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Alignment-assisted high thermal conductivity and thermal anisotropy in
poly(methyl methacrylate)/graphene nanolaminates
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Understanding heat transport at the graphene-polymer (Gr-polymer) interface is the key to improve
the thermal conductivity of Gr-based nanocomposites. Here, we fabricate poly (methyl methacry-
late)/graphene (PMMA/Gr) nanolaminates and find an ultrahigh increase of the in-plane thermal
conductivity (8.9 ± 0.9 Wm−1K−1) compared to net PMMA and the thermal conductivity anisotropy
(approximately equal to 53) at low Gr loading (1 vol. %). The strong anisotropic thermal conduction can
be attributed to the predominantly in-plane oriented Gr nanoflake and, intriguingly, the graphene-induced
planar alignment of PMMA in the proximity of Gr, as revealed by polarized infrared spectroscopic
(p-IR) imaging, nano-FTIR and IR s-SNOM. We demonstrated the contribution of interface-induced
confinement to the observed thermal property, providing deeper insights into heat transport at the
Gr-polymer interface.

DOI: 10.1103/5zfl-986l

I. INTRODUCTION

High thermally anisotropic polymer nanocomposites are
useful in modern electronics, as they enable the undesired
heat to dissipate in one direction while keeping the device
thermally and electrically isolated [1–3]. As a canoni-
cal example, graphene-based (Gr-based) composites have
attracted enormous attention due to Gr’s superhigh in-
plane thermal conductivity κGr,‖ [4] and thermal anisotropy
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[5,6]. However, achieving high thermal conductivity and
anisotropy in these composites remains a significant chal-
lenge. Major limitations include the inherently reduced
thermal conductivity of encapsulated Gr [due to the sup-
pressed out-of-plane acoustic (ZA) phonon mode], the
poor contact and the large interfacial thermal resistance
(ITR) between Gr and polymer, with the latter being the
dominant factor that limits thermal performance [5,6].

The mechanisms of heat transport at the Gr-polymer
interface are yet to be fully understood [7]. The acous-
tic mismatch model (AMM) and the diffuse mismatch
model (DMM) were initially proposed to estimate the ITR
between the liquid-solid and solid-solid interface, which
fail to accurately estimate the ITR in nanocomposites
without any atomic-level description of phonon scattering
[8]. Although molecular dynamics (MD) simulations have
investigated the effects of bonding or adhesion strength
between the filler and polymer matrix [9,10], they neglect
the impact of other critical factors, such as interfacial
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voids and the molecular alignment at the interface [5].
Recent studies show the thermal conductivity of poly-
mers is highly dependent on their morphology; aligned
polymer chains enable more effective heat transport along
the covalent backbones [11–13]. Therefore, the knowl-
edge of polymer conformation at the Gr-polymer interface
is crucial for understanding heat transport in Gr/polymer
nanocomposites. However, experiments of polymer con-
formations near the interface and their impact on thermal
conductivity remain scarce.

In this work, the extreme confinement of the polymer is
realized on a detectable scale in PMMA/Gr nanolaminates
through the lift-off/float-on-wet transfer technique [14]
with Gr volume fraction varies from 0.02% to 1%. The
nanolaminates exhibit large enhancement of κ‖, along with
the high thermal conductivity anisotropy κ‖/κ⊥ at low Gr
loading (1%). The sublinear dependence of κ‖ and κ⊥ on
Gr loadings suggests the formation of oriented PMMA
sublayers in the PMMA/Gr interfacial region, which is
further confirmed by polarized infrared spectroscopic (p-
IR) imaging and near-field FTIR. Our findings reveal that
graphene can serve as a two-dimensional orientation tem-
plate for PMMA chains, thereby enhancing the thermal
conductivity of the nanocomposite.

II. RESULTS

A. Nanolaminate processing

PMMA/Gr nanolaminates were fabricated by imple-
menting the semiautomatic iterative lift off and float on
combined with the wet-deposition technique [14,15]. The
atomic force microscope (AFM) image of CVD Gr on a Cu
substrate shown in Fig. 1(a) indicates a relatively low wrin-
kle height (approximately 6 nm). The CVD graphene also
exhibits large grain sizes (>90 μm) [14]. The samples are

labeled as PMMA/GrφGr, where φGr denotes the per cent
volume fraction of Gr. The total thicknesses of the sam-
ples as well as the correlation of the Gr volume fraction
with the thickness of each PMMA layer are listed in Table
S1 within the Supplemental Material. UV-vis-NIR and
Raman techniques are utilized to characterize the quality
of PMMA/Gr nanolaminates. Figure 1(b) shows represen-
tative UV-vis-NIR transmittance spectra of (PMMA/Gr)n,
where n denotes the number of Gr layers. The corre-
sponding transmittance should amount to 87.0%, 49.8%,
and 31.2% for repeating cycles n = 6, 30, and 50, respec-
tively, since visible light absorption of Gr is 2.3% [16].
The experimental transmittance shows consistency with
the computed values, indicating each Gr layer remains
almost intact during the wet-transfer process. Raman spec-
tra in Fig. 1(c) shows the intensity ratio of the D peak
to G peak, I (D)/I (G) ∼ 0.17, indicating almost negligi-
ble defects in Gr fillers [17]. Meanwhile, as a previous
study [18] suggests, the nearly unchangeable peak posi-
tions for multiple stacking [black dashed lines in Fig.
1(c)] indicate that no residual stresses are developed in the
nanolaminates after the fabrication process. These charac-
terizations demonstrate the high quality of the PMMA/Gr
nanolaminates, which is a prerequisite for high thermal
conduction materials.

B. Thermal conductivity

The in-plane thermal conductivity, κ‖, is shown in
Fig. 2(a) as a function of Gr volume fraction, suggesting
sublinear dependence. The experimental details could be
found in Ref. [15]. The thermal conductivity of PMMA/Gr
reaches κ‖ = 8.9 ± 0.9 W m−1 K−1 notably at a relatively
low (1%) Gr loading. To the best of our knowledge,
this enhancement in the thermal conductivity is among

(a) (b) (c)

FIG. 1. Sample characterization. (a) An AFM image of the CVD Gr on the copper substrate, revealing large grains. (b) UV-vis
transmittance spectra of (PMMA/Gr)n with different numbers of stacking cycles, n. Inset: UV-vis transmittance of (PMMA/Gr)n
nanolaminates under a wavelength of 550 nm. (c) Representative Raman spectra of three PMMA/Gr nanolaminates with different Gr
volume fraction. The black dash lines manifest the nearly unchangeable 2D and G peaks after the transfer process.
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(a) (b) (c)

FIG. 2. Anisotropic heat conduction. (a) In-plane thermal conductivity of PMMA/Gr nanolaminates. Inset: thermal pathways in
in-plane direction. The drawing of a solid line assumes a thickness dependent κPMMA on the premise of linear κ‖ as a function of φGr.
(b) Cross-plane thermal conductivity of PMMA/Gr nanolaminates. Inset: thermal pathways in the cross-plane direction. (c) Anisotropy
of thermal conductivity, κ‖/κ⊥, as a function of φGr. Inset: a scheme of PMMA/Gr nanolaminates and the thermal transport in two
directions.

one of the highest values reported for Gr or Gr-related
polymer composites in this range of volumetric fraction
[6,15,19]. A similar asymptotic behavior as in Fig. 2(b)
with an increase of κ⊥ from 0.089 ± 0.014 W m−1 K−1 to
0.17 ± 0.014 W m−1 K−1 with φGr. The thermal conduc-
tivity anisotropy, κ‖/κ⊥, increases with φGr, and reaches 53
at 1 vol. % Gr [Fig. 2(c)].

The parallel thermal transport model is usually applied
to represent κ‖ (φGr) in nanolaminates, as schemati-
cally presented in the inset to Fig. 2(a): κ‖ = (1 −φGr)
κPMMA +φGr κGr,‖, where κPMMA and κGr,‖ are the ther-
mal conductivity of PMMA and Gr (in-plane), respec-
tively. Constant values of κPMMA and κGr,‖ would lead to
a linear dependent κ‖ (φGr), in contrast to the nonlinear
dependence in Fig. 2(a). The initial linear dependence for
φGr ≤ 0.34% is represented by κPMMA = 0.1 W m−1 K−1

and would yield an anomalous high value for supported
Gr [20,21], κGr,‖ = 1500 W m−1 K−1, which, in addition,
fails to predict κ‖ (φGr) at higher φGr. In the same con-
text, the increase of the cross plane κ⊥ with φGr in Fig.
2(b) is also unexpected. Along this direction, the heat is
being transported through three phases, Gr, Gr-PMMA
interface, and PMMA until approaching the sensor. The
anticipated series-model [scheme in Fig. 2(b) inset]
reads 1/κ⊥ =φGr/κGr,⊥ + (1 −φGr)/κPMMA +φGr/(GbhGr).
hGr (=0.34 nm) is the thickness of a single Gr layer and
Gb is the thermal boundary conductance between Gr and
PMMA. Gb is taken on the order of 109 W m−2 K−1,
similar to that in carbon nanotube and the PMMA inter-
face [22]. In this case, κ⊥ should decrease due to the
increasing interfaces, in contrast to the observed trend in
Fig. 2(b). One possible reason for the increased κ⊥ with
φGr may relate to the wrinkled graphene, as shown in
Fig. 1(a) [the effect of wrinkled graphene on κ⊥(φGr) is
addressed later]. Nevertheless, κ⊥(φGr) should not keep
increase with φGr and therefore we are left to conclude that

the assumption of a constant κPMMA in the series models
might be invalid.

Overall, in-plane and cross-plane thermal transport
should comply, respectively, with the parallel and series
model, as the thermal pathways are, respectively, parallel
and perpendicular to Gr layers. On the premise of a lin-
ear κ‖ (φGr) function over the full dilute φG regime and
a robust κ⊥ (φGr) over the same φGr range, it is probably
incorrect, to assume κPMMA = 0.1 W m−1 K−1 in the rep-
resentation of the experimental heat conductivity of Figs.
2(a) and 2(b). We note that if there is any effect in thermal
conductivity because of the orientation of graphene itself
with such low Gr loadings, thermal conductivity should
decrease with Gr loading due to interfacial thermal resis-
tance between Gr and PMMA in the cross-plane direction,
and increase linearly in in-plane direction, in sharp contrast
to the sublinear trend in both directions as we observed.

Atomistic simulations show that polymer chains can
align on a graphite substrate [23], and more specifically,
PMMA chains can orient near the Gr surface with a
thickness of several nanometers [24,25]. It is known that
thermal transport in polymers is highly related to the
chain conformation [11,12]: the weak interchain hopping
between entangled polymer chains in amorphous bulk
polymers severely hampers heat transport [26]. Oriented
polymers display enhanced thermal conductivity, as heat
preferentially transports along the chains and the interchain
hopping becomes suppressed [13]. We, therefore, postulate
that PMMA orientation near the PMMA-Gr interface may
underpin the unexpected κ‖ and κ⊥.

C. Planner alignment of PMMA

We employed the four-polarization method of Fourier
transform infrared spectroscopic (p-IR) imaging,
nano-FTIR, and infrared scattering scanning near-field
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optical microscopy (IR s-SNOM) [27–29] to probe the
PMMA chain conformation. The 4p-IR spectrum was
recorded with incident light at four different polarization
angles enabling the reconstruction of the arbitral in-plane
orientation of the specific dipole. This method can simul-
taneously visualize the chemical information and orien-
tation distribution [30]. An exemplary p-IR spectrum for
PMMA/Gr1% is presented in Fig. 3(a), with the C—O—C
stretching band at 1242 cm−1. We focus on this band
because it is more amenable to the polymer chain ori-
entation and is relevant to Gr-PMMA interactions [31].
Details of peaks at other frequencies can be found else-
where [32]. The distribution orientation azimuth (ψ) of the
PMMA chain estimated from p-IR measurement is shown
in Fig. 3(b) as white arrows superimposed to the distribu-
tion of p-IR absorption at 1242 cm−1. The cross section
of the PMMA/Gr film was embedded in epoxy matrix,
and the film cross section [bordered by red line in Fig.
3(b)] is oriented along ψ = 124° direction. The Hermans
orientation function f ave = 0.031 [15], calculated from the
absorbance, indicates the overall in-plane orientation of the
PMMA [15,30]. As the spatial resolution of p-IR imaging
is limited by the diffraction limit, the image pixel size was
effectively 6.25 µm.

Nanoscale analysis was further performed by nano-
FTIR with broadband illumination and IR s-SNOM com-
bined with a quantum cascade laser (QCL). The Pt/Ir
coated AFM cantilever was mechanically modulated and
irradiated by broadband illumination/QCL. The scattered
light was modulated, and its phase and amplitude were
analyzed to determine the optical properties under the tip.
The imaginary part of the scattered electromagnetic field
relates to the absorption of the sample surface. There-
fore, the absorption of nano-FTIR and IR s-SNOM can be
defined as, a = Im[σ ]. The distribution of a at 1145 cm−1

from the cross section of PMMA/Gr0.07% at 1145 cm−1

by s-SNOM is shown in Fig. 3(c). (Broadband mid-IR
spectra for the same locations were also identified in nano-
FTIR [15].) Periodic high values in the relevant Gr layer
are detected (white arrows), and the periodicity is in good
agreement with the predicted value of about 400 nm. The
Gr region is considered to have a high value of imaginary
part of scattering coefficient, due to the coupling of Pt/Ir
coated AFM probe and Gr layers. The enhancement of the
absorption around Gr layers were also observed for the
absorption distribution at other wave numbers at 1247 and
1269 cm−1 in Fig. 3(d) and Figs. S8 and S9 within the
Supplemental Material [15,33–66].

Due to the strong coupling effect between the tip and the
Gr, absolute distribution of absorption is always affected
by the periodic Gr structure. Therefore, we focused
on the three major absorption bands of 1145, 1247,
and 1269 cm−1, assigned as no dichroism, perpendic-
ular dichroism, and parallel dichroism, respectively. To
estimate the relative absorption to the isotropic band

(1145 cm−1), define Rs = a1247,1269 − a1145. The s-SNOM
image under the irradiation of QCL with varied wave
numbers exhibit a drift in the imaging region; thus, the
averaged line profile within ±200 nm around the Gr region
was used to calculate Rs. Figure 3(d) shows the average
Rs line profile around Gr, calculated from the absorption
at 1145, 1247, and 1269 cm−1. As shown in Fig. 3(d),
the observed inhomogeneous distribution of the relative
absorption suggests a systematic change of the PMMA
absorption spectrum with increasing distance from Gr.
Larger relative absorption of the parallel dichroic band
at around the Gr region indicates that (i) PMMA chains
are preferentially aligned in-plane near the Gr surface, and
(ii) the orientation state differs between the central region
of the PMMA and the Gr surface [illustrated in Figs. 3(e),
and 3(f)]. This observation is consistent with microscale
p-IR imaging results, which in far field show a generally
orientation tendency of all the PMMA layers. The emer-
gence of the subsurface layer induced by the Gr can also
affect the in-plane thermal conductivity of the PMMA in
the nanolaminates.

The anisotropic thermal conductivity for PMMA on a
silica/silicon substrate is reported to be attributed to the
alignment of polymer chains during viscous shearing in
the spin coating [67]. However, in our case, the orien-
tation in PMMA is unlikely induced by the fabrication
process, since it involves a stress relief step (i.e., anneal-
ing at 150 °C for 5 min after drying in vacuum over) (see
Fig. S1 within the Supplemental Material [15,33–62]). The
positions of Raman G peak and 2D peak in the PMMA/Gr
nanolaminates present minor differences as that of CVD
Gr supported on Si/SiO2 surface [68], which indicates Gr
experiences a minor compression (approximately 0.08%)
upon the fabrication process. Hence, such a compression
cannot lead to an in-plane orientation of PMMA. Strik-
ingly, a recent study [31] shows experimental evidence that
Gr can induce an alignment of the EVA and PE chains
through controllable solvent-polymer interactions. Thus,
we infer that the Gr-induced PMMA orientation near the
interface must be responsible for the anomalous κ‖ (φGr)
and κ⊥ (φGr).

D. Modeling the thermal conductivity

We employed modified parallel and series models to
represent the thermal conductivity in two directions. In
these models, we introduced a term for the thermal conduc-
tivity of oriented PMMA layers, κPMMA,O, which includes
both the highly oriented PMMA near the interface and a
next outer layer, with thickness of 2Rg, perturbed by the
former according to simulation work [25]. The oriented
PMMA chains are not flattened in a 2D plane or direction
but at an oblique angle. As shown in Fig. 3(f), their spatial
arrangement can influence both in-plane and cross-plane
thermal conduction. Therefore, the parallel model can be

014056-4



ALIGNMENT-ASSISTED HIGH . . . PHYS. REV. APPLIED 24, 014056 (2025)

(a)

(d) (e) (f)

(b) (c)

FIG. 3. Polymer planar orientation. (a) Exemplary p-IR absorption spectra of PMMA/Gr1%, displaying the C—O—C stretching
band at 1242 cm−1. Inset: the structural formula of PMMA where the C—O—C stretching band is highlighted in red. (b) Vector
mapping of the macroscopic orientation azimuthal angle distribution at 1242 cm−1. The background color image is the absorption
distribution at 1242 cm−1. White vectors indicate the direction of the orientation (ψ) while their lengths denote the degree of orientation
according to color map of the p-IR absorption; ψ = 0° is defined along the horizontal direction of the image. The pixels bordered with
the red frame show the outline of the sample cross section of the investigated PMMA/Gr1% film vertical to the paper face oriented
along ψ = 124°. (c) The distribution of near field IR absorption a = Im[σ ] of PMMA/Gr0.07% nanolaminate measured by s-SNOM at
C—O—C stretching band at 1145 cm−1, where σ is the scattered electromagnetic field. (d) The averaged a–aref of the relative near-
field IR absorption around a Gr layer represents the ratio of the perpendicular dichroic band (1247 cm−1) and the paralleled dichroic
band (1269 cm−1) to the isotropic band (1145 cm−1). The exemplary region of the average line profile is shown in (c) [(d) red area
around the dashed line]. The shape variation of a–aref for the PMMA conformation sensitive band depends on the distance from the
Gr layer. (e) Schematics of PMMA/Gr nanolaminate and the p-IR imaging. The red arrows indicate the direction of far-field p-IR
and near-field IR measurement. (f) Schematics PMMA conformation distribution estimated from far-field orientation analysis and the
near-field IR measurement.

rewritten as

κ||(φGr) = (1 − φGr − φPMMA,O)κPMMA + φGrκGr,||
+ φPMMA,OκPMMA,O,|| (1)

where subscript PMMA,O,‖ denotes oriented PMMA
chains in the interface region assuming the thickness of
hPMMA,O with thermal conductivity, κPMMA,O,‖ parallel to
the Gr layers. This thickness includes the oriented PMMA
near the interface and a next outer layer with thickness
of 2Rg perturbed by the former according to simulation
work [25]. For the PMMA in the present experiment
with molecular weight M w = 495 kDa, the radius of gyra-
tion, Rg ≈ 17 nm, is less than the thinner PMMA layer

(hPMMA = 34 nm) in the present laminates. Hence for
hPMMA ≥ 2hPMMA,O, the fraction:

φPMMA,O = 2hPMMA,O/hPMMA = (2hPMMA,O/hGr)φGr (2)

where hPMMA,O ≈ 2Rg [24]. According to Fig. 2(a), κ‖
(φGr) increases linearly with φGr for φGr ≤ 0.34% with
an intercept κ‖ = κPMMA (=0.1Wm−1K−1) and a slope,
S ≡ κGr,‖− κPMMA+ A(κPMMA,O,‖− κPMMA) (=1320 ± 76)W
m−1 K−1 with two unknown parameters (κGr,‖, κPMMA,O,‖)
assuming that A ≡ 2hPMMA,O/hGr (≈200) is known. When
φGr exceeds approximately 0.5%, all PMMA lay-
ers with hPMMA ≤ 2hPMMA,O ≈ 68 nm, consist of ori-
ented chains leading to φPMMA,O = 1 −φGr. Hence,
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κ‖(φGr) = κPMMA,O,‖ + (κGr,‖− κPMMA,O,‖) φGr and now the
intercept, and slope lead to κPMMA,O,‖ = 3.5 W m−1 K−1,
and κGr,‖ = 540 W m−1 K−1, respectively. Based on these
two values, S 	 κGr,‖+ A κPMMA,O,‖, which leads to either
A 	 229 or to a higher κGr,‖ (=640 W m−1 K−1) mainly
due to the uncertainty of the A value. In fact, the broad
crossover [between the vertical dashed lines in Fig. 2(a)]
falls between φGr = 0.34% and 0.56%. It therefore corre-
sponds to an average hPMMA ≈ 83 nm or hPMMA,O ≈ 2.4Rg .
i.e., roughly the chain end-to-end distance.

The Gr thermal conductivity κGr,‖ can be strongly
affected by the substrate, which results from ZA phonon
scattering at the substrate boundary [21]. Earlier stud-
ies show that the supported monolayer Gr on a sil-
icon dioxide substrate has a thermal conductivity of
600 Wm−1K−1 [20,21], whose value can be further
reduced to below 100Wm−1K−1 in a sandwiched struc-
ture with Gr being encased between two silicon dioxide
layers [69]. A residual polymeric layer can also reduce
the thermal conductivity of a bilayer Gr to approxi-
mately 600 W m−1 K−1 [70]. Although different sub-
strates cause varying degrees of scattering, the reported
thermal conductivity of supported Gr has not exceeded
600 W m−1 K−1 [69,71]. Moreover, the grain boundaries
in CVD Gr [72] and the present defects [D peaks in Fig.
1(b)] can further reduce thermal conductivity. Therefore,
the estimated κGr,‖ = 590 ± 60 W m−1 K−1 on both sides
of the crossover composition [Fig. 2(a)] represents well the
in-plane thermal conductivity of supported Gr.

In the cross-plane direction, the series model can now be
rewritten as,

1/κ⊥ = φGr/κGr,⊥ + φPMMA,O/(κPMMA,O,⊥)

+ (1 − 2φGr − φPMMA,O)/κPMMA. + φGr/(GbhGr)

(3)

where κPMMA,O,⊥ is the cross-plane thermal conduc-
tivity of the PMMA, which is expected to be much
lower than κPMMA,O,‖ but close to κPMMA. When
φGr ≤ 0.34%, the linear representation of 1/κ⊥ with
φGr assumes the intercept 1/κPMMA and the slope
[1/κGr,⊥+ A/(κPMMA,O,⊥) + 1/(hGrGb) − (A + 2)/κPMMA]
with two unknown parameters. Assuming κGr,⊥ = 0.5 W
m−1 K−1 [73], κPMMA,O,⊥ = 0.17 W m−1 K−1 is com-
parable with the bulk κPMMA. Above the crossover
φGr ≥ 0.34%,

κ⊥ = φGr/κGr,⊥ + (1 − 2φGr)/κPMMA,O,⊥ + φGr/Gb/hGr
(4)

which captures within error the experimental κ⊥(φGr = 1%)
(∼0.17 W m−1 K−1) in Fig. 2(b) in support of the
consistent representation of the cross-plane heat conduc-
tivity data. Notably the crossover φGr ∼ 0.4% is found
to be approximately the same for both κ‖ (φGr) and
κ⊥(φGr) in Fig. 2 suggesting a similar confinement effect

of κPMMA,O along both directions. Based on the two self-
consistent models, the layer with predominantly oriented
PMMA chains near the Gr-PMMA interface is about
35 times more thermally conductive than an amorphous
bulk PMMA (=0.1Wm−1K−1). Thus, the modeling of
the anisotropic heat conductivity of PMMA/Gr nanolam-
inates provides strong support of the presence of crossover
behavior at a certain Gr loading.

III. RESULTS AND DISCUSSION

Previous results indicate that decreasing interfaces
between filler and matrix reduces the total thermal resis-
tance and weakens the phonon scattering [6]. Unprece-
dently, we found that the unmodulated Gr can align
PMMA chains. Oriented polymers possess thermal con-
ductivity of orders of magnitude higher than the bulk
because of the restricted interchain hopping and the
improved intrachain thermal transport [11,12,74,75]. We
demonstrate that the PMMA chains near the interface show
preferential in-plane orientation, which in turn enhances
the thermal conductivity of the PMMA/Gr nanolaminates
in both directions. This view diverges from conventional
beliefs that interface in the nanocomposites can reduce
thermal performance [5,6]. We infer that in previously
studied randomly dispersed Gr nanocomposites, the nanos-
tructure of the aligned PMMA is not fully taken advantage
of, resulting in limited thermal conductivity enhancement.

It is worthwhile to note that the large graphene sheet
may be crossed by bridges at regular intervals. It is pos-
sible that at same points the wrinkles of two neighboring
graphene layers approaching each other with quite a thin
layer of PMMA between them and lead to high electri-
cal and heat conduction, due to the ballistic and tunneling
effect. This picture is quite reasonable for electronic trans-
port but may be a problem with thermal transport. Due to
the lack of periodic lattice in amorphous polymers, atomic
vibrations described by the phonon picture is always a set-
tlement. The vibration modes in polymers are categories
as propagons, diffusons, and locons, where diffusons are
the main heat carriers [76]. Therefore, the phonons in
graphene cannot tunnel through PMMA. However, recent
works show that disordered materials can have a phonon-
like mode, which can propagate hundreds of nanometers,
supporting the phonon gas picture [77,78]. Although the
measured thermal conductivity behavior in Fig. 2 can-
not be fully captured by the “phonon bridge” picture, it
is possible that the wrinkled graphene may contribute to
the measured cross-plane thermal conductivity, which is
worthy of further investigation.

In conclusion, exploiting the iterative “lift-off and float-
on” wet transfer method to fabricate PMMA/Gr nanolam-
inates samples in even higher volume fractions has led to
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the achievement of ultrahigh in-plane thermal conductiv-
ity and anisotropic conduction. The PMMA/Gr nanolam-
inates show a superhigh in-plane thermal conductivity of
8.9 W m−1 K−1 and high anisotropy of 53 at Gr loadings
of 1 vol. %. The ultrahigh in-plane thermal conductivity
is attributed to the perfect Gr alignment and increase of
κPMMA in this direction, while the increase in cross-plane
direction can be rationalized to the contribution of PMMA
orientation. The results are key to understand the heat dissi-
pation and thermal management mechanisms of Gr-based
nanocomposites for their applications as TIMs.
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