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Abstract

The morphology and orientation of polymer crystals are important factors which determine the 

performance of thin-film, polymer-enabled technologies such as organic electronics and gas 

separation membranes. Here, we utilize polymer-substrate epitaxy to achieve a highly oriented 

crystalline morphology during thin-film processing. To accomplish this, we employ matrix-assisted 

pulsed laser evaporation (MAPLE), a slow physical vapor deposition process, to deposit linear 

polyethylene atop an epitaxial graphene substrate. Via MAPLE, we demonstrate the ability to 

achieve a film morphology comprised of well-aligned, edge-on crystalline lamellae. Furthermore, 

we show that MAPLE can be exploited to grow crystalline lamellae composed entirely of extended 

polymer chains which exhibit a near-equilibrium melting temperature. Our work demonstrates that 

MAPLE, as a bottom-up approach, can deposit polymer thin films with improved control over 

crystalline morphology.

Page 1 of 19

John Wiley & Sons

Polymer Engineering & Science

mailto:rpriestl@princeton.edu


For Peer Review

2

Main Text

Enforcing the crystallization of polymers into a desired thin-film morphology remains a 

major scientific challenge.1–4 Yet, the morphology is a critical factor determining the performance 

of next-generation thin-film polymeric systems in which crystallite size, orientation, degree of 

crystallinity, and inter-crystalline structure strongly influence properties such as charge transport 

efficiency in organic electronics,5–10 gas permeability in barrier coatings,11,12 and mechanical 

properties in polymer nanocomposites.13–15 One method to control the crystalline morphology of 

thin films atop substrates is to employ epitaxial growth, in which there is a geometric and 

energetically favorable match between polymer inter-chain distances and substrate interplanar 

spacings.16–18 For example, thin films of polyethylene (PE) spun-cast atop graphene can exhibit 

well-ordered morphologies composed of epitaxial, edge-on lamellae instead of the typical 

disordered spherulitic structures observed atop substrates which exhibit no epitaxial lattice 

matching, such as silicon.19 However, the rapid solidification of solution-processed PE films 

precludes the formation of fully-extended chain crystals in uniform films, as equilibrium conditions 

are not reached.20,21 

As an alternative to rapid solution processing, physical vapor deposition (PVD) presents 

a technique of slow thin film deposition. In conventional laser-based PVD, ultrathin films of atomic 

and molecular species can be deposited atop various substrates via laser ablation under high 

vacuum. However, traditional PVD results in chemical degradation when depositing organic 

materials with molecular weights greater than ~1000 g/mol.1,22 Recently, a technique termed 

matrix-assisted pulsed laser evaporation (MAPLE) was developed to overcome this limitation by 

protecting the polymer chains with a sacrificial solvent that constitutes >95% wt. of the ablation 

target.23–25 Deposition occurs via the coalescence of nanoscopic polymer globules created from 

the laser ablation plume. In contrast to solution processing, MAPLE offers greater control over 

film deposition by controlling key process parameters, such as target composition, deposition 

rate, and substrate temperature and chemistry.26,27 

Here, we utilize the precise control afforded by MAPLE to deposit ultrathin layers of PE 

crystals which epitaxially crystallize atop graphene. By performing MAPLE deposition at elevated 

temperatures, we circumvent conventional issues associated with solution processing of polymer 

thin films, which is more difficult to control. We reveal a highly oriented crystalline structure 

exhibiting stacked, edge-on lamellae, strictly aligned parallel to the surface plane. Atomic force 

microscopy (AFM) measurements show that these lamellae are 27 nm in length, which compares 
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well to the fully-extended chain length for the PE employed in the study. We show that at the 

interface, PE adopts an orthorhombic structure. We perform in-situ grazing-incidence x-ray 

diffraction (GIXD) with thermal ramping to probe the melting temperature of deposited PE crystals. 

We show that, remarkably, MAPLE-deposited epitaxial PE crystals atop graphene exhibit a near-

equilibrium melting temperature, Tm, of 140°C. Upon melt-recrystallization, the PE crystals retain 

their edge-on orientation and films show a minor increase of Tm relative to the bulk melting 

temperature of 127.8°C, demonstrating that the enhancement is unique to the slow deposition of 

the MAPLE method. 

For MAPLE, we used a 0.2 mg/mL solution of linear polyethylene (Mn = 3000 g/mol, Mw/Mn 

= 1.10) dissolved in p-xylene and subsequently frozen in liquid nitrogen as the target. A pulsed 

UV laser with  = 248 nm was used to ablate the target. We performed depositions atop both 𝜆

single-layered graphene and silicon wafers. Additional experimental details can be found in the 

Materials and Methods section. The ability of MAPLE-deposited epitaxial PE crystals to exhibit 

near-equilibrium melting temperatures is attributed to the mechanism of slow additive growth. Film 

growth by MAPLE deposition occurs via the sequential addition of polymer clusters which range 

from tens of nanometers to a few microns in diameter.24,28 For a one-hour long deposition, we 

fabricated films of ~10 nm average thickness, as measured by AFM. This allowed us to probe the 

crystalline morphology near the epitaxial substrate interface. As polymer chains reached the 

substrate during deposition, the substrate temperature, Tsub, can effectively approximate the 

crystallization temperature, Tc (< Tm), and impact both the driving force for crystallization and 

polymer chain mobility, thus dictating the resulting crystal structure. In our experiments, we 

maintained the substrate temperature at 100°C to favor the growth of extended-chain PE crystals. 

The high substrate temperature promotes the formation of fully-extended crystals by both 

increasing polymer chain mobility and reducing the driving force for chain attachment to the crystal 

surface.

Figure 1 depicts the epitaxial alignment of polymer crystals enabled by MAPLE 

deposition. Roughly 10 nm thick films of PE were deposited atop graphene and silicon substrates 

under the same conditions: ~10 nm/h growth rate at Tsub = 100°C. Figure 1b depicts a 

representative AFM image of the film deposited atop silicon. The globular morphology resulting 

from MAPLE deposition is immediately apparent, with crystallized droplets decorating the 

substrate. Due to the lack of attractive interactions between PE and the silicon substrate, the 

polymer does not wet the substrate and crystallizes within the as-deposited globules with no 
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preferential orientation. In the AFM phase images, lamellae can be seen oriented approximately 

in the same direction within each isolated droplet, but with no global orientational order between 

different droplets. Alternatively, Figure 1a depicts a PE film deposited atop graphene, in which 

oriented crystallites were observed to align along angles separated by 120°, epitaxially matching 

the underlying graphene’s three-fold symmetry. Due to the low interfacial tension between PE 

and graphene,29 the MAPLE-deposited globules wet the graphene substrate. Crystalline domains 

of uniform height (~10 nm), which span several hundreds of nanometers laterally, were observed. 

Within these domains, crystalline lamellae were observed to be well-oriented along the epitaxial 

directions. Given these characteristics, we infer that there was no vertical discontinuity: the 

lamellae are single crystals which extend directly to the graphene surface.

Figure 1: AFM phase images comparing the morphology of MAPLE-deposited PE crystals atop 

(a) graphene and (b) silicon. The substrate temperature was held constant at 100°C during both 

depositions. Both scale bars are 400 nm.

The highly oriented crystalline morphology was further revealed by grazing-incidence x-

ray diffraction (GIXD) measurements. At room temperature, we collected a 2D diffraction pattern 

for MAPLE-deposited PE atop graphene, as shown in Figure 2a. The narrow azimuthal 

distribution of the crystal reflections indicates that the polymer chains were well-aligned, 

consistent with AFM observations. Furthermore, the diffraction pattern matched that of 

orthorhombic PE,30 following the epitaxial relationship: (0001) < 2110 > 𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 // (110)

 at the PE-graphene interface upon MAPLE deposition.31 In Figure 2b, we < 001 > 𝑜𝑟𝑡ℎ𝑜𝑟ℎ𝑜𝑚𝑏𝑖𝑐 𝑃𝐸
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demonstrate this relationship, in which the PE crystal is bisected along (110) to interact with the 

basal plane of graphene. It has been previously reported that for solution crystallized ultrathin 

films of PE (h < 20 nm, Tc ~ 100°C), the metastable monoclinic crystal form preferentially existed 

at the graphene surface.32 The lattice mismatch between PE and graphene is -5.0% and +4.3% 

for the monoclinic and orthorhombic forms, respectively. Thus, it was postulated that the 

expansion of the PE crystals to epitaxially match the monoclinic form was more energetically 

favorable than compression to match the orthorhombic form during rapid crystallization. In 

contrast, we observed the more thermodynamically stable polymorph, orthorhombic PE, for 

MAPLE deposited films. We hypothesize that the condition of slow additive film growth (~10 nm/h) 

and the simultaneous thermal annealing at Tsub = 100°C directly resulted in the equilibrium 

orthorhombic form.33,34

Figure 2: (a) Indexed GIXD pattern of MAPLE-deposited PE crystals atop the graphene surface; 

the scattering pattern was collected at room temperature. The GIXD pattern revealed the 

orthorhombic form of PE. The (110) crystal reflection is parallel to the surface plane, indicating 

the formation of edge-on lamellae. (b) A schematic depicting the relative orientation of the graphite 

and PE unit cells. The epitaxial relationship between the a-axis of graphite (graphene) and the c-

axis of PE is denoted by the red dotted line.

When the deposited PE crystallizes, the extent of chain folding is indicative of the 

conditions under which crystallization occurred. The Lauritzen-Hoffmann relationship predicts the 

dependence of lamellar thickness on crystallization temperature, in which a higher crystallization 
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temperature yields thicker lamellae. However, PE in our MAPLE-deposited films exhibit 

preferential interactions with the substrate, which has strongly influenced the lamellar thickness. 

Remarkably, when deposited epitaxially atop graphene, the thickness of each PE crystalline 

lamella was measured by AFM to be ~27 nm, which equals the extended, single-chain length of 

our PE. In contrast, at the same substrate temperature and deposition conditions, the lamellar 

thickness of crystallites grown on silicon is substantially smaller, composed of once-folded 

polymer chains with 14 nm thickness on average35. The attainment of the fully-extended chain 

morphology can be attributed to a combination of the high substrate temperature during 

deposition and the epitaxial relationship. At a sufficiently high temperature of 100°C (the bulk 

crystallization temperature is ~114°C), the energetically favorable polymer-substrate epitaxy 

counteracts the crystallization driving force which forms folded-chain polymer crystals. However, 

when we performed MAPLE depositions at a much greater undercooling, the highly oriented, 

epitaxial edge-on lamellae were no longer observed by AFM and GIXD (see Supporting Figure 

S6); rather, smaller lamellae and a globular morphology are observed.

To characterize the increase in melting temperature induced by the epitaxial 

crystallization, we measured the melting and crystallization temperatures by in-situ GIXD 

measurements. This method is preferred due to the small total polymer mass of the thin films. We 

began by heating the as-deposited MAPLE films from room temperature to 150°C at 5°C/min. We 

considered Tm,end as the temperature at which the reflections associated with the orthorhombic 

PE crystals vanished from the diffraction pattern. In this case, we integrated the intensity 

azimuthally at qxy ~ 1.5 Å-1, which corresponds to the combined  and  crystal (110) (110)

reflections. Following complete melting at 150°C, we recrystallized PE by cooling at 5°C/min.  

Tc,onset was characterized as the temperature at which the PE reflections re-emerged. With an 

identical thermal cycling protocol (Figure S3), we compared the difference in Tm between MAPLE 

and non-MAPLE crystals, both grown epitaxially atop graphene.

We observed a significantly higher Tm for MAPLE-deposited PE films atop graphene 

relative to the bulk melting temperature (Tm,bulk = 127.8°C). Figure 3a shows the results from in-

situ GIXD experiments. Upon crystal melting, the integrated intensity from crystal reflections 

reduced with increasing temperature. We observed a sharp decrease in intensity at 138°C, with 

a further reduction until the complete disappearance of crystal reflections at Tm,end ~ 140°C, as 

shown in Figure 3b. Notably, the value is close to the estimated equilibrium melting temperature 
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of PE of 141°C.20,36,37 We note that the increase in integrated intensity after the melt transition, 

beyond 145°C, is attributed to the volume expansion of the sample upon heating. 

Figure 3: GIXD results characterizing Tm of MAPLE-deposited PE atop graphene. The substrate 

temperature during the original MAPLE deposition was 100°C. (a) Plot showing integrated 

intensity from PE crystal reflections of  and  as a function of temperature. The heating (110) (110)

rate was 5°C/min. (b) GIXD patterns at various temperatures in the vicinity of the melt transition. 

Upon subsequent cooling, recrystallization occurred at Tc,onset ~ 124°C. This is indicated 

by the re-emergence of PE crystal reflections (Figure S4). The recrystallization temperature is 

greater than that of bulk recrystallization, where Tc,peak = 114.3°C was measured by differential 

scanning calorimetry.35,38 This increased recrystallization temperature on the epitaxial substrate 

agrees with observations for composite PE/graphene and PE/reduced graphene oxide 

nanosheets, where the epitaxial interface facilitates the nucleation of PE.19,31,39 After being 

recrystallized at 5°C/min, we once again melted the PE film atop graphene. In this case, however, 

Tm,end ~ 131°C, as shown in Figure 4. This melting temperature is closer to the bulk melting 

temperature, Tm,bulk = 127.8°C, and is substantially lower than that of as-MAPLE-deposited PE 

films atop graphene. 
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Figure 4: GIXD results measuring Tm of PE atop graphene recrystallized from the melt at 5°C/min. 

The crystallization temperature on the previous cooling step is Tc,onset = 124°C.

That MAPLE can yield a higher Tm than melt-recrystallized PE for an ultrathin layer atop 

an epitaxial substrate is attributed to the slow additive growth mechanism. In melt recrystallization, 

the crystallizing material is fully present during the phase transformation. On the other hand, film 

growth during MAPLE occurs via the separate addition of nanometer to micrometer-sized polymer 

chain clusters. The slow additive growth rate of 0.003 nm/s coupled with the graphene surface 

temperature of 100°C allows for ample rearrangement of PE chains before attachment to the 

crystal surface. Over the course of a 1-hour long deposition, these effects cooperate to effectively 

thermally anneal the crystals, allowing chains to undergo structural reorganization and further 

perfect the crystal structure by allowing most or all chains to achieve the fully-extended structure 

with no partial folding or re-entry at the fold surface. This increased crystal perfection reduces the 

fold surface free energy in the Gibbs-Thomson equation, thus yielding the further 10°C increase 

in the melting temperature over melt-recrystallized PE. 

These results thus demonstrate how MAPLE is a viable processing technique that allows 

for the growth of ultrathin layers of polymer crystals atop epitaxial substrates. By depositing at 

sufficiently high substrate temperatures, the crystallization rate can be sufficiently slowed down 

to allow for substantial chain motion within each polymer cluster during crystallization. This, 

coupled with the slow growth rate achieved by MAPLE deposition, promotes the formation of 

highly oriented, epitaxial crystal structures. These effects conspire to minimize chain folding and 

allow for the direct growth of fully-extended chain crystals, avoiding the need for post-processing 

steps such as prolonged thermal annealing.20,21,40 These structures exhibit near-equilibrium 

melting temperatures of ca. 140°C, and are unique to slow-growth addition via MAPLE. The 

capability of MAPLE deposition to grow near-equilibrium epitaxial structures may be utilized to 
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deposit highly oriented crystals for fundamental studies on polymer crystallization and 

applications.

Materials and Methods
The polymer used in this study was linear PE, POLYWAX® 3000 (Mn = 3000 g/mol, Mw/Mn 

= 1.10, with no detectable branching27), generously provided by Petrolite Corporation (Tulsa, OK). 

We prepared single layers of graphene (h ~ 0.25 nm) by chemical vapor deposition atop a copper 

substrate, followed by copper etching and transferring to SiO2/Si substrates.

For MAPLE deposition, PE was fully dissolved in heated p-xylene at ~115°C with an 

overall concentration of 0.2 mg/ml. About 8 ml of the clear solution was then transferred to an 

aluminum target cup and rapidly frozen in a liquid nitrogen bath prior to insertion into a vacuum 

chamber. The substrates, i.e., graphene and silicon, were attached to a substrate holder with an 

electric heater, which was placed inside the chamber at a distance of ~6 cm away from the target 

cup. The chamber pressure was maintained at ~10-4 Torr throughout MAPLE deposition. Laser 

ablation was performed with a KrF laser (LightMachinery PulsedMaster 844, λ = 248 nm, pulse 

duration = 20 ns). The laser was operated at a fluence of 0.1 J/cm2 and a repetition rate of 5 Hz. 

During MAPLE deposition, the target cup was kept frozen by circulating liquid-nitrogen-cooled 

nitrogen gas, and the substrate temperature was held constant by a PID controller. The deposition 

lasted 1 hour.

The Raman measurements were performed using a DXR Micro-Raman Spectroscope 

(Thermo Scientific) to measure the Stokes energy shift. The excitation was performed by a green 

laser (λ = 532 nm). The spot size was 700 nm for collecting the Raman spectra. To ensure a non-

destructive measurement, a low power of 0.1 mW and a short laser exposure of 10 seconds were 

used. For room-temperature AFM measurements, a tapping mode AFM (Bruker Dimension 

ICON3) was employed. The AFM image processing and analysis were done using Gwyddion.

GIWAXS measurements were performed at the Complex Materials Scattering (CMS) 

beamline of the National Synchrotron Light Source II (NSLS-II), Brookhaven National Laboratory. 

The X-ray beam with an energy of 13.5 keV shone upon the samples between the critical angles 

of the organic film and the substrate. An incident angle of 0.1° was used for the ex-situ 

measurements and 0.12° for the in-situ measurements with respect to the substrate. A custom-

made Pilatus-800K detector was placed 257 mm from the sample center to capture GIWAXS 
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images with an exposure time of 30 s and 10 s for the ex-situ and in-situ measurements, 

respectively. A Linkam stage (HFSX 350) was used to control the temperature of the samples 

during measurements. All GIWAXS images have been background subtracted. 
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Figure S1. Micro-Raman spectrum of the graphene layer supported on SiO2/Si substrate. The 
characteristic bands of graphene are labeled as D, G, and 2D. The spectrum indicates that the 
supported graphene is of a single-layer thickness.
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Figure S2. (a) AFM height image of a graphene layer atop a Si substrate. For this measurement, 
a 0.75 nm thick MoS2 layer was sandwiched between graphene and the substrate. At the edge 
of the graphene layer, there is a total step height increase of 1 nm, indicating that the thickness 
of the graphene layer was 0.25 nm. (b) Zoomed-in micro-Raman spectrum for the graphene 
layer showing 2D band. The original curve (black) can be represented by a single Lorentzian fit 
(red), which indicates the existence of single-layered graphene. If multiple layers exist, the 2D 
band can instead be divided into multiple fits, eventually splitting into two Gaussian peaks for 
graphite.
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Figure S3. AFM height image of MAPLE-deposited PE crystals atop graphene. The substrate 
temperature was held constant at 100 °C during the deposition. The scale bar marks the length 
of 5 μm.
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Figure S4. The thermal cycling protocol for in-situ GIXD measurements to investigate Tm and Tc 
of PE crystals atop the graphene surface. Two identical cycles were used to compare MAPLE-
deposited PE and melt-recrystallized PE.
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Figure S5. GIXD results measuring Tc of epitaxial crystallization of PE atop graphene from the 
melt. (a) Plot showing integrated intensity of PE crystal reflections as a function of temperature. 
The cooling rate was 5 °C/min. (b) The corresponding snapshots of GIXD in the vicinity of 
crystallization. 
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Figure S6. (a) AFM phase image of MAPLE-deposited PE crystals atop graphene. The 
substrate temperature was held constant at 25 °C during the deposition. The scale bar  is 1 μm. 
Compared to the morphology resulting at Tsub = 100 °C, PE crystals are much less oriented and 
are composed of nanoglobular shaped crystal domains. (b) The corresponding GIXD pattern 
collected at room temperature.
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