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ABSTRACT: We investigate the heat transport mechanisms responsible in
driving the characteristic temperature-dependent thermal conductivities of C60
and PCBM crystals via molecular dynamics simulations. We find that the thermal
conductivity of PCBM is “ultralow” across the temperature range studied in this
work. In contrast, the temperature-dependent thermal conductivity of C60
crystals exhibits two regimes: “crystal-like” behavior at low temperatures where
thermal conductivity increases rapidly with decreasing temperature and
temperature-independent thermal conductivities at higher temperatures. The
spectral contributions to thermal conductivity for C60 suggest that the majority of
heat is carried by modes in the low-frequency regime (<2 THz), which is a
consequence of intermolecular interactions. Unlike for C60, these modes are not
responsible for heat conduction in PCBM due to the mismatch in density of
states introduced by the addition of low-frequency modes from the alkyl chains
that are attached to the fullerene moieties.

The capability of fabricating carbon nanostructures (e.g.,
C60) in macroscopic quantities1,2 has triggered their use in

a plethora of applications such as photovoltaics,3,4 thermo-
electrics,5,6 and phase change memory devices.7 Common to
these applications, the management of heat and thermal
characterization in fullerenes and their derivatives is critical
for their commercialization. For example, the complete
understanding of thermal transport has significance in properly
accounting for Joule heating in photovoltaic and phase change
memory devices,7−9 and likewise, knowledge of heat transport
mechanisms is necessary for thermoelectric applications where
materials with ultralow thermal conductivities and high electron
mobilities are desirable.6,10

Considering the impact that thermal characterization of C60-
based materials has on their device-driven applications,
relatively few studies have focused on investigating their
thermal properties. In this context, it has been shown that
bulk C60 crystals demonstrate low thermal conductivities, ∼0.4
W m−1 K−1 measured via the static one-heater, two-
thermometer method and the 3ω technique.11,12 Moreover,
the temperature dependence of the thermal conductivity
revealed an abrupt jump at 260 K as a result of an
orientational-order transition in C60 crystals. Similarly, molec-
ular dynamics (MD) simulations have revealed that at
temperatures greater than 200 K C60 molecules rotate
unhindered at high frequencies, whereas at lower temperatures,
orientational freezing is observed.13,14

The attachment of alkyl chains, or other such moieties, on
the fullerene (as in the case of the semiconducting PCBM,
[6,6]-phenyl C61-butyric acid methyl ester) can have a
significant change in structural and physical properties,15,16

including alteration of the characteristic thermal transport
mechanisms driving their thermal conductivities. Experimental

investigations of thermal properties of fullerenes and their
derivatives have revealed almost an order of magnitude
difference between the thermal conductivities of hexagonal
PCBM and face-centered cubic C60.

17−21 Using time domain
thermoreflectance, Duda et al.17,18 reported ultralow thermal
conductivities (0.03−0.06 W m−1 K−1 at room temperature) for
PCBM, which marked the lowest ever measured thermal
conductivity for fully dense solids. They attributed the reduced
thermal conductivity to vibrational scattering resulting from the
addition of molecular moieties on the fullerene molecules.
Recently, Chen et al.22 performed nonequilibrium molecular
dynamics (NEMD) simulations on PCBM at 300 K and
ascribed the reason for the ∼63% decrease in thermal
conductivity (from the addition of the molecular tails) to
localization of vibrational states and reduced group velocities of
heat carrying vibrations in PCBM as compared to bare C60
structures. They also demonstrated that the mismatch of the
vibrational density of states (DOS) between the alkyl chain and
the fullerene could potentially result in the scattering of low-
frequency vibrations. However, a thorough understanding of
thermal transport, which includes the mode-level details of the
amount of heat carried by different frequencies and the
characteristic temperature dependence of thermal conductiv-
ities in C60 and PCBM, is still lacking. In particular, the
important questions that need to be addressed to gain more
insight into the thermal transport properties of fullerenes and
their derivatives are (i) what frequencies carry heat in the C60
crystal and how do these spectral contributions differ with the
addition of the alkyl chain on the fullerene moiety and (ii) how
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Figure S1: (a) Schematic illustration of different mechanisms that could be responsible for heat
transfer in two-dimensional covalent organic frameworks with gas adsorbates. The scattering of
gas molecules with the laminar pore walls in the covalent organic framework could potentially lead
to an increase or decrease in thermal conductivity depending on whether the scattering will lead to
additional heat pathways or additional vibrational scattering. Equilibrated computational domains
used in our molecular dynamics simulations showing (b) an empty COF-5 structure and (c) one
where methane gas molecules are added at a density of 3.7 molecules nm�3.

Figure S2: Top view of the computational domain for COF-5 with gas density of 3.7 molecules
nm�3 at 50 K showing aggregation of the gas molecules around the pore walls.
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These findings demonstrate the importance of the deintercalation 
process that yields a charge-neutral purely carbon-based material 
without counterions.

Changing the atomic registry between vdW layers through twist-
ing or lattice mismatch can modulate the optoelectronic properties 

of 2D materials. In particular, moiré engineering provides a powerful 
approach for tailoring new excitonic systems15. To test whether the 
formation of moiré-like superstructures in graphullerene (Fig. 3f) 
affects the optical properties of the flakes, we performed near-field 
nano-photoluminescence (nano-PL) imaging16 on a 12-nm-thick flake. 
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Fig. 4 | Photoluminescence and scanning near-field optical microscopy.  
a, PL spectra of molecular C60, bulk graphullerite and bilayer graphullerene 
(2L). Inset: the emission polarization dependence of the PL intensity for 
graphullerite. The highest emission is presumably along the b axis where the 
fullerenes are doubly connected, and the lowest intensity between two single  
σ bonds, 90° with respect to the b axis. b, Nano-PL image of a 12-nm-thick 
graphullerene flake. At each pixel, a full PL spectrum is acquired and integrated 
over the entire emission range (700–900 nm). Inset: AFM topography of the 
flake. c, High-resolution image of the region defined by the blue box in  

b, showing that the PL intensity varies on the roughly 50-nm length scale.  
The pixel size is 8 × 8 nm2. d, Topographic image of 315-nm-thick flake of 
graphullerite obtained using AFM. e, Near-field amplitude collecting at the 
fifth harmonic of the tip tapping frequency (S5) of the flake shown in d using an 
incident laser wavelength of 780 nm. f, Sine of the associated near-field phase 
normalized to the SiO2 substrate. Both near-field channels in e and f show 
oscillations emanating from the edge of the graphullerite flake characteristic 
of both waveguide and air modes.
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Fig. 5 | Thermal transport properties of graphullerite. a, Schematic of the 
thermal conductivity measurement. b, Experimentally measured thermal 
conductivities of a few-micrometres-thick graphullerite flake at room 
temperature (black open triangle) and a molecular C60 single crystal (green open  
triangle). The error bars incorporate the standard deviation between 

measurements and propagated uncertainty of transducer properties and the 
specific heat of the sample. The filled symbols represent the non-equilibrium 
molecular dynamics predictions for the three crystallographic directions.  
c, Vibrational density of states of molecular C60 and graphullerite showing 
additional modes throughout the vibrational spectrum for the 2D polymer phase.
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to the substrate. By assessing the azimuthal dispersity of the inter-
layer <001> Bragg feature (~2 Å−1) intensity, we find that these films 
have a smaller full-width at half-maximum than those reported by 
other approaches. We attribute the weaker orientation of previously 
prepared films to the contamination by unoriented precipitates 
formed during their synthesis (Supplementary Fig. 35)14,15. In all 
cases, radially integrated diffraction patterns were found to agree 
well with simulated COF diffraction patterns, which confirmed the 
successful synthesis of the expected COF networks (Supplementary  
Figs. 37–41). The large number and sharp line shapes of diffraction 
features observed in these patterns indicate that COF films prepared 
by colloidal methods are highly crystalline. Collectively, these films 
are homogenous, crystalline and oriented.

The high quality of these films allows for sequential growth by 
the introduction of unreacted monomers (Fig. 1b). Typically, COF 
film thickness is controlled by modifying the starting monomer 
concentration used for their polymerization. However, when we 
attempted to polymerize COF-5 films with higher monomer con-
centrations, we found that resultant COF films, although thicker, 
were substantially less oriented and less smooth (Supplementary 
Fig. 34). This finding is consistent with our recent observations of 
uncontrolled nucleation and growth at higher monomer concen-
trations22,25. However, by polymerizing COF films using this tem-
plated growth approach, removing the substrate, immersing this 
substrate in a fresh monomer solution, and resubjecting it to the 
polymerization conditions, we can continue the polymerization of 
our films without a reduction in film quality. As an example, we 
sequentially increase the thickness of the TP-COF films, which 
are polymerized from 2,3,6,7,10,11-hexahydroxytriphenylene and 
pyrene-2,7-diboronic acid, from 20 nm to 40 nm and then to 60 nm 
over the course of three equivalent polymerizations (Fig. 1d,e). In 
each sequential polymerization, we find that the roughness, crystal-
linity and film orientation as evaluated by AFM and GI-WAXS do 
not change discernably (Supplementary Figs. 31–33). Collectively, 
these observations demonstrate that templated colloidal polymer-
ization offers a level of synthetic control not available in previously 
reported 2D polymerization strategies.

Electronic properties
The boronate ester-linked 2D COF films studied here are sufficiently 
electrically insulating to serve as dielectric layers. DFT calculations 
using the PBE0 functional (which is based on the Perdew–Burke–
Ernzerhof functional) predict that COF-5 has an indirect bandgap 

of 3.6 eV and a direct gap of 3.9 eV (Fig. 2a). The DFT-calculated 
band structures have minimal band dispersion along the in-plane 
direction (Γ-M-K-Γ and Z-M1-K1) in both their valence and con-
duction bands, which indicates low in-plane charge-carrier mobility. 
However, band dispersions of 0.4 eV along the out-of-plane direction 
in both the valence and conduction bands can be observed, which 
suggests that anisotropic charge transport may occur through the 
COF-5 layers, as has been observed previously22. The DFT-calculated 
diagonal components of the static electronic dielectric tensors (εxx, 
εyy and εzz) are less than 2 for the five boronate ester-linked 2D COFs 
that were studied. As such, they are all candidate low-k dielectrics 
(Fig. 2b). We note that in COF-5 the ionic contribution to the total 
static dielectric tensor is calculated to be negligible (Supplementary 
Table 3); therefore, we considered only the electronic contribution 
to the dielectric tensor in the other four 2D COFs. Experimentally, 
we find that the first COF-5 optical absorption feature occurs at 
approximately 325 nm (3.8 eV), which is consistent with the pre-
dicted DFT direct bandgap (Fig. 2c). When the COF-5 structure is 
excited at 325 nm, we find that its emission profile is similar to that 
of monomeric HHTP, which is consistent with the limited electronic 
conjugation across boronate ester bonds26. Ultimately, these experi-
mental and computational studies show that crystalline, 2D COF 
layers are promising as low-k dielectrics.

The pristine nature of the films prepared by colloidal synthe-
ses permits the observation of their anisotropic optical emission. 
The polarization-dependent emission of a COF-5 film has a strong 
cross-plane emission feature at 530 nm, which has been assigned pre-
viously to the formation of triphenylene exciplexes (Fig. 2d)26. The 
observation of these cross-plane features suggests that the COF-5 
films are highly oriented across the entire sample. By contrast, 
polarization-dependent emission anisotropy is found to be much 
weaker in COF-5 films grown on the substrates under non-colloidal 
conditions (Supplementary Fig. 43)15. This finding agrees with our 
understanding that previously obtained materials were likely con-
taminated with unoriented aggregates, which complicated their reli-
able measurement and subsequent integration into devices.

Impedance measurements conducted on parallel plate capaci-
tors confirm that COF-5 is a low-k dielectric. First, we synthesized 
COF-5 thin films directly onto epitaxially grown graphene (EG) 
on doped SiC wafers. Next, a 6-nm-thick Al2O3 layer was depos-
ited by atomic layer deposition (to prevent shorting through the 
COF-5 pores) before top Au electrodes were deposited onto the 
Al2O3, which produced a series of devices over an area of 40 mm2 
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Fig. 2 | Optoelectronic properties of COF films. a, Electronic band structures calculated at the DFT/PBE0 level for COF-5 and the corresponding Brillouin 
zone. VBM, valence band maximum. b, Electronic dielectric tensors calculated at the DFT/PBE level for all COFs studied. c, Optical absorption and 
emission (λexcitation!=!325!nm) profiles for COF-5. d, Polarization-dependent emission of COF-5 films that resolves the in-plane (purple, 0°) component from 
the cross-plane (red, 90°) component.
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and deposited gold contacts using the dry-transfer and high-resolution 
stencil mask technique (an approximately 70-nm-thick device is shown 
in the inset of Fig. 2d). (Mg4C60)∞ exhibits thermally activated transport 
along the in-plane direction (Extended Data Fig. 1) with an activation 
energy of 121 meV, as calculated from fitting an Arrhenius thermal 
activation model (Fig. 2d).

One of the key benefits of 2D materials prepared by mechanical 
exfoliation of vdW crystals is their ultra-clean surfaces without coun-
terions or contaminants. This is critical for many applications, and in 
particular for the assembly of heterostructures and optoelectronic 
devices3. To create a vdW C60 polymer material that can be mechani-
cally exfoliated, we attempted to remove the Mg from the (Mg4C60)∞ 
lattice by immersing the crystals in different aqueous acidic solu-
tions, expecting Mg to form water-soluble salts with the conjugate 
bases. Suspending (Mg4C60)∞ in dilute aqueous solutions of acetic 
acid or nitric acid leaches out most of the Mg, yielding (Mg0.5C60)∞, 
as determined by energy-dispersive X-ray spectroscopy (EDS).  
By suspending the (Mg0.5C60)∞ crystals in N-methylpyrrolidone at 
180 °C, we completely remove the Mg counterions (Fig. 3a). Upon 
examining the graphullerite crystals using scanning electron micros-
copy (SEM), we find that the crystals remain intact following Mg dein-
tercalation (Fig. 3a, inset). With Mg taken out, the remaining material 
is entirely and purely carbon, yet it is not C60; it is a vdW solid, graphul-
lerite ((C60)∞ in the figures). We note that the lack of long-range registry 
of the covalent layers along the stacking direction, indicated by the 
broadening of the powder X-ray diffraction (PXRD) peaks (Extended 
Data Fig. 2), has thus far prevented structural determination using 
SCXRD.

Raman spectroscopy is a diagnostic probe of C60 polymerization9,10, 
and when we compare the Raman spectrum of graphullerite to that of 
molecular C60, we find a splitting of the C60 Hg modes at 1,420 cm–1 and 
1,560 cm–1 (Extended Data Fig. 3a), which is attributed to the lower sym-
metry of polymerized C60. Furthermore, the Ag(2) pentagonal pinch 
mode at 1,469 cm–1, characteristic of molecular C60, is not observed in 
graphullerite. Quenching of the most intense Ag(2) mode corroborates 
the high degree of polymerization11. An alternative interpretation of 
the Raman spectrum is that the Ag(2) mode is shifted to a lower energy 
as a result of the polymerization12 and overlaps with the broad Hg(7) 
mode at 1,420 cm–1. The Raman spectra of (Mg4C60)∞ and graphullerite 
show no significant differences, indicating that the covalent bond-
ing between fullerene subunits is retained in graphullerite despite 
the complete removal of the Mg. Note that the Hg(7) mode of bilayer 
graphullerene, obtained by mechanical exfoliation (described below), 
is slightly shifted to higher energy compared with bulk graphullerite 
(Extended Data Fig. 3a).

To test whether the Mg counterions, which constitute the scaffold-
ing for the construction of graphullerite, are essential for the thermal 
stability of the structure, we performed differential scanning calori-
metry (DSC) and thermogravimetric analysis (TGA) measurements on 
graphullerite and (Mg4C60)∞ crystals. The DSC shows no endothermic 
peak up to about 550 °C, and no mass loss occurs up to about 700 °C, 
as determined by TGA (Extended Data Fig. 4). PXRD measurements, 
however, show that although graphullerite crystals are structurally 
stable up to 400 °C, they depolymerize and crystallize as molecular 
C60 when heated to 500 °C for 1 h (Extended Data Fig. 5). Furthermore, 
the characteristic Ag(2) mode for molecular C60 at 1,469 cm–1 appears 
in the Raman spectra of the annealed crystals (Extended Data Fig. 3b). 
The absence of an endothermic peak in the DSC data suggests that 
depolymerization is a gradual process, hard to capture by calorimetry.

In as much as there appears to be no interlayer C–C covalent links in 
graphullerite, we suspected that we could exfoliate the crystals down 
to a few layers, as in the case of graphite6. Indeed, mechanical exfo-
liation of graphullerite routinely produces uniform flakes as thin as 
bilayers with lateral dimensions on the order of tens of micrometres. 
Figure 3b,c shows the optical micrograph and atomic force microscopy 
(AFM) image of a bilayer. A recent study8 obtained ionic monolayers 
of [(NBu4

+)6(C60
6–)]∞ from (Mg4C60)∞ crystals via cationic exchange of 

Mg with tetrabutylammonium (NBu4
+) cations, followed by solution 

exfoliation. The presence of counterions associated with the reduced 
sheets precludes the creation of clean, high-quality interfaces for the 
fabrication of optoelectronic devices and 2D heterostructures. This 
recent study8 demonstrated that the ionic sheets can be neutralized 

ba c

Fig. 1 | Carbon allotropes. a,b, C60 fullerene, a zero-dimensional molecular 
cage composed of 60 carbon atoms (a), and graphene, consisting of a single 
layer of atoms (b), both composed of three-coordinate carbon. c, Graphullerene, 
a molecular sheet of carbon assembled from covalently linked C60 fullerene 
superatomic building blocks.
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temperature between 180 and 387 K and largely insensitive
to film thickness in the range 22 to 106 nm as shown in
Fig. 3(b). We also note that the chosen substrate (additional
films were deposited on glass and silicon, as opposed to the
ITO and PEDOT:PSS coated glass slides described above)
or heat treatment (annealed or unannealed) did not lead to
statistically significant changes in thermal conductivity.

In Ref. [17], Olson and Pohl used low temperature
heat capacity measurements to determine the Einstein
temperature of C60=C70 fullerite microcrystals, !E ¼
35 K, which corresponds to a frequency of kB!E=@ ¼
4:58" 1012 rad s#1, where @ is Planck’s constant divided
by 2!. With this value and the Einstein model of thermal
conductivity,

"E ¼ 2
k2B@ N1=3

!
!E

x2ex

ðex # 1Þ2 ; (2)

whereN is the fullerene density and x ¼ !E=T, they found
excellent agreement between the model and their data.
Following the reverse procedure and fitting the Einstein
model of thermal conductivity to our temperature-
dependent thermal conductivity data yields !E ¼ 22 K,
which corresponds to a frequency of 2:88" 1012 rad s#1.
This suggests that the presence of the molecular tail is not
only responsible for lowering the sound speeds of PCBM
microcrystals, but also lowering the characteristic fre-
quency of their highly localized vibrations.

To put the exceptionally low thermal conductivity of
PCBM into perspective, in Fig. 4, we plot the room-
temperature thermal conductivities of several amorphous
and crystalline materials as a function of their atomic
density. While previous reports have made similar com-
parisons with regard to mass density [6], plotting thermal
conductivity as a function of atomic density allows easier
identification of trends among crystalline and amorphous
materials, respectively. The outliers (P3HT, C60=C70, and
PCBM) are nominally microcrystalline, exhibit some of
the highest atomic densities, and simultaneously, some of
the lowest conductivities. In this respect, it is interesting to
note that some of the best thermal conductors, as well as
the best thermal insulators, are carbon allotropes or carbon
based materials [37].
In summary, we have reported on the thermal conduc-

tivities of [6,6]-phenyl C61-butyric acid methyl ester
(PCBM) thin films from 135 to 387 as measured by time
domain thermoreflectance. Thermal conductivities were
shown to be independent of temperature above 180 K
and <0:030& 0:003 Wm#1 K#1 at room temperature.
The longitudinal sound speed as measured by picosecond
acoustics was 2300& 100 m s#1, 30% lower than that in
C60=C70 fullerite compacts. Using Einstein’s model
of thermal conductivity, we found the Einstein character-
istic frequency of microcrystalline PCBM is 2:88"
1012 rad s#1. Through a comparison of our data to previous
reports on C60=C70 fullerite compacts, we have argued that
the molecular tails on the fullerene moieties in our PCBM
films are responsible for lowering both the apparent sound
speeds and characteristic vibrational frequencies below
those of fullerene films. In turn, the room-temperature
thermal conductivities of PCBM thin films are the lowest
reported of any fully dense solid.
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different phonon modes and reduce thermal conductivity. A 
schematic diagram is shown in  Figure    5   capturing these var-
ious phonon scattering mechanisms, along with the electrical 
transport within a thermoelectric material.  

 Thus, in certain cases nanodots clearly play a very signifi cant 
role in reducing lattice thermal conductivity, probably by effec-
tively scattering phonons that otherwise would have relatively 
long mean free paths. In many of these cases it has been clearly 
demonstrated that the reduction in thermal conductivity far 
exceeds any concomitant reduction in the power factor caused 

of Sb. [  73  ]  In contrast, similar fractions of nanoparticles of Bi or 
Pb (two elements that have the same atomic mass as the Pb ions 
in the rock salt lattice) were found to have no such effect. [  73  ,  81  ]  
ErAs:InGaAs is another interesting example to study along 
these lines since the size distribution of ErAs nanoparticles in 
the matrix is not a strong function of the growth parameters 
and they are typically 2–4 nm in diameter [Figure  3 c]. [  82  ]  The 
volume fraction of the embedded nanoparticles can be easily 
changed from 0.01-6% without introducing defects or disloca-
tions. Thermal conductivity measurements show a reduction by 
as much as a factor of 3 compared to the bulk 
alloy [Figure  4 b].  

 The question remains as to why the inclu-
sion of nanodots can reduce the thermal 
conductivity below the alloy limit. Detailed 
calculations of phonon transport have been 
performed for ErAs:InGaAs materials, 
although the principles developed through 
these studies are fairly general and apply for 
other nanodot material systems as well. [  72  ,  82  ]  
Atomic scale defects in alloys scatter pho-
nons due to differences in mass or due to 
generation of strain fi elds, and the scattering 
cross-section follows Rayleigh scattering as 
 d  6 /  λ   4 , where  d  is the nanodot diameter and 
  λ   is the phonon wavelength. Hence, short 
wavelength phonons are effectively scattered 
in alloys, but the mid-to-long wavelength 
phonons can propagate without signifi cant 
scattering and thereby still contribute to heat 
conduction. By inclusion of nanoparticles, 
signifi cant reduction in lattice thermal con-
ductivity can be achieved by the additional 
scattering of mid- and long-wavelength pho-
nons by the nanoparticles. Calculations show 
that a wide size distribution of nanoparticles 
is preferable since it can effectively scatter 

      Figure  5 .     Schematic diagram illustrating various phonon scattering mechanisms within a ther-
moelectric material, along with electronic transport of hot and cold electrons. Atomic defects 
are effective at scattering short wavelength phonons, but larger embedded nanoparticles are 
required to scatter mid- and long-wavelength phonons effectively. Grain boundaries can also 
play an effective role in scattering these longer-wavelength phonons.  
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Mid/long wavelength phonon

Atomic 
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      Figure  4 .     Lattice thermal conductivity as a function of temperature for: (a) various PbTe-based alloys (x  =  0.1) and nanostructured samples. The value of 
x  =  0.1 was chosen because these samples have the same concentration of added component to PbTe as those in LAST-18 and SALT-20. (b) InGaAs with 
and without embedded ErAs nanodots. It is seen in both cases that the inclusion of nanodots into the microstructure results in a signifi cant reduction 
to the lattice thermal conductivity. In the PbTe system solid solution alloying is effective around room temperature (see black dotted arrow) but not at 
high temperature. Nanostructuring is shown to be effective both at room temperature and at high temperatures (see brown dotted arrows).  
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temperature between 180 and 387 K and largely insensitive
to film thickness in the range 22 to 106 nm as shown in
Fig. 3(b). We also note that the chosen substrate (additional
films were deposited on glass and silicon, as opposed to the
ITO and PEDOT:PSS coated glass slides described above)
or heat treatment (annealed or unannealed) did not lead to
statistically significant changes in thermal conductivity.

In Ref. [17], Olson and Pohl used low temperature
heat capacity measurements to determine the Einstein
temperature of C60=C70 fullerite microcrystals, !E ¼
35 K, which corresponds to a frequency of kB!E=@ ¼
4:58" 1012 rad s#1, where @ is Planck’s constant divided
by 2!. With this value and the Einstein model of thermal
conductivity,

"E ¼ 2
k2B@ N1=3

!
!E

x2ex

ðex # 1Þ2 ; (2)

whereN is the fullerene density and x ¼ !E=T, they found
excellent agreement between the model and their data.
Following the reverse procedure and fitting the Einstein
model of thermal conductivity to our temperature-
dependent thermal conductivity data yields !E ¼ 22 K,
which corresponds to a frequency of 2:88" 1012 rad s#1.
This suggests that the presence of the molecular tail is not
only responsible for lowering the sound speeds of PCBM
microcrystals, but also lowering the characteristic fre-
quency of their highly localized vibrations.

To put the exceptionally low thermal conductivity of
PCBM into perspective, in Fig. 4, we plot the room-
temperature thermal conductivities of several amorphous
and crystalline materials as a function of their atomic
density. While previous reports have made similar com-
parisons with regard to mass density [6], plotting thermal
conductivity as a function of atomic density allows easier
identification of trends among crystalline and amorphous
materials, respectively. The outliers (P3HT, C60=C70, and
PCBM) are nominally microcrystalline, exhibit some of
the highest atomic densities, and simultaneously, some of
the lowest conductivities. In this respect, it is interesting to
note that some of the best thermal conductors, as well as
the best thermal insulators, are carbon allotropes or carbon
based materials [37].
In summary, we have reported on the thermal conduc-

tivities of [6,6]-phenyl C61-butyric acid methyl ester
(PCBM) thin films from 135 to 387 as measured by time
domain thermoreflectance. Thermal conductivities were
shown to be independent of temperature above 180 K
and <0:030& 0:003 Wm#1 K#1 at room temperature.
The longitudinal sound speed as measured by picosecond
acoustics was 2300& 100 m s#1, 30% lower than that in
C60=C70 fullerite compacts. Using Einstein’s model
of thermal conductivity, we found the Einstein character-
istic frequency of microcrystalline PCBM is 2:88"
1012 rad s#1. Through a comparison of our data to previous
reports on C60=C70 fullerite compacts, we have argued that
the molecular tails on the fullerene moieties in our PCBM
films are responsible for lowering both the apparent sound
speeds and characteristic vibrational frequencies below
those of fullerene films. In turn, the room-temperature
thermal conductivities of PCBM thin films are the lowest
reported of any fully dense solid.
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FIG. 4 (color online). Room-temperature thermal conductivity
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Spectral Contributions to the Thermal Conductivity of C60 and the
Fullerene Derivative PCBM
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ABSTRACT: We investigate the heat transport mechanisms responsible in
driving the characteristic temperature-dependent thermal conductivities of C60
and PCBM crystals via molecular dynamics simulations. We find that the thermal
conductivity of PCBM is “ultralow” across the temperature range studied in this
work. In contrast, the temperature-dependent thermal conductivity of C60
crystals exhibits two regimes: “crystal-like” behavior at low temperatures where
thermal conductivity increases rapidly with decreasing temperature and
temperature-independent thermal conductivities at higher temperatures. The
spectral contributions to thermal conductivity for C60 suggest that the majority of
heat is carried by modes in the low-frequency regime (<2 THz), which is a
consequence of intermolecular interactions. Unlike for C60, these modes are not
responsible for heat conduction in PCBM due to the mismatch in density of
states introduced by the addition of low-frequency modes from the alkyl chains
that are attached to the fullerene moieties.

The capability of fabricating carbon nanostructures (e.g.,
C60) in macroscopic quantities

1,2 has triggered their use in
a plethora of applications such as photovoltaics,3,4 thermo-
electrics,5,6 and phase change memory devices.7 Common to
these applications, the management of heat and thermal
characterization in fullerenes and their derivatives is critical
for their commercialization. For example, the complete
understanding of thermal transport has significance in properly
accounting for Joule heating in photovoltaic and phase change
memory devices,7−9 and likewise, knowledge of heat transport
mechanisms is necessary for thermoelectric applications where
materials with ultralow thermal conductivities and high electron
mobilities are desirable.6,10

Considering the impact that thermal characterization of C60-
based materials has on their device-driven applications,
relatively few studies have focused on investigating their
thermal properties. In this context, it has been shown that
bulk C60 crystals demonstrate low thermal conductivities, ∼0.4
W m−1 K−1 measured via the static one-heater, two-
thermometer method and the 3ω technique.11,12 Moreover,
the temperature dependence of the thermal conductivity
revealed an abrupt jump at 260 K as a result of an
orientational-order transition in C60 crystals. Similarly, molec-
ular dynamics (MD) simulations have revealed that at
temperatures greater than 200 K C60 molecules rotate
unhindered at high frequencies, whereas at lower temperatures,
orientational freezing is observed.13,14

The attachment of alkyl chains, or other such moieties, on
the fullerene (as in the case of the semiconducting PCBM,
[6,6]-phenyl C61-butyric acid methyl ester) can have a
significant change in structural and physical properties,15,16

including alteration of the characteristic thermal transport
mechanisms driving their thermal conductivities. Experimental

investigations of thermal properties of fullerenes and their
derivatives have revealed almost an order of magnitude
difference between the thermal conductivities of hexagonal
PCBM and face-centered cubic C60.

17−21 Using time domain
thermoreflectance, Duda et al.17,18 reported ultralow thermal
conductivities (0.03−0.06 W m−1 K−1 at room temperature) for
PCBM, which marked the lowest ever measured thermal
conductivity for fully dense solids. They attributed the reduced
thermal conductivity to vibrational scattering resulting from the
addition of molecular moieties on the fullerene molecules.
Recently, Chen et al.22 performed nonequilibrium molecular
dynamics (NEMD) simulations on PCBM at 300 K and
ascribed the reason for the ∼63% decrease in thermal
conductivity (from the addition of the molecular tails) to
localization of vibrational states and reduced group velocities of
heat carrying vibrations in PCBM as compared to bare C60
structures. They also demonstrated that the mismatch of the
vibrational density of states (DOS) between the alkyl chain and
the fullerene could potentially result in the scattering of low-
frequency vibrations. However, a thorough understanding of
thermal transport, which includes the mode-level details of the
amount of heat carried by different frequencies and the
characteristic temperature dependence of thermal conductiv-
ities in C60 and PCBM, is still lacking. In particular, the
important questions that need to be addressed to gain more
insight into the thermal transport properties of fullerenes and
their derivatives are (i) what frequencies carry heat in the C60
crystal and how do these spectral contributions differ with the
addition of the alkyl chain on the fullerene moiety and (ii) how
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temperature between 180 and 387 K and largely insensitive
to film thickness in the range 22 to 106 nm as shown in
Fig. 3(b). We also note that the chosen substrate (additional
films were deposited on glass and silicon, as opposed to the
ITO and PEDOT:PSS coated glass slides described above)
or heat treatment (annealed or unannealed) did not lead to
statistically significant changes in thermal conductivity.

In Ref. [17], Olson and Pohl used low temperature
heat capacity measurements to determine the Einstein
temperature of C60=C70 fullerite microcrystals, !E ¼
35 K, which corresponds to a frequency of kB!E=@ ¼
4:58" 1012 rad s#1, where @ is Planck’s constant divided
by 2!. With this value and the Einstein model of thermal
conductivity,

"E ¼ 2
k2B@ N1=3

!
!E

x2ex

ðex # 1Þ2 ; (2)

whereN is the fullerene density and x ¼ !E=T, they found
excellent agreement between the model and their data.
Following the reverse procedure and fitting the Einstein
model of thermal conductivity to our temperature-
dependent thermal conductivity data yields !E ¼ 22 K,
which corresponds to a frequency of 2:88" 1012 rad s#1.
This suggests that the presence of the molecular tail is not
only responsible for lowering the sound speeds of PCBM
microcrystals, but also lowering the characteristic fre-
quency of their highly localized vibrations.

To put the exceptionally low thermal conductivity of
PCBM into perspective, in Fig. 4, we plot the room-
temperature thermal conductivities of several amorphous
and crystalline materials as a function of their atomic
density. While previous reports have made similar com-
parisons with regard to mass density [6], plotting thermal
conductivity as a function of atomic density allows easier
identification of trends among crystalline and amorphous
materials, respectively. The outliers (P3HT, C60=C70, and
PCBM) are nominally microcrystalline, exhibit some of
the highest atomic densities, and simultaneously, some of
the lowest conductivities. In this respect, it is interesting to
note that some of the best thermal conductors, as well as
the best thermal insulators, are carbon allotropes or carbon
based materials [37].
In summary, we have reported on the thermal conduc-

tivities of [6,6]-phenyl C61-butyric acid methyl ester
(PCBM) thin films from 135 to 387 as measured by time
domain thermoreflectance. Thermal conductivities were
shown to be independent of temperature above 180 K
and <0:030& 0:003 Wm#1 K#1 at room temperature.
The longitudinal sound speed as measured by picosecond
acoustics was 2300& 100 m s#1, 30% lower than that in
C60=C70 fullerite compacts. Using Einstein’s model
of thermal conductivity, we found the Einstein character-
istic frequency of microcrystalline PCBM is 2:88"
1012 rad s#1. Through a comparison of our data to previous
reports on C60=C70 fullerite compacts, we have argued that
the molecular tails on the fullerene moieties in our PCBM
films are responsible for lowering both the apparent sound
speeds and characteristic vibrational frequencies below
those of fullerene films. In turn, the room-temperature
thermal conductivities of PCBM thin films are the lowest
reported of any fully dense solid.
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FIG. 4 (color online). Room-temperature thermal conductivity
of various materials plotted as a function of their atomic density.
The values for diamond, copper, aluminum, silicon, germanium,
and lead are from Ref. [31], SiO2 and aerogels from Ref. [16],
amorphous carbon from Ref. [35], WSe2 from Ref. [18],
C60=C70 from Ref. [17], P3HT from Ref. [38] and PCBM is
from the present work. Not only does PCBM exhibit the lowest
conductivity, but it is among the densest of the materials, second
only to diamond.
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and deposited gold contacts using the dry-transfer and high-resolution 
stencil mask technique (an approximately 70-nm-thick device is shown 
in the inset of Fig. 2d). (Mg4C60)∞ exhibits thermally activated transport 
along the in-plane direction (Extended Data Fig. 1) with an activation 
energy of 121 meV, as calculated from fitting an Arrhenius thermal 
activation model (Fig. 2d).

One of the key benefits of 2D materials prepared by mechanical 
exfoliation of vdW crystals is their ultra-clean surfaces without coun-
terions or contaminants. This is critical for many applications, and in 
particular for the assembly of heterostructures and optoelectronic 
devices3. To create a vdW C60 polymer material that can be mechani-
cally exfoliated, we attempted to remove the Mg from the (Mg4C60)∞ 
lattice by immersing the crystals in different aqueous acidic solu-
tions, expecting Mg to form water-soluble salts with the conjugate 
bases. Suspending (Mg4C60)∞ in dilute aqueous solutions of acetic 
acid or nitric acid leaches out most of the Mg, yielding (Mg0.5C60)∞, 
as determined by energy-dispersive X-ray spectroscopy (EDS).  
By suspending the (Mg0.5C60)∞ crystals in N-methylpyrrolidone at 
180 °C, we completely remove the Mg counterions (Fig. 3a). Upon 
examining the graphullerite crystals using scanning electron micros-
copy (SEM), we find that the crystals remain intact following Mg dein-
tercalation (Fig. 3a, inset). With Mg taken out, the remaining material 
is entirely and purely carbon, yet it is not C60; it is a vdW solid, graphul-
lerite ((C60)∞ in the figures). We note that the lack of long-range registry 
of the covalent layers along the stacking direction, indicated by the 
broadening of the powder X-ray diffraction (PXRD) peaks (Extended 
Data Fig. 2), has thus far prevented structural determination using 
SCXRD.

Raman spectroscopy is a diagnostic probe of C60 polymerization9,10, 
and when we compare the Raman spectrum of graphullerite to that of 
molecular C60, we find a splitting of the C60 Hg modes at 1,420 cm–1 and 
1,560 cm–1 (Extended Data Fig. 3a), which is attributed to the lower sym-
metry of polymerized C60. Furthermore, the Ag(2) pentagonal pinch 
mode at 1,469 cm–1, characteristic of molecular C60, is not observed in 
graphullerite. Quenching of the most intense Ag(2) mode corroborates 
the high degree of polymerization11. An alternative interpretation of 
the Raman spectrum is that the Ag(2) mode is shifted to a lower energy 
as a result of the polymerization12 and overlaps with the broad Hg(7) 
mode at 1,420 cm–1. The Raman spectra of (Mg4C60)∞ and graphullerite 
show no significant differences, indicating that the covalent bond-
ing between fullerene subunits is retained in graphullerite despite 
the complete removal of the Mg. Note that the Hg(7) mode of bilayer 
graphullerene, obtained by mechanical exfoliation (described below), 
is slightly shifted to higher energy compared with bulk graphullerite 
(Extended Data Fig. 3a).

To test whether the Mg counterions, which constitute the scaffold-
ing for the construction of graphullerite, are essential for the thermal 
stability of the structure, we performed differential scanning calori-
metry (DSC) and thermogravimetric analysis (TGA) measurements on 
graphullerite and (Mg4C60)∞ crystals. The DSC shows no endothermic 
peak up to about 550 °C, and no mass loss occurs up to about 700 °C, 
as determined by TGA (Extended Data Fig. 4). PXRD measurements, 
however, show that although graphullerite crystals are structurally 
stable up to 400 °C, they depolymerize and crystallize as molecular 
C60 when heated to 500 °C for 1 h (Extended Data Fig. 5). Furthermore, 
the characteristic Ag(2) mode for molecular C60 at 1,469 cm–1 appears 
in the Raman spectra of the annealed crystals (Extended Data Fig. 3b). 
The absence of an endothermic peak in the DSC data suggests that 
depolymerization is a gradual process, hard to capture by calorimetry.

In as much as there appears to be no interlayer C–C covalent links in 
graphullerite, we suspected that we could exfoliate the crystals down 
to a few layers, as in the case of graphite6. Indeed, mechanical exfo-
liation of graphullerite routinely produces uniform flakes as thin as 
bilayers with lateral dimensions on the order of tens of micrometres. 
Figure 3b,c shows the optical micrograph and atomic force microscopy 
(AFM) image of a bilayer. A recent study8 obtained ionic monolayers 
of [(NBu4

+)6(C60
6–)]∞ from (Mg4C60)∞ crystals via cationic exchange of 

Mg with tetrabutylammonium (NBu4
+) cations, followed by solution 

exfoliation. The presence of counterions associated with the reduced 
sheets precludes the creation of clean, high-quality interfaces for the 
fabrication of optoelectronic devices and 2D heterostructures. This 
recent study8 demonstrated that the ionic sheets can be neutralized 

ba c

Fig. 1 | Carbon allotropes. a,b, C60 fullerene, a zero-dimensional molecular 
cage composed of 60 carbon atoms (a), and graphene, consisting of a single 
layer of atoms (b), both composed of three-coordinate carbon. c, Graphullerene, 
a molecular sheet of carbon assembled from covalently linked C60 fullerene 
superatomic building blocks.
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than they are in molecular C60 crystals5. The closest C···C distance between  
two C60 subunits (1.573(1) Å) is roughly half of that in molecular C60 (3.116 Å). 

This very close spacing between the fullerenes is a direct reflection of covalent 
bonding between the molecules. d, The log of the conductance (σ) versus 
temperature (T) for a 70-nm-thick (Mg4C60)∞ device. A fit to a thermally 
activated (Arrhenius) model is given by the dashed green line. A typical device 
and corresponding four-terminal measurement scheme are shown in the 
inset. Ea, activation energy; kB, Boltzmann constant; VSD, source-drain voltage; 
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and deposited gold contacts using the dry-transfer and high-resolution 
stencil mask technique (an approximately 70-nm-thick device is shown 
in the inset of Fig. 2d). (Mg4C60)∞ exhibits thermally activated transport 
along the in-plane direction (Extended Data Fig. 1) with an activation 
energy of 121 meV, as calculated from fitting an Arrhenius thermal 
activation model (Fig. 2d).

One of the key benefits of 2D materials prepared by mechanical 
exfoliation of vdW crystals is their ultra-clean surfaces without coun-
terions or contaminants. This is critical for many applications, and in 
particular for the assembly of heterostructures and optoelectronic 
devices3. To create a vdW C60 polymer material that can be mechani-
cally exfoliated, we attempted to remove the Mg from the (Mg4C60)∞ 
lattice by immersing the crystals in different aqueous acidic solu-
tions, expecting Mg to form water-soluble salts with the conjugate 
bases. Suspending (Mg4C60)∞ in dilute aqueous solutions of acetic 
acid or nitric acid leaches out most of the Mg, yielding (Mg0.5C60)∞, 
as determined by energy-dispersive X-ray spectroscopy (EDS).  
By suspending the (Mg0.5C60)∞ crystals in N-methylpyrrolidone at 
180 °C, we completely remove the Mg counterions (Fig. 3a). Upon 
examining the graphullerite crystals using scanning electron micros-
copy (SEM), we find that the crystals remain intact following Mg dein-
tercalation (Fig. 3a, inset). With Mg taken out, the remaining material 
is entirely and purely carbon, yet it is not C60; it is a vdW solid, graphul-
lerite ((C60)∞ in the figures). We note that the lack of long-range registry 
of the covalent layers along the stacking direction, indicated by the 
broadening of the powder X-ray diffraction (PXRD) peaks (Extended 
Data Fig. 2), has thus far prevented structural determination using 
SCXRD.

Raman spectroscopy is a diagnostic probe of C60 polymerization9,10, 
and when we compare the Raman spectrum of graphullerite to that of 
molecular C60, we find a splitting of the C60 Hg modes at 1,420 cm–1 and 
1,560 cm–1 (Extended Data Fig. 3a), which is attributed to the lower sym-
metry of polymerized C60. Furthermore, the Ag(2) pentagonal pinch 
mode at 1,469 cm–1, characteristic of molecular C60, is not observed in 
graphullerite. Quenching of the most intense Ag(2) mode corroborates 
the high degree of polymerization11. An alternative interpretation of 
the Raman spectrum is that the Ag(2) mode is shifted to a lower energy 
as a result of the polymerization12 and overlaps with the broad Hg(7) 
mode at 1,420 cm–1. The Raman spectra of (Mg4C60)∞ and graphullerite 
show no significant differences, indicating that the covalent bond-
ing between fullerene subunits is retained in graphullerite despite 
the complete removal of the Mg. Note that the Hg(7) mode of bilayer 
graphullerene, obtained by mechanical exfoliation (described below), 
is slightly shifted to higher energy compared with bulk graphullerite 
(Extended Data Fig. 3a).

To test whether the Mg counterions, which constitute the scaffold-
ing for the construction of graphullerite, are essential for the thermal 
stability of the structure, we performed differential scanning calori-
metry (DSC) and thermogravimetric analysis (TGA) measurements on 
graphullerite and (Mg4C60)∞ crystals. The DSC shows no endothermic 
peak up to about 550 °C, and no mass loss occurs up to about 700 °C, 
as determined by TGA (Extended Data Fig. 4). PXRD measurements, 
however, show that although graphullerite crystals are structurally 
stable up to 400 °C, they depolymerize and crystallize as molecular 
C60 when heated to 500 °C for 1 h (Extended Data Fig. 5). Furthermore, 
the characteristic Ag(2) mode for molecular C60 at 1,469 cm–1 appears 
in the Raman spectra of the annealed crystals (Extended Data Fig. 3b). 
The absence of an endothermic peak in the DSC data suggests that 
depolymerization is a gradual process, hard to capture by calorimetry.

In as much as there appears to be no interlayer C–C covalent links in 
graphullerite, we suspected that we could exfoliate the crystals down 
to a few layers, as in the case of graphite6. Indeed, mechanical exfo-
liation of graphullerite routinely produces uniform flakes as thin as 
bilayers with lateral dimensions on the order of tens of micrometres. 
Figure 3b,c shows the optical micrograph and atomic force microscopy 
(AFM) image of a bilayer. A recent study8 obtained ionic monolayers 
of [(NBu4

+)6(C60
6–)]∞ from (Mg4C60)∞ crystals via cationic exchange of 

Mg with tetrabutylammonium (NBu4
+) cations, followed by solution 

exfoliation. The presence of counterions associated with the reduced 
sheets precludes the creation of clean, high-quality interfaces for the 
fabrication of optoelectronic devices and 2D heterostructures. This 
recent study8 demonstrated that the ionic sheets can be neutralized 
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Fig. 1 | Carbon allotropes. a,b, C60 fullerene, a zero-dimensional molecular 
cage composed of 60 carbon atoms (a), and graphene, consisting of a single 
layer of atoms (b), both composed of three-coordinate carbon. c, Graphullerene, 
a molecular sheet of carbon assembled from covalently linked C60 fullerene 
superatomic building blocks.
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Fig. 2 | Synthesis and crystal structures of (Mg4C60)∞. a, Schematic of the  
CVT technique used for the growth of (Mg4C60)∞ single crystals. b, Optical 
micrograph of a single crystal. c, Crystal structure of (Mg4C60)∞ showing a top 
view of a single layer and a side view emphasizing the stacking of the layers 
along the a axis. The C60 units within each layer are much closer to one another 
than they are in molecular C60 crystals5. The closest C···C distance between  
two C60 subunits (1.573(1) Å) is roughly half of that in molecular C60 (3.116 Å). 

This very close spacing between the fullerenes is a direct reflection of covalent 
bonding between the molecules. d, The log of the conductance (σ) versus 
temperature (T) for a 70-nm-thick (Mg4C60)∞ device. A fit to a thermally 
activated (Arrhenius) model is given by the dashed green line. A typical device 
and corresponding four-terminal measurement scheme are shown in the 
inset. Ea, activation energy; kB, Boltzmann constant; VSD, source-drain voltage; 
Vxx, longitudinal voltage drop.
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and deposited gold contacts using the dry-transfer and high-resolution 
stencil mask technique (an approximately 70-nm-thick device is shown 
in the inset of Fig. 2d). (Mg4C60)∞ exhibits thermally activated transport 
along the in-plane direction (Extended Data Fig. 1) with an activation 
energy of 121 meV, as calculated from fitting an Arrhenius thermal 
activation model (Fig. 2d).
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molecular C60, we find a splitting of the C60 Hg modes at 1,420 cm–1 and 
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metry of polymerized C60. Furthermore, the Ag(2) pentagonal pinch 
mode at 1,469 cm–1, characteristic of molecular C60, is not observed in 
graphullerite. Quenching of the most intense Ag(2) mode corroborates 
the high degree of polymerization11. An alternative interpretation of 
the Raman spectrum is that the Ag(2) mode is shifted to a lower energy 
as a result of the polymerization12 and overlaps with the broad Hg(7) 
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the complete removal of the Mg. Note that the Hg(7) mode of bilayer 
graphullerene, obtained by mechanical exfoliation (described below), 
is slightly shifted to higher energy compared with bulk graphullerite 
(Extended Data Fig. 3a).
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graphullerite and (Mg4C60)∞ crystals. The DSC shows no endothermic 
peak up to about 550 °C, and no mass loss occurs up to about 700 °C, 
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however, show that although graphullerite crystals are structurally 
stable up to 400 °C, they depolymerize and crystallize as molecular 
C60 when heated to 500 °C for 1 h (Extended Data Fig. 5). Furthermore, 
the characteristic Ag(2) mode for molecular C60 at 1,469 cm–1 appears 
in the Raman spectra of the annealed crystals (Extended Data Fig. 3b). 
The absence of an endothermic peak in the DSC data suggests that 
depolymerization is a gradual process, hard to capture by calorimetry.

In as much as there appears to be no interlayer C–C covalent links in 
graphullerite, we suspected that we could exfoliate the crystals down 
to a few layers, as in the case of graphite6. Indeed, mechanical exfo-
liation of graphullerite routinely produces uniform flakes as thin as 
bilayers with lateral dimensions on the order of tens of micrometres. 
Figure 3b,c shows the optical micrograph and atomic force microscopy 
(AFM) image of a bilayer. A recent study8 obtained ionic monolayers 
of [(NBu4
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along the a axis. The C60 units within each layer are much closer to one another 
than they are in molecular C60 crystals5. The closest C···C distance between  
two C60 subunits (1.573(1) Å) is roughly half of that in molecular C60 (3.116 Å). 

This very close spacing between the fullerenes is a direct reflection of covalent 
bonding between the molecules. d, The log of the conductance (σ) versus 
temperature (T) for a 70-nm-thick (Mg4C60)∞ device. A fit to a thermally 
activated (Arrhenius) model is given by the dashed green line. A typical device 
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Several prior reviews have also highlighted some of the 
important advancements made in the understanding of Kapitza 
conductance at the nanoscale. The seminal article by Swartz 
and Pohl published in 1989 summarized the measurements 
conducted at cryogenic temperatures and presented the physical 
insights in terms of the acoustic mismatch model (AMM) and 
the diffuse mismatch model (DMM) and the phonon radiation 
limit that are still being used to interpret experimental results 
and provide key insights into the physical mechanisms dictating 
hK. More recently, Hopkins[39] has summarized various experi-
mental factors and near-interfacial defects and imperfections 
that drive hK, mainly focusing on metal/nonmetal interfaces 
that are ubiquitous in time domain thermoreflectance (TDTR) 
and frequency domain thermoreflectance (FDTR) experiments. 
Monachon et al.[40] presented the materials perspective on hK 
and reviewed various experimental techniques used to measure 
hK from the past 30 years.

In this current review, we discuss the significant advances 
in understanding thermal boundary conductance both from 
experimental and computational fronts. We present the flaws 
that accompany the basic assumptions driving the theoretical 
models used extensively in literature to understand experi-
mental results for hK across various types of interfaces. Specifi-
cally, we highlight experiments and computational works that 
have challenged the use of the phonon gas models such as 
the DMM and AMM in interpreting the physical mechanisms 
driving interfacial energy transport. We start with the concep-
tual foundations that have shaped the conventional knowledge 
of interfacial conductance at the nanoscale. Then we present 
experimental works that have challenged these conventional 
theories and follow this with recent computational works that 

have provided a deeper understanding of thermal boundary 
conductance and support the experimental findings. Then we 
present some of the recent advancements in understanding and 
controlling hK across various material systems with different 
types of energy carriers. Finally, we present the main conclu-
sions and provide an outlook for future research directions.

2. Commonly Invoked Semiclassical Formalisms 
for Predicting Thermal Boundary Conductance
A mathematical representation of heat flux across an interface 
from side 1 to side 2, in the most general form, is traditionally 
given in terms of the Landauer formalism as[41,42]
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where the transport is in the z-direction perpendicular to the 
interface, j is the polarization, θ1 and φ1 are the azimuthal and 
elevation angles of the heat flux, !k  is the wave-vector (where 
x, y, and z subscripts indicate individual Cartesian direc-
tions of this vector), E is the energy, ζ1 → 2 is the transmission 
coefficient from side 1 to 2, f is the distribution function for 
the energy carrier, and !v j  is the carrier group velocity. Solving 
the full Equation (1) to calculate interfacial flux requires knowl-
edge of spectral contributions from the energy carriers. Further-
more, due to the fact that thermal transport occurs when the 
system is driven out of equilibrium, it is technically incorrect to 
assume that the energy distribution can be approximated with 
an equilibrium distribution function such as the Fermi–Dirac 
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Figure 1. Illustration of various technologies reliant on dissipating or confining energy more efficiently through engineering nanoscale interfaces.

THE NEED AND 
OPPORTUNITY 
Our military systems depend critically 
on the microsystems contained inside. 
For decades, DARPA has invested in 
research to make these technologies 
more capable. That has helped 
engineers deliver an ever expanding 
array of compact devices and portable 
platforms to support defense training 
and operations. As military capabilities 
have evolved, so too have the demands 
placed on these microelectronics – 
from operating at higher frequencies to 
integrating billions of transistors on a 
single chip. 
     
For the past two decades, and 
particularly the past two years with the 
Electronic Resurgence Initiative, DARPA 
has invested heavily in electronics R&D 
to uncover novel materials and designs 
capable of eking out more performance 
and functionality. Silicon has long been 
the standard semiconductor material for 
microelectronics and still is for a large 
number of commercial and defense 
applications. However, the theoretical 
limits on how much more performance 
silicon can deliver – particularly for 
systems operating at higher power 
and frequencies – are being reached 
in practice. That reality check, long in 
the making, has driven a search for 
alternative semiconductor technologies.  

In the 1990s, DARPA’s exploration of 
novel architectures and alternative 
semiconductor materials accelerated 

development of compound 
semiconductor technologies that 
unlike silicon are based on crystals 
made of more than one element. One 
payoff was the maturation of gallium 
arsenide (GaAs) with efforts including 
like the Microwave and Millimeter 
Integrated Circuit (MIMIC) program 
and the Microwave and Analog Front 
End Technology (MAFET) program. The 
properties of GaAs allows transistors 
made with it to operate well beyond 
the performance limits of silicon, 
enabling radar and radios to operate 
at higher frequencies and bandwidths 
without performance degradation. 
These investments in fundamental and 
applied semiconductor science also 
provided the defense community with 
access to affordable components. On 
the commercial side, the same support 
fueled the society-transforming cellular 
phone revolution in the 1990s. 

The success of GaAs technology 
demonstrated the defense relevance 
and commercial viability of 
semiconductor technology beyond 
silicon and made a once-exotic 
research material into a commodity 
technology. Even as GaAs was 
maturing into an industry, however, 
researchers sponsored by the Office of 
Naval Research (ONR) and academic 
institutions in the 1980s already had 
begun to identify the next leap in 
semiconductor materials. Wide bandgap 

semiconductor (WBGS) materials – in 
which the energy difference (bandgap) 
for electrons close to atoms and 
electrons that can conduct through 
the semiconductor is larger than the 
bandgap of conventional materials 
like silicon – appeared promising 
due to their ability to move electrons 
rapidly, but also handle large electric 
fields. This combination of high current 
capability and high voltage drives the 
ability of these materials to deliver more 
radiofrequency (RF) power – a critical 
capability for defense technologies 
including advanced radar and electronic 
warfare systems.

Although several candidate WBGS 
materials were in development around 
the world, gallium nitride (GaN) and its 
alloys appeared the most promising. 
GaN has an even wider bandgap than 
GaAs, which means it can operate at 
voltages that would ruin devices made 
out of GaAs, enabling the design of 
microsystems that can operate at 
higher powers. Fundamental research 
funded by ONR throughout the 1980s 
and 1990s identified GaN as the 
premier wide bandgap material to 
develop and laid the groundwork 
for the crystal growth procedures, 
baseline device structures, and other 
supporting industrial components that 
could move the idea of GaN transistors 
from a theoretical construct to a viable 
technology.

THE DARPA SOLUTION
Were it not for these fundamental 
research efforts, DARPA would not have 
been able to justify major follow-on 
investments to rapidly advance GaN 
technology. In 2001, DARPA established
the Wide Bandgap Semiconductors for
RF Applications (WBGS-RF) program. 
WBGS-RF sought to leverage the proven 
promise of GaN into an industrially 
relevant technology that could further 
the cause of national defense. When 
the program started, GaN could only 
be delivered on small semiconductor 
wafers riddled with so many flaws, called 
micropipes, that metaphors based on 
Swiss cheese come to mind. From that 
inauspicious start, the WBGS-RF program 
systematically addressed materials 
challenges before progressively taking on 
the device and circuit-design challenges. 
This persistent investment of resource 
and talent led to practical GaN materials 
specifically for use within Microwave 
Monolithic Integrated Circuit (MMIC) 
technologies, which are critical for 
military RF-systems like radar and radio. 

The WBGS-RF program’s research 
relied heavily on industry-academic 
collaboration. Raytheon, TriQuint (now 
Qorvo), and Northrop Grumman served 
as primary performers, collaborating 
with academic teams that continued 
to advance the fundamental research. 
The defense performers helped tailor 
the resulting technology for military use 
and ensured production could scale 
for DoD needs. Academic teams from 
MIT; Rensselaer Polytechnic Institute; 

University of South Carolina; University 
of California, Los Angeles; University 
of Florida; and North Carolina State 
University conducted research that was 
critical to understanding and developing 
physical models and device and system 
operation, uncovering and modeling
mechanisms of failure, and optimizing 
GaN as a new and maturing material 
driving the evolution of microsystems. 

Contributing to the collaboration among
academic and commercial performers in
the WBGS-RF program was a tri-service
team, which included the Naval
Research Laboratory (NRL), Air Force
Research Laboratory (AFRL), and Army
Research Laboratory (ARL). The Services
team conducted tests and evaluated
performer devices throughout the
program, providing early assessment of
device reliability, government insight
regarding future investment, and early
transition partner interaction. 

In parallel with the WBGS-RF program, 
ONR funded several university-level 
efforts such as the Center for Advanced 
Nitride Electronics (CANE) and other 
Multidisciplinary University Research 
Initiative (MURI) projects to improve 
the understanding of the fundamental 
physical mechanisms underlying certain 
limitations in GaN-based transistors 
and circuits. This work directly affected 
the technology’s rapid progression 
within WBGS-RF and paved the way 
for additional GaN programs, including 
the DARPA Nitride Electronic NeXt-
Generation Technology (NEXT) program.

THE IMPACT
The WBGS-RF program ushered GaN 
from a glimmer-in-the-eye status into a 
broad DoD capability with far-ranging 
commercial and academic implications. 
The broad impact of GaN electronics is 
hard to overstate. GaN allows the DoD to 
have electronics that can handle high-
power RF signals that would physically 
destroy equivalent circuits made of 
other materials. This capability lies 
at the heart of radars, jammers, and 
other electronic warfare components 
that today provide advantages over 
adversaries’ RF technology.

LOOKING AHEAD
As a result of the WBGS-RF program,
these new GaN capabilities were 
adopted for the Navy’s premier 
surface radar, the Air and Missile 
Defense Radar (AMDR), a priority 
technology transition from the outset 
of the program. The electronic warfare 
community also became an early 
adopter, transitioning GaN to the Next 
Generation Jammer (NGJ) program, 
which is the Navy’s fundamental 
airborne jamming capability.  

GaN technology also drives the 
Space Fence array, which provides 
unprecedented space situational 
awareness, and the Navy’s Surface 
Electronic Warfare Improvement 
Program (SEWIP). And beyond defense, 
GaN has become part of the technology 
portfolios of all major RF semiconductor 
players today.

WIDE BANDGAP  
SEMICONDUCTORS

Gallium nitride is central to many U.S. military assets including AN/TPY-2 radar systems (le!) and the Navy’s Air and Missile Defense Radar.

DARPA, WBG Semi.; J. Elec. Pack. 143, 020804; Nature 601, 556

improves the overall efficiency in the RF chain. Moreover, the
ability of GaN transistors to work in the high-frequency range
gives promise for them to evolve from 5 G base stations to small
cell applications and, potentially into mobile devices.

However, this substantial improvement in size, weight, and
power translates into extreme power densities (>50 kW/cm2) in
the active region of GaN HEMTs as shown in Fig. 11 [92,156].
Thermal failure (Fig. 11(b)) and reduced component lifetime
[157,158] caused by device self-heating are major roadblocks to
the successful implementation of GaN technology into 5G net-
work components. Intense channel temperature rise caused by
high voltage and power operation [159] was shown to trigger and
aggravate various degradation mechanisms [160–164]. Such fail-
ure mechanisms include mechanical damage in the AlGaN barrier
due to induction of thermo-elastic stress [159] and thermally
assisted interdiffusion at the semiconductor/metal interface [165].
Although GaN HEMTs have been commercialized for small-scale
applications (e.g., laptop chargers), questions regarding GaN
device thermal reliability remain unanswered [166,167], as evi-
denced by the continued research into their life expectancies
[157,168,169].

The industry-standard method to estimate GaN HEMT lifetime
is the temperature-accelerated direct current operational-life test
[170]. The Arrhenius extrapolations reported in the literature
[157,169] show extremely long predicted median times that sig-
nificantly overpredict the actual device lifetime in field applica-
tions. This is a major concern in industry because such false
prediction may lead to catastrophic events in reliability critical
applications [157,168,169]. The overprediction of device lifetime
stems from inaccurate estimation of the device peak temperature
at the site of degradation/failure during the accelerated high power
testing. It was shown that an error of only 2 !C in the estimation
of device peak temperature used in the temperature-accelerated
life test can skew the predicted lifetime by a factor of two
[166,167].

Currently, industrial practices for device thermal analysis and
accelerated direct current operational life tests [157,169] rely on
simulation data based on the simple and widely accepted Fourier’s
law of heat conduction. However, a limited number of pioneering
theoretical studies [170–174] have suggested that a nanoscale
temperature spike or a so-called hot-spot forms in GaN HEMTs,
which can be significantly hotter than predictions based on purely
diffusive thermal transport models (i.e., the Fourier’s law of heat
conduction). This unanswered question has inhibited the use of
GaN devices for high power RF applications where demonstrated
long product lifetimes are required [158,175].

In practice, large voltages are applied between the drain and
source (e.g., VDS ¼ 28–48 V) of GaN RF power amplifiers to
reduce or eliminate the need for step-down voltage conversion to
match the operating voltage of commercial systems (e.g., wireless
base station) [176]. In addition, the wide bandgap of the material

allows the use of considerably shorter channel lengths (several
microns) than conventional devices. This results in considerable
electric field concentration within the 2DEG channel underneath
the drain side corner of the gate [177].

Figure 12 shows heat generation profiles of a GaN HEMT
under two different bias conditions resulting in an identical total
power dissipation (e.g., PDISS ¼ VDS # IDS ¼ 500 mW; PDISS,
VDS, and IDS stand for dissipated power, drain-source voltage, and
drain-source current, respectively). Figure 12(a) shows the Joule
heating is highly concentrated beneath the drain end of the gate
for high voltage-low current conditions (e.g., VDS¼ 50 V,
VGS¼$1 V, IDS¼ 10 mA). On the other hand, Fig. 12(b) shows
that a relatively uniform Joule heating distribution occurs for low
voltage-high current conditions (e.g., VDS¼ 5 V, VGS¼ 2.5 V,
IDS¼ 100 mA). For low voltage-high current conditions, the lower
VDS produces the same amount of power dissipation (500 mW)
since the channel is fully open (manifested by a large IDS). The
2DEG current flow is not constricted, causing the heat generation
profile to be relatively uniform across the entire channel. In con-
trast, for high voltage-low current conditions, to accomplish an
identical power dissipation, IDS is restricted by applying a nega-
tive voltage on the gate (VGS), thereby forming a local depletion
region that partially pinches off the channel. This local depletion
region with high electrical resistance causes spatial confinement
of the 2DEG Joule heating. This leads to formation of a nanoscale
hotspot [170,172–174] subject to extreme local heat flux
(>1 MW/cm2). According to fully coupled electrothermal simula-
tion [158,175,178] shown in Fig. 12(a), the domain size of the
peak heat generation zone can be less than 10 nm# 50 nm, which
is in agreement with theoretical predictions in literature
[172,179].

The thermal conductivity of solids can be resolved as a function
of phonon mean free path [180] via a thermal conductivity accu-
mulation (kaccum) function

kaccum K;Tð Þ ¼
X

s

ðK'

0

1

3
c K; Tð Þ ( v K; Tð Þ ( K Tð ÞdK (12)

Fig. 11 GaN HEMT heat flux challenge

Fig. 12 (a) Nanoscale spatial confinement of the heat genera-
tion zone under a high voltage-low current condition and (b)
uniformly distributed heat generation occurs under low
voltage-high current open channel conditions
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Several prior reviews have also highlighted some of the 
important advancements made in the understanding of Kapitza 
conductance at the nanoscale. The seminal article by Swartz 
and Pohl published in 1989 summarized the measurements 
conducted at cryogenic temperatures and presented the physical 
insights in terms of the acoustic mismatch model (AMM) and 
the diffuse mismatch model (DMM) and the phonon radiation 
limit that are still being used to interpret experimental results 
and provide key insights into the physical mechanisms dictating 
hK. More recently, Hopkins[39] has summarized various experi-
mental factors and near-interfacial defects and imperfections 
that drive hK, mainly focusing on metal/nonmetal interfaces 
that are ubiquitous in time domain thermoreflectance (TDTR) 
and frequency domain thermoreflectance (FDTR) experiments. 
Monachon et al.[40] presented the materials perspective on hK 
and reviewed various experimental techniques used to measure 
hK from the past 30 years.

In this current review, we discuss the significant advances 
in understanding thermal boundary conductance both from 
experimental and computational fronts. We present the flaws 
that accompany the basic assumptions driving the theoretical 
models used extensively in literature to understand experi-
mental results for hK across various types of interfaces. Specifi-
cally, we highlight experiments and computational works that 
have challenged the use of the phonon gas models such as 
the DMM and AMM in interpreting the physical mechanisms 
driving interfacial energy transport. We start with the concep-
tual foundations that have shaped the conventional knowledge 
of interfacial conductance at the nanoscale. Then we present 
experimental works that have challenged these conventional 
theories and follow this with recent computational works that 

have provided a deeper understanding of thermal boundary 
conductance and support the experimental findings. Then we 
present some of the recent advancements in understanding and 
controlling hK across various material systems with different 
types of energy carriers. Finally, we present the main conclu-
sions and provide an outlook for future research directions.

2. Commonly Invoked Semiclassical Formalisms 
for Predicting Thermal Boundary Conductance
A mathematical representation of heat flux across an interface 
from side 1 to side 2, in the most general form, is traditionally 
given in terms of the Landauer formalism as[41,42]
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where the transport is in the z-direction perpendicular to the 
interface, j is the polarization, θ1 and φ1 are the azimuthal and 
elevation angles of the heat flux, !k  is the wave-vector (where 
x, y, and z subscripts indicate individual Cartesian direc-
tions of this vector), E is the energy, ζ1 → 2 is the transmission 
coefficient from side 1 to 2, f is the distribution function for 
the energy carrier, and !v j  is the carrier group velocity. Solving 
the full Equation (1) to calculate interfacial flux requires knowl-
edge of spectral contributions from the energy carriers. Further-
more, due to the fact that thermal transport occurs when the 
system is driven out of equilibrium, it is technically incorrect to 
assume that the energy distribution can be approximated with 
an equilibrium distribution function such as the Fermi–Dirac 
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Figure 1. Illustration of various technologies reliant on dissipating or confining energy more efficiently through engineering nanoscale interfaces.
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• Disorder typically reduces 
TBC (increases TBR)

• Not (necessarily) the case 
with 2D material interfaces
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Thermal properties of thin films? TDTR

2

(a) TDTR (b) FDTR (c) SSTR

FIG. 1. Characteristic excitations and corresponding responses for (a) TDTR, (b) FDTR, and (c) SSTR techniques. In TDTR,
the magnitude of the thermoreflectance is monitored as a function of pump-probe delay time, while in FDTR the thermally-
induced phase lag between the pump and probe is monitored as a function of frequency. In SSTR, the steady-state induced
magnitude of the thermoreflectance is monitored for given changes in heat flux. Notice the increase in thermal penetration
depth, �thermal, which is proportional to the spot size in a SSTR experiment, resulting from the lower modulation frequencies
employed in SSTR.

viding insight into the vibrational mean free path spectra
of solids (i.e., relating to the “thermal conductivity ac-
cumulation function”)47–55 and the spectral coupling of
phonons across interfaces (i.e., relating to the “thermal
boundary conductance accumulation function”).10

Thermoreflectance techniques, by definition, rely on
the principle of thermoreflectance,1,56–58 measuring a
material’s change in reflectivity due to the change in its
temperature. In a typical modulated pump-probe ther-
moreflectance experiment such as TDTR or FDTR, a
pump beam is used to thermally excite the surface of
the sample at some frequency, f . The change in in-
tensity of a reflected probe beam is related to the tem-
perature change on the surface as function of either f
or the delay time between the pump and probe pulses
in the case of short pulsed-based experiments. Where
TDTR utilizes short, typically sub-picosecond, pulses to
monitor the thermoreflectance decay as a function of de-
lay time after pump pulse heating as well as the phase
shift induced from the modulated temperature change
at f , FDTR can utilize a variety of pulsed or continu-
ous wave (cw) lasers to monitor the phase shift in ther-
moreflectance signals solely as a function of f . When f
becomes low enough, the material of interest will reach
steady-state conditions during on periods of the modula-
tion event. In this regime, a third technique has recently
emerged. “Steady-State Thermoreflectance” (SSTR) op-
erates like FDTR only in the low frequency limit,59 mon-
itoring the thermoreflectance of the surface at increasing

pump powers and inducing a Fourier-like response in the
material. Ulitmately, SSTR o↵ers an alternative method
to measure the thermal conductivity of materials via op-
tical pump-probe metrologies. The characteristic pump
excitations and responses for each of these techniques is
presented in Fig. 1. We review the recent advances in
SSTR in Section IV.
In addition to their non-contact nature, these opti-

cal metrologies are advantageous relative to many other
thermometry platforms in the relatively small volume
and near-surface region in which they measure. By us-
ing proper laser wavelengths to ensure nanoscale optical
penetration depths, the thermal penetration depth (i.e.,
the depth beneath the surface in which these techniques
measure the thermal properties), �thermal, can be lim-
ited to the focused spot size, or much less, depending on
the modulation frequency. Further, given the pump and
probe spot sizes can be readily focused to length scales on
the order of micrometers, thermoreflectance techniques
allow for spatially-resolved surface measurements of ther-
mal properties with micrometer-resolution, and the abil-
ity to create thermal property areal “maps” or “images”.
We review the pertinent length scales of TDTR, FDTR,
and SSTR in Section II, followed by the advances towards
areal thermal property “mapping” in Section III.
The change in reflectivity of a given material is related

to both the change in temperature of the material (i.e.,
the thermoreflectance, which is ultimately of interest for
the measurements of temperature changes and thermal

Thin film or “near surface” measurements

Sub-ps
thermal 

excitation

TDTR Reviews and Analyses
Rev. Sci. Instr. 75, 5119;

Rev. Sci. Instr. 79, 114902
J. Heat Trans. 132, 081302;

Ann. Rev. Heat Trans. 16, 159
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nanoseconds
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FIG. 5. Probe waveforms obtained using a periodic waveform analyzer, shown for (a) a-SiO2, (b) quartz, (c) Al2O3, (d) Si, (e) 4H–SiC, and (f) diamond. The difference
between the upper and lower dashed lines indicates the �V (proportional to temperature rise) used to determine thermal conductivity in each case.

A. Periodic waveform analyzer/boxcar averager

We first collect data using the PWA via a digital boxcar
averager while modulating the pump beam with a chopper at
100 Hz. Using two independent oscillators, we simultaneously
record the pump and probe waveforms over a phase space
divided into 1024 bins. The reference frequency is provided by
the chopper. The resulting waveforms, which have been con-
verted from phase space to time, are shown for the pump in
Fig. 4, while those of the probe are shown in Fig. 5. The six sam-
ples shown include (a) an a-SiO2 glass slide, (b) z-cut quartz, (c)
Al2O3, (d) Si, (e) 4H–SiC, and (f) diamond. The modulation fre-
quency was kept at 100 Hz in all cases, and a 20⇥ objective lens
was used, corresponding to 1/e2 pump/probe diameters of

11 µm. Each waveform was generated by averaging over 5 min
of real time data acquisition.

As expected, the pump waveform shows a perfect on/off
square wave. Note that the magnitude is increased when mov-
ing to higher thermal conductivity materials to allow for the
probe waveform to reach approximately the same magnitude
in each sample. The probe waveforms reveal that for all sam-
ples except a-SiO2, a clear steady-state temperature rise is
obtained as indicated by the near-square waveform. By com-
parison, a-SiO2 has a relatively long-lived transient temper-
ature rise but reaches our steady-state threshold by the end
of the waveform. The advantage of PWA analysis is that the
signal difference between “on” and “off” state (�V) is chosen
manually so that we can neglect the transient portions of the

FIG. 6. Measured �V /V vs. �P (/ pump power) shown
for (a) 10⇥ objective lens (pump and probe 1/e2 diame-
ters of 20 µm) and (b) 20⇥ objective lens (pump and probe
1/e2 diameters of 11 µm). Measured samples include glass
slide (squares), BK7 glass (open squares), quartz (trian-
gles), sapphire wafer (circles), sapphire window (open cir-
cles), silicon wafer (inverted triangles), silicon window (open
inverted triangles), 4H–SiC (pentagons), and diamond (dia-
monds). Gray lines show the predicted slopes for materials
having thermal conductivities 1, 10, 100, and 1000 W m�1

K�1. A different neutral density filter was used to filter pump
power detected when the objective lens changed from
10⇥ to 20⇥, so the x-axes are not comparable between
(a) and (b).
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• Temperature rise is proportional to 
photodetector voltage
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Micron-scale areal resolution for local measurements

“Thermal conductivity mapping”
Measuring variations in thermal 

resistance across a material with 
~micron resolution
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Accurate, Rapid & Robust Measurements with SSTR

Laser Thermal CONFIDENTIAL – Do not distribute without permission.

Thermal Mapping of Wafers, Devices, etc. 
w/ Lateral Resolution Down to ~1 micron

Above: SSTR-F Hardware
Top-right: Operation Software

Bottom-right: Analysis Software
• 4” dia ALD film on Si
• Thermal map shows 

thickness variation 
from T-gradient 
during deposition

• Thermal resistance 
varies 5X over wafer

• 6-finger GaAs pHEMT
• One of several on a 
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5. Time-domain thermoreflectance measurements of pristine and V-doped WS2 monolayers. 

 

 
Figure S6 (a) Time-domain thermoreflectance (TDTR) magnitude micrograph of a pristine single-crystal 
WS2 flake. (b) TDTR model and best fit for the conductance at the Al/pristine WS2/SiO2 interface. The 
inset shows the picosecond acoustics response at earlier time delays. (c) Results for the thermal boundary 
conductance at Al/doped WS2/SiO2 interfaces. 
 

To examine the thermal boundary conductances (hK) of devices contingent on the pristine 

and V-doped WS2 monolayers, we measured the total conductance of the Al/doped WS2/SiO2 

interface via time-domain thermoreflectance (TDTR) (detailed in Methods). An example of this 

magnitude micrograph can be seen in Figure S6(a) for a pristine WS2 flake. The uniformity of the 

TR magnitude of the WS2 flake suggests that the conductance is uniform. Full-time delay TDTR 

measurements near the center of the triangles were examined for pristine WS2 and V-doped WS2 

samples. The TDTR curve and best fit are shown in Figure S6(b) for the pristine flake, where the 

inset shows the short delay time picosecond acoustic response, with which we used to extract the 

thickness of our Al transducer. This type of measurement was performed on lightly- (0.4%) and 

heavily-doped (8%) V-WS2 crystals as well. The final results are shown in Figure S6(c) for all 

flakes measured, where an increase in thermal conductance of the Al/WS2/SiO2 interface was 

observed as the V doping concentration increased. The enhancement in conductance is correlated 

with the V substitutional sites in the WS2 lattice. It is assumed that the inclusion of V dopants 

alters the local phonon density of states, allowing for an improved thermal conductance as the 

concentration of V is increased. Monolayer V-doped WS2 with improved heat dissipation is 

promising as an electronic circuit component.  
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warrants more thorough interface characterization. Titanium
was selected for this work as it is commonly used as a contact
or adhesion layer for graphene due to its low work function
and low electron Schottky barrier.

Experimental details

To fabricate samples for this experiment, commercial gra-
phene grown by chemical vapor deposition (CVD) on Cu foil
(from Graphene Supermarket) was transferred to SiO2 by a
polymethyl methacrylate (PMMA) carrier film followed by a
ultra high vacuum (UHV) anneal to remove PMMA residues
[14]. Following the transfer, a 5 nm film of titanium was
deposited onto Gr/SiO2 in a high vacuum (HV) electron
beam evaporator at pressures of 10−7 or 10−6 Torr and
deposition rates ranging from 0.01 to 0.5 nm s−1, indicated by
a quartz crystal monitor. Samples for TLM measurements
were fixed with a shadow mask described elsewhere [9] prior
to metal evaporation. The samples were not exposed to
atmosphere following the deposition of Ti. Au was deposited
to cap the samples prior to removal from UHV, in order to
prevent further oxidation of the Ti layer upon air exposure.
Au films of 500 nm, 80 nm, and 2 nm were deposited on
samples for TLM, thermal measurements, and XPS, respec-
tively. X-ray photoelectron spectroscopy data was collected
with a monochromated x-ray source at a pass energy of 50 eV
in a UHV system described previously [15]. Spectra were
deconvoluted using kolXPD software [16] to extract relative
compositions of Ti metal and Ti oxide. The samples were
then characterized by the transfer length method and time-
domain thermoreflectance to determine RC and thermal
boundary conductance, respectively. More detailed descrip-
tions of these measurements are included in supporting
information available online at stacks.iop.org/NANO/0/
000000/mmedia.

Results

We have found that oxide composition is largely dependent
on the contact deposition conditions. Titanium is highly
reactive and will readily oxidize under high-vacuum deposi-
tion conditions. As others have suggested [17–19], the
adsorption of oxidizing species onto the substrate surface
during deposition will affect the chemistry of the contact,
which is expected to manifest in the electrical and thermal
properties of the interface. Figure 1 shows oxide composition
versus deposition rate for samples fabricated from three
individually transferred pieces of graphene.

Each color represents a single piece of graphene trans-
ferred to SiO2 and subsequently split into three (or four)
samples to receive metal deposition at three (or four) different
deposition rates. Sample-to-sample variability is observed,
but there appears to be a trend of decreasing oxide compo-
sition with increasing deposition rate. The deposition rate
determines the impingement rate of Ti atoms on the surface of
the substrate relative to the impingement rate of the oxidizing

species from residual gases. It is therefore expected that
higher deposition rates result in lower oxide composition,
since at higher deposition rates Ti atoms arrive at the sample
surface at faster rates than oxidizing species in the chamber.
The anomalous data point can be explained by the presence of
additional oxidizing species from PMMA residues which will
be addressed in the discussion section.

Base pressure also has a substantial effect, which can
dominate over deposition rate. A sizable partial pressure of
residual H2O or OH is typically detected in elastomer-sealed
vacuum chambers and the base pressure is a measure of the
quantity of residual gases in the chamber. During deposition,
these residual H2O and OH molecules are impinging on the
sample surface, along with the Ti. Depositing at higher
pressures increases the amount of oxidizing species available
for reaction with Ti, and depositing at lower deposition rates
increases the fraction of Ti atoms that will react with oxi-
dizing species upon reaching the surface. This is observed in
figure 2. To overcome any issue of sample-to-sample varia-
bility, each sample represented in figure 2 was cut from a
single piece Gr/SiO2 produced in a single transfer. Two out
of the three samples were deposited on at the same rate but
different base pressures, and two out of three were deposited
on at the same base pressure but different rates. In figure 2(a),
(i) corresponds to a deposition 1×10−7 Torr and a rate of
0.01 nm s−1, (ii) corresponds to a deposition at 1×10−7 Torr
and a rate of 0.1 nm s−1 and (iii) corresponds to a pressure of
1×10−6 Torr at a rate of 0.1 nm s−1. The corresponding
TLM data for each are shown in figure 2(b). Comparison of
(i) and (ii) illustrates the effect of deposition rate alone at the
same base pressure. As previously discussed, a lower oxide
composition results at a faster deposition rate. In (ii) and (iii),
we observe the effects of varying base pressure at the same
deposition rate. Depositing at 1×10−7 Torr yields 25%
oxide whereas 1×10−6 Torr results in 78% oxide. This
indicates that base pressure has a substantial effect on oxide
composition. The TLM results corresponding to (i) and (iii)

Figure 1. Plot of Ti oxide composition versus deposition rate at a
pressure of 1×10−7 Torr on Gr/SiO2 samples. Each identical
marker shape represents samples cut from the same piece of
graphene.
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contacts of similar oxide composition show large variations in
RC as seen in figure 3.

The effects of contact processing conditions manifest in
thermal transport properties. Figure 4(a) shows XPS spectra
acquired for four samples fabricated with four different
deposition rates and figure 4(b) shows the corresponding
TDTR data as a function of oxide composition. XPS shows
significant oxide composition at the slowest deposition rate of
0.01 nm s−1. The oxide composition decreases between 0.01
and 0.1 nm s−1. The thermal data indicates that thermal
boundary conductance hK is inversely related to the oxide
composition. For the deposition rate of 0.1 nm s−1, which
resulted in the lowest oxide composition,
hK=65±7MWm−2 K−1, whereas for the slowest deposi-
tion rate, which resulted in the highest oxide composition,
hK=32±3MWm−2 K−1. The values of hK correspond to
Au/SiO2 interface where the effective interfacial regions
between Au and SiO2 for this analysis is the Ti/Gr layers, as
mentioned previously.

The measured value of hK for the slower deposition rates
matches very well with those measured for a similar
Au/Ti/Gr/SiO2 interface deposited at 0.05 nm s−1 and
reported by Koh et al [22]. The twofold increase in hK with
the faster deposition rate corresponds to the relative decrease
in the oxide composition between the different deposition
rates as shown in figure 4(a). Thus, a higher oxide compo-
sition in the Ti layer at an Au/Ti/Gr/SiO2 contact leads to a
lower hK (higher resistance) than a lower oxide composition.
Stated differently, our results suggest that to minimize the
thermal resistance at the Au/Ti/Gr/SiO2 contact, the Ti
should be as metallic as possible. In contrast to thermal
transport, electrical transport does not appear to be as sensi-
tive to the composition of the contact for this particular
sample; however, the results shown in figure 3 indicate that
the reactor base pressure does have an impact on RC.

Discussion

It is apparent in figure 1 that samples processed identically
might result in different oxide compositions. A major source
of variability in the Gr/metal interface chemistry is related to
PMMA residue from the transfer process. PMMA is typically
removed by dissolution in acetone followed by an anneal in
UHV at a temperature high enough to dissociate the various
hydrocarbon species [23]. The thermal decomposition of
PMMA is inherently a random process, and generated radi-
cals can react with defects in the graphene or form longer
polymer chains that cannot be removed [24]. Therefore,
samples which undergo the same PMMA removal process
can be left with different quantities of PMMA residue, and the
quantity of PMMA residue is unlikely to be uniform across a
single sample. Lee et al have shown that a PMMA-free
transfer process results in lower contact resistance than that
which uses PMMA [25]. PMMA residues are known to dope
graphene and alter its electronic properties [23]. Furthermore,
transport across the Ti/Gr interface will be inhibited by the
presence of contaminants, which scatter charge carriers and
obstruct hybridization between the graphene π-orbitals and Ti
metal d-orbitals [10, 26]. Orbital hybridization will be
inhibited both by the presence of polymer residues at the
interface and by the presence of an oxidized contact rather
than a metallic one. It has been shown that PMMA residues
react with Ti overlayers [27]. Other sources of variability, in
both the interface and contact chemistry, could be related to
intrinsic defects in the CVD-grown graphene film or due to
other extrinsic effects of transfer process including residual
Cu, incomplete removal of graphene from the back of the Cu
foil, wrinkles and tears in the film, or adsorbates. While
measures can be taken to assess the quality and uniformity of
the transferred graphene prior to device fabrication, such as
characterization with Raman spectroscopy, these defects are
inherent to the transfer process and are fundamentally
uncontrollable.

Despite the inevitable sample-to-sample variability, our
results suggest that some degree of control over contact
composition is achievable during the deposition process,
particularly via deposition rate and base pressure. The overall
linear correlation between oxide composition and RC sum-
marized in figure 3 is not surprising given that the electrical
resistivity of TiO2 is orders of magnitude higher than that of
metallic Ti [28]. The results presented in figure 2 indicate that
the cleanliness of the graphene/TiOx interface, which is
affected by the base pressure of the deposition, likely dom-
inates RC to a greater extent than the oxide composition.
While we observe a relationship between deposition rate and
oxide composition in figure 1, and a correlation between RC

and oxide composition in figure 3, it is important to note that
deposition rate does not have a substantial effect on RC. It
then follows that oxide composition is not the prevailing
factor determining RC.

The possible origins of the change in thermal boundary
conductance with change in oxygen content of the Ti layer
between the Au and graphene could manifest from various
changes in electronic and vibrational scattering and interfacial

Figure 4. (a) Ti 2p core-level spectra for Gr/SiO2 deposited at
different rates at a base pressure of 1×10−7 Torr. (b) Time-domain
thermoreflectance data for the same samples as a function of oxide
composition.

4

Nanotechnology 00 (2018) 000000 K M Freedy et al

contacts of similar oxide composition show large variations in
RC as seen in figure 3.

The effects of contact processing conditions manifest in
thermal transport properties. Figure 4(a) shows XPS spectra
acquired for four samples fabricated with four different
deposition rates and figure 4(b) shows the corresponding
TDTR data as a function of oxide composition. XPS shows
significant oxide composition at the slowest deposition rate of
0.01 nm s−1. The oxide composition decreases between 0.01
and 0.1 nm s−1. The thermal data indicates that thermal
boundary conductance hK is inversely related to the oxide
composition. For the deposition rate of 0.1 nm s−1, which
resulted in the lowest oxide composition,
hK=65±7MWm−2 K−1, whereas for the slowest deposi-
tion rate, which resulted in the highest oxide composition,
hK=32±3MWm−2 K−1. The values of hK correspond to
Au/SiO2 interface where the effective interfacial regions
between Au and SiO2 for this analysis is the Ti/Gr layers, as
mentioned previously.

The measured value of hK for the slower deposition rates
matches very well with those measured for a similar
Au/Ti/Gr/SiO2 interface deposited at 0.05 nm s−1 and
reported by Koh et al [22]. The twofold increase in hK with
the faster deposition rate corresponds to the relative decrease
in the oxide composition between the different deposition
rates as shown in figure 4(a). Thus, a higher oxide compo-
sition in the Ti layer at an Au/Ti/Gr/SiO2 contact leads to a
lower hK (higher resistance) than a lower oxide composition.
Stated differently, our results suggest that to minimize the
thermal resistance at the Au/Ti/Gr/SiO2 contact, the Ti
should be as metallic as possible. In contrast to thermal
transport, electrical transport does not appear to be as sensi-
tive to the composition of the contact for this particular
sample; however, the results shown in figure 3 indicate that
the reactor base pressure does have an impact on RC.

Discussion

It is apparent in figure 1 that samples processed identically
might result in different oxide compositions. A major source
of variability in the Gr/metal interface chemistry is related to
PMMA residue from the transfer process. PMMA is typically
removed by dissolution in acetone followed by an anneal in
UHV at a temperature high enough to dissociate the various
hydrocarbon species [23]. The thermal decomposition of
PMMA is inherently a random process, and generated radi-
cals can react with defects in the graphene or form longer
polymer chains that cannot be removed [24]. Therefore,
samples which undergo the same PMMA removal process
can be left with different quantities of PMMA residue, and the
quantity of PMMA residue is unlikely to be uniform across a
single sample. Lee et al have shown that a PMMA-free
transfer process results in lower contact resistance than that
which uses PMMA [25]. PMMA residues are known to dope
graphene and alter its electronic properties [23]. Furthermore,
transport across the Ti/Gr interface will be inhibited by the
presence of contaminants, which scatter charge carriers and
obstruct hybridization between the graphene π-orbitals and Ti
metal d-orbitals [10, 26]. Orbital hybridization will be
inhibited both by the presence of polymer residues at the
interface and by the presence of an oxidized contact rather
than a metallic one. It has been shown that PMMA residues
react with Ti overlayers [27]. Other sources of variability, in
both the interface and contact chemistry, could be related to
intrinsic defects in the CVD-grown graphene film or due to
other extrinsic effects of transfer process including residual
Cu, incomplete removal of graphene from the back of the Cu
foil, wrinkles and tears in the film, or adsorbates. While
measures can be taken to assess the quality and uniformity of
the transferred graphene prior to device fabrication, such as
characterization with Raman spectroscopy, these defects are
inherent to the transfer process and are fundamentally
uncontrollable.

Despite the inevitable sample-to-sample variability, our
results suggest that some degree of control over contact
composition is achievable during the deposition process,
particularly via deposition rate and base pressure. The overall
linear correlation between oxide composition and RC sum-
marized in figure 3 is not surprising given that the electrical
resistivity of TiO2 is orders of magnitude higher than that of
metallic Ti [28]. The results presented in figure 2 indicate that
the cleanliness of the graphene/TiOx interface, which is
affected by the base pressure of the deposition, likely dom-
inates RC to a greater extent than the oxide composition.
While we observe a relationship between deposition rate and
oxide composition in figure 1, and a correlation between RC

and oxide composition in figure 3, it is important to note that
deposition rate does not have a substantial effect on RC. It
then follows that oxide composition is not the prevailing
factor determining RC.

The possible origins of the change in thermal boundary
conductance with change in oxygen content of the Ti layer
between the Au and graphene could manifest from various
changes in electronic and vibrational scattering and interfacial

Figure 4. (a) Ti 2p core-level spectra for Gr/SiO2 deposited at
different rates at a base pressure of 1×10−7 Torr. (b) Time-domain
thermoreflectance data for the same samples as a function of oxide
composition.
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Figure S1: (a) Schematic illustration of different mechanisms that could be responsible for heat
transfer in two-dimensional covalent organic frameworks with gas adsorbates. The scattering of
gas molecules with the laminar pore walls in the covalent organic framework could potentially lead
to an increase or decrease in thermal conductivity depending on whether the scattering will lead to
additional heat pathways or additional vibrational scattering. Equilibrated computational domains
used in our molecular dynamics simulations showing (b) an empty COF-5 structure and (c) one
where methane gas molecules are added at a density of 3.7 molecules nm�3.

Figure S2: Top view of the computational domain for COF-5 with gas density of 3.7 molecules
nm�3 at 50 K showing aggregation of the gas molecules around the pore walls.
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to the substrate. By assessing the azimuthal dispersity of the inter-
layer <001> Bragg feature (~2 Å−1) intensity, we find that these films 
have a smaller full-width at half-maximum than those reported by 
other approaches. We attribute the weaker orientation of previously 
prepared films to the contamination by unoriented precipitates 
formed during their synthesis (Supplementary Fig. 35)14,15. In all 
cases, radially integrated diffraction patterns were found to agree 
well with simulated COF diffraction patterns, which confirmed the 
successful synthesis of the expected COF networks (Supplementary  
Figs. 37–41). The large number and sharp line shapes of diffraction 
features observed in these patterns indicate that COF films prepared 
by colloidal methods are highly crystalline. Collectively, these films 
are homogenous, crystalline and oriented.

The high quality of these films allows for sequential growth by 
the introduction of unreacted monomers (Fig. 1b). Typically, COF 
film thickness is controlled by modifying the starting monomer 
concentration used for their polymerization. However, when we 
attempted to polymerize COF-5 films with higher monomer con-
centrations, we found that resultant COF films, although thicker, 
were substantially less oriented and less smooth (Supplementary 
Fig. 34). This finding is consistent with our recent observations of 
uncontrolled nucleation and growth at higher monomer concen-
trations22,25. However, by polymerizing COF films using this tem-
plated growth approach, removing the substrate, immersing this 
substrate in a fresh monomer solution, and resubjecting it to the 
polymerization conditions, we can continue the polymerization of 
our films without a reduction in film quality. As an example, we 
sequentially increase the thickness of the TP-COF films, which 
are polymerized from 2,3,6,7,10,11-hexahydroxytriphenylene and 
pyrene-2,7-diboronic acid, from 20 nm to 40 nm and then to 60 nm 
over the course of three equivalent polymerizations (Fig. 1d,e). In 
each sequential polymerization, we find that the roughness, crystal-
linity and film orientation as evaluated by AFM and GI-WAXS do 
not change discernably (Supplementary Figs. 31–33). Collectively, 
these observations demonstrate that templated colloidal polymer-
ization offers a level of synthetic control not available in previously 
reported 2D polymerization strategies.

Electronic properties
The boronate ester-linked 2D COF films studied here are sufficiently 
electrically insulating to serve as dielectric layers. DFT calculations 
using the PBE0 functional (which is based on the Perdew–Burke–
Ernzerhof functional) predict that COF-5 has an indirect bandgap 

of 3.6 eV and a direct gap of 3.9 eV (Fig. 2a). The DFT-calculated 
band structures have minimal band dispersion along the in-plane 
direction (Γ-M-K-Γ and Z-M1-K1) in both their valence and con-
duction bands, which indicates low in-plane charge-carrier mobility. 
However, band dispersions of 0.4 eV along the out-of-plane direction 
in both the valence and conduction bands can be observed, which 
suggests that anisotropic charge transport may occur through the 
COF-5 layers, as has been observed previously22. The DFT-calculated 
diagonal components of the static electronic dielectric tensors (εxx, 
εyy and εzz) are less than 2 for the five boronate ester-linked 2D COFs 
that were studied. As such, they are all candidate low-k dielectrics 
(Fig. 2b). We note that in COF-5 the ionic contribution to the total 
static dielectric tensor is calculated to be negligible (Supplementary 
Table 3); therefore, we considered only the electronic contribution 
to the dielectric tensor in the other four 2D COFs. Experimentally, 
we find that the first COF-5 optical absorption feature occurs at 
approximately 325 nm (3.8 eV), which is consistent with the pre-
dicted DFT direct bandgap (Fig. 2c). When the COF-5 structure is 
excited at 325 nm, we find that its emission profile is similar to that 
of monomeric HHTP, which is consistent with the limited electronic 
conjugation across boronate ester bonds26. Ultimately, these experi-
mental and computational studies show that crystalline, 2D COF 
layers are promising as low-k dielectrics.

The pristine nature of the films prepared by colloidal synthe-
ses permits the observation of their anisotropic optical emission. 
The polarization-dependent emission of a COF-5 film has a strong 
cross-plane emission feature at 530 nm, which has been assigned pre-
viously to the formation of triphenylene exciplexes (Fig. 2d)26. The 
observation of these cross-plane features suggests that the COF-5 
films are highly oriented across the entire sample. By contrast, 
polarization-dependent emission anisotropy is found to be much 
weaker in COF-5 films grown on the substrates under non-colloidal 
conditions (Supplementary Fig. 43)15. This finding agrees with our 
understanding that previously obtained materials were likely con-
taminated with unoriented aggregates, which complicated their reli-
able measurement and subsequent integration into devices.

Impedance measurements conducted on parallel plate capaci-
tors confirm that COF-5 is a low-k dielectric. First, we synthesized 
COF-5 thin films directly onto epitaxially grown graphene (EG) 
on doped SiC wafers. Next, a 6-nm-thick Al2O3 layer was depos-
ited by atomic layer deposition (to prevent shorting through the 
COF-5 pores) before top Au electrodes were deposited onto the 
Al2O3, which produced a series of devices over an area of 40 mm2 
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to the substrate. By assessing the azimuthal dispersity of the inter-
layer <001> Bragg feature (~2 Å−1) intensity, we find that these films 
have a smaller full-width at half-maximum than those reported by 
other approaches. We attribute the weaker orientation of previously 
prepared films to the contamination by unoriented precipitates 
formed during their synthesis (Supplementary Fig. 35)14,15. In all 
cases, radially integrated diffraction patterns were found to agree 
well with simulated COF diffraction patterns, which confirmed the 
successful synthesis of the expected COF networks (Supplementary  
Figs. 37–41). The large number and sharp line shapes of diffraction 
features observed in these patterns indicate that COF films prepared 
by colloidal methods are highly crystalline. Collectively, these films 
are homogenous, crystalline and oriented.

The high quality of these films allows for sequential growth by 
the introduction of unreacted monomers (Fig. 1b). Typically, COF 
film thickness is controlled by modifying the starting monomer 
concentration used for their polymerization. However, when we 
attempted to polymerize COF-5 films with higher monomer con-
centrations, we found that resultant COF films, although thicker, 
were substantially less oriented and less smooth (Supplementary 
Fig. 34). This finding is consistent with our recent observations of 
uncontrolled nucleation and growth at higher monomer concen-
trations22,25. However, by polymerizing COF films using this tem-
plated growth approach, removing the substrate, immersing this 
substrate in a fresh monomer solution, and resubjecting it to the 
polymerization conditions, we can continue the polymerization of 
our films without a reduction in film quality. As an example, we 
sequentially increase the thickness of the TP-COF films, which 
are polymerized from 2,3,6,7,10,11-hexahydroxytriphenylene and 
pyrene-2,7-diboronic acid, from 20 nm to 40 nm and then to 60 nm 
over the course of three equivalent polymerizations (Fig. 1d,e). In 
each sequential polymerization, we find that the roughness, crystal-
linity and film orientation as evaluated by AFM and GI-WAXS do 
not change discernably (Supplementary Figs. 31–33). Collectively, 
these observations demonstrate that templated colloidal polymer-
ization offers a level of synthetic control not available in previously 
reported 2D polymerization strategies.

Electronic properties
The boronate ester-linked 2D COF films studied here are sufficiently 
electrically insulating to serve as dielectric layers. DFT calculations 
using the PBE0 functional (which is based on the Perdew–Burke–
Ernzerhof functional) predict that COF-5 has an indirect bandgap 

of 3.6 eV and a direct gap of 3.9 eV (Fig. 2a). The DFT-calculated 
band structures have minimal band dispersion along the in-plane 
direction (Γ-M-K-Γ and Z-M1-K1) in both their valence and con-
duction bands, which indicates low in-plane charge-carrier mobility. 
However, band dispersions of 0.4 eV along the out-of-plane direction 
in both the valence and conduction bands can be observed, which 
suggests that anisotropic charge transport may occur through the 
COF-5 layers, as has been observed previously22. The DFT-calculated 
diagonal components of the static electronic dielectric tensors (εxx, 
εyy and εzz) are less than 2 for the five boronate ester-linked 2D COFs 
that were studied. As such, they are all candidate low-k dielectrics 
(Fig. 2b). We note that in COF-5 the ionic contribution to the total 
static dielectric tensor is calculated to be negligible (Supplementary 
Table 3); therefore, we considered only the electronic contribution 
to the dielectric tensor in the other four 2D COFs. Experimentally, 
we find that the first COF-5 optical absorption feature occurs at 
approximately 325 nm (3.8 eV), which is consistent with the pre-
dicted DFT direct bandgap (Fig. 2c). When the COF-5 structure is 
excited at 325 nm, we find that its emission profile is similar to that 
of monomeric HHTP, which is consistent with the limited electronic 
conjugation across boronate ester bonds26. Ultimately, these experi-
mental and computational studies show that crystalline, 2D COF 
layers are promising as low-k dielectrics.

The pristine nature of the films prepared by colloidal synthe-
ses permits the observation of their anisotropic optical emission. 
The polarization-dependent emission of a COF-5 film has a strong 
cross-plane emission feature at 530 nm, which has been assigned pre-
viously to the formation of triphenylene exciplexes (Fig. 2d)26. The 
observation of these cross-plane features suggests that the COF-5 
films are highly oriented across the entire sample. By contrast, 
polarization-dependent emission anisotropy is found to be much 
weaker in COF-5 films grown on the substrates under non-colloidal 
conditions (Supplementary Fig. 43)15. This finding agrees with our 
understanding that previously obtained materials were likely con-
taminated with unoriented aggregates, which complicated their reli-
able measurement and subsequent integration into devices.

Impedance measurements conducted on parallel plate capaci-
tors confirm that COF-5 is a low-k dielectric. First, we synthesized 
COF-5 thin films directly onto epitaxially grown graphene (EG) 
on doped SiC wafers. Next, a 6-nm-thick Al2O3 layer was depos-
ited by atomic layer deposition (to prevent shorting through the 
COF-5 pores) before top Au electrodes were deposited onto the 
Al2O3, which produced a series of devices over an area of 40 mm2 
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These aforementioned studies lay the groundwork for
understanding heat transfer mechanisms in porous crystals.
Yet the lack of general consensus along with the inherently
different pore geometries in 2D COFs in comparison to their
MOF cousins make it difficult to extend the results from these
studies to gain insights into the heat transfer mechanisms in 2D
COFs. Moreover, studies focusing on heat transfer across COFs
have been nonexistent in prior literature, which shrouds the
understanding of various mechanisms that could be dictating
heat flow in these novel materials. For example, the gas
adsorbates could create additional heat transfer pathways inside
the pores to facilitate the overall thermal transport or they could
scatter with the vibrations of the crystalline solid to create
resistance and lower the thermal conductivity. Given the
anisotropy in the structure of 2D COFs, these processes could
also have varying effects along the direction of the pore
alignment with weaker van der Waals interactions (cross-plane)
as opposed to that along the direction of the 2D layers with
strong covalent bonds (in-plane). Therefore, in this work we
seek to understand these mechanisms in detail by conducting
systematic atomistic simulations on model 2D COFs with
varying gas densities adsorbed in their pores. Our results reveal
the inherent anisotropic nature of thermal transport in 2D
COFs, which can be manipulated by changing the adsorbed gas
density. Specifically, we find that, as the gas density increases, the
thermal conductivity along the 1D pore channels (or the cross-
plane direction) increases drastically, whereas the thermal
conductivity along the 2D layers is monotonically decreased.We
also find that a large portion of heat is conducted in the cross-
plane direction by the gas molecules colliding with the solid
framework. This additional “heat pathway”, however, does not
enhance heat transfer in the in-plane direction and rather leads
to enhanced vibrational scattering due to solid−gas collisions,
thus resulting in a reduced thermal conductivity along the layers
with gas infiltration. We show that the increase in thermal
conductivity along the direction of the pore channels for
infiltrated COFs is directly related to the diffusivities of the gas
molecules. These findings could have major implications on
technologies based on 2DCOFs for gas separation, catalysis, and
storage.
We base our calculations on the prototypical COF-5 structure

that has a hexagonal lattice with porous sheets separated by a
∼0.34 nm interlayer spacing and stacked neatly in an eclipsed
fashion.32−34 Since pressure can drastically modify the gas
dynamics inside the pores, we prescribe 0 bar pressure on all
three periodic boundaries in our simulations. Schematic
representations of our equilibrated computational domains for
COF-5 and COF-5 infiltrated with gas adsorbates are shown in
Figure S1. To calculate the thermal conductivity, we implement
the Green−Kubo (GK) approach under the equilibrium
molecular dynamics (EMD) framework with a time step of 0.5
fs for all simulations.We verify our GK predictions by comparing
the results for the in-plane thermal conductivity of our COF-5
structure with those calculated using the nonequilibrium MD
method (see the Supporting Information for further details of
the simulations). We employ the widely used adaptive
intermolecular reactive empirical bond order (AIREBO)
potential to describe the interatomic interactions.35 Consistent
with previous atomistic simulations on infiltrated MOFs, we
chose methane as our model gas adsorbate.18 The interactions
between themethane and the solid framework are also described
by the same potential. As we are interested in understanding the
influence of host−guest interactions on the thermal transport

characteristics of 2D COFs in general as opposed to their
material-specific properties, our choice of the interatomic
potential is sufficient to provide the necessary qualitative insight
into the differing thermal transport processes of 2D COFs with
and without gas adsorbates. All simulations were performed with
the LAMMPS package.36

Figure 1a shows our GK-predicted thermal conductivity of the
COF-5 structures as a function of gas density at room

temperature. For the pristine COF-5 structure, the thermal
conductivity in the cross-plane direction with weaker van der
Waals interactions is lower by a factor of 3 in comparison to the
thermal conductivity in the in-plane direction with the stronger
covalent bonds. However, as the gas density is increased inside
the pores, the cross-plane thermal conductivity increases,
whereas that in the in-plane direction decreases monotonically,
thus leading to an overall decrease in the anisotropy. The gas
adsorbates contribute negligibly to the heat conduction in the
in-plane direction, and all of the heat is carried by the covalently
bonded solid portion, as shown in Figure 1b. In contrast, the
contribution after the addition of the gas adsorbates to the total
thermal conductivity in the cross-plane direction is significantly
enhanced, as shown in Figure 1c. In fact, the total thermal
conductivity can be increased by as much as ∼80% with the
adsorption of gases at ∼4.7 molecules/nm3, as shown in Figure
1d. Calculations of the diffusivities of the gas molecules reveal
that the diffusivities in the in-plane directions are much lowered
in comparison to those in the cross-plane direction (see Figure
S8), where the gas molecules are not necessarily as constrained
and are free to diffuse along the pore channels. Moreover, we
find that there is negligible change in the contribution of the

Figure 1. (a) Thermal conductivity of our COF-5 structure in the in-
plane and cross-plane directions as a function of gas density at 300 K.
Thermal conductivity of COF-5 with gas adsorbates at a density of 3.7
molecules nm−3 in the (b) in-plane and (c) cross-plane directions
showing contributions from the solid framework to the total thermal
conductivity. (d) Percentage contribution to the total thermal
conductivity in the cross-plane direction from the infiltration of the
gas adsorbates with increasing gas density.
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solid networks8,31,32. Although the densities of 2D COFs are com-
parable to those of aerogels, their thermal conductivities are 
comparable to those of materials that are an order of magnitude 
denser, such as conventional amorphous metal oxide dielectrics32. 
This relatively high thermal conductivity is most likely driven by 
the well-interfaced van der Waals contact of porous 2D polymers 
that are arranged as eclipsed stacks. Based on additional molecular 
dynamics simulations performed on other boron-based 2D COFs 
(Supplementary Fig. 63), we find that the thermal conductivity of 
these systems is correlated to their van der Waals interactions and 
inversely related to their porosity. This suggests that smaller-pore 
COFs with large van der Waals surfaces will be highly thermally 
conductive. Furthermore, we suspect that the thermomechanical 
properties of 2D COFs could be modulated by the introduction of 
molecular guests, as has been observed in other porous materials, 
which unlocks the possibility of responsive materials33,34. The com-
bined thermal resistances of these COF films (including both ther-
mal conductivity and thermal boundary conductances) highlight 
2D COFs as low-thermal-resistance, ultra-low-k thin films relative 
to traditionally studied low-k dielectrics.

Conclusions and outlook
In conclusion, we find that the combination of structural, thermal 
and electronic properties of 2D COFs make them promising as 
low-k dielectric layers. Specifically, we find that 2D COFs exhibit 
unusually high thermal conductivities for low-density, low-k dielec-
trics, a combination of properties that was recently identified by 
the International Roadmap for Semiconductors4 as a prerequisite 
for next-generation integrated circuits. More broadly, these results 
demonstrate that exotic combinations of properties can be unlocked 
by using synthetic chemistry to generate structurally precise organic 

materials. Going forward, we expect that a broad investigation of 
2D polymer properties is likely to yield technologically relevant 
materials across many application contexts.
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A few-layer covalent network of fullerenes

Elena Meirzadeh1 ✉, Austin M. Evans1,2, Mehdi Rezaee3, Milena Milich4,  
Connor J. Dionne5, Thomas P. Darlington6, Si Tong Bao1, Amymarie K. Bartholomew1, 
Taketo Handa1, Daniel J. Rizzo7, Ren A. Wiscons8, Mahniz Reza9, Amirali Zangiabadi10, 
Natalie Fardian-Melamed6, Andrew C. Crowther9, P. James Schuck6, D. N. Basov7, 
Xiaoyang Zhu1, Ashutosh Giri5, Patrick E. Hopkins4,11,12, Philip Kim13, Michael L. Steigerwald1 ✉, 
Jingjing Yang1 ✉, Colin Nuckolls1 ✉ & Xavier Roy1 ✉

The two natural allotropes of carbon, diamond and graphite, are extended networks 
of sp3-hybridized and sp2-hybridized atoms, respectively1. By mixing di!erent 
hybridizations and geometries of carbon, one could conceptually construct countless 
synthetic allotropes. Here we introduce graphullerene, a two-dimensional crystalline 
polymer of C60 that bridges the gulf between molecular and extended carbon 
materials. Its constituent fullerene subunits arrange hexagonally in a covalently 
interconnected molecular sheet. We report charge-neutral, purely carbon-based 
macroscopic crystals that are large enough to be mechanically exfoliated to produce 
molecularly thin "akes with clean interfaces—a critical requirement for the creation of 
heterostructures and optoelectronic devices2. The synthesis entails growing single 
crystals of layered polymeric (Mg4C60)∞ by chemical vapour transport and 
subsequently removing the magnesium with dilute acid. We explore the thermal 
conductivity of this material and $nd it to be much higher than that of molecular C60, 
which is a consequence of the in-plane covalent bonding. Furthermore, imaging 
few-layer graphullerene "akes using transmission electron microscopy and near- 
$eld nano-photoluminescence spectroscopy reveals the existence of moiré-like 
superlattices3. More broadly, the synthesis of extended carbon structures by 
polymerization of molecular precursors charts a clear path to the systematic design 
of materials for the construction of two-dimensional heterostructures with tunable 
optoelectronic properties.

C60 fullerene, the first synthetic carbon allotrope4,5, is a geometrically 
closed, polycyclic polymer composed solely of carbon atoms (Fig. 1a). 
This polymer is infinite in the literal sense of not having any termini, 
but it is obviously quite finite in being the size of a normal, albeit large, 
molecule. Graphene, another allotrope of elemental carbon6, is also 
a polymer of carbon atoms, but in this case, the polymerization leads 
to a geometrically open result: infinite, two-dimensional (2D) sheets 
(Fig. 1b). Here we disclose a 2D polymer of C60, which we synthesize 
by linking C60 molecules into layered, graphene-like hexagonal sheets 
(Fig. 1c). By analogy to graphene and graphite, we have dubbed this 
material graphullerene, and its three-dimensional van der Waals (vdW) 
solid, graphullerite.

Our chemical strategy to prepare graphullerene was inspired by 
a recent study7, which used the chemical vapour transport (CVT) 
approach to grow single crystals of metal-doped polyfullerides. First, 
we grow single crystals of magnesium (Mg)-doped polyfulleride— 
(Mg4C60)∞. These polyfullerides are obtained by pressing a pellet of 
C60 and Mg powder under an inert atmosphere, sealing it in a fused 

silica tube under vacuum, and placing it in a horizontal furnace with 
a temperature gradient (Fig. 2a). Large, black, hexagonal crystals  
(hundreds of micrometres in lateral dimensions), with a metallic luster, 
are obtained at the cold end of the tube (Fig. 2b).

Single-crystal X-ray diffraction (SCXRD) reveals that the crystals 
have a layered structure, and display a quasi-hexagonal lattice, with 
each C60 forming eight covalent σ bonds to six neighbours within a 
molecular plane. Four of these make single connections between the 
C60 molecules, and each of the other two pairs doubly connects the C60 
molecules (Fig. 2c). The synthesis yields highly reduced sheets with four 
Mg counterions per fullerene. The counterions are closely associated 
with each individual layer (Fig. 2c), and not shared between layers; 
hence, the layers are only weakly bonded to each other, predominantly 
through vdW interactions. Single crystals of (Mg4C60)∞ were also grown 
in a recent study8 using a similar CVT approach.

We fabricated mesoscopic devices to investigate the electrical trans-
port properties of these highly reduced polymerized fullerene sheets. 
We produced thin bulk flakes of (Mg4C60)∞ by mechanical exfoliation 
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and deposited gold contacts using the dry-transfer and high-resolution 
stencil mask technique (an approximately 70-nm-thick device is shown 
in the inset of Fig. 2d). (Mg4C60)∞ exhibits thermally activated transport 
along the in-plane direction (Extended Data Fig. 1) with an activation 
energy of 121 meV, as calculated from fitting an Arrhenius thermal 
activation model (Fig. 2d).

One of the key benefits of 2D materials prepared by mechanical 
exfoliation of vdW crystals is their ultra-clean surfaces without coun-
terions or contaminants. This is critical for many applications, and in 
particular for the assembly of heterostructures and optoelectronic 
devices3. To create a vdW C60 polymer material that can be mechani-
cally exfoliated, we attempted to remove the Mg from the (Mg4C60)∞ 
lattice by immersing the crystals in different aqueous acidic solu-
tions, expecting Mg to form water-soluble salts with the conjugate 
bases. Suspending (Mg4C60)∞ in dilute aqueous solutions of acetic 
acid or nitric acid leaches out most of the Mg, yielding (Mg0.5C60)∞, 
as determined by energy-dispersive X-ray spectroscopy (EDS).  
By suspending the (Mg0.5C60)∞ crystals in N-methylpyrrolidone at 
180 °C, we completely remove the Mg counterions (Fig. 3a). Upon 
examining the graphullerite crystals using scanning electron micros-
copy (SEM), we find that the crystals remain intact following Mg dein-
tercalation (Fig. 3a, inset). With Mg taken out, the remaining material 
is entirely and purely carbon, yet it is not C60; it is a vdW solid, graphul-
lerite ((C60)∞ in the figures). We note that the lack of long-range registry 
of the covalent layers along the stacking direction, indicated by the 
broadening of the powder X-ray diffraction (PXRD) peaks (Extended 
Data Fig. 2), has thus far prevented structural determination using 
SCXRD.

Raman spectroscopy is a diagnostic probe of C60 polymerization9,10, 
and when we compare the Raman spectrum of graphullerite to that of 
molecular C60, we find a splitting of the C60 Hg modes at 1,420 cm–1 and 
1,560 cm–1 (Extended Data Fig. 3a), which is attributed to the lower sym-
metry of polymerized C60. Furthermore, the Ag(2) pentagonal pinch 
mode at 1,469 cm–1, characteristic of molecular C60, is not observed in 
graphullerite. Quenching of the most intense Ag(2) mode corroborates 
the high degree of polymerization11. An alternative interpretation of 
the Raman spectrum is that the Ag(2) mode is shifted to a lower energy 
as a result of the polymerization12 and overlaps with the broad Hg(7) 
mode at 1,420 cm–1. The Raman spectra of (Mg4C60)∞ and graphullerite 
show no significant differences, indicating that the covalent bond-
ing between fullerene subunits is retained in graphullerite despite 
the complete removal of the Mg. Note that the Hg(7) mode of bilayer 
graphullerene, obtained by mechanical exfoliation (described below), 
is slightly shifted to higher energy compared with bulk graphullerite 
(Extended Data Fig. 3a).

To test whether the Mg counterions, which constitute the scaffold-
ing for the construction of graphullerite, are essential for the thermal 
stability of the structure, we performed differential scanning calori-
metry (DSC) and thermogravimetric analysis (TGA) measurements on 
graphullerite and (Mg4C60)∞ crystals. The DSC shows no endothermic 
peak up to about 550 °C, and no mass loss occurs up to about 700 °C, 
as determined by TGA (Extended Data Fig. 4). PXRD measurements, 
however, show that although graphullerite crystals are structurally 
stable up to 400 °C, they depolymerize and crystallize as molecular 
C60 when heated to 500 °C for 1 h (Extended Data Fig. 5). Furthermore, 
the characteristic Ag(2) mode for molecular C60 at 1,469 cm–1 appears 
in the Raman spectra of the annealed crystals (Extended Data Fig. 3b). 
The absence of an endothermic peak in the DSC data suggests that 
depolymerization is a gradual process, hard to capture by calorimetry.

In as much as there appears to be no interlayer C–C covalent links in 
graphullerite, we suspected that we could exfoliate the crystals down 
to a few layers, as in the case of graphite6. Indeed, mechanical exfo-
liation of graphullerite routinely produces uniform flakes as thin as 
bilayers with lateral dimensions on the order of tens of micrometres. 
Figure 3b,c shows the optical micrograph and atomic force microscopy 
(AFM) image of a bilayer. A recent study8 obtained ionic monolayers 
of [(NBu4

+)6(C60
6–)]∞ from (Mg4C60)∞ crystals via cationic exchange of 

Mg with tetrabutylammonium (NBu4
+) cations, followed by solution 

exfoliation. The presence of counterions associated with the reduced 
sheets precludes the creation of clean, high-quality interfaces for the 
fabrication of optoelectronic devices and 2D heterostructures. This 
recent study8 demonstrated that the ionic sheets can be neutralized 
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Fig. 1 | Carbon allotropes. a,b, C60 fullerene, a zero-dimensional molecular 
cage composed of 60 carbon atoms (a), and graphene, consisting of a single 
layer of atoms (b), both composed of three-coordinate carbon. c, Graphullerene, 
a molecular sheet of carbon assembled from covalently linked C60 fullerene 
superatomic building blocks.
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and corresponding four-terminal measurement scheme are shown in the 
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and deposited gold contacts using the dry-transfer and high-resolution 
stencil mask technique (an approximately 70-nm-thick device is shown 
in the inset of Fig. 2d). (Mg4C60)∞ exhibits thermally activated transport 
along the in-plane direction (Extended Data Fig. 1) with an activation 
energy of 121 meV, as calculated from fitting an Arrhenius thermal 
activation model (Fig. 2d).

One of the key benefits of 2D materials prepared by mechanical 
exfoliation of vdW crystals is their ultra-clean surfaces without coun-
terions or contaminants. This is critical for many applications, and in 
particular for the assembly of heterostructures and optoelectronic 
devices3. To create a vdW C60 polymer material that can be mechani-
cally exfoliated, we attempted to remove the Mg from the (Mg4C60)∞ 
lattice by immersing the crystals in different aqueous acidic solu-
tions, expecting Mg to form water-soluble salts with the conjugate 
bases. Suspending (Mg4C60)∞ in dilute aqueous solutions of acetic 
acid or nitric acid leaches out most of the Mg, yielding (Mg0.5C60)∞, 
as determined by energy-dispersive X-ray spectroscopy (EDS).  
By suspending the (Mg0.5C60)∞ crystals in N-methylpyrrolidone at 
180 °C, we completely remove the Mg counterions (Fig. 3a). Upon 
examining the graphullerite crystals using scanning electron micros-
copy (SEM), we find that the crystals remain intact following Mg dein-
tercalation (Fig. 3a, inset). With Mg taken out, the remaining material 
is entirely and purely carbon, yet it is not C60; it is a vdW solid, graphul-
lerite ((C60)∞ in the figures). We note that the lack of long-range registry 
of the covalent layers along the stacking direction, indicated by the 
broadening of the powder X-ray diffraction (PXRD) peaks (Extended 
Data Fig. 2), has thus far prevented structural determination using 
SCXRD.

Raman spectroscopy is a diagnostic probe of C60 polymerization9,10, 
and when we compare the Raman spectrum of graphullerite to that of 
molecular C60, we find a splitting of the C60 Hg modes at 1,420 cm–1 and 
1,560 cm–1 (Extended Data Fig. 3a), which is attributed to the lower sym-
metry of polymerized C60. Furthermore, the Ag(2) pentagonal pinch 
mode at 1,469 cm–1, characteristic of molecular C60, is not observed in 
graphullerite. Quenching of the most intense Ag(2) mode corroborates 
the high degree of polymerization11. An alternative interpretation of 
the Raman spectrum is that the Ag(2) mode is shifted to a lower energy 
as a result of the polymerization12 and overlaps with the broad Hg(7) 
mode at 1,420 cm–1. The Raman spectra of (Mg4C60)∞ and graphullerite 
show no significant differences, indicating that the covalent bond-
ing between fullerene subunits is retained in graphullerite despite 
the complete removal of the Mg. Note that the Hg(7) mode of bilayer 
graphullerene, obtained by mechanical exfoliation (described below), 
is slightly shifted to higher energy compared with bulk graphullerite 
(Extended Data Fig. 3a).

To test whether the Mg counterions, which constitute the scaffold-
ing for the construction of graphullerite, are essential for the thermal 
stability of the structure, we performed differential scanning calori-
metry (DSC) and thermogravimetric analysis (TGA) measurements on 
graphullerite and (Mg4C60)∞ crystals. The DSC shows no endothermic 
peak up to about 550 °C, and no mass loss occurs up to about 700 °C, 
as determined by TGA (Extended Data Fig. 4). PXRD measurements, 
however, show that although graphullerite crystals are structurally 
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C60 when heated to 500 °C for 1 h (Extended Data Fig. 5). Furthermore, 
the characteristic Ag(2) mode for molecular C60 at 1,469 cm–1 appears 
in the Raman spectra of the annealed crystals (Extended Data Fig. 3b). 
The absence of an endothermic peak in the DSC data suggests that 
depolymerization is a gradual process, hard to capture by calorimetry.
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liation of graphullerite routinely produces uniform flakes as thin as 
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Figure 3b,c shows the optical micrograph and atomic force microscopy 
(AFM) image of a bilayer. A recent study8 obtained ionic monolayers 
of [(NBu4
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6–)]∞ from (Mg4C60)∞ crystals via cationic exchange of 
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These findings demonstrate the importance of the deintercalation 
process that yields a charge-neutral purely carbon-based material 
without counterions.

Changing the atomic registry between vdW layers through twist-
ing or lattice mismatch can modulate the optoelectronic properties 

of 2D materials. In particular, moiré engineering provides a powerful 
approach for tailoring new excitonic systems15. To test whether the 
formation of moiré-like superstructures in graphullerene (Fig. 3f) 
affects the optical properties of the flakes, we performed near-field 
nano-photoluminescence (nano-PL) imaging16 on a 12-nm-thick flake. 
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Fig. 4 | Photoluminescence and scanning near-field optical microscopy.  
a, PL spectra of molecular C60, bulk graphullerite and bilayer graphullerene 
(2L). Inset: the emission polarization dependence of the PL intensity for 
graphullerite. The highest emission is presumably along the b axis where the 
fullerenes are doubly connected, and the lowest intensity between two single  
σ bonds, 90° with respect to the b axis. b, Nano-PL image of a 12-nm-thick 
graphullerene flake. At each pixel, a full PL spectrum is acquired and integrated 
over the entire emission range (700–900 nm). Inset: AFM topography of the 
flake. c, High-resolution image of the region defined by the blue box in  

b, showing that the PL intensity varies on the roughly 50-nm length scale.  
The pixel size is 8 × 8 nm2. d, Topographic image of 315-nm-thick flake of 
graphullerite obtained using AFM. e, Near-field amplitude collecting at the 
fifth harmonic of the tip tapping frequency (S5) of the flake shown in d using an 
incident laser wavelength of 780 nm. f, Sine of the associated near-field phase 
normalized to the SiO2 substrate. Both near-field channels in e and f show 
oscillations emanating from the edge of the graphullerite flake characteristic 
of both waveguide and air modes.
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Fig. 5 | Thermal transport properties of graphullerite. a, Schematic of the 
thermal conductivity measurement. b, Experimentally measured thermal 
conductivities of a few-micrometres-thick graphullerite flake at room 
temperature (black open triangle) and a molecular C60 single crystal (green open  
triangle). The error bars incorporate the standard deviation between 

measurements and propagated uncertainty of transducer properties and the 
specific heat of the sample. The filled symbols represent the non-equilibrium 
molecular dynamics predictions for the three crystallographic directions.  
c, Vibrational density of states of molecular C60 and graphullerite showing 
additional modes throughout the vibrational spectrum for the 2D polymer phase.
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A few-layer covalent network of fullerenes

Elena Meirzadeh1 ✉, Austin M. Evans1,2, Mehdi Rezaee3, Milena Milich4,  
Connor J. Dionne5, Thomas P. Darlington6, Si Tong Bao1, Amymarie K. Bartholomew1, 
Taketo Handa1, Daniel J. Rizzo7, Ren A. Wiscons8, Mahniz Reza9, Amirali Zangiabadi10, 
Natalie Fardian-Melamed6, Andrew C. Crowther9, P. James Schuck6, D. N. Basov7, 
Xiaoyang Zhu1, Ashutosh Giri5, Patrick E. Hopkins4,11,12, Philip Kim13, Michael L. Steigerwald1 ✉, 
Jingjing Yang1 ✉, Colin Nuckolls1 ✉ & Xavier Roy1 ✉

The two natural allotropes of carbon, diamond and graphite, are extended networks 
of sp3-hybridized and sp2-hybridized atoms, respectively1. By mixing di!erent 
hybridizations and geometries of carbon, one could conceptually construct countless 
synthetic allotropes. Here we introduce graphullerene, a two-dimensional crystalline 
polymer of C60 that bridges the gulf between molecular and extended carbon 
materials. Its constituent fullerene subunits arrange hexagonally in a covalently 
interconnected molecular sheet. We report charge-neutral, purely carbon-based 
macroscopic crystals that are large enough to be mechanically exfoliated to produce 
molecularly thin "akes with clean interfaces—a critical requirement for the creation of 
heterostructures and optoelectronic devices2. The synthesis entails growing single 
crystals of layered polymeric (Mg4C60)∞ by chemical vapour transport and 
subsequently removing the magnesium with dilute acid. We explore the thermal 
conductivity of this material and $nd it to be much higher than that of molecular C60, 
which is a consequence of the in-plane covalent bonding. Furthermore, imaging 
few-layer graphullerene "akes using transmission electron microscopy and near- 
$eld nano-photoluminescence spectroscopy reveals the existence of moiré-like 
superlattices3. More broadly, the synthesis of extended carbon structures by 
polymerization of molecular precursors charts a clear path to the systematic design 
of materials for the construction of two-dimensional heterostructures with tunable 
optoelectronic properties.

C60 fullerene, the first synthetic carbon allotrope4,5, is a geometrically 
closed, polycyclic polymer composed solely of carbon atoms (Fig. 1a). 
This polymer is infinite in the literal sense of not having any termini, 
but it is obviously quite finite in being the size of a normal, albeit large, 
molecule. Graphene, another allotrope of elemental carbon6, is also 
a polymer of carbon atoms, but in this case, the polymerization leads 
to a geometrically open result: infinite, two-dimensional (2D) sheets 
(Fig. 1b). Here we disclose a 2D polymer of C60, which we synthesize 
by linking C60 molecules into layered, graphene-like hexagonal sheets 
(Fig. 1c). By analogy to graphene and graphite, we have dubbed this 
material graphullerene, and its three-dimensional van der Waals (vdW) 
solid, graphullerite.

Our chemical strategy to prepare graphullerene was inspired by 
a recent study7, which used the chemical vapour transport (CVT) 
approach to grow single crystals of metal-doped polyfullerides. First, 
we grow single crystals of magnesium (Mg)-doped polyfulleride— 
(Mg4C60)∞. These polyfullerides are obtained by pressing a pellet of 
C60 and Mg powder under an inert atmosphere, sealing it in a fused 

silica tube under vacuum, and placing it in a horizontal furnace with 
a temperature gradient (Fig. 2a). Large, black, hexagonal crystals  
(hundreds of micrometres in lateral dimensions), with a metallic luster, 
are obtained at the cold end of the tube (Fig. 2b).

Single-crystal X-ray diffraction (SCXRD) reveals that the crystals 
have a layered structure, and display a quasi-hexagonal lattice, with 
each C60 forming eight covalent σ bonds to six neighbours within a 
molecular plane. Four of these make single connections between the 
C60 molecules, and each of the other two pairs doubly connects the C60 
molecules (Fig. 2c). The synthesis yields highly reduced sheets with four 
Mg counterions per fullerene. The counterions are closely associated 
with each individual layer (Fig. 2c), and not shared between layers; 
hence, the layers are only weakly bonded to each other, predominantly 
through vdW interactions. Single crystals of (Mg4C60)∞ were also grown 
in a recent study8 using a similar CVT approach.

We fabricated mesoscopic devices to investigate the electrical trans-
port properties of these highly reduced polymerized fullerene sheets. 
We produced thin bulk flakes of (Mg4C60)∞ by mechanical exfoliation 
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These findings demonstrate the importance of the deintercalation 
process that yields a charge-neutral purely carbon-based material 
without counterions.

Changing the atomic registry between vdW layers through twist-
ing or lattice mismatch can modulate the optoelectronic properties 

of 2D materials. In particular, moiré engineering provides a powerful 
approach for tailoring new excitonic systems15. To test whether the 
formation of moiré-like superstructures in graphullerene (Fig. 3f) 
affects the optical properties of the flakes, we performed near-field 
nano-photoluminescence (nano-PL) imaging16 on a 12-nm-thick flake. 
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Fig. 4 | Photoluminescence and scanning near-field optical microscopy.  
a, PL spectra of molecular C60, bulk graphullerite and bilayer graphullerene 
(2L). Inset: the emission polarization dependence of the PL intensity for 
graphullerite. The highest emission is presumably along the b axis where the 
fullerenes are doubly connected, and the lowest intensity between two single  
σ bonds, 90° with respect to the b axis. b, Nano-PL image of a 12-nm-thick 
graphullerene flake. At each pixel, a full PL spectrum is acquired and integrated 
over the entire emission range (700–900 nm). Inset: AFM topography of the 
flake. c, High-resolution image of the region defined by the blue box in  

b, showing that the PL intensity varies on the roughly 50-nm length scale.  
The pixel size is 8 × 8 nm2. d, Topographic image of 315-nm-thick flake of 
graphullerite obtained using AFM. e, Near-field amplitude collecting at the 
fifth harmonic of the tip tapping frequency (S5) of the flake shown in d using an 
incident laser wavelength of 780 nm. f, Sine of the associated near-field phase 
normalized to the SiO2 substrate. Both near-field channels in e and f show 
oscillations emanating from the edge of the graphullerite flake characteristic 
of both waveguide and air modes.
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Fig. 5 | Thermal transport properties of graphullerite. a, Schematic of the 
thermal conductivity measurement. b, Experimentally measured thermal 
conductivities of a few-micrometres-thick graphullerite flake at room 
temperature (black open triangle) and a molecular C60 single crystal (green open  
triangle). The error bars incorporate the standard deviation between 

measurements and propagated uncertainty of transducer properties and the 
specific heat of the sample. The filled symbols represent the non-equilibrium 
molecular dynamics predictions for the three crystallographic directions.  
c, Vibrational density of states of molecular C60 and graphullerite showing 
additional modes throughout the vibrational spectrum for the 2D polymer phase.
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These findings demonstrate the importance of the deintercalation 
process that yields a charge-neutral purely carbon-based material 
without counterions.

Changing the atomic registry between vdW layers through twist-
ing or lattice mismatch can modulate the optoelectronic properties 

of 2D materials. In particular, moiré engineering provides a powerful 
approach for tailoring new excitonic systems15. To test whether the 
formation of moiré-like superstructures in graphullerene (Fig. 3f) 
affects the optical properties of the flakes, we performed near-field 
nano-photoluminescence (nano-PL) imaging16 on a 12-nm-thick flake. 
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Fig. 4 | Photoluminescence and scanning near-field optical microscopy.  
a, PL spectra of molecular C60, bulk graphullerite and bilayer graphullerene 
(2L). Inset: the emission polarization dependence of the PL intensity for 
graphullerite. The highest emission is presumably along the b axis where the 
fullerenes are doubly connected, and the lowest intensity between two single  
σ bonds, 90° with respect to the b axis. b, Nano-PL image of a 12-nm-thick 
graphullerene flake. At each pixel, a full PL spectrum is acquired and integrated 
over the entire emission range (700–900 nm). Inset: AFM topography of the 
flake. c, High-resolution image of the region defined by the blue box in  

b, showing that the PL intensity varies on the roughly 50-nm length scale.  
The pixel size is 8 × 8 nm2. d, Topographic image of 315-nm-thick flake of 
graphullerite obtained using AFM. e, Near-field amplitude collecting at the 
fifth harmonic of the tip tapping frequency (S5) of the flake shown in d using an 
incident laser wavelength of 780 nm. f, Sine of the associated near-field phase 
normalized to the SiO2 substrate. Both near-field channels in e and f show 
oscillations emanating from the edge of the graphullerite flake characteristic 
of both waveguide and air modes.
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Fig. 5 | Thermal transport properties of graphullerite. a, Schematic of the 
thermal conductivity measurement. b, Experimentally measured thermal 
conductivities of a few-micrometres-thick graphullerite flake at room 
temperature (black open triangle) and a molecular C60 single crystal (green open  
triangle). The error bars incorporate the standard deviation between 

measurements and propagated uncertainty of transducer properties and the 
specific heat of the sample. The filled symbols represent the non-equilibrium 
molecular dynamics predictions for the three crystallographic directions.  
c, Vibrational density of states of molecular C60 and graphullerite showing 
additional modes throughout the vibrational spectrum for the 2D polymer phase.
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and deposited gold contacts using the dry-transfer and high-resolution 
stencil mask technique (an approximately 70-nm-thick device is shown 
in the inset of Fig. 2d). (Mg4C60)∞ exhibits thermally activated transport 
along the in-plane direction (Extended Data Fig. 1) with an activation 
energy of 121 meV, as calculated from fitting an Arrhenius thermal 
activation model (Fig. 2d).

One of the key benefits of 2D materials prepared by mechanical 
exfoliation of vdW crystals is their ultra-clean surfaces without coun-
terions or contaminants. This is critical for many applications, and in 
particular for the assembly of heterostructures and optoelectronic 
devices3. To create a vdW C60 polymer material that can be mechani-
cally exfoliated, we attempted to remove the Mg from the (Mg4C60)∞ 
lattice by immersing the crystals in different aqueous acidic solu-
tions, expecting Mg to form water-soluble salts with the conjugate 
bases. Suspending (Mg4C60)∞ in dilute aqueous solutions of acetic 
acid or nitric acid leaches out most of the Mg, yielding (Mg0.5C60)∞, 
as determined by energy-dispersive X-ray spectroscopy (EDS).  
By suspending the (Mg0.5C60)∞ crystals in N-methylpyrrolidone at 
180 °C, we completely remove the Mg counterions (Fig. 3a). Upon 
examining the graphullerite crystals using scanning electron micros-
copy (SEM), we find that the crystals remain intact following Mg dein-
tercalation (Fig. 3a, inset). With Mg taken out, the remaining material 
is entirely and purely carbon, yet it is not C60; it is a vdW solid, graphul-
lerite ((C60)∞ in the figures). We note that the lack of long-range registry 
of the covalent layers along the stacking direction, indicated by the 
broadening of the powder X-ray diffraction (PXRD) peaks (Extended 
Data Fig. 2), has thus far prevented structural determination using 
SCXRD.

Raman spectroscopy is a diagnostic probe of C60 polymerization9,10, 
and when we compare the Raman spectrum of graphullerite to that of 
molecular C60, we find a splitting of the C60 Hg modes at 1,420 cm–1 and 
1,560 cm–1 (Extended Data Fig. 3a), which is attributed to the lower sym-
metry of polymerized C60. Furthermore, the Ag(2) pentagonal pinch 
mode at 1,469 cm–1, characteristic of molecular C60, is not observed in 
graphullerite. Quenching of the most intense Ag(2) mode corroborates 
the high degree of polymerization11. An alternative interpretation of 
the Raman spectrum is that the Ag(2) mode is shifted to a lower energy 
as a result of the polymerization12 and overlaps with the broad Hg(7) 
mode at 1,420 cm–1. The Raman spectra of (Mg4C60)∞ and graphullerite 
show no significant differences, indicating that the covalent bond-
ing between fullerene subunits is retained in graphullerite despite 
the complete removal of the Mg. Note that the Hg(7) mode of bilayer 
graphullerene, obtained by mechanical exfoliation (described below), 
is slightly shifted to higher energy compared with bulk graphullerite 
(Extended Data Fig. 3a).

To test whether the Mg counterions, which constitute the scaffold-
ing for the construction of graphullerite, are essential for the thermal 
stability of the structure, we performed differential scanning calori-
metry (DSC) and thermogravimetric analysis (TGA) measurements on 
graphullerite and (Mg4C60)∞ crystals. The DSC shows no endothermic 
peak up to about 550 °C, and no mass loss occurs up to about 700 °C, 
as determined by TGA (Extended Data Fig. 4). PXRD measurements, 
however, show that although graphullerite crystals are structurally 
stable up to 400 °C, they depolymerize and crystallize as molecular 
C60 when heated to 500 °C for 1 h (Extended Data Fig. 5). Furthermore, 
the characteristic Ag(2) mode for molecular C60 at 1,469 cm–1 appears 
in the Raman spectra of the annealed crystals (Extended Data Fig. 3b). 
The absence of an endothermic peak in the DSC data suggests that 
depolymerization is a gradual process, hard to capture by calorimetry.

In as much as there appears to be no interlayer C–C covalent links in 
graphullerite, we suspected that we could exfoliate the crystals down 
to a few layers, as in the case of graphite6. Indeed, mechanical exfo-
liation of graphullerite routinely produces uniform flakes as thin as 
bilayers with lateral dimensions on the order of tens of micrometres. 
Figure 3b,c shows the optical micrograph and atomic force microscopy 
(AFM) image of a bilayer. A recent study8 obtained ionic monolayers 
of [(NBu4

+)6(C60
6–)]∞ from (Mg4C60)∞ crystals via cationic exchange of 

Mg with tetrabutylammonium (NBu4
+) cations, followed by solution 

exfoliation. The presence of counterions associated with the reduced 
sheets precludes the creation of clean, high-quality interfaces for the 
fabrication of optoelectronic devices and 2D heterostructures. This 
recent study8 demonstrated that the ionic sheets can be neutralized 

ba c

Fig. 1 | Carbon allotropes. a,b, C60 fullerene, a zero-dimensional molecular 
cage composed of 60 carbon atoms (a), and graphene, consisting of a single 
layer of atoms (b), both composed of three-coordinate carbon. c, Graphullerene, 
a molecular sheet of carbon assembled from covalently linked C60 fullerene 
superatomic building blocks.
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These findings demonstrate the importance of the deintercalation 
process that yields a charge-neutral purely carbon-based material 
without counterions.

Changing the atomic registry between vdW layers through twist-
ing or lattice mismatch can modulate the optoelectronic properties 

of 2D materials. In particular, moiré engineering provides a powerful 
approach for tailoring new excitonic systems15. To test whether the 
formation of moiré-like superstructures in graphullerene (Fig. 3f) 
affects the optical properties of the flakes, we performed near-field 
nano-photoluminescence (nano-PL) imaging16 on a 12-nm-thick flake. 
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Fig. 4 | Photoluminescence and scanning near-field optical microscopy.  
a, PL spectra of molecular C60, bulk graphullerite and bilayer graphullerene 
(2L). Inset: the emission polarization dependence of the PL intensity for 
graphullerite. The highest emission is presumably along the b axis where the 
fullerenes are doubly connected, and the lowest intensity between two single  
σ bonds, 90° with respect to the b axis. b, Nano-PL image of a 12-nm-thick 
graphullerene flake. At each pixel, a full PL spectrum is acquired and integrated 
over the entire emission range (700–900 nm). Inset: AFM topography of the 
flake. c, High-resolution image of the region defined by the blue box in  

b, showing that the PL intensity varies on the roughly 50-nm length scale.  
The pixel size is 8 × 8 nm2. d, Topographic image of 315-nm-thick flake of 
graphullerite obtained using AFM. e, Near-field amplitude collecting at the 
fifth harmonic of the tip tapping frequency (S5) of the flake shown in d using an 
incident laser wavelength of 780 nm. f, Sine of the associated near-field phase 
normalized to the SiO2 substrate. Both near-field channels in e and f show 
oscillations emanating from the edge of the graphullerite flake characteristic 
of both waveguide and air modes.
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measurements and propagated uncertainty of transducer properties and the 
specific heat of the sample. The filled symbols represent the non-equilibrium 
molecular dynamics predictions for the three crystallographic directions.  
c, Vibrational density of states of molecular C60 and graphullerite showing 
additional modes throughout the vibrational spectrum for the 2D polymer phase.
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These findings demonstrate the importance of the deintercalation 
process that yields a charge-neutral purely carbon-based material 
without counterions.

Changing the atomic registry between vdW layers through twist-
ing or lattice mismatch can modulate the optoelectronic properties 

of 2D materials. In particular, moiré engineering provides a powerful 
approach for tailoring new excitonic systems15. To test whether the 
formation of moiré-like superstructures in graphullerene (Fig. 3f) 
affects the optical properties of the flakes, we performed near-field 
nano-photoluminescence (nano-PL) imaging16 on a 12-nm-thick flake. 
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Fig. 4 | Photoluminescence and scanning near-field optical microscopy.  
a, PL spectra of molecular C60, bulk graphullerite and bilayer graphullerene 
(2L). Inset: the emission polarization dependence of the PL intensity for 
graphullerite. The highest emission is presumably along the b axis where the 
fullerenes are doubly connected, and the lowest intensity between two single  
σ bonds, 90° with respect to the b axis. b, Nano-PL image of a 12-nm-thick 
graphullerene flake. At each pixel, a full PL spectrum is acquired and integrated 
over the entire emission range (700–900 nm). Inset: AFM topography of the 
flake. c, High-resolution image of the region defined by the blue box in  

b, showing that the PL intensity varies on the roughly 50-nm length scale.  
The pixel size is 8 × 8 nm2. d, Topographic image of 315-nm-thick flake of 
graphullerite obtained using AFM. e, Near-field amplitude collecting at the 
fifth harmonic of the tip tapping frequency (S5) of the flake shown in d using an 
incident laser wavelength of 780 nm. f, Sine of the associated near-field phase 
normalized to the SiO2 substrate. Both near-field channels in e and f show 
oscillations emanating from the edge of the graphullerite flake characteristic 
of both waveguide and air modes.
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Fig. 5 | Thermal transport properties of graphullerite. a, Schematic of the 
thermal conductivity measurement. b, Experimentally measured thermal 
conductivities of a few-micrometres-thick graphullerite flake at room 
temperature (black open triangle) and a molecular C60 single crystal (green open  
triangle). The error bars incorporate the standard deviation between 

measurements and propagated uncertainty of transducer properties and the 
specific heat of the sample. The filled symbols represent the non-equilibrium 
molecular dynamics predictions for the three crystallographic directions.  
c, Vibrational density of states of molecular C60 and graphullerite showing 
additional modes throughout the vibrational spectrum for the 2D polymer phase.
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These findings demonstrate the importance of the deintercalation 
process that yields a charge-neutral purely carbon-based material 
without counterions.

Changing the atomic registry between vdW layers through twist-
ing or lattice mismatch can modulate the optoelectronic properties 

of 2D materials. In particular, moiré engineering provides a powerful 
approach for tailoring new excitonic systems15. To test whether the 
formation of moiré-like superstructures in graphullerene (Fig. 3f) 
affects the optical properties of the flakes, we performed near-field 
nano-photoluminescence (nano-PL) imaging16 on a 12-nm-thick flake. 
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Fig. 4 | Photoluminescence and scanning near-field optical microscopy.  
a, PL spectra of molecular C60, bulk graphullerite and bilayer graphullerene 
(2L). Inset: the emission polarization dependence of the PL intensity for 
graphullerite. The highest emission is presumably along the b axis where the 
fullerenes are doubly connected, and the lowest intensity between two single  
σ bonds, 90° with respect to the b axis. b, Nano-PL image of a 12-nm-thick 
graphullerene flake. At each pixel, a full PL spectrum is acquired and integrated 
over the entire emission range (700–900 nm). Inset: AFM topography of the 
flake. c, High-resolution image of the region defined by the blue box in  

b, showing that the PL intensity varies on the roughly 50-nm length scale.  
The pixel size is 8 × 8 nm2. d, Topographic image of 315-nm-thick flake of 
graphullerite obtained using AFM. e, Near-field amplitude collecting at the 
fifth harmonic of the tip tapping frequency (S5) of the flake shown in d using an 
incident laser wavelength of 780 nm. f, Sine of the associated near-field phase 
normalized to the SiO2 substrate. Both near-field channels in e and f show 
oscillations emanating from the edge of the graphullerite flake characteristic 
of both waveguide and air modes.
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Fig. 5 | Thermal transport properties of graphullerite. a, Schematic of the 
thermal conductivity measurement. b, Experimentally measured thermal 
conductivities of a few-micrometres-thick graphullerite flake at room 
temperature (black open triangle) and a molecular C60 single crystal (green open  
triangle). The error bars incorporate the standard deviation between 

measurements and propagated uncertainty of transducer properties and the 
specific heat of the sample. The filled symbols represent the non-equilibrium 
molecular dynamics predictions for the three crystallographic directions.  
c, Vibrational density of states of molecular C60 and graphullerite showing 
additional modes throughout the vibrational spectrum for the 2D polymer phase.
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Figure S2: Top view of the computational domain for COF-5 with gas density of 3.7 molecules
nm�3 at 50 K showing aggregation of the gas molecules around the pore walls.
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to the substrate. By assessing the azimuthal dispersity of the inter-
layer <001> Bragg feature (~2 Å−1) intensity, we find that these films 
have a smaller full-width at half-maximum than those reported by 
other approaches. We attribute the weaker orientation of previously 
prepared films to the contamination by unoriented precipitates 
formed during their synthesis (Supplementary Fig. 35)14,15. In all 
cases, radially integrated diffraction patterns were found to agree 
well with simulated COF diffraction patterns, which confirmed the 
successful synthesis of the expected COF networks (Supplementary  
Figs. 37–41). The large number and sharp line shapes of diffraction 
features observed in these patterns indicate that COF films prepared 
by colloidal methods are highly crystalline. Collectively, these films 
are homogenous, crystalline and oriented.

The high quality of these films allows for sequential growth by 
the introduction of unreacted monomers (Fig. 1b). Typically, COF 
film thickness is controlled by modifying the starting monomer 
concentration used for their polymerization. However, when we 
attempted to polymerize COF-5 films with higher monomer con-
centrations, we found that resultant COF films, although thicker, 
were substantially less oriented and less smooth (Supplementary 
Fig. 34). This finding is consistent with our recent observations of 
uncontrolled nucleation and growth at higher monomer concen-
trations22,25. However, by polymerizing COF films using this tem-
plated growth approach, removing the substrate, immersing this 
substrate in a fresh monomer solution, and resubjecting it to the 
polymerization conditions, we can continue the polymerization of 
our films without a reduction in film quality. As an example, we 
sequentially increase the thickness of the TP-COF films, which 
are polymerized from 2,3,6,7,10,11-hexahydroxytriphenylene and 
pyrene-2,7-diboronic acid, from 20 nm to 40 nm and then to 60 nm 
over the course of three equivalent polymerizations (Fig. 1d,e). In 
each sequential polymerization, we find that the roughness, crystal-
linity and film orientation as evaluated by AFM and GI-WAXS do 
not change discernably (Supplementary Figs. 31–33). Collectively, 
these observations demonstrate that templated colloidal polymer-
ization offers a level of synthetic control not available in previously 
reported 2D polymerization strategies.

Electronic properties
The boronate ester-linked 2D COF films studied here are sufficiently 
electrically insulating to serve as dielectric layers. DFT calculations 
using the PBE0 functional (which is based on the Perdew–Burke–
Ernzerhof functional) predict that COF-5 has an indirect bandgap 

of 3.6 eV and a direct gap of 3.9 eV (Fig. 2a). The DFT-calculated 
band structures have minimal band dispersion along the in-plane 
direction (Γ-M-K-Γ and Z-M1-K1) in both their valence and con-
duction bands, which indicates low in-plane charge-carrier mobility. 
However, band dispersions of 0.4 eV along the out-of-plane direction 
in both the valence and conduction bands can be observed, which 
suggests that anisotropic charge transport may occur through the 
COF-5 layers, as has been observed previously22. The DFT-calculated 
diagonal components of the static electronic dielectric tensors (εxx, 
εyy and εzz) are less than 2 for the five boronate ester-linked 2D COFs 
that were studied. As such, they are all candidate low-k dielectrics 
(Fig. 2b). We note that in COF-5 the ionic contribution to the total 
static dielectric tensor is calculated to be negligible (Supplementary 
Table 3); therefore, we considered only the electronic contribution 
to the dielectric tensor in the other four 2D COFs. Experimentally, 
we find that the first COF-5 optical absorption feature occurs at 
approximately 325 nm (3.8 eV), which is consistent with the pre-
dicted DFT direct bandgap (Fig. 2c). When the COF-5 structure is 
excited at 325 nm, we find that its emission profile is similar to that 
of monomeric HHTP, which is consistent with the limited electronic 
conjugation across boronate ester bonds26. Ultimately, these experi-
mental and computational studies show that crystalline, 2D COF 
layers are promising as low-k dielectrics.

The pristine nature of the films prepared by colloidal synthe-
ses permits the observation of their anisotropic optical emission. 
The polarization-dependent emission of a COF-5 film has a strong 
cross-plane emission feature at 530 nm, which has been assigned pre-
viously to the formation of triphenylene exciplexes (Fig. 2d)26. The 
observation of these cross-plane features suggests that the COF-5 
films are highly oriented across the entire sample. By contrast, 
polarization-dependent emission anisotropy is found to be much 
weaker in COF-5 films grown on the substrates under non-colloidal 
conditions (Supplementary Fig. 43)15. This finding agrees with our 
understanding that previously obtained materials were likely con-
taminated with unoriented aggregates, which complicated their reli-
able measurement and subsequent integration into devices.

Impedance measurements conducted on parallel plate capaci-
tors confirm that COF-5 is a low-k dielectric. First, we synthesized 
COF-5 thin films directly onto epitaxially grown graphene (EG) 
on doped SiC wafers. Next, a 6-nm-thick Al2O3 layer was depos-
ited by atomic layer deposition (to prevent shorting through the 
COF-5 pores) before top Au electrodes were deposited onto the 
Al2O3, which produced a series of devices over an area of 40 mm2 
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