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Molecular layer deposition (MLD) is a gas-phase deposition technique that can create ultra-thin films with
precisely controlled chemical composition and thickness by depositing one monolayer at a time. This makes MLD
an attractive technology for desalination membranes among other applications. Given its relatively recent
development, little information has been reported regarding the properties of MLD thin films. We present the
results of an initial mechanical property study of MLD films with thicknesses ranging from ~50 to 2000 nm. MLD
was utilized to create crosslinked polyamide films grown using either m-phenylenediamine (MPD) and trimesoyl
chloride (TMC) reactants or piperazine (PIP) and TMC reactants. The elastic modulus of the films was determined
using atomic force microscopy (AFM). The results show that the modulus was independent of film thickness with
values of 4.36 = 1.19 GPa and 5.24 + 1.06 GPa for the MLD films grown using the MPD-TMC and PIP-TMC
chemistries, respectively. These values are of the same order of magnitude as those reported for much thicker

polyamide films, but higher than the modulus of polyamide films fabricated using interfacial polymerization.

1. Introduction

The mechanical properties of polymeric membranes are important
considerations in the continuing effort for improved material perfor-
mance. Thin film composite (TFC) membranes, typically comprised of a
thin, dense polyamide layer atop a much thicker, porous polymeric
support, remain the most often used membrane material in reverse
osmosis (RO) desalination. TFCs must withstand deformation during the
assembly and long-term operation of high-pressure spiral-wound
membrane modules [1,2]. To reduce membrane resistance and decrease
operating costs the selective dense layer should be as thin and homo-
geneous as possible [3-5]. However, as the surface-to-volume ratio of
thin films and ultra-thin films increases, the characteristics of the
substrate-film and film-air interfaces have greater effects on their me-
chanical behavior [6-8]. Therefore, future development of TFC mem-
branes with improved transport properties must be coupled with a better
understanding of the mechanical characteristics of the ultra-thin selec-
tive layer to avoid plastic deformation or failure of the film [1,9].

The thin polyamide films utilized in the subject study were fabricated
using molecular layer deposition (MLD). MLD is an analogous process to
atomic layer deposition (ALD) and is an ultra-thin film deposition
technique that uses sequential, self-limiting reactions to produce
conformal and uniform films (Fig. 1) [10,11]. Under vacuum, a sample is
exposed to reactive precursors one at a time to build up a film with
Angstrom-scale precision. In the first step, the surface is exposed to the
first precursor. The functional groups of this reactant (e.g., an acyl
chloride) form a covalent bond with the surface through a poly-
condensation (or similar) reaction. Subsequently, the precursor and re-
action byproducts are purged away. At this point, a monolayer has
developed on the surface which now has the functionality of the first
precursor (acyl chloride). During the second step, the sample is exposed
to another precursor with a new functional group (e.g., an amine). Once
again, a monolayer of material is covalently bonded to the surface whose
functionality, once more, changes. After a second purge, the process may
be repeated to increase the film thickness.

The mechanical properties of MLD films have been sparsely studied.
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Fig. 1. MLD process: (a) Original surface is exposed to the first reactant (blue), and (b) surface sites are saturated with the reactant, generating a surface with new
functional groups; (c) excess reactant is purged from the chamber with inert gas, and (d) new functional groups on the surface are exposed to the second reactant
(orange), (e) reactive sites are saturated, and after purging, provide a surface ready for repeat reaction cycles. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)

MP T™MC

D o)
O, Cl H E_
NH, + » -E-Nl 0,
. CI\'(&YO < >—N\|_I g ¢

PIP TMC

HN/\I +

o
>
NH Cl (o] I\/)‘l 4

o Cl

Fig. 2. The two chemistries used in the MLD process. left: m-phenylenediamine (MPD) and trimesoyl chloride (TMC) reactants form a fully aromatic polyamide film;

right: piperazine (PIP) and TMC reactants form a semi-aromatic polyamide film.

Some studies include the modulus of organic-inorganic hybrid MLD
films measured with nanoindentation [12-15]. Of particular interest is a
study done by Nye et al. on polyurea MLD films [16]. Picosecond
acoustic analysis was used to determine the modulus of the polyurea
films and researchers used this information in addition to chemical
analysis techniques to determine trends with film thickness. The dif-
ferences found between the two MLD polyureas gave insight into the
mechanisms of MLD film growth and morphology of the films.

One technique employed to measure the mechanical properties of
thin films is atomic force microscopy (AFM). AFM enables correlation
between topographic and property data at high spatial resolution [17].
Several studies have used an AFM for indentation of polymer thin films
[18-22]. A newer AFM technique termed PinPoint™, operates in a
contact mode where the AFM cantilever deforms the sample and collects
a force-distance curve at each pixel in the image, thus measuring topo-
graphical and mechanical characteristics simultaneously. Given its re-
ported advantages [23-25], AFM PinPoint™ was chosen to investigate
the modulus of the thin polymer films used for this study.

The two polyamide MLD films in this study have been used to
fabricate RO membranes and to improve the mechanical characteristics
of battery electrodes [26-28]. One is a fully aromatic polyamide made
using m-phenylenediamine (MPD) and trimesoyl chloride (TMC) re-
actants and the other is a semi-aromatic polyamide made using piper-
azine (PIP) and TMC reactants (Fig. 2). The focus of this study is to
investigate the influence of film thickness and chemistry on the elastic
modulus of these polyamide MLD films. The work expands the literature
regarding the mechanical properties of MLD films and provides an
improved basis for advanced polymer film engineering for technologies
such as membranes, batteries, and flexible electronics.

2. Experimental
2.1. Film fabrication
A rotating spatial reactor was used to deposit the MLD films as shown

in Fig. S1 of the supplementary information. The reactor had an inner
drum that rotated samples between two exposure zones. The volumes

between the exposure zones served as purging zones. A single rotation of
the inner drum corresponded to a single MLD cycle. Exposure and purge
times could be altered by changing the rotation speed. Film thickness
could be varied by changing the number of cycles. More details on the
design and operation of this system were provided in Refs. [29,30].

The two polyamide chemistries shown in Fig. 2 were utilized for the
MLD films, which were grown on silicon substrates. MLD film samples of
desired thickness were fabricated in the spatial MLD reactor using a
temperature of 115 or 130 °C and a rotation speed of 20 or 120 RPM.

Film thickness was measured using spectroscopic ellipsometry (J.A.
Woollam Co., Inc., M — 2000).

2.2. Atomic force microscopy

Mechanical property measurements of the MLD films were obtained
with an atomic force microscope (AFM) (NX10, Park Systems Corp.,
Suwon, Korea). The AFM measurements were performed in PinPoint™
mode whereby the AFM cantilever deforms the sample and collects a
force-distance curve at each pixel in the image. A representative force-
separation curve is shown in Fig. S2 of the supplementary informa-
tion. The cantilever selected was SD-R30-NCH (Nanosensors, Neuchatel,
Switzerland) with a spring constant of 42 N/m, resonance of 330 kHz,
and a tip radius of 30 nm + 10 nm. A spring constant calibration step
was performed with the Sader method, which takes into account the
specific geometry of the cantilever measured by optical microscopy [31,
32].

Each scan image is 5 x 5 pm with a resolution of 256 x 256 pixels. All
AFM measurements were recorded at ambient conditions. Force-
distance curves were taken at an approach and retract speed of 10
pm/s. Each sample was scanned 2-3 times in randomly chosen areas
except the 48 nm MPD-TMC sample, which only includes a single
measurement scan.

To calculate an accurate modulus value the contact area between the
probe tip and the sample surface must be known [33-36]. PinPoint™
mode requires a minimum deformation of 1 nm to create reliable contact
between the probe tip and sample surface. This minimum deformation
was chosen as the selection criteria for reliable AFM scans. The
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Fig. 3. Representative 5 x 5 pm AFM modulus scans of MLD films on silicon substrates. Left: a 225 nm thick MPD-TMC film with a mean modulus of 5.4 GPa; right:
260 nm thick PIP-TMC MLD film with a mean modulus of 4.8 GPa. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

uniformity of the AFM images was monitored to avoid tip wear and
contamination effects. To better quantify tip contamination, the adhe-
sion force was also monitored from the force-distance curves [37]. To
avoid artifacts, a maximum adhesion force threshold of 50 nN was
utilzed for the measurements.

A bare silicon chip was measured to obtain the RMS roughness of the
silicon substrate. An OMCL-AC160TS (Olympus Corporation, Tokyo,
Japan) cantilever with a spring constant of 26 N/m, resonance of 300
kHz, and tip radius of 7 nm was used in non-contact mode for this
purpose. Two random 5 x 5 pm areas were probed to measure the RMS
roughness.

2.3. Elastic modulus calculation

The modulus at each pixel was calculated using the Johnson-Kendall-
Roberts (JKR) model [35]. The JKR model uses points on the unloading
segments from the force-separation curve to calculate the modulus
(Fig. S3). Using a Poisson’s ratio, v, of 0.4 [38] and tip radius, R, of 30
nm, Equation (1) from the JKR model can be used to calculate the elastic
modulus, E [25,39,40]:

3 1+16'/3 " F,
E:Z(lfvz) 3 N 1/2 (€]
(R(dy — dy)’)

The values of dy, d;, and F; were taken from the force-separation
curve, such as the force-separation curve in Fig. S3, where d is the
separation distance of the probe and F is the force.

2.4. Image processing

The AFM images were processed using the open source Gwyddion
software (version 2.60). To better visualize the data and obtain a more
accurate mean modulus value, extreme pixels had to be removed with a
mask. Pixels with a modulus value greater than three standard de-
viations from the mean were excluded from the data set because it was
determined that the AFM had performed a poor-quality indent. A poor-
quality indent could be due to sample or probe contamination. This
occurred in less than 2% of the pixels. The extremely high modulus
values from these pixels were orders of magnitude higher than what the
AFM could accurately measure. Additionally, such a range in properties
is not expected for the homogeneous MLD films. This procedure was
applied to all AFM PinPoint™ modulus scans. Standard statistical
analysis was used to calculate the mean and standard deviation of the
AFM measurements.

3. Results and discussion
3.1. MLD film modulus

MPD-TMC and PIP-TMC MLD films with thicknesses ranging from
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Fig. 4. Collective modulus measurements of all MLD films with respect to film
thickness. Each point represents the mean modulus and standard deviation
calculated from a 2-3 AFM scans. Samples were remeasured at randomly
chosen locations.

~50 to 2300 nm and ~100 to 1200 nm, respectively, were characterized
using AFM PinPoint™ mode. To validate the measurement technique, a
poly(methyl methacrylate) (PMMA) film was fabricated and measured
using the same protocol as the MLD films. The mean modulus from three
AFM scans was measured as 3.12 £ 0.19 GPa. This mean modulus is in
the range for bulk values reported in literature for PMMA films (2.6-4.2
GPa) [41,42]. Other recent studies have used PinPoint™ mode to
measure the mechanical properties of bulk and thin film polymers
[23-25]. Representative AFM modulus images of MLD films are shown
in Fig. 3. It is important to note that each image indicates a uniform
modulus by the unvarying coloration. This speaks to the excellent ho-
mogeneity of MLD thin film mechanical properties.

In addition, topography measurements indicated that the MLD films
were conformal and smooth. All MLD samples had an RMS roughness
less than 1 nm. When a bare silicon substrate was measured in non-
contact mode, the RMS roughness of two 5 x 5 pm images (256 x 256
pixels) were 1.49 nm and 0.99 nm. Thus, the MLD films did not increase
the roughness of the substrate.

The full set of MLD mean moduli are shown in Fig. 4. Overall, the
modulus values ranged from ~2.6-5.8 GPa for the MPD-TMC films and
~4.5-6.3 GPa for the PIP-TMC films. Statistical analysis of the data was
conducted to evaluate the dependence of modulus on film thickness.
Neither of the chemistries evidenced a statistically significant result.
However, the two thinnest MPD-TMC films measured have a smaller
modulus than the other films. To help eliminate the possibility of a
measurement artifact, subsequent measurements of the 2300 nm MPD-
TMC sample were made, and the initial mean modulus value of 4.7
GPa was confirmed. In addition, it is important to note that low values
were not observed for the PIP-TMC film of comparable thickness.
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Table 1

Comparison of polyamide film modulus values reported in the literature using various fabrication and measurement techniques.
Film Fabrication Technique Chemistry Measurement Method Modulus [GPa] Reference
MLD MPD-TMC AFM 4.36 This work
MLD PIP-TMC AFM 5.24 This work
P MPD-TMC AFM 0.55, 0.90 [24]
P MPD-TMC Film wrinkling 0.10-2.71 [31]
P PIP-TMC Film wrinkling 0.25 [3]
P MPD-TMC Film wrinkling 1.4 [48]
P PIP-TMC Film wrinkling 1.3 [48]
Extrusion Hexamethylenediamine - Adipic acid AFM 2.54 [22]
Injection Hexamethylenediamine - Isophthalic acid AFM 3.49 [22]

The literature reports that thin film moduli can increase [7,41,45],
decrease [8,43,44], or remain the same as the film thickness decreases
[6,41]. One challenge in measuring thin films is the influence that
instrumentation may have on observed values and trends. For example,
Nguyen et al. found that an AFM probe with a larger radius was more
prone to measure substrate effects than probes with a smaller radius for
the same film thicknesses [39]. To successfully analyze thickness
dependent trends in thin films, the probe contact area must be lesser
than the size effects of the free sample surface [45-47]. In the present
study there were no observed systematic changes in modulus due to
influence from the substrate or the AFM probe.

The samples were then analyzed in terms of film chemistry. The
mean and standard deviation for the collective MPD-TMC and PIP-TMC
samples were 4.45 + 1.21 GPa and 5.28 + 1.09 GPa, respectively.
Analysis indicated no statistically significant difference which matches
other findings for MPD-TMC and PIP-TMC films measured at room
temperature [3,48].

3.2. Comparison of MLD film moduli to interfacial polymerized film
moduli

The overall mean modulus of the MPD-TMC and PIP-TMC MLD films
is higher than those reported in literature for polyamide films fabricated
through interfacial polymerization (IP), the most common commercial
technique for fabricating polymer RO membranes (Table 1). IP is a semi-
self-limiting solvent-based chemical reaction that takes place when a
porous support soaked in an aqueous solution containing one reactant
(MPD) contacts an organic solution containing the other reactant (TMC),
thus forming a thin film at the interface of the two phases. Once the film
is continuous the two phases are separated, diffusion is limited, and the
reaction is complete [49].

Chong and Wang fabricated thin IP polyamide films atop a porous
ceramic substrate and used AFM PinPoint™ to measure the modulus of
the film across the pore. Depending on the size of the pore, the reported
modulus values for the film suspended over the pore ranged from 0.55
+ 0.5 GPa to 0.9 £+ 0.5 GPa [24]. The authors note the possibility of
substrate effects to explain the differences between the modulus values.
The MLD films used in the present study were supported by a non-porous
substrate and no increases in modulus were measured due to substrate
effects as the film thickness decreased.

Another consideration is the roughness of the substrate. When using
AFM contact mode on a rough surface, the exact contact area of the AFM
probe tip is unknown, and this could produce artificially inhomogeneous
modulus measurements [33]. However, in the present study the MLD
films were smooth (RMS <1 nm), so surface roughness effects were
unlikely, and the contact area was taken as the theoretical area of a 30
nm radius tip.

A film wrinkling technique has been employed to measure the plane
strain modulus of the IP polyamide dense layer of commercial RO (TMC-
MPD) and nanofiltration (PIP-TMC) membranes [48,50]. The re-
searchers reported modulus values of 1.4 + 0.5 GPa and 1.3 + 0.1 GPa
for the RO and nanofiltration membranes, respectively. These values
were smaller than those of the MLD polyamide films reported in this

study. A possible explanation could be structural differences between
the MLD and IP films. Since MLD is a sequential, gas-phase deposition
technique the reactions yield a film with complete crosslinking as
indicated by Fourier transform infrared (FTIR) spectroscopy and x-ray
photoelectron spectroscopy (XPS) studies [29]. IP films do not exhibit
complete crosslinking according to XPS studies [48]. However, for
polyamides measured at room temperature, well below their glass
transition temperature, crosslinking should not be a meaningful source
of deviation in modulus values [51,52].

Film morphology on the other hand, could impact measured
modulus values. IP films contain tortuous voids and folds that make the
actual film thickness difficult to measure and could produce an artifi-
cially low calculated modulus using the wrinkling wavelength technique
[5,53]. In contrast, MLD films are smooth and defect-free. When Karan
et al. fabricated a smooth IP film (RMS = 0.6 nm), the reported modulus
was 2.71 GPa using the film wrinkling technique [3]. This value is closer
to the MLD polyamide film moduli reported in the present study
providing support for the possible role of film morphology in modulus
measurement. Macroscale film morphology differences between the
solid MLD films and the porous IP films may cause the measured
modulus of the MLD films to be higher.

In addition, Cervera-Moreno et al. used AFM indentation to measure
various amorphous and semicrystalline polyamides [22]. The sample
thicknesses studied were on the order of 100 pm and were manufactured
with extrusion and injection molding, so the properties were likely
representative of a bulk material. The reported modulus values were
between 1.99 and 3.49 GPa, in the same range as those reported here for
the MLD films. Differences in chemical structure between the aliphatic
films from Cervera-Moreno et al. [22] and the aromatic MLD films do
not appear to produce a meaningful difference in modulus values. It
should be noted that the use of different measurement techniques might
obscure any such differences.

4. Conclusions

MLD thin films were fabricated on silicon substrates, and modulus
measurements were conducted using AFM in PinPoint™ mode. The
modulus was determined to be independent of thickness for both the
MPD-TMC and PIP-TMC chemistries evaluated and values for the two
chemistries were statistically similar. The obtained range of ~3-6 GPa
was on the same order of magnitude as values reported for much thicker
polyamide films, but higher than the modulus of polyamide films made
with interfacial polymerization.

The uniformity of the AFM modulus images revealed the homoge-
neity of MLD film mechanical properties, a desirable characteristic for
reliable and consistent membrane fabrication.

This is the first known study of the modulus of all-organic MLD films
and provides useful data for MLD modeling and for a range of applica-
tions. A more comprehensive analysis with additional thicknesses and
chemistries combined with chemical analysis techniques would provide
further insights on MLD growth mechanisms and film morphology.
Fabricating IP films from the same chemistries and measuring the me-
chanical properties to provide a baseline of comparison for MLD thin
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films will be the focus of future work. This would aid in the potential
expansion of MLD applications.
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