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ABSTRACT: Matrix-assisted pulsed laser evaporation (MAPLE) provides a gentle
means for the quasi-vapor deposition of macromolecules. It offers a unique opportunity
for the bottom-up control of polymer crystallization as film growth and crystallization
occur simultaneously. Surprisingly, with increasing deposition time, it has been shown
that crystallization becomes prohibited despite the availability of polymer via continuous
deposition. In this Letter, we investigate the molecular origins of suppressed
crystallization in poly(ethylene oxide) films deposited by MAPLE atop silicon substrates.
We find that suppressed crystallization results from the formation of an irreversibly
adsorbed polymer nanolayer at the substrate that forms during deposition. Substrate
temperature is shown to influence the stability of the irreversibly adsorbed nanolayer and,
hence, polymer thin film crystallization. Our investigation offers new insight into how
temperature and interfacial interactions can serve as a new toolbox to tune polymer film
morphology in bottom-up deposition.

The bottom-up deposition of thin films in which molecular-
scale film growth and crystallization occur simultaneously

is highly desirable as the influence of interfaces on nucleation
and growth can be exploited during processing to control film
morphology.1,2 In such a process, slow growth rates facilitate
molecular ordering of the deposited material, while other
process parameters, for example, substrate surface properties
and temperature, may be exploited to tune molecular mobility
and hence manipulate morphology. In the case of atomic and
molecular systems, physical vapor deposition (PVD) has been
successfully employed as a bottom-up approach to control the
characteristics of thin films, including the morphology and
thickness.1−4 Achieving similar control of morphology in
polymer films represents a major challenge via PVD because
their high molecular weights (>500 g/mol) have previously
precluded their direct and additive deposition with this
approach.
The development of matrix-assisted pulsed laser evaporation

(MAPLE), which provides a gentle means for the deposition of
high molecular polymers from the near-gas-phase growth
conditions,5−10 offers a unique opportunity for bottom-up
polymer film growth to control morphology. For instance, it
has been shown that MAPLE can be used to control
preferential crystal orientation and the extent of crystallinity
in polymer thin films by adjusting the matrix formulation11 and
substrate temperature,12 respectively. Recently, we demon-
strated the sequential growth and crystallization of polymer
thin films deposited via MAPLE at slow growth rates.13 We
found that the MAPLE of poly(ethylene oxide) (PEO) atop

silicon (Si) substrates held at a substrate temperature (Tsub)
well below the melting point (Tm) of PEO led to the formation
of two-dimensional (2D) crystals during deposition, composed
of monolamellar crystals laterally grown from larger nucleating
droplets. Surprisingly, as the deposition time increased beyond
a certain value, the 2D crystal growth atop the Si substrate
ceased despite the availability of amorphous PEO at the 2D
crystal growth front. Qualitatively, the suppressed crystallization
of MAPLE-deposited PEO (MAPLE PEO) could be
rationalized by suggesting that the amorphous PEO is stable
against crystallization.
Inspired by our recent report, in this Letter, we investigate

the origins of the suppressed crystallization of MAPLE-
deposited films and demonstrate a means of tuning the film’s
morphology. We demonstrate that substrate temperature
during deposition strongly impacts the ability of MAPLE-
deposited films to undergo crystallization. By measuring the
thickness of an irreversibly adsorbed nanolayer formed during
film formation, as a function of deposition temperature, we
document that its presence strongly influences whether films
deposited via MAPLE undergo extensive crystallization or
whether ordering is suppressed during film growth. Consider-
ing that MAPLE represents an emerging and unique platform
for polymer film deposition, combined with limited funda-
mental understanding of how MAPLE processing influences
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morphology, this investigation offers new insight into how
substrate temperature and interfacial interactions can serve as a
new toolbox to tune film morphology.
Conceptually, MAPLE proceeds by the additive deposition of

a size distribution of polymer droplets.14 In the case of PEO
deposited atop Si, the larger droplets self-nucleate and act as
centers for dendritic 2D crystal growth. Smaller droplets either
crystallize into 2D crystals via epitaxial growth from the nuclei
or spread atop the surface and remain amorphous, forming an
amorphous nanolayer.13 While this mechanism is remarkably
similar to the crystallization of metals and molecular
compounds deposited via PVD,4,15 the resulting morphologies
of the monolayers are in stark contrast due to suppressed
crystallization in the nanolayer that remains amorphous in
MAPLE PEO films.
To understand the origins of the suppressed crystallization in

MAPLE PEO films, we began by investigating the growth of 2D
crystals from droplets of diameter D > 2.5 μm (microdroplets)
as a function of deposition time (tdep). We conducted three
sequential MAPLE depositions (M1, M2, and M3), each with 2
h intervals at Tsub = 25 °C, on the same film and analyzed the
morphology of the microdroplets formed at each time interval.
The crystalline microdroplets exhibited two types of
morphologies: type I, in which the crystalline droplet is
surround by 2D crystals, or type II, in which the crystalline
droplet is surround by an amorphous nanolayer. The two
representative crystalline microdroplet morphologies are
imaged by AFM in Figure 1a,b, respectively, and illustrated
schematically in Figure 1c.
Table 1 presents an analysis of the crystalline microdroplet

morphology at the three different time intervals, M1, M2, and
M3. For tdep = 0−2 h, that is, during M1, 96% of the crystalline
droplets formed exhibited a type I morphology, while for tdep =
2−4 h, that is, during M2, 75% of the crystalline droplets
formed exhibited a type I morphology. Strikingly, for tdep = 4−6
h, that is, during M3, 0% of the crystalline droplets formed
exhibited type I morphology. This interval-resolved morphol-

ogy analysis revealed several important observations: (i) nearly
all nucleating microdroplets initiated 2D crystal growth in the
early stages of film formation, and (ii) as tdep increased, the
ability of the nucleating droplets to initiate 2D crystal growth
diminished.
As tdep increased, so did the thickness of the amorphous

nanolayer on the substrate, with a growth rate of ∼1.5 nm/h.
Hence, while the crystalline microdroplets formed during M1
were deposited atop a nanolayer of thickness 0−3 nm, those
formed during M3 were deposited atop a nanolayer of thickness
6−9 nm. In considering this difference, we argue that the
presence of a thick underlying PEO nanolayer prevents the
microdroplets from nucleating 2D crystals during the later
stages of film growth and, thus, suppresses the overall
crystallization. This is an important observation as it hints to
a possible fundamental limitation in the gas-phase deposition of
macromolecules.
Furthermore, we analyzed whether 2D crystals formed

during M1 exhibited additional growth due the continued
deposition of PEO during later deposition intervals. Figure 1d,e
compares the morphology of the same 2D crystalline island
after M1 and M2, respectively, showing the growth of 2D
crystals during M2. As shown in Table 1, of the 2D crystalline
islands formed during M1, only 62% exhibited additional 2D

Figure 1. (a,b) AFM amplitude images showing two types of crystalline microdroplets deposited during MAPLE at Tsub = 25 °C. (a) Type I
microdroplet with surrounding 2D crystals; (b) type II microdroplet without 2D crystals. (c) Schematic showing the structure of type I and II
droplets. (d,e) Optical microscopy images taken with a 405 nm laser showing the growth of 2D crystals after additive PEO deposition; (d) taken
after the first 2 h of MAPLE at Tsub = 25 °C (M1) and (e) taken after another 2 h of the second MAPLE (M2). (f) AFM height image showing the
morphology of the MAPLE PEO film formed with tdep = 6 h (upper panel) and the corresponding AFM height profile (lower panel). Dendritic 2D
crystals, a surrounding nanolayer, and an area scraped with a razor blade (Si surface) are depicted. No depletion zone exists between the 2D crystal
growth front and the contacting nanolayer.

Table 1. Analysis of the Morphology of Crystalline
Microdroplets (D > 2.5 μm) and 2D Growth during Three
Sequential MAPLE (MP) Depositionsa

droplets of interest
first
MP

second
MP

third
MP

type I droplets among crystalline droplets 0.96 0.75 0
first MP crystalline droplets with 2D
growth

n/a 0.62 0

aThe first row shows the ratio of type I droplets among all crystalline
droplets formed at each different deposition. The second row shows
the ratio of the first MP crystalline droplets that developed detectable
2D growth (> 2.5 μm) at the second and third MPs.
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growth during M2, and no additional growth was exhibited
during M3. In this case, the lateral faces as well as the fold
surfaces of the 2D crystals were surrounded by an amorphous
nanolayer with no evidence of a depletion zone at the crystal
growth front, as illustrated in Figure 1f. Remarkably, the
amorphous PEO in direct contact with the crystal surface is
stable against crystallization. These findings further illustrate
the suppressed growth of 2D crystals as tdep increases. More
importantly, they corroborate the idea that as the thickness of
the amorphous PEO nanolayer grows, with increasing tdep,
growth of 2D crystals is suppressed.
To investigate the long-term stability of the nanolayer against

crystallization, we monitored the morphology of a PEO film,
deposited at Tsub = 25 °C atop Si, during aging. Figure 2a shows
the representative AFM morphology of the film directly after 3
h of deposition at 25 °C in which both 2D crystals and a
nanolayer are present. The ∼10 nm thick 2D crystals, formed at
an early stage of deposition, are covered with a ∼3 nm PEO
nanolayer deposited afterward. The nanolayer atop the Si,
which contacts with the lateral faces of the 2D crystals, is
approximately 5 nm thick. Figure 2b shows an AFM profile
image that confirms these film dimensions. We aged the film
under N2 at 25 °C for 27 days to determine if the morphology
evolved with time. More specifically, we wanted to determine
whether amorphous PEO in the nanolayer transformed into the

crystalline phase from the lateral faces of the 2D crystals
(primary growth, see Figure 2c) or from the top of the 2D
crystals (secondary growth, see Figure 2c), both of which are
expected from an epitaxial growth mechanism.16−19 Surpris-
ingly, the film morphology taken after 27 days of aging (see
Figure 2d) indicates that the 2D crystals showed no evidence of
primary growth from the nanolayer at the Si interface (substrate
nanolayer) during the prolonged annealing period well below
Tm. In essence, the substrate nanolayer is stable against
crystallization and therefore does not allow for the growth of
2D crystals in lateral dimensions. In contrast, evidence of
secondary growth from the nanolayer atop 2D crystals (top
nanolayer) was observed to a limited extent, as illustrated by
the dotted circles (SC1−3) in Figure 2d. Figure 2e shows an
AFM height and profile image of a crystal SC1 in Figure 2d,
formed by a secondary growth event. Thus, while the substrate
nanolayer at Si has no mobility for further crystallization, the
nanolayer atop the 2D crystals had sufficient mobility for
crystallization.
To better understand the origins of the suppressed

crystallization, we focused on obtaining evidence of strong
PEO nanolayer−substrate interactions. Suppressed crystal
growth in thin films has been associated with reductions of
the mobility of chains in the uncrystallized fraction.20,21 In thin
amorphous polymer films, such reduction of chain mobility can

Figure 2. (a) AFM height image of an as-deposited MAPLE PEO film made with Tsub = 25 °C and tdep = 3 h. (b) AFM height profile of the MAPLE
PEO film in panel (a). The profile depicts ∼9.2 nm thick 2D crystals, a ∼3 nm top nanolayer deposited atop the 2D crystals, and a ∼5 nm substrate
nanolayer atop the Si surface. (c) Schematic showing two possible cases of 2D crystal growth in MAPLE PEO films upon aging. The blue arrow
describes primary growth, continuing from the lateral faces of 2D crystals. The red arrow describes secondary growth, growing from the fold surfaces
of the 2D crystals. (d) AFM height image of the film in panel (a) taken after 27 days of aging at 25 °C under a N2 environment. White dashed circles
depict three secondary crystals (SC1−3) formed during aging. (e) AFM height image magnifying SC1 in panel (d) (upper panel) and the
corresponding height profile (lower panel).

Figure 3. AFM height image (a) and AFM profile (b) of a substrate nanolayer in a 3h@25C film, after 20 min of toluene washing. (c) Graph
comparing the nanolayer thickness in a 3h@25C film before and after toluene washing. AFM height image (d) and AFM profile (e) of a substrate
nanolayer in a 3h@50C film, after 20 min of toluene washing. (f) Graph comparing the substrate nanolayer thickness in a 3h@50C film before and
after toluene washing.
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occur due to pinning of chain segments onto the substrate that
forms irreversibly adsorbed layers (IALs).22−24 We reason that
the development of an IAL at the nanolayer−Si surface
suppresses crystal growth. To establish the existence of an IAL,
following Guiselin’s experiment,25−29 we measured the residual
substrate nanolayer thickness after solvent washing of a
MAPLE PEO film formed with Tsub = 25 °C and tdep = 3 h,
that is, 3h@25C MAPLE. The methodology is a well-
established technique to uncover loosely adsorbed chains in
polymer films; therefore, residual film thickness can be the
indicator of the degree of adsorption. Solvent washing was
done by dipping the films into toluene for 20 min. Figure 3a,b
shows an AFM height image and a representative AFM profile
of a residual substrate nanolayer after solvent washing,
respectively. Figure 3c compares the average substrate nano-
layer thickness before and after solvent washing. Clearly,
solvent washing did not modify the original thickness (∼5 nm),
thus indicating the presence of a strongly bound IAL.
As the mobility of polymer chains critically depends on

temperature, we next sought to investigate the effect of a higher
Tsub close to Tm, at which the deposited PEO chains would
have a higher kinetic energy and thus higher desorption
probability. We therefore deposited a PEO film at Tsub = 50 °C
for tdep = 3 h, that is, 3h@50C MAPLE. Solvent washing was
performed for 20 min after equilibrating the as-deposited 3h@
50C sample at 25 °C for 5 min. Figure 3d,e shows an AFM
height image and a representative AFM profile of a solvent-
washed residual substrate nanolayer, respectively, and Figure 3d
compares the average substrate nanolayer thickness before and
after solvent washing. Noticeably, the film thickness dramati-
cally decreased from ∼5 to ∼1 nm after solvent washing. As
shown by the profile spectrum in Figure 3e, we can firmly
conclude that deposition at higher Tsub reduces the develop-
ment of an IAL during MAPLE.
On the basis of these findings, we next evaluated the

morphological development of the 3h@50C MAPLE PEO film
during aging. The as-deposited 3h@50C sample was readily
transferred to the 25 °C temperature stage and monitored
under optical microscopy to provide the same aging environ-
ment as that in the case of the 3h@25C sample above. As this
high Tsub (50 °C) effectively suppresses crystal nucleation of
PEO, the majority of the film would remain uncrystallized
during deposition and only become able to nucleate when
moved onto the 25 °C stage.13 Figure 4a compares a film

morphology right after crystallization of the N1 droplet (see the
upper panel) at 25 °C and the morphology of the same region
captured after 1 h (see the lower panel). It is obvious that the
crystal growth propagated through the nanolayer region,
forming dendritic 2D crystals. Such crystal growth propagated
into the entire substrate region of ∼2 cm2 once nucleation
events occurred. Figure 4b is an optical microscopy image of
the sample in Figure 4a, with time contours showing the
location of the crystal growth front at times 0 (yellow line), 0.5
(blue), 1 (red), and 4 min (black). The propagation of the 2D
growth crystallized microdroplets N1−N4 in the order named.
Figure 4c plots the 2D crystal growth from the four
microdroplets in Figure 4b, N1−N4 respectively, as a function
of time. In the respective growth plots, the time of
crystallization of the corresponding droplets was set to zero.
They all collapsed in one line, indicated as a black dashed curve,
showing retarded growth rate as they grow farther away from
the microdroplet. Finally, Figure 4d exhibits the AFM
morphology of 2D crystals of the 3h@50C sample after
crystallization. The ∼10 nm thickness of the 2D crystals is
identical to the thickness of the crystals formed via MAPLE at
Tsub = 25 °C.
Interestingly, MAPLE deposition at Tsub = 50 °C renders

primary growth from the ∼5 nm thick nanolayer at 25 °C, as
opposed to the case of the nanolayer with comparable thickness
and aging temperature but formed at Tsub = 25 °C. The findings
corroborate the notion that suppressed crystallization during
MAPLE is due to the development of an IAL during deposition.
Irreversible adsorption of chains can lead to a reduction or
complete suppression of crystallization as there is a high
entropic barrier required for reorganization of chains from
IAL.21,30 From this point of view, we conclude that while the
strongly bound substrate nanolayer of ∼5 nm in 3h@25C
samples prohibits primary growth, the loosely adsorbed
nanolayer in 3h@50C allows the growth of primary MLCs
once nucleation events occur.
In summary, we investigated crystal growth in vapor-

deposited PEO films and provided evidence that the deposition
temperature in MAPLE of polymers can affect the stability of
deposited polymer thin films against crystallization. In a PEO
film deposited at 25 °C, the uncrystallized fraction of the PEO
was strongly adsorbed to the Si surface and resistant to
crystallization during 25 °C aging. However, when the
deposition was performed at 50 °C, the adsorption of the

Figure 4. (a) Optical microscopy images taken with a 405 nm laser showing 2D crystal growth from a MAPLE PEO film during aging at 25 °C. The
film was made with Tsub = 50 °C and tdep = 3 h and quickly transferred onto a 25 °C temperature stage. The upper panel was captured right after
crystallization in droplet N1, and the lower panel was captured after 1 h of aging; (b) propagation of 2D crystal growth as a function of time. (c)
Plots showing 2D crystal growth from four microdroplets (N1−N4) in panel (b). The radial 2D crystal growth from each droplet is plotted as a
function of time elapsed from the point of droplet crystallization. (d) AFM height image (upper panel) showing 2D crystals grown from the
substrate nanolayer during aging. The left side of the film was scraped with a razor blade. The measured height of the 2D crystals was ∼10 nm, as
depicted in the lower panel.
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uncrystallized PEO fraction to Si was dramatically lessened and
exhibited rapid crystal growth during 25 °C aging. Our results
imply that the deposition temperature combined with
interfacial interactions can define the nature of deposited thin
polymer films in MAPLE processing, and the thermal history of
polymer thin films can affect the crystallization kinetics. Future
work will seek to demonstrate how MAPLE deposition atop
substrates with different properties can be used to control thin
film morphology.

■ EXPERIMENTAL METHODS
Details of the MAPLE deposition of PEO were described in our
previous study.13 The deposition of PEO (Mn = 4600 g/mol,
polydispersity = 1.1) onto as-received Si substrates was
achieved by laser ablation from a frozen MAPLE target,
where PEO was dissolved in dimethyl sulfoxide at a
concentration of 1 mg/mL. The laser ablation was conducted
in a vacuum environment using a KrF laser (LightMachinery
PulseMaster 844, λ = 248 nm, pulse duration = 20 ns). The
laser was operated with a repetition rate of 5 Hz and energy of
13.5−14.0 mJ/pulse with the focal area of 15 mm2.
For solvent washing, the MAPLE PEO sample of interest was

cut into ∼0.5 cm × 2 cm sheets and then vertically soaked in
toluene (20 mL volume glass vial) at room temperature. After
submersion for 20 min, the sample was taken out, briefly rinsed
with fresh toluene, blown with N2, and dried in a vacuum oven
at room temperature. Three different regions of the film were
investigated via AFM to obtain the average thickness of a
substrate nanolayer before and after solvent washing.
For AFM measurements, a tapping mode AFM (Asylum

Research MFP-3D-SA) was used for imaging. AFM image
processing and analysis were performed using Gwyddion
software. The thickness of a nanolayer in MAPLE PEO films
was determined by measuring the height of steps obtained by
removing the MAPLE-deposited area with a razor blade. Only
flat film areas having no microdroplets atop were considered in
measuring the nanolayer thickness. The root-mean-square
roughness of a substrate nanolayer formed with 3 h of
MAPLE was typically below 1 nm.
For optical microscopy measurements, a laser scanning

confocal microscope (Olympus OLS4000), equipped with
white light and a 405 nm laser as a light source, was used for
imaging. The images taken with the 405 nm laser were
processed to enhance contrast and brightness. A film area of
∼1.53 × 105 μm2 was investigated for the analysis of 2D crystal
growth as well as the morphology of crystalline microdroplets
at each time interval of sequential MAPLE depositions (M1−
M3).
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