 cm ™!, as shown in Fig (e). However, we note
that the absolute change in the linewidth over the measured temperature range is small (~
2 cm™!), and thus, the minute difference in temperature-dependent, change between NA and

PA, if any, can be obscured.

0° hBN-graphene-hBN

Fig (c) shows the temperature-dependent frequency of wp mode in DA. In contrast to the
NA and PA configurations, the DA configuration with a large moiré wavelength exhibits a
distinctly different response to temperature change. Surprisingly, neither the Klemens model
nor the BLM channel were found to be adequate for fitting the temperature-dependent fre-
quency shift data. The DA configuration shows a linear temperature dependence throughout
the entire measured range, in sharp contrast to the usual non-linear (slow variation) temper-

40H42

ature dependence observed in graphene in previous studies and our PA configuration.

This observed change can originate from the deviation of the decay channel from the previ-
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ously calculated BLM decay channel. We will now discuss that this observed linearization
can be driven by interlayer phonon coupling between graphene and hBN phonon bands.
The frequency of TO mode in hBN at K point (wpo ~ 1300 cm™!) lies very close to the D
phonon frequency in graphene. The Brillouin zone K-points of graphene and encapsulating
hBN layers are maximally coupled in the DA configuration. Moreover, the presence of mul-
tiple low-energy acoustic phonon bands at the Brillouin zone centre (I') of both the graphene
and hBN layers can help satisfy the energy conservation during the decay of the near-K wy
phonons to hBN near-K phonons. Combining nearly degenerate phonon bands in graphene
and hBN at K-point and many low-energy acoustic bands, this channel presents itself as a
favourable decay path, as illustrated in Fig [4|(b). To verify this claim, we fit the measured
data with a single decay channel with variable decay frequency. To this end, we make w;
in Eq. a fitting variable. We note a general observation that the low-temperature range
linearises as the decay of w phonon shifts from decaying into w/2 phonon to phonons of
unequal energy. This is expected as the Bose-occupation factor of the lowest energy phonon
dictates the temperature dependence at low temperatures. We fit the data with variable w;
and find the best fit for wy= 1311+£37 cm™! and the anharmonic coefficient of the hBN chan-
nel xgn = -0.51 £ 0.73 cm™! (Fig[3|(c)). The remarkably similar values of w; obtained from
fitting and wro of hBN at K point strongly suggest the interlayer coupling of phonon bands
in graphene and hBN. Since coupling between K-points of the Brillouin zones in graphene
and hBN is maximum at 0° / 60° twist-angle and is sensitively dependent on the twist-angle
between the two layers, this resonant decay of near-K phonon in graphene to near-K phonon
in hBN is only expected to be apparent in DA configuration. The bad fit of the hBN channel
for PA configuration, shown with green line Fig [3|(b), indicates that the hBN decay channel
contribution is vanishing in the PA configuration.

Fig [3|(f) shows the temperature-dependent linewidth of 2D mode in DA configuration.
The anomalous reduction in linewidth at elevated temperatures suggests that the system is

dominated by electron-phonon interactions, as predicted by Eq. . It is important to note
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that the anharmonic and other interactions do not stop in an electron-phonon dominated
system but rather continue in parallel. Thus, it is important to decompose the contributions
from multiple mechanisms to the linewidth. Based on previous reports and observations in
other configurations, the 2D mode linewidth can be decomposed into three different contri-
butions.

FDA(T) = Pintr (T) + Pstrain(T) + Fe—ph(T)

The intrinsic linewidth of graphene (I';,;.) contributes to every configuration. Since the
NA configuration is closest to an unperturbed graphene, we assert that ;- (T) ~ Ina(T).
LCiner(T) also captures the linewidth broadening due to the anharmonic decay of phonons.
Next, the broadening of ~ 35 cm™! in the DA configuration, over the intrinsic linewidth,
with 0° alignment of graphene and hBN, is reported to originate from strain reconstruction
within the super-moiré unit cell formed due to a small twist angle between encapsulating
hBN layers.“%*7 Due to the robust nature of the lattice reconstruction, we approximate
this strain-induced broadening (I'sqin) to be a temperature-independent constant contri-
bution to the total linewidth. Finally, we include the contribution due to electron-phonon
interaction (I'.—,), which governs the temperature-dependent trend of linewidth. I'e_,,(T)
is extracted by subtracting the intrinsic (I (7)) and strain (gpq:,) contributions from
measured linewidth (I'pa(7")) (see Supplementary Figure S4 for extracted I'._,; (7). The
electron-phonon model, Eq. , successfully fits the extracted I'._,,(7") with electron-hole
pair creation at frequencies near wy/2 and —wp/2, respectively. This anomalous electron-
phonon coupling in DA configuration is attributed to the moiré induced reconstruction of
graphene’s electronic band. Flat bands between the high-symmetry M and K points in
graphene emerge due to this reconstruction, as illustrated in the dashed rectangular region
in Fig (c) The energy gap between the flat conduction and valence bands nearly equals the
wp phonon energy (wp &~ 166 meV). Thus, the presence of extended flats bands on the Bril-
louin zone edge of the reconstructed electronic band of graphene enables resonant creation

of electron-hole pairs by coupling to near-K phonons, explaining the anomalous electron-
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4344 of modification in

phonon coupling dominated system. We note that previous reports
Raman spectra due to resonance between the incident laser energy and the energy separation
between the van Hove Singularities of the conduction and valence bands in twisted bilayer
graphene around 10-degree twist angle do not apply to our system of hBN/graphene moire,
where the van Hove Singularities in the electronic spectrum appear in much lower in ener-
gies in PA, SA, DA configurations and far from the laser energy. For NA devices, one can
consider almost intrinsic graphene electronic spectrum.

The results have been reproduced in another device for the NA and DA cases, yield-
ing consistent outcomes, as detailed in Supplementary Figure S1. Temperature-dependent
behavior of the SA configuration is found to be similar to DA (Supplementary Figure S2),
as expected due to the alignment of one of the hBN layers. Furthermore, the temperature

dependence of all our configurations shows behaviour distinct from graphene on SiO,/Si

substrate. This has been discussed in details in Supplementary Section S6.

Conclusion

In summary, we have studied the effect of the twist angle between graphene and hBN layers
on the 2D Raman mode in graphene using temperature-dependent micro-Raman. A vanish-
ing anharmonicity below 300K in graphene with reduced substrate influence is found. We
present evidence of interlayer phonon coupling between phonon modes of graphene and the
encapsulating hBN layers in an aligned hBN/graphene/hBN superlattice. We also find an
anomalous electron-phonon interaction dominated system in this configuration due to the
emergence of flat bands in the graphene superlattice. The study demonstrates the dynamics
tunability of phonon dynamics through graphene-hBN twist angle. These results provide an
essential understanding of hBN capping effects on phonon in graphene and motivate further
studies on the tunability of phonon landscape in graphene and, consequentially, the thermal

and transport properties.
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Methods

Device Fabrication

Graphene and hexagonal boron nitride flakes were prepared through the standard mechan-
ical exfoliation method using scotch tape, which was then applied to a silicon substrate
coated with a 285 nm layer of SiOy to enhance the contrast of the graphene flakes. Prior
to exfoliation, the substrates were treated with oxygen plasma for 30 seconds to improve
the adhesion of the graphene to the substrate. Monolayer graphene was identified through
optical contrast and subsequently verified using Raman spectroscopy.

Long, straight edges in graphene and hBN are usually zigzag or armchair edges. For
aligning two layers, the zigzag (armchair) edge of the first layer must be aligned with the
zigzag (armchair) or the second layer. Thus, the usual practice of aligning straight edges
will lead to a theoretical yield limit of 50% for devices with two aligned layers and 25%
for devices with three aligned layers, such as in doubly aligned hBN/Gr/hBN devices. To
overcome this yield limitation, we use the tear-and-stack technique to pick up a graphene
flake at both 0° and 30° angles between apparent straight edges. This ensures that one of the
two torn pieces of graphene is aligned with the top hBN at 0° and another at 30°. To ensure
alignment of the top and both hBN, we use naturally cracked hBN flakes with straight edges
present in both the cracked parts to take into account the misalignment caused by the crack.

All the reported devices are prepared using standard dry transfer technique, utilizing a
polydimethylsiloxane(PDMS) hemispherical dome with poly(Bisphenol A carbonate) (PC)
film covering the PDMS. This PDMS/PC stamp is prepared on a glass slide and used for

the vdW assembly process.

Low-temperature Raman Spectroscopy

Low-temperature Raman spectroscopy is done on HORIBA Scientific Instrument LabRAM

HR Evolution attached with a Montana Instruments cryostat, which has the ability to reach
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a 4 K base temperature. A laser source with a 532 nm wavelength is used. For spectra
collection, a 50x lens with a numerical aperture (NA) of 0.50 was employed. All spectra are
recorded with laser power below 1 mW to avoid laser heating. An 1800 lines/mm grating is

used in our setup, providing an accuracy of ~ 0.55 cm™!.

Supporting Information

The supporting information is available free of charge at <LINK>.

Additional temperature dependent data for DA configuration, temperature dependent
data for the SA configuration, verification of temperature consistency across devices using
hBN anharmonicity, extracted electron-phonon interaction induced linewidth change in the
DA configuration, data on the temperature dependence of the G mode in the NA config-
uration, comparison with graphene on a SiOy/Si substrate, and comparison between the

FWHMSs of G and 2D peaks.
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Figure 1: (a) Emergence of a long (short) wavelength [Ag (A30)] moiré pattern due to a twist
angle of 0° (30°) between graphene flake Gy (Gsp) and encapsulating hBN layers, labelled
as t-hBN and b-hBN. (b) Schematic of a typical device. The insets show that the graphene
flakes (Go and Ggp) and the hBN flakes (t-hBN and b-hBN) are torn from a common larger
graphene and hBN flake, respectively. (c) Atomic view of the local stacking in the region
pointed by the dashed lines. Local stacking near G, graphene shows the boron and nitrogen
atoms directly on top of the carbon atoms in graphene. In contrast, the local stacking near
G3p graphene shows the boron and nitrogen atoms maximally separated from the carbon
atoms in graphene. (d) An optical image of a device. The white and black arrows show the
crystallographic axis of graphene and hBN layers, respectively, assessed by straight edges of
the layers. 0;; is the optically estimated twist angle between ¢-hBN and G;.
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Figure 2: (a) In order from top to bottom, the panels show typical room-temperature spec-
trum for non-aligned (NA), partially-aligned (PA), singly-aligned (SA) and doubly-aligned
(DA) configurations. The inset in the top panel illustrates the vibrational mode for (left to
right) Eo, mode of hBN, G mode of graphene and 2D mode of graphene, as labelled in the
second panel. (b) Statistics of the linewidth of 2D mode for multiple devices. The vertical
dashed line separates the types of devices, and the horizontal line illustrates the discrete
jump in linewidth between different configurations. (c) Spectra of 2D mode for various
temperatures in NA configuration. (d) Spectra of 2D mode for various temperatures in DA
configuration. The vertical dashed lines in (c, d) are a guide to the eye to see the movement
of the peak frequency.
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Figure 3: (a,b,c) The scatter points show the temperature-dependent frequency change of
the phonon (wy = wep/2) involved in 2D Raman process for non-aligned (NA), partially-
aligned (PA) and doubly-aligned (DA) configurations, respectively. The blue, red and green
solid lines show the best fitting for the Klemens model, BLM model and inter-layer coupling
model, respectively. The best fitting model is shown with a thicker line. The fittings for all
models overlap in (a). (d,e,f) The scatter points show the fitted 2D mode linewidth for
varying temperatures. The red lines show the fitting using Eq in (d,e) and using Eq
in (f).
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Figure 4: (a) Illustration of different decay channels involved in the BLM decay channel.
The thickness of the arrow represents the relative strength of the channel. The calculated
contribution?® for each decay channel is mentioned in percentage beside the channel. The
approximate phonon mode frequencies are mentioned below the phonon bands (rectangular
boxes). The inset shows the Brillouin zone of graphene and hBN, and phonon emission from
K point, decaying, without any influence from encapsulating the hBN layer at a large twist
angle. (b) The dashed lines represent the quenching of the BLM decay channel in the DA
configuration. The solid line shows the dominating channel. The inset shows the phonon
decaying from the K point of graphene to the K point of hBN when closely aligned. (c)
The electronic band structure with the density of states (color bar) of DA configuration.
The dashed rectangle highlights the region with flat bands, where the band gap is nearly
resonant to the phonon energy (Awy). Adapted with permission from reference.*® Copyright
2024 American Chemical Society.
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S1. Additional temperature dependence data
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Figure S1: (a,b) The scatter points show the evolution of fitted D phonon frequency (w2p/2)
with temperature for NA and DA configurations, respectively, from another device. The blue,
red and green solid lines show the best fitting for the Klemens model, BLM model and inter-
layer coupling model, respectively. The thicker line shows the model with the best fitting.
All fits are approximately overlapping in (a). The insets show the stacked spectra with a
straight line as a guide to the eye for the corresponding configurations. (c,d) The scatter
points show the fitted 2D mode linewidth for varying temperatures. The red lines show the
fitting using the phonon-phonon BLM model and electron-phonon model (see main text) for
(c) and (d), respectively.
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S2. Temperature dependence data for SA configuration
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Figure S2: (top) The scatter points show the evolution of fitted D phonon frequency (w2p/2)
with temperature for SA configuration. The blue, red and green solid lines show the best
fitting for the Klemens model, BLM model and inter-layer coupling model, respectively. The
thicker line shows the model with the best fitting. (bottom)The scatter points show the
fitted 2D mode linewidth for varying temperatures. The red lines show the fitting using the
electron-phonon model (see main text). The inset shows the stacked spectra with a straight
line as a guide to the eye for the SA configuration.
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S3. Verifying temperature consistency across devices using hBN

anharmonicity
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Figure S3: Temperature-dependent frequent shift of hBN Raman peak for all the different
configurations. Similar values and trends in frequency softening verify the consistency of
temperature across all measured devices and configurations. Note that NA and DA are two
different configurations on the same device, while PA and SA are from different devices.
The inset shows the stacked spectra for hBN Raman mode in DA configuration, which is
representative of spectra from all configurations.
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S4. Extracted electron-phonon interaction induced linewidth

change in DA configuration
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Figure S4: The scatter points show the extracted I'e_,;, = T'pa(T) — Liptr (T') — Istrain Where
Cintr(T) ~ Tna(T) and Tytpain ~ 36 cm™! based on observed jump in linewidth between NA

and DA configuration at low temperature. The red line shows the electron-phonon model
fit.



S5. Temperature dependence of G mode in NA configuration
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Figure S5: The temperature-dependent (a) frequency and (b) linewidth of G mode in NA
configuration.
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S6. Comparison with Graphene on SiO,/Si substrate
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Figure S6: The blue circular scatter points show the temperature-dependent frequency shift
of (a) NA (b) PA (c¢) DA configurations. The red triangle scatter points in each panel show
the temperature-dependence frequency shift of 2D mode for graphene on SiO,/Si from Liu
et al.l

Figure S6 compares the frequency response of our configurations (NA, PA, and DA) with
graphene on SiO,/Si substrate. For graphene on SiOs/Si substrate, the frequency shows
a non-linear response (within 120 K, almost no change and above it linear decay). It can
be seen that among the three configurations, PA resembles close to the SiOs/Si substrate.
On SiO,/Si substrate, the phonons are affected by the nanometre scale roughness of the
SiO4/Si surface, which is known to produce strain as well as unintentional doping, etc,
which affects the anharmonicity. Therefore, graphene on SiO./Si substrate is different from
our DA configuration. Though both (graphene on SiO;/Si substrate and DA) have enhanced

anharmonicity, their nature of decay with temperature is quite distinct, as evident from Fig

S6.
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S7. Comparison of 2D and G peak FWHM
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Figure S7: 2D FWHM vs G FWHM for devices shown in Fig 2b of the main text. The black,
red and blue squares are for PA/NA, SA and DA samples, respectively. The large error bar in
the G-linewidth is due to its very low intensity for our hBN-encapsulated ultra-clean devices.
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