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Graphitizability of Polymer Thin Films: An In Situ TEM
Study of Thickness Effects on Nanocrystalline

Graphene/Glassy Carbon Formation
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Polymer pyrolysis has emerged as a versatile method to synthesize
graphenoid (graphene like) materials with varying thickness and properties.
The morphology of the thin film, especially the thickness, greatly affects the
graphitizability and the properties of the graphenoid material. Using in situ
current annealing inside a transmission electron microscope (TEM), the
thickness-dependent structural evolution of the polymer film with a special
focus on thickness effects is followed. At high temperatures, thin samples
form large graphene layers oriented parallel to the substrate, whereas in thick
samples multi-walled cage-like structures are formed. Moleclar Dynamics
(MD) simulations reveal a film thickness of 40 A below which, the carbonized
layers align parallel to the surface. For thicker samples, the orientation of the
layers becomes increasingly misoriented starting from the surface to the
center. This structural change can be attributed to the formation of bonded
multi-layers from the initially unsaturated activated edges. The resulting
cage-like structures are stable even during simulated annealing at
temperatures as high as 3500 K. An atomistic understanding of the formation
of these structures is presented. The results clearly indicate the critical effect

1. Introduction

Carbonization of polymers at small length
scales has emerged as an easy method to
synthesize graphenoid (graphene-like) ma-
terials for a number of different techno-
logical applications.[?] This method pro-
vides the flexibility of growing graphenoid
materials on different substrates with de-
fined thicknesses and also for patterning
to achieve different shapes.[®! Recently, car-
bonized films with interesting optical, me-
chanical, and electrical properties have been
fabricated by pyrolysis of thin polymer
films.[*) The method combines ease of fab-
rication, control over size, shape, and thick-
ness, and the possibility to tailor the prop-
erties by varying the polymer precursor and
the carbonization conditions. Since the py-
rolysis is catalyst-free, the crystallite growth
is limited resulting in crystallite sizes on

of thickness on the graphitizability of polymers and provide a new

understanding of the structural evolution during pyrolysis.

the order of a few nanometers. The mate-
rial is commonly referred to as nanocrys-
talline graphene (ncg) when the resulting
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thickness is ~1-2 nm. In contrast, pyrolysis of thick films and
bulk polymers results in glassy carbon (gc) and graphite depend-
ing on the graphitizability of the polymer precursor.[>>]

The structural evolution of bulk carbon sources during pyrol-
ysis is well-studied and a number of different models have been
proposed.[*] R. Franklin carried out pioneering studies on the
pyrolysis of carbons and classified them as graphitizing and non-
graphitizing carbons.[®) Pyrolysis of certain carbon sources re-
sults in a complete graphitization, leading to the formation of
oriented graphite, resulting in the term graphitizing carbon. On
the other hand, some carbon sources will not completely graphi-
tize even when heated to very high temperatures, leading to the
formation of non-graphitizing/glassy carbon structures. There
has been a strong interest to understand the microstructure of
non-graphitizing carbons because of their interesting physico-
chemical properties. Based on high-resolution transmission elec-
tron microscope (TEM) studies of bulk glassy carbon, Harris
etal. proposed a fullerene-related structure for commercial glassy
carbon.l The model consists of discreet fragments of curved car-
bon sheets with non-six-membered rings that are randomly dis-
persed between the hexagons. The model also predicts the pres-
ence of completely cage-like structures contributing to the ob-
served low density of the glassy carbon structures. All of these
studies have been carried out on bulk glassy carbons. However,
the strong recent interest in graphenoid thin films necessitates
a detailed understanding of the microstructural evolution during
pyrolysis at small length scales and the different factors affecting
the resulting structure.

Previous studies have shown the effect of size, shape, and
thickness on structural evolution and structure-property cor-
relations during pyrolysis at lower length scales. Pyrolysis of
thin films (thickness ~1-2 nm) results in the formation of in-
plane oriented few layers of ncg when heated to temperatures
~1000 °C.131% These studies indicate the possibility of complete
graphitization leading to the formation of graphene at higher
temperatures. On the other hand, pyrolysis of thick polymer
structures does not show layered growth, but results in a mi-
crostructure similar to non-graphitizing glassy carbons.[>1112]
This is indicating the difference in the microstructural evolution
and graphitizability during pyrolysis of polymer precursors with
different morphology. To understand these differences, a detailed
microstructural characterization during pyrolysis is necessary.

Among the various characterization techniques, TEM has
been shown to be a versatile tool to understand the structure of
pyrolyzed materials with various sizes, shape, and thicknesses,
providing high spatial and temporal resolution. In situ heating,
as well as current annealing in TEM, have been used to follow
the microstructural evolution and structure-property correlations
during pyrolysis of thin film polymer precursors. It has been
observed that the growth of graphene layers in these films at
higher temperatures is dominated by the migration and merg-
ing of graphene nano flakes on top of already graphitized lay-
ers. This merging is facilitated by the highly reactive edges of
the flakes at high temperatures.[!*!*l In thicker regions, there
is an indication of misoriented growth leading to structures
similar to glassy carbon.*! In situ current annealing studies
have mainly been carried out for graphene,'>-%! thicker amor-
phous carbon films, and carbon fibers.'*8] Current annealing
of graphene has been reported to reach extremely high temper-
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atures and showed catalyst-free conversion of amorphous car-
bon to graphene nanoflakes on top of graphene.!’! The trans-
formed nano flakes merged and grew on top of the graphene
substrate. However, in situ, current annealing of amorphous car-
bon fibers has been shown to result in the formation of tubular
structures.[!?) Initially, graphene nano onions form inside carbon
tubes, which transform into a tubular structure at higher bias.
This is an example of misoriented growth and the presence of
closed cage structure in thick samples.'?] Similar ex situ studies
on the current annealing of graphite also showed the formation
of bonded bilayers and closed graphitic structures.!*”’

While the above-mentioned studies discuss the microstruc-
tural evolution during pyrolysis of various polymer films in detail,
the effect of the film thickness as a critical parameter influenc-
ing the microstructural evolution has not yet been investigated
in detail. Therefore, the present work aims at understanding the
effect of thickness on the microstructural evolution and graphitz-
ability during pyrolysis of polymer films using a combination of
in situ TEM studies as an experimental reference and Moliec-
ular Dynamics (MD) simulations to develop an atomistic under-
standing of processes leading to the formation of the different mi-
crostructures. To enable this, we have developed a novel method
to prepare freestanding thin polymer films on top of MEMS-
based electro-contacting chips to directly observe the structural
evolution at high temperatures during current annealing. With
this joined experimental and modeling approach, the study pro-
vides novel insights into the critical role of thickness in the struc-
tural evolution and graphitizability of polymer films.

2. Experimental Section

2.1. Device Fabrication

Commercially available photoresist Microposit S1805 (Rohm&
Haas) was used as the starting material (composition given
in Table S1, Supporting Information). The photoresist was di-
luted with propylene glycol monomethyl ether acetate (PGMEA)
(Sigma—Aldrich GmbH), spin-coated onto a Si-SiO, membrane,
and ex situ carbonized until 800 °C for 5 h. Spin coating was
done at 8000 rpm for 30 s with a solution ratio of 1:21, which
resulted in a polymer thickness of ~10 nm (the reduction ratio
of polymer to carbonized thin film of ~10: 1) and a final thick-
ness of 1 nm for the carbonized film.[*l The ratio was reduced
to 1:8 to make thick samples with a final thickness of 10 nm
for the carbonized film (polymer thickness ~100 nm). Electro-
contacting chips (Aduro from Protochips Inc.) were used for in
situ current annealing. To obtain freestanding films, rectangu-
lar holes were drilled between the electrodes in the SiN mem-
brane using focused ion beam milling (Figure 1) in a Strata 400
FIB (Thermo Fisher Scientific). The ex situ carbonized films were
transferred onto the MEMS chip. For the transfer to an Aduro
electrical chip, the films were coated with PMMA using spin coat-
ing and etched using 5% NaOH solution at 70 °C. The stack con-
sisting of 300 nm PMMA and the ncg film was floated off and
cleaned thoroughly by subsequent transfer to pure water. The
cleaned stack was fished onto an Aduro chip and the PMMA was
dissolved by dipping in acetone for 4 h. The clean thin films were
patterned using electron beam lithography to form freestanding
films across the electrodes (Figure 2).
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(a)

Figure 1. Schematic of the sample preparation process. a) MEMS-based Electro-contacting chips (Aduro from Protochips Inc.), b) drilling holes in the
freestanding film between the electrodes, c) transferring of the ncg film to the chip, and d) lithographically patterned free-standing ncg across the holes.

Figure 2. a) Holes drilled between the electrodes of an Aduro chip, b) film transferred across the holes, c) SEM, and d) TEM images of lithographically
patterned constrictions across the holes.
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For the patterning of the freestanding films, the commercially
available negative electron beam resist MaN 2403 (Micro resist
technology GmbH) was used to protect the areas to be main-
tained for the current annealing. The chip was coated with a
300 nm film, heated to 90 °C for 1 min and the required shape
was exposed inside an SEM at 30 kV. The exposed film was devel-
oped using commercially available AZ 726 MIF (Merck Inc.) for
30 s. The carbonized film was removed using RIE in the unpro-
tected areas and the protective polymer layer was finally removed
by dipping in acetone. A constricted shape was chosen so that the
region across the holes will have maximum resistance resulting
in confined heating in the freestanding region.

By suitably designing freestanding films, heating could be lo-
calized, avoiding exposure of the electrodes and support to very
high temperatures. In situ current annealing enabled reaching
higher temperatures than the commercially available in situ heat-
ing setups (1200-1300 °C) and thus provided the possibility to
characterize the structural evolution over a wider temperature
range. Furthermore, current annealing helps to have a controlled
graphinization. Since the nanocarbon material’s resistance de-
creased with increasing graphinization, it was required to impose
current annealing by applying current and not voltage. This pre-
vents a thermal runaway and ensures controlled heating since a
lower voltage and hence power was required to maintain the cur-
rent level as the material’s resistance decreases progressively. For
in situ heating studies, undiluted SU8 (Micro chem) was spin-
coated onto a fusion heating chip (Protochips Inc). Spin coating
was done at 8000 rpm for 30 s.

2.2. In Situ TEM

TEM analysis was carried out using an aberration-corrected (im-
age) Titan 80-300 TEM (Thermo Fisher Scientific) operated at
80 kV equipped with a US1000 slow scan CCD (Gatan Inc.) cam-
era. Protochips software and control system were used to control
the heating current. Initially, the current was increased slowly to
observe the stability of the patterned constrictions. At higher cur-
rent values, a rate of 1 pA s™! was used. Images and SAED pat-
terns were acquired every 100 pA after holding for 5 min. The
beam was blanked in between the image acquisition to minimize
beam-induced effects. The total time of beam exposure at each
temperature varied between 5 and 10 min. In situ heating of SU8
(MicroChem) was carried out using a protochips software and
control system as described elsewhere.['*] A heating rate of 10 °C
was used with a holding time of 20 min before cooling down. HR
imaging was carried out at room temperature.

2.3. MD Simulations

Molecular dynamics simulations were performed with the
LAMMPS package using the reactive force field ReaxFF.[2-2] For
the simulations, the following protocol was used: first an initial
amorphous carbon structure was created with carbon atoms in-
serted on random positions with a target density of 2 g cm™3
(roughly equivalent to the expected equilibrium density of final
graphene-like structures). The insertion was done within a spec-
ified geometry: 1D periodic structure, 2D thin layer, and 3D bulk
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structure. In all cases the simulation box used periodic boundary
conditions in all directions. It was ensured that the periodic im-
ages’ interaction could be neglected via adding a vacuum of 15 A
between the periodic images in the structure’s desired direction
of reduced dimension. Energy minimization was performed to
avoid too high overlap of the randomly inserted atoms. Equilibra-
tion at room temperature was performed with a time step of 0.2 fs
for a time of 20 ps in the canonical ensemble (fixed volume and
temperature), yielding an amorphous carbon structure. Then the
structure was heated up to 3500 K with the thermostat's damp-
ing parameter set to 20 fs and the time step to 0.1 s. In the next
step, the dimension of the structure was further reduced during
annealing to the desired one (1, 2, and 3D structure) via slicing
the structure (i.e., removing particles to get, e.g., a 1D structure
from a thin layer). In these cases, the slicing was performed af-
ter 100 ps of annealing; afterward, the system was simulated for
another 400 ps. In the case of the thin layer, simulation without
slicing for an annealing time of 1000 ps was simulated. As a mea-
surement for the alignment of the structures toward the surface,
the angle relative to the z-axis (axis perpendicular to the surface)
was defined as follows: For each atom I, the three neighboring
atoms with (sp? hybridized) bonds were determined. From the
plane spanned by these three neighboring atoms, the angle of
the normal vector relative to the z-axis was determined. In the
following, it was referring to this for simplification as the “orien-
tation of the atom”. Together with the z position of atom I, this
yields the data point for atom i. A detailed view of the number
of atoms with more/less than 3 neighbors (e.g., diamond-like sp?
hybridized bonds with 4 neighbors) showed that their ratio was in
the order of 102 during all simulations carried out for thickness
effect evaluation (see also Figure S1, Supporting Information).

3. Results and Discussion

3.1. Structural Evolution during In Situ Current Annealing

The structural evolution during current annealing of a nominally
1 nm thick freestanding film was shown in Figure 3. An evolution
from a curved and wrinkled structure with very small domains
to an ordered structure and subsequent growth of the domains
could be seen in the images. The transferred film contained
amorphous carbon residues on top of the lithography process.
These amorphous carbons transform during current annealing
by attaching to the crystallites and/or through a catalyst-free
transformation as observed in previous heating studies.**]
The overall structural evolution looks similar to the previously
reported evolution during thermal annealing.'*?*] The crys-
tallite size calculated from the intensity profiles of the SAED
patterns using the Scherrer formula increases from 2.6 nm at
100 pA to 3.6 nm at 500 pA. The crystallite size of 3.6 nm was
slightly >3.2 nm determined for in situ annealed films heated
to 1200 °C.2* As could be seen from Figure 3g,h, the heating
resulted in the crystallization and sublimation of the SiN mem-
brane near the hole starting at 300 pA. The crystallization temper-
ature of the SiN membrane was >1400 °C, which was an indicator
for significantly higher temperatures reached by this current
annealing.?’! These results show that after the initial carboniza-
tion, further graphinization could be achieved by current anneal-
ing with a structural evolution comparable to thermal annealing.
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Intensity (a.u.)

Figure 3. a) Patterned ncg before current annealing. b) Structure at the start of current annealing. c—f) Evolution of ncg domains during current annealing.
g,h) Crystallization of the SiN membrane near the edge and i) evolution of SAED intensity profile.

This provided the possibility to locally control the crystallite size
by current annealing. Apart from control over the crystallite size,
current annealing allowed to directly follow the resistance evo-
lution (Figure S3, Supporting Information) and thus provided
an opportunity for direct tailoring of the electrical response.
The data recorded during the in situ measurement showed that
the dissipated power and hence the temperature increases in a
controlled fashion linearly with increasing current. This results
point to new possibilities to tailor the structure and conductivity
of pyrolyzed polymer thin films by current annealing.

Macromol. Mater. Eng. 2023, 2300230 2300230 (5 of 11)

To investigate the structural changes at even higher temper-
atures, current annealing was carried out on a similar sample
and the annealing current was increased beyond 500 pA. With
increasing temperature, the crystallite size increased further and
the sample eventually broke at a current of 800 pA. The broken
thin film after current annealing could be seen in Figure 4.
The images show the presence of distributed graphene flakes
on top of a thin extended few layers graphene film. Unlike
the early stages of pyrolysis, the flakes were large and exhibit
defined shapes. Some graphene nanoflake residues could also

© 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 4. a) Nominally 1 nm thick film after current annealing to high temperatures, showing the presence of large domains and the FFT showing one
ring corresponding to the (100) planes in carbon. These large structures are distributed over graphenized layers formed during current annealing. We
can also see some residues on the top of the layers that are not fully grown yet. b) Large area showing a few discrete spots in the FFT, corresponding to
highly grown crystallites. c) Slightly thicker region with the FFT showing an additional ring corresponding to the (002) planes indicating the presence of

stacking of layers perpendicular to the substrate.

be observed which have not completely grown yet. Figure 4b
showed a large thin film area with only a few nano structures
distributed on top of it. The FFT from an area of ~20 nm?
showed only a few discrete spots, which was an indication that
the structure has grown considerably from the average crystallite
size of 3.2 nm reached by thermal annealing during current
annealing.?*] Furthermore, it should be noted that the FFT in
Figure 4a only showed one ring corresponding to (100) planes,
representing an in-plane growth of these thin films with the
graphene layers parallel to the substrate. It was to be noted that
the layers were orienting parallelly and the graphene units in
the parallel layers did not show preferential alignment within
the planes. This could lead to the formation of more extensive
polycrystalline graphitic domains at higher temperatures by
oriented attachment of domains and Ostwald-like ripening as
shown in the previous studies.'*?*] Current results confirm
the possibility to push polymer thin film pyrolysis beyond the
nanocrystalline regime to the formation of (few layer) graphene.

Apart from the thin regions, there were also some thick re-
gions observed in the sample. This variation in thickness could
be due to the conversion of the carbonaceous residues from the
lithography process. These residues could convert and grow to
graphene nano flakes on the top of the nano graphene layers, in-
creasing the thickness. Looking at a thicker region, (Figure 4c),
the FFT showed a diffuse ring corresponding to the (002) planes
in graphite lattice indicating the presence of vertical stacking of
graphene layers in this part of the sample. This is an indication
for a dependence of the ordering and growth of crystallites. To un-
derstand the thickness effects for the graphitization and the struc-
tural evolution, current annealing experiments were conducted
for thicker samples (%10 nm) as shown in Figures 5 and 6. Graph-
enization and growth could be confirmed from the images and
SAED patterns in Figure 5a—d. The two rings 0.12 and 0.21 nm™!
in the patterns corresponded to the (100) and (110) planes show-
ing in-plane oriented graphene. With increasing annealing cur-
rent, there was a sudden change in the structure at 800 pA. The
structure transforms to large multi-walled cage-like structures,

Macromol. Mater. Eng. 2023, 2300230 2300230 (6 of 11)

resembling bamboo-type MWCNTs with a strong 002 diffrac-
tion ring corresponding to a turbostratic interlayer distance. The
size of these cage-like structures was ~40 to 50 nm. The cage-
like structures showed a directional elongation toward the elec-
trodes. This could be due to the stress induced in the film due
to the negative coefficient of thermal expansion of the graphi-
tized films(?®! or because of electro-migration during heating
and transformation. More detailed studies would be necessary
to understand the mechanism behind the observed directional
growth. In addition, some metallic particles could be observed in
the images, as well as some corresponding additional reflections
in the SAED patterns. The metallic impurities were due to the
platinum electrodes of the MEMS-based chip melting at a cur-
rent of 800 pA (melting point 1768 °C), leading to individual Pt
nanoparticles electro-migrating along with the current through
the sample. The Video S1 (Supporting Information) showed
the migration of the platinum electrode over the graphitized
sample.

The current annealed region of a similar thick sample pro-
vided further insights into these stacked structures (Figure 6).
The cage-like structures were not discrete, but are fused and well-
connected. A well-defined graphene layer stacking could be seen
in Figure 6a—-d with the FFT from the area marked shown in
Figure 6g. The FFT shows two sets of spots corresponding to
0.344 and 0.210 nm corresponding to (002) and (100) reflections
in graphite. The 0.344 nm corresponded to the interlayer distance
in turbostratic interlayer distance and gives the indication of ver-
tical stacking in the thick sample. In both samples, the formation
of these cage-like structures was rapid.

Previous studies on current annealing of few layers of
graphene showed bonding of adjacent layers to form bonded
bilayers with increased stability compared to the open unsatu-
rated edges.”’”] The reported structural transformation during
current annealing of the thick samples was different. In case
of bulk graphite, current annealing resulted in the formation of
aligned hollow 3D shells bound by a few layers of graphene.[?"]
Transformation of folded bilayers to hollow structures during
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Figure 5. Current annealing of a thick sample. a) Sample before current annealing. b—d) Growth of domains during current annealing. e) Crystallization
of the SiN membrane on both sides of the hole f-h) highly grown multi-walled cage-like structures.

passage of current was the proposed mechanism.[*®! In the case
of amorphous carbon fibers, stacked tubular structures were
reported during in situ current annealing inside a TEM.["] It was
reported that the tubule formation is through diffusion, which
was active at high temperatures. However, during in situ heating
of thin samples, migration and merging of graphene nano flake
was the dominant mechanism resulting in the oriented growth
of the thin film.[1*24]

These results show that there is a difference in structural evo-
lution during the pyrolysis of thin and thicker structures. Thin
films exhibit almost exclusive growth of highly oriented layers
with the possibility to completely graphitize the film at high tem-
peratures. On the other hand, thicker samples result in the for-
mation of cage-like structures. Even though S1805 is considered
a graphitizable precursor at low thickness,1*1%] the formation of
cage-like structures was observed that were stable and resulted
in the formation of a non-graphitizing glassy carbon at this in-
termediate thickness. Atlower thicknesses carbons preferentially
align parallelly, which increases the graphitzability and leads to
the formation of completely graphitized carbon at sufficiently
high temperatures/currents. On the other hand, at intermediate
thicknesses, unsaturated bonds playes a critical role and result in
bending and the formation of cage-like structures.

This critical effect of the sample thickness was confirmed, by
investigating the graphitization of SU8 thin films. SUS8 is nor-
mally considered a non-graphitizing polymer and only forms
glassy carbon structures during carbonization in the bulk.22]
However, when heated in situ to 1200 °C a nominally 1 nm thin
SU8 film shows a similar structural evolution as S1805, mostly
consisting of well-aligned graphitic layers (Figure 7). This also fits
to previous studies on in situ heating of SU8 films, where at the
thin edge of the sample well aligned ncg flakes were observed,
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whereas thicker areas exhibit a typical glassy carbon structure
with multi-walled cage-like features.['*]

The combination of the results from both precursors form-
ing highly aligned few layers graphene from thin polymer films
and cage-like structures similar to glassy carbons at intermedi-
ate thickness clearly demonstrate the general critical role of film
thickness during carbonization.

3.2. Understanding the Effect of Thickness on Growth and
Graphitizability

To develop an atomistic understanding of the underlying mech-
anisms, molecular dynamic simulations were carried out to
understand the effect of thickness on graphitization and the
dynamics behind the formation of the cage-like structures. MD
simulations were carried out starting from amorphous carbon
structures with varying thickness. Figure 8 shows the orientation
of carbon atoms for different thickness during annealing (as de-
fined in the Experimental Section). The atoms with angles close
to zero were oriented parallel to the surface and the misorien-
tation increased with increasing angle. Figure 8a represents the
structural changes after annealing a 35 A thick film, which forms
well aligned 9 layers of graphene (see Figure S1, Supporting In-
formation). When the thickness was increased, only the graphene
layers close to the surface were well aligned (=3-5 graphene
layers), while the orientation of the layers changed in the central
region of the film. These misoriented domains were stable for
the time scale accessible in the MD simulations (here 1000 ps,
see also Figure 8d), preventing the formation of uniformly ori-
ented graphene layers, even in the high-temperature regime of
3500 K (see Video S2, Supporting Information). The simulation
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Figure 6. a—d) Interconnected cage-like structures observed in the thick sample. e—g) Well stacked walls of a cage-like structure and i) FFT from the
marked region in h) showing two sets of diffraction spots corresponding to 002 and 100 reflections.

temperature was higher than the experimentally calculated
temperature. Higher temperature was used to see if there in any
difference in the experimentally observed structural changes at
high temperatures. This agrees with the observed structural evo-
lution in the thin films, which showed extended domains with a
strongly preferred in-plane growth orientation for the nominally
1 nm thick film and cage-like structured for the nominally 10 nm
thick film. These experimental and simulation results provide
new information on the effect of thickness during graphitization.
Within the limit of the MD simulations, a thickness of ~40 A

Macromol. Mater. Eng. 2023, 2300230 2300230 (8 of 11)

could be determined, below which alignment of the domains
is fast and uniform throughout the sample. It is believed that
at this low thickness, the surface effects are strong enough to
enforce the whole structure to align parallel to the surface. As
the thickness increases, ordering of the crystallites becomes
more and more difficult leading to the misoriented structure.
The effects leading to the formation of cage-like structures
were further examined in simulations of smaller systems with
activated edges. The edges were activated by slicing (i.e., remov-
ing some atoms from the layered structure). As could be seen
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Figure 7. a,b) HRTEM Images of thin regions of SU8 heated to 1200 °C. The corresponding FFT shows only one ring corresponding to the (100). The

structure is similar to the ones observed for S1805 in previous studie

s.113.24]

0 20 40 60 80
Angle (degrees)

0 20 40 60 80
Angle (degrees)

Figure 8. Effect of thickness on the ordering of crystallites. Snapshots after 420 ps for an initial layer thickness of a) 35 A (~3100 carbon atoms, depicted
as blue crosses) and b) 40 A (%3600 atoms). Snapshots for an initial layer thickness of 50 A (~4500 atoms) after c) 220 and d) 1020 ps. For the 35 A
sample, the structure is aligned with the surface (angles close to 0°) and forms 9 almost parallel graphene layers during annealing. For thicker samples,

the number of misoriented atoms increases toward the center of the film.

in Figure 9 and Video S3 (Supporting Information), the active
edges are highly reactive and directly start to form bonds with
surrounding atoms. It is interesting to note that initially bonds
were formed with atoms in directly neighboring layers (bonded
bilayers), but these are not stable and form multi-layer cage- or
tube-like structures afterward. In other words, the bonds with
the directly neighboring layers are only an intermediate step to
start bending and thus the formation of bonds with layers fur-
ther away, which are thermodynamically more favorable. As soon
as the multilayer structures were formed, they were stable dur-

Macromol. Mater. Eng. 2023, 2300230 2300230 (9 of 11)

ing the remaining simulation time (here ~300 ps). Depending
on the aspect ratio of the cross-section after slicing and whether
the number of layers that could be formed is even or odd, multi-
layer nanotubes or multilayers with passivated edges can form.
As could be seen in Figure 9, starting from a 15 A thick and
30 A wide carbon stack (with periodic boundary conditions along
one in-plane direction) a bilayer carbon nanotube was formed.
Intermediate steps were the creation of active edges via slicing
(i-e., removing atoms to form a 1D periodic structure; Figure 9b)
followed by the formation of bonds between neighboring atoms
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Figure 9. Formation of cage-like structures from bonded multi-layers: a) initial structure after equilibration (120 ps): 4 graphene layers, periodic in length
and breadth. b) Structure directly after slicing (121 ps): active edges. c) Edge passivation (144 ps): here bonds are formed between directly neighboring
layers. d) Bilayer formation (164 ps): temporary bonds present in (c) re-align and result in the formation of bilayer edges. €) Nanotube formation (224 ps):
depending on the cross-section geometry, the bilayer structure can transform into a nanotube (here) or a flat cage-like structure similar to the one in
(d). f) Final structure (520 ps): stable bilayer carbon nanotube. For better visualization the atoms are colored coded depending on their height in the
film. The corresponding video is available in Video S4 (Supporting Information).

(Figure 9c¢). This intermediate state of single-layer walls between
neighboring layers was unstable due to the high bending at the
edges. Thus, it transformed to a multi-wall structure via rear-
rangement of the bonds connecting the layers (Figure 9d). The
bilayer structure then relaxes to a bilayer carbon nanotube, de-
creasing the energy of the highly bent edges (Figure 9e,{f). In the
shown example, the number of initial layers was even, so a multi-
wall carbon nanotube can form. With an odd number of initial
layers, the final structure is a flat multi-wall structure since re-
laxation to the circular cross-section is prevented by the middle
layer. Video S3 (Supporting Information) of a structure with 40 A
thickness is an example for this flat graphenic multilayer struc-
ture. Similar cage-like structures can be observed in center of the
sample described in the Figure 8 (Video S2, Supporting Informa-
tion). This explains that the formation of multiwalled cage-like
structures is initiated from the active edges and a reduction in
energy by reducing the curvature of the edges. This formation
can be more favorable with increasing thickness since the edge
curvature can reduce with increasing number of layers.

These experimental and simulation results clearly show the
effect of thickness on the microstructural evolution and, more
important, the graphitizability during pyrolysis at small length
scales. When the thickness was lower, the films could grow and
align completely leading, to a graphitized carbon with extended
oriented domains. When the thickness was increased, the mis-
orientation increases and results in the formation of multi-walled
cage-like structures. Once formed, these cage-like structures sta-
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ble, even at simulated annealing temperatures of 3500 K corre-
sponding to a non-graphitizing structure. This stability could be
explained with the observed formation of bonded multi-walled
structures from the primary activated edges.

It should be noted that the multi-walled cage-like structures
observed here are similar to the fullerene-related model pro-
posed for commercial glassy carbons.??! Thus, the current un-
derstanding of the formation and stability of close caged struc-
tures may provide new insights for the structural evolution in
bulk glassy carbon, its low density and more importantly, the non-
graphitizing nature of it.

4. Conclusion

Using in situ current annealing in a TEM combined with MD
simulations, we investigated the structural evolution and thick-
ness effects during carbonization of polymer thin films. The
structural evolution during current annealing was similar to the
evolution during thermal heating reported previously. At high
currents (temperatures), the thin polymer films were converted
to large aligned graphene films consisting of a few highly aligned
graphene layers. In contrast, thicker polymer precursors showed
a conversion to multi-walled cage-like structures. This behavior
was experimentally observed both for S1805 and SU8, suggest-
ing that the film thickness dominates this transition between
the two graphitization modes. MD simulations indicate that at
lower thickness, <40 A, the layers tend to order forming well
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aligned layers. For thicker samples, the first 4-5 graphene layers
are aligned with the substrate, whereas the structure becomes
increasingly misoriented toward the middle of the film. This
cage-like structure was stable even during simulated annealing
at high temperatures of 3500 K explaining the formation of sta-
ble glassy carbon structures. This stability can be explained by
the formation of bonded multi-layers from the initially highly re-
active edges of graphene flakes. The formation of the cage-like
structures proceeds via bending of the layers, initially by bond
formation between neighboring layers resulting in the formation
bonded bilayers as an intermediate structure. Further rearrange-
ment quickly leads to the formation of the highly stable multi-
walled cage-like structures. The experimental work and the sim-
ulation studies provide new insights into the structural evolution
during pyrolysis and the effect of thickness on the graphitizablity
in thin polymer films.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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