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ABSTRACT

Two-dimensional (2D) materials have attracted significant interest due to their tunable physical properties when stacked into homo- and
heterostructures. Twisting adjacent layers introduces moir�e patterns that strongly influence the material’s electronic and thermal behavior. In
twisted graphene systems, the twist angle critically alters phonon transport, leading to reduced thermal conductivity compared to Bernal-
stacked configurations. However, experimental investigations into thermal transport in twisted structures remain limited. Here, we study the
local thermal properties of low-angle (< 1�) twisted double bilayer graphene using scanning thermal microscopy. We find an increase in ther-
mal resistance of 0:36 0:1� 106 KW�1 compared to untwisted bilayers, attributed to changes in both intrinsic thermal conductivity and the
tip–sample interface. Analytical modeling shows that such variations may be attributed to intrinsic conductivity changes or modifications of
the tip–sample interface resistance, or a combination of both. Our study highlights how twist alters the overall thermal resistance network in
graphene heterostructures, providing direct nanoscale evidence that moir�e engineering impacts multiple pathways of heat dissipation. These
insights advance understanding of thermal transport in twisted 2D systems and open avenues for thermal management in twistronic devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0289373

In recent years, two-dimensional (2D) materials have gained
increasing attention. The atomic layers in these materials are held
together by weak van der Waals forces, making them easy to cleave
and stack into new heterostructures.1 Stacking different 2D layers can
result in artificial systems with novel physical properties.2–4 Moreover,
by twisting the layers with respect to each other, the periodicity of the
resulting lattice changes, forming a so-called moir�e pattern.5 This twist
angle becomes a crucial parameter for tuning the band structure6 and
the lattice symmetry of the new material.7,8 At small twist angles,9 the
mismatch between layers leads to atomic reconstruction, favoring
energetically stable stacking configurations. This results in discrete

stacking domains and domain walls,10 which are predicted to signifi-
cantly affect the local thermal properties of twisted 2D systems.

The thermal conductivity of graphene has been reported to vary
with the twist angle between its layers. Bernal-stacked (AB) graphene
exhibits the highest thermal conductivity. Introducing a twist reduces
this property: Li et al.11 measured a 25% decrease at 34�, while Han
et al.12 observed a 15% decrease at 2�, both using optothermal Raman
spectroscopy. These reductions are attributed to changes in low-
frequency phonon transport and are supported by molecular dynamics
simulations. Other studies13–16 confirm that both in-plane and cross-
plane thermal conductivities decrease as the twist angle increases.
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These works suggest that twisting can influence phonon transport,
although the magnitude of conductivity suppression depends strongly
on the angle range and modeling assumptions. More recently, Feng
et al.17 reported a pronounced twist-angle dependence of bilayer gra-
phene thermal conductivity, and Ouyang et al.18 demonstrated con-
trollable thermal transport at twisted graphene/hBN interfaces, further
highlighting the role of interlayer orientation in heat conduction.

Despite its importance for device performance and stability, ther-
mal transport in twisted graphene structures remains poorly explored
experimentally. A quantitative understanding of how twist affects heat
dissipation in graphene could lead to angle-engineered thermal interfa-
ces and optimized thermal management in twistronic devices.
However, experimental confirmation of these predictions is still
lacking.

Here, we investigate the local thermal properties of twisted double
bilayer graphene (TDBG) using scanning thermal microscopy
(SThM). We observe an increase in the thermal resistance of TDBG by
0:36 0:1� 106 KW�1 compared to untwisted double bilayer gra-
phene. Analytical modeling indicates that such a change may originate
from both intrinsic transport (e.g., thermal conductivity variations)
and interfacial effects (e.g., tip–sample resistance), or a combination of
both. Thus, our analysis highlights that twist modifies the overall ther-
mal resistance network rather than a single mechanism alone.

Twisted double bilayer graphene consists of two AB-stacked
bilayers placed on a 40 nm hexagonal boron nitride (hBN) substrate. A
scheme of the full structure is shown in Fig. 1(a). When stacked, a
small twist angle h (< 1�) is introduced between the bilayers, forming
a moir�e pattern of ABAB and ABCA domains, while suppressing the
less stable ABBC regions.10,19 The TDBG was fabricated using a dry

transfer method with a polycarbonate (PC) film (10% concentration)
supported by a polydimethylsiloxane bubble stamp. Two halves of a
bilayer graphene, precut using an atomic force microscope,20 were
picked up sequentially with a relative twist angle of less than 1�. The
final stack was transferred onto a hBN flake at room temperature with-
out melting the PC,21 minimizing contamination during the process.

The moir�e wavelength km depends on the twist angle and is given
by km ¼ ða=2Þ=sinðh=2Þ, where a is the graphene lattice constant.22

Using piezoresponse force microscopy (PFM), we identified two
regions with large moir�e wavelengths [Fig. 1(b)]. PFM is a useful tool
to characterize twisted 2D systems due to their piezoelectric or flexo-
electric responses.23 In our PFM setup, an AC bias at the contact reso-
nance frequency is applied between an electrically conductive atomic
force microscopy (AFM) tip and the sample, generating a vertical elec-
tric field.24,25 This field induces piezoelectric strain, which is detected
through the AFM lever’s torsion or deflection.

Figures 1(c) and 1(d) show PFM maps of the two regions. From
these maps, we estimate effective twist angles between 0:07� and 0:15�.
Both regions display stretched triangular domains, which may indicate
the presence of local strain or pinning at specific stacking sites.26

To investigate thermal transport in our 2D system, we use scan-
ning thermal microscopy, as described in previous studies.27,28 SThM
is a powerful technique that enables nanoscale mapping of heat dissi-
pation in low-dimensional materials. Its operation is based on a sharp,
microfabricated cantilever that functions both as a heater and a tem-
perature sensor. The probe is raster-scanned across the sample surface
using standard atomic force microscopy (AFM) feedback to control
the tip–sample interaction.

Measurements were conducted under high vacuum conditions
(10�6 Torr) using a sharp probe, ensuring accurate thermal mapping
without interference from air or water meniscus.27,28 We used com-
mercially available doped silicon probes (Anasys Instruments, AN-
300), which have a geometry similar to standard AFM probes but with
a cantilever composed of two highly doped, electrically conductive
legs. These probes form part of a Wheatstone bridge circuit used to
detect small changes in electrical resistance. A DC or AC voltage
applied to the bridge heats the probe to a few tens of kelvin above
room temperature. The output signal is amplified and calibrated to
extract the probe temperature. Calibration details of both the thermal
signal and probe resistance vs temperature can be found elsewhere.27

Figure 2(a) illustrates the working principle of SThM and its cor-
responding thermal resistance model. When the probe contacts a low-
conductivity material, less heat flows into the sample, causing the
probe temperature to rise. This temperature change alters the electrical
resistance of the probe, which is detected via the bridge circuit. Under
ambient conditions, the relation between the contact and non-contact
voltages can be written as27,28

Vnc � Vc

Vnc
¼ Rp

Rp þ RX
; (1)

where Vnc and Vc are the measured voltages with the probe out of con-
tact and in contact with the sample, respectively. Rp is the thermal
resistance of the probe, and RX is the thermal resistance of the sample.

As shown later in Fig. 2(a), the total measured thermal resistance
RX consists of three components in series,27,28

RX ¼ Rtip þ Rint þ Rspr; (2)

FIG. 1. (a) Scheme of the sample structure consisting of a hBN flake acting as sub-
strate on which two graphene bilayers where stacked at a small angle. The whole
2D stack is resting on a 300 nm SiO2 on Si wafer. (b) Topography map of the sam-
ple with the two regions showing large moir�e patterns (highlighted by the dashed
squares). Scale bar is 1 lm. (c) PFM small scale image of the first region in (b).
Scale bar is 250 nm (d) PFM image of the other moir�e region. Scale is 100 nm.
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where Rtip is the thermal resistance of the conical tip, Rint is the tip–
sample interface resistance, and Rspr is the sample’s thermal spreading
resistance. Proper interpretation of RX requires separating and analyz-
ing each component.

Figures 2(b) and 2(c) show topography and thermal resistance
maps across a step between a silicon oxide (SiOx) substrate and a
40 nm thick hBN flake. Due to hBN’s high thermal conductivity, its
measured thermal resistance is lower than that of SiOx. However, it is
important to note that the apparent thermal resistance includes various
contributions and artifacts, such as those from the tip–sample inter-
face, surface properties, and topography.29

Figures 2(d) and 2(e) show a similar measurement across a bound-
ary between hBN and a four-layer graphene region on hBN. When the
probe transitions from hBN to graphene, we observe a clear drop in
thermal resistance of 16 0:2� 106 KW�1. While the difference in
thermal conductivities—and therefore spreading resistances—between
hBN and graphene may contribute to this contrast, it is not enough to
fully account for the observed change. Since both materials are atomi-
cally flat and have high thermal conductivities, the main contribution
must arise from variations in the tip–sample interface resistance.

The thermal interface resistance is given by Rint ¼ rpint
pa2, where r

p
int

is the thermal interface resistivity, and a is the contact radius. To assess
the lateral resolution of our SThM measurements, we analyzed line
profiles across the hBN–graphene boundary (see the supplementary
material, Part I). The apparent width of the transition in the thermal
resistance signal was fitted with a step function convolved with a
Gaussian point-spread function. From the extracted FWHM, we deter-
mine a thermal contact radius of 306 5 nm. Using this and the
observed thermal resistance drop, we calculate a change in interface
resistivity of about 56 3%. This result confirms the high sensitivity of
SThM to small variations in local heat transport. As we will show next,
this sensitivity enables us to map thermal resistance differences
between twisted graphene domains.

Figure 3(a) shows a scanning thermal microscopy image of the
first twisted graphene region. The scan was taken across the boundary
between the twisted and non-twisted areas to allow direct comparison
of the thermal signal. As seen in the image, the thermal resistance
increases in the twisted area by DRX ¼ 0:36 0:1� 106 KW�1.
Topography and friction images reveal no visible differences between
the two regions, confirming that the observed thermal contrast is not
related to surface morphology or frictional properties.

A line profile extracted from the SThM image is shown in
Fig. 3(b), along with a simultaneously acquired topography profile. A
clear step in thermal resistance is visible at the twisted–non-twisted
boundary, while no notable change is observed in the topography,
aside from a slight graphene ripple marking the interface.

Next, we analyze the relative contributions of thermal interface
resistance (Rint) and thermal spreading resistance (Rspr) to the
observed change in DRX .

We note that our experimental dataset focuses on a narrow range
of small twist angles (� 0:07deg [ 0:15deg). While this allows us to
directly resolve thermal resistance changes across well-defined moir�e
domains, a systematic exploration over a broader twist-angle range
would be required to fully establish the dependence of thermal resis-
tance on twist angle. To further verify reproducibility, we performed
additional measurements on two independent twisted–untwisted
regions (supplementary material, Figs. 2 and 3). In both cases, we
observe the same resistance contrast, confirming that the effect is
robust across different sample locations.

Let R0
X and Rt

X denote the measured thermal resistances in the
non-twisted and twisted regions, respectively. From Eq. (2), and
assuming the tip resistance Rtip remains constant (as it is determined
by the fixed probe geometry and apex size), the difference in thermal
resistance is

DRX ¼ Rt
X � R0

X ¼ Rt
int þ Rt

spr � R0
int � R0

spr : (3)

FIG. 2. (a) Schematic representation of the SThM probe and tip–sample system along with thermal resistances network. (b), (c) Topography and thermal resistance maps of
the hBN flake on the silicon oxide substrate. (d) and (e) Topography and thermal resistance map of the step between hBN and 4 layers graphene. Lateral scale bars are
200 nm. Topography images and thermal resistance maps are in nm and KW�1, respectively.
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The interface resistance (Rint) is often a dominant and uncertain
factor in SThM measurements. It can be understood as the Kapitza
resistance between the phonon systems of the probe and the sample.
This resistance is influenced by material properties on both sides of the
interface and any surface topography variations. In our case, the probe
transitions from untwisted to twisted graphene. As shown in Fig. 3(b),
no significant topography change is detected at this boundary.

For graphene–SiO2 interfaces, reported thermal interface resistiv-
ity values range from 5:6� 10�9 to 7� 10�8 m2KW�1.30,31 Based on
our previously estimated contact radius, and assuming that the mea-
sured increase DRX is solely due to changes in Rint , we estimate that

the interface resistivity rgr�SiO2
int increases by approximately 0.5%–3%,

depending on the exact contact radius.
Finally, we consider the contribution of the sample thermal

spreading resistance (Rspr) to the overall measured variation. Given the
high thermal conductivity of hBN, we assume it is well thermalized
with the underlying silicon oxide substrate. Therefore, the relevant
thermal spreading path is defined by the graphene-on-hBN stack, as
illustrated in Fig. 2(a). Analytical models for thermal spreading resis-
tance in layered structures27,28 can be applied here. These models
include several key parameters (see the supplementary material for full
details): the contact radius a, the in-plane (kk) and cross-plane (k?)
thermal conductivities of graphene, the graphene–hBN interface resis-
tivity (rgr�hBN

int ), and the thermal conductivity of hBN (khBN ).
Next, we consider the in-plane and cross-plane thermal conduc-

tivities of the twisted graphene layers. Several studies32–34 have shown
that graphene partially recovers its exceptional thermal transport prop-
erties when supported by hBN. The thermal conductivity of suspended
single-layer graphene has been measured35,36 to reach up to
3000Wm�1K�1. When supported on high-quality boron nitride, the
reported values36 approach this suspended limit, typically ranging
between 1000 and 2000Wm�1K�1. For the cross-plane direction, bulk
graphite exhibits36 a thermal conductivity of about 5Wm�1K�1.

Using reported values for graphene’s in-plane and cross-plane
thermal conductivities as inputs, modeling shows that the measured
DRX could also be reproduced by a significant reduction in the effec-
tive thermal conductivity of the twisted layer, keff . The effective
thermal conductivity describes the spreading of heat away from the
tip–sample contact. Following standard treatments of anisotropic
media under point heating, keff is defined as

ffiffiffiffiffiffiffiffiffiffiffi
kk k?

p
. This geometric

mean form accounts for the fact that heat spreading in anisotropic lay-
ered systems involves both in-plane and cross-plane transport chan-
nels. While the precise magnitude of suppression remains uncertain
and may be larger than what is typically reported in Raman-based
studies, our result underscores that intrinsic transport changes cannot
be excluded and must be considered alongside interfacial effects.

In summary, our estimates show that the measured increase in
thermal resistance could arise from a modest variation (0.5%–3%) in
tip–sample interface resistivity or from intrinsic conductivity changes
within the twisted stack, or a combination of both. While distinguish-
ing between these effects is experimentally challenging, both mecha-
nisms are directly linked to the presence of twist: interlayer
reconstruction and local strain can modify phonon transmission
across both the graphene–hBN and tip–sample interfaces. The
observed and reproducible increase in thermal resistance therefore
provides clear experimental evidence that twisting alters the overall
heat dissipation pathways at the nanoscale, even if the relative weight
of intrinsic and interfacial contributions cannot yet be fully separated.

To better understand the interplay between tip–sample interface
resistance and thermal spreading resistance, we now analyze their rela-
tive contributions. In Fig. 4, we plot DRX from Eq. (3) as a function of
two sets of parameters: (a) tip–sample interface resistivity vs gra-
phene–hBN interface resistivity, and (b) tip–sample resistivity vs effec-
tive thermal conductivity of the graphene stack. In both plots, we
include a reference line corresponding to the experimentally measured
DRX of 0:3� 106 KW�1.

From Fig. 4(a), it is clear that variations in the graphene–hBN
interface resistivity (rgr�hBN

int ) have a minor impact on the measured
DRX . This is attributed to the high in-plane thermal conductivity of
the TDBG, which effectively screens the contribution of the underlying
interface. Conversely, Fig. 4(b) demonstrates that both a reduction in
the effective thermal conductivity of the graphene stack and a modest
increase in tip–sample interface resistivity can account for the observed
DRX . Our measurements therefore demonstrate that twist alters the
local thermal resistance landscape, though the balance between intrin-
sic and interfacial contributions remains an open question. This
broader perspective aligns with prior reports of twist-dependent trans-
port, while also emphasizing the importance of considering interface
effects in SThMmeasurements of twisted systems.

In summary, we have investigated the local thermal transport
properties of twisted double bilayer graphene supported on hexagonal

FIG. 3. (a) Thermal resistance map show-
ing higher resistance on the twisted region
compared to the non-twisted one. Scale
bar is 1lm. (b) Thermal resistance and
topography profiles taken across the tran-
sition between the two regions.
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boron nitride using scanning thermal microscopy. Our measurements
reveal a measurable increase in thermal resistance in twisted regions
compared to untwisted ones. By combining experimental mapping
with analytical modeling, we identify possible contributions from both
intrinsic thermal conductivity changes and tip–sample interface effects.
While distinguishing their relative weight requires further studies
across a broader range of twist angles, our results demonstrate that
twist modifies the full thermal resistance network of graphene hetero-
structures. Future studies extending this approach to a wider set of
twist angles and multiple samples will be essential to quantify system-
atic twist-angle trends and verify reproducibility. These results provide
direct experimental evidence that twisting graphene layers—while
widely used to tune electronic and optical properties—also significantly
impacts heat dissipation. Our findings underscore the importance of
considering twist angle as a design parameter for future two-
dimensional devices, especially in applications where thermal manage-
ment is critical.

See the supplementary material for additional details on the esti-
mation of SThM lateral resolution and contact radius, reproducibility
measurements on multiple twisted regions, and the analytical model
used to calculate thermal spreading resistance in anisotropic layered
systems.
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