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Metal–organic coordinated multilayers are self-assembled thin films fabricated by alternating solution–
phase deposition of bifunctional organic molecules and metal ions. The multilayer film composed of
α,ω-mercaptoalkanoic acid and Cu (II) has been the focus of fundamental and applied research with its robust
reproducibility and seemingly simple hierarchical architecture. However, internal structure and composition
have not been unambiguously established. The composition of films up to thirty layers thick was investigated
using Rutherford backscattering spectrometry and particle induced X-ray emission. Findings show these films
are copper enriched, elucidating a 2:1 ratio for the ion to molecule complexation at the metal–organic interface.
Results also reveal that these films have an average layer density similar to literature values established for a self-
assembled monolayer, indicating a robust and stable structure. The surface structures of multilayer films have
been characterized by contact angle goniometry, ellipsometry, and scanning probe microscopy. Amorphological
transition is observed as film thickness increases from the first few foundational layers to films containing five or
more layers. Surface roughness analysis quantifies this evolution as the film initially increases in roughness
before obtaining a lower roughness comparable to the underlying gold substrate. Quantitative analysis of topo-
graphical structure and internal composition for metal–organic coordinated multilayers as a function of number
of deposited layers has implications for their incorporation in the fields of photonics and nanolithography.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Amultilayer architecture of either organic (soft) or inorganic (hard)
materials is a common structure for a variety of technological applica-
tions, from capacitors to photonic devices. Within the realm of organic
multilayers, some common synthetic methods include polyelectrolyte
assembly, dendrimeric growth, surface-initiated ring-openingmetathe-
sis polymerization, and chemical vapor deposition [1–7]. These systems
have been integrated in awide range of applications such as anti-fouling
coatings or for drug delivery [8–10]. Inorganic examples of alternating
layers for device architectures (i.e., capacitors andmultilevel flashmem-
ory) are formed by traditional processing methods such as metal evap-
oration, ion beam sputtering, andmolecular beam epitaxy as well as by
nontraditional solution-phase layer-by-layer methods [11–14]. Metal–
organic coordinated multilayers are a hybrid inorganic–organic system
characterized by the ability to tailor and tune thickness in the sub-
nanometer scale with chemically selective deposition [15–26]. These
metal–organic coordinated multilayers are simple to fabricate as they
do not require high energy or vacuum systems, and they have been
n).
studied for applications in lithography, electronics, and photonics
[27–40].

Themetal–organic coordinatedmultilayer system that has been sys-
tematically characterized here isα,ω-mercaptoalkanoic acid complexed
with copper (II) ions. This system was first studied by ellipsometry,
followed by X-ray photoelectron spectroscopy investigations that re-
vealed a mixture of oxidation states of the copper ions within the com-
positional structure [15,41]. Other key studies investigated the
protonation of the terminal carboxylic acid and its impact on coordinat-
ing the copper ions [42,43]. These multilayers have application as “mo-
lecular rulers” tomeasure out or build up precise nanoscale lithographic
resists, which can define spacings between metal features [29–32,34].
These films are often represented by a figure showing a 1:1 ratio for
metal:molecule and an equal density of the additional layers relative
to the base layer (Fig. 1), but the structure for this seemingly simple sys-
tem has not been established unambiguously. In an effort to understand
the film formation, research in the past decade has looked at this multi-
layer film structure and composition by scanning probe microscopy,
ellipsometry, contact angle goniometry, and infrared reflection spec-
troscopy [44–46]. These previous studies, which focused on examining
the initial few layers of the film, found a composition that was copper
deficient and a topographic structurewith islands formed atop underly-
ing layers due to incomplete layer formation. Research described here
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Fig. 1. Schematic representing three layers of ametal–organic coordinatedmultilayer thin
film, composed of α,ω-mercaptoalkanoic acid and Cu2+ ions (blue spheres). This is the
commonly accepted structure with a 1:1 ratio of metal ion to organic component [15].
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.).
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systematically investigated foundational layers as well as thicker films
to understand the physical phenomenon that underpins film growth,
describing the transition from foundational layers to thicker films
when the film takes on its own unique stable morphology.

In the studies presented herein, the topographical structure and the
internal composition of these metal–organic coordinated multilayers
have been investigated quantitatively as a function of the number of
layers deposited to understand their film formation. Topographic struc-
ture has been examined by scanning probe microscopy (SPM) with a
quantitative investigation of surface roughness and a qualitative obser-
vation of filmmorphology. This comprehensive study of layers 1–30 has
allowed for the visualization of how the filmmorphology changes from
a conformal coating mimicking the underlying substrate to a material
with its own distinct structure. Films up to 30 layers in thickness have
had their composition investigated by Rutherford backscattering spec-
trometry (RBS) and particle induced X-ray emission (PIXE). These are
techniques commonly used to look at inorganic films, but are here
shown to be effective for determining molecule-to-metal ion ratios
and molecular film density for this hybrid inorganic–organic multilayer
system [47,48].

2. Experimental details

2.1. Materials

Copper (II) perchlorate hexahydrate (98%) and 16-
mercaptohexadecanoic acid [MHDA] (90%) were used as received
from Aldrich (Saint Louis, MO). Absolute, anhydrous ethanol (200
proof, ACS/USP Grade) was obtained from Phamco-Aaper (Shelbyville,
KY). Silicon wafers were received from Silicon Quest International
(San Jose, CA) and the deposited metals of chromium and gold were
purchased from Kurt J. Lesker (Jefferson Hills, PA).

2.2. Sample preparation

The multilayers were formed through bottom-up assembly by alter-
nating solution–phase deposition between 1 mM ethanolic solutions
containing MHDA or Cu (II) ions [15]. The multilayers were deposited
on a gold film prepared by metal evaporation. The substrate was a sili-
con wafer substrate with 100 nm of thermally grown oxide and the
metal film was composed of a 10 nm Cr adhesion layer followed by
100 nm Au. The first self-assembled monolayer (SAM) was grown on
the gold substrate by submersion in the MHDA solution. After 1 h, the
sample was removed, rinsed with ethanol, and gently dried with lab
air. The sample was then submerged in the copper ion solution for
15 min, and similarly rinsed and dried. Submersion in a fresh solution
of MHDA for 1 h followed by rinsing and drying completed the second
layer, and this process was continued to deposit the desired number
of layers. To obtain a sample set (set of 0, 1, 5, 10, etc. layers), the sub-
stratewas cleaved into separate samples after completion of the desired
layer, and the remaining substrate was used for continued growth. In
this manner, sample sets were prepared from the same gold substrate
for consistency within the sample. In all cases, the terminal layer was
the organic component.

2.3. Ellipsometry

To investigate linear film growth, film height was characterized via
ellipsometry. Measurements were obtained using a variable angle dis-
creet wavelength ellipsometer (PHE-101 VADE, Angstrom Advanced,
Braintree, MA). A wavelength of 632.8 nm and a fixed angle of 70°
were used to collect multiple points per substrate (for each sample, a
minimum of three spots were measured). Using the PHE-102 analysis
software, the film height was calculated based on refractive index
values of n = 1.5 and k = 0 [15].

2.4. Contact angle goniometry (CAG)

To examine film growth by studying film hydrophobicity and
surface roughness, static contact angles were obtained using an Easy
Drop contact angle goniometer (Krüss, Matthews, NC). At ambient
conditions, a 10 μL water droplet was delivered via a 500 μL syringe
and flat-tipped needle. Then an image was collected to measure the
angle between the droplet and the sample surface. The Kruss Drop
Shape Analysis program was used to determine the contact angle. A
minimum of three drops per sample were collected.

2.5. Scanning probe microscopy (SPM)

Images were obtained using a Dimension Icon Atomic Force Micro-
scope (Bruker, Santa Barbara, CA) operating in peak force tapping mode
(ScanAsyst) using etched silicon tips, and SCANASYST-AIR (Bruker,
Santa Barbara, CA),with a spring constant range of 0.2–0.8N/mand a res-
onant frequency range of 45–95 kHz. A minimum of three images
(512 × 512 pixels) were collected for each sample and scan parameters
were as follows: 1 Hz scan rate, 13.8 μm z-range, 205 mV amplitude
setpoint, and 155 mV drive amplitude. Image analysis was routinely un-
dertaken using the Nanoscope Analysis software (Bruker, Santa Barbara,
CA). Matlab (MathWorks) and Image J (NIH online resource) software
were also used for advanced image analysis to determine surface rough-
ness and surface coverage, respectively.

2.6. Particle induced X-ray emission (PIXE)

To study the elemental concentration of the samples, PIXE spec-
trometry was performed using the Ion Beam Analysis Lab at Hope
College. An ion beam of protons (H+) accelerated to 3.4 MeV was
used to irradiate each sample in vacuo, and the resultant X-rays were
detected at 135° relative to the incident beam by a lithium-drifted sili-
con detector. Each sample was irradiated by several nA of beam for
~5 min per sample. A minimum of three locations across each sample
were measured and the X-rays were quantified by thick-target analysis
with the program GUPIXWin to determine elemental composition
(in ppm) [49]. NIST-SRMcalibration standards (614 and2586) provided
absolute normalization of elemental concentrations.
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2.7. Rutherford backscattering spectrometry (RBS)

To studyfilm composition and tomeasure areal density (atoms/cm2),
RBSwas conducted using a 2.9MeV beamof alpha particles (He1+) from
theHope College Ion BeamAnalysis Laboratory. Scattered alpha particles
were detected in a silicon surface-barrier detector located at 168.2° rela-
tive to the beam, which was energy calibrated with a mixed alpha
source. The program SIMNRA was used for data analysis to model the
energy spectra obtained from the backscattered particles [50,51]. The
elemental composition is determined by the precise energy measure-
ment of the backscattered particles after their nuclear collisions with
the target nuclei, and the areal density is determined by the number of
backscattered particles per incident beam intensity and solid angle. For
each substrate, multiple regions were sampled with an incident beam
of ~5 nA for ~10 min apiece and three measurements from the same re-
gionwere combined to obtain higher resolution spectra. Itwas also note-
worthy that when the same region was repeatedly sampled there was
no deviation in the result, confirming that the sample was not degraded
by the particle beam.

3. Results and discussion

The structure and composition ofmultilayer filmswere studiedwith
a particular emphasis on the surface morphology and roughness, the
density of each layer (molecules/cm2) in the film, and the concentration
of copper within the film. In order to understand how these character-
istics may change with increasing numbers of multilayers, sample sets
were investigated for multilayer films containing a range of thicknesses
from 1 to 30 layers (note the organic component is in all cases the ter-
minal layer). To investigate how morphology and roughness change
with increasing number of multilayers, ellipsometry, contact angle go-
niometry, and scanning probe microscopy were employed. Particle-
induced X-ray emission and Rutherford backscattering spectrometry
were utilized to investigate the average areal density of the individual
layers and to determine the binding ratio between metal ions and
molecules.

3.1. Film formation characterization by ellipsometry and contact
angle goniometry

Ellipsometry datawere collected, as shown in Fig. 2a, tomonitor film
growth. This data set is from a single piece of gold that was cleaved after
iterations of approximately 5 layers until 30 layers of the film were de-
posited. The steady increase in film thickness, with a slope of 17 Å/layer,
indicates themolecules aremaintaining their alignment as anorganized
monolayer and not collapsing or lying flat as subsequent layers were
formed. Routinemultilayer film growthwas shown; and no unexpected
trends were observed through this characterization.

The contact angle goniometry data shown in Fig. 2b are from the
same sample set (1–30 layers) as the ellipsometry data. The angles
were all ~50–60° which are much lower than the unmodified gold
Fig. 2. a) Ellipsometry data displaying film thickness as a function of the number of layers
deposited, indicating linear layer-by-layer film growth. b) Contact angle goniometry re-
sults as a function of the number of layers in the film.
with a contact angle greater than 100° (included as the zero-layer
point on Fig. 2b). The decrease in contact angle is due to wettability
differences in changing from a gold surface to a layer terminated with
carboxylic acid tail groups. While copper can form complexes with sul-
fur and the carboxylic acid functional groups, copper has greater affinity
for sulfur forming a copper thiolate leaving the carboxylic acids un-
bound and exposed on the surface [41,46].

3.2. Film topography characterization by scanning probe microscopy

Both thin and thick stacks of multilayers were studied in order to in-
vestigate film formation as a function of increasing layer deposition cy-
cles. SPM images, shown in Fig. 3, were collected for single depositions
of film growth up to five layers, then approximately five deposition
layer increments up to thirty layers.

Imageswere analyzed using two differentmethods to determine the
surface roughness of each sample. A surface roughness parameter, Rq,
was found using the “Nanoscope Analysis” software and a different
measure of surface roughness, Ws, was found using Matlab. These two
roughness measurement numbers (Rq and Ws) are listed beneath the
representative images in Fig. 3. The roughness measurement (Rq),
found using the commercial image analysis software, represents the av-
erage deviation of height from themean over the entire image area. The
Ws roughness measurement is a more rigorous analysis that is able to
quantitatively describe surface features (i.e., grain structure size) and
permits differentiation between short- and long-range roughness
[52–54]. The Ws roughness number is determined as a function of
area after sampling multiple “box” sizes collected for each image. For
each image, fourteen box sizes are chosen to be uniformly distributed
on a log scale relevant for analysis. The entire image is sampled for
each box sizewith a single pixel step size shifting the box systematically
across and down the image repeating the roughness calculation. The
roughness for each box position is averaged for that box size. A curve
is generated displaying the roughness as a function of box size. Specifi-
cally, the roughness (Ws) is a fit parameter representing the limit of
roughness at large box sizes. Representative curves from this method
are shown in Fig. 4. Shown in Fig. 5 are average Rq and Ws values for
multiple images collected for films assembledwith that specific number
of layers. Agreement of the two different methods used to determine
surface roughnesswas observed, as shown in Figs. 3 and 5. The calculat-
ed Ws value, obtained by the more rigorous analysis, was always equal
or slightly greater than the singular Rq value obtained for the entire
image area.

By quantitatively analyzing the roughness of thesefilms in thisman-
ner, a strong correlation was observed with what could be described
qualitatively by the SPM images. In the atomic forcemicroscopy images
in Fig. 3, an evolving morphology is observed in the first four layers as
the film transitions to a structure that is generally maintained out to
30 layers. In the beginning as the first layer of MHDA is deposited, the
underlying grains of the gold film are still observed as the film has
conformally coated the underlying substrate. Upon the deposition of 2
layers, the observance of protrusions (islands) becomes apparent with
some of the grains of the gold surface beneath still observed. The size
of these islands increases with an increased number of depositions as
is seen in the 3 layer and 4 layer images. Using Image J software to de-
termine percent coverage of the bright protrusions (islands), it was
found that the percent islands increased from 40% to 60% to 80% respec-
tivelywith increasingdeposition from2 layers to 4 layers. During the in-
crease in the size of the islands, the surface features of the underlying
gold substrate become less apparent. Upon reachingfive layers, a gener-
al surface structure is observed with small randomly-distributed round
bulbous features; and this general structure is seen to persist for all im-
ages through the 30 layer sample.

These data suggest that the foundational layers of the film adopt the
surface morphology of the underlying gold substrate with small islands
protruding and increasing in size as layer deposition increases until the



Fig. 3. Representative SPM images obtained to investigate multilayer film formation. The images are labeled with the number of layers deposited (L) and measured surface roughness
(Rq, Ws) as obtained by different image analysis techniques. Each scan is 500 × 500 nm.
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features of the underlying gold substrate are no longer influencing the
film morphology. These islands seem to be smoothed out or “healed”
as the film increases in thickness beyond five layers, suggesting that a
different growthmechanism or structuremay be occurring after the ini-
tial layers are formed.

Quantitatively, the change in the first foundational layers of this film
is observed by the increase in the surface roughness with a peak after 3
layers of deposition. Interestingly as the growth continues for increasing
Fig. 4. Image analysis using Matlab allows for the determination of roughness (Ws) as a
function of length scale. The images are labeled with the number of layers deposited
(L) and boxes representing three size regimes are highlighted. Two imaged regions for
each sample are graphed (empty and filled). Each image is 500 × 500 nm.
numbers of layers, the roughness is consistent and on par with the
roughness of theunderlying gold surface (although the size of the grains
or bulbous regions in the film are much smaller than the grains of the
gold). Future work will investigate gold with different roughnesses to
see if the same phenomenon occurs. Additionally, studies with an auto-
mated deposition tool will be used to fabricate films greater than 30
layers in thickness for roughness characterization in order to determine
if the increase in surface roughness observed at 30 layers (as seen in
Fig. 5) continues or is an anomaly.

While the roughness numbers (Rq) from the Nanoscope Analysis
software help to glean insight as described above, the slight difference
in roughness numbers between the 3 L and 30 L sample, for example,
does not reflect the observed dramatic visual difference in the films. In
order to explore this difference more quantitatively, the roughness as
a function of area was investigated by employing Matlab. These data
are shown in Fig. 4 where three different box sizes (areas) are overlaid
on the images and then also highlighted in the roughness plot below.
Each area on the plot represents the average roughness within that
box size investigated over the entire image. Explicitly, this means that
the roughness in the box in the upper left corner is calculated, then
Fig. 5.Averagemultilayer roughness numbers as obtained by different image analysis pro-
grams, Ws and Rq.



Fig. 6. Representative PIXE spectra for films composed of different numbers of layers
(L) with X-ray peaks labeled according to their corresponding elements.
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the box is moved over one row of pixels to determine the roughness in
it, and this is repeated over the entire image area.

In Fig. 4, note the difference in the curves for the different samples as
it is the shape of these curves that quantitatively reflects the different
morphologies. The 3 L sample has a curve that has a sharper increase
in roughness indicating that it has a high degree of short-range rough-
ness, while the 30 L sample is smoother over those short ranges. By an-
alyzing these curves, the typical feature (grain) size can be determined
[52–54]. The grain size is a fit parameter that correlates to the length of
the box atwhich theWs roughness becomes constant. For the 3 L image
above, the average grain feature was 16 nm and for the 30 L image it
was 58 nm, further emphasizing the difference between these two
morphologies.

3.3. Film structure and composition characterized by ion beam analysis

These SPM data highlight a transition point in the film growth as it
changes from a conformal coating of the substrate and becomes a dis-
tinct film taking on its own morphology, unique from the underlying
surface features. This surface characterization expands upon previous
reports that studied only the foundational layers [44–46]. XPS and IR
have been used to study the composition and internal structure of
those foundational layers [41–46], but are techniques that are unable
to yield results for the thicker stacks. For films with 5 and more layers,
PIXE andRBS are able to be employed andhere have been used to deter-
mine the copper concentration in thefilm andmolecular density in each
layer. Table 1 contains a compilation of the elemental analysis results
alongside the data obtained by ellipsometry, CAG, and SPM.

3.3.1. Particle induced X-ray emission
X-ray spectra, as shown in Fig. 6, were collected by PIXE. Samples

were composed of a silicon wafer having a thin adhesion layer of chro-
miumunder the goldfilm onwhich the copper-coordinatedmultilayers
were assembled. Sample components had the following X-ray lines de-
tected: silicon (Kα = 1.73998 keV), chromium (Kα = 5.41472 keV,
Kβ = 5.94671 keV), gold (Lα = 9.7133 keV, Lι = 8.4939 keV), and Cu
(Kα = 8.04778 keV) [55]. These lines have all been labeled in Fig. 6. It
is noteworthy that the organic component of the multilayers contained
sulfur but its X-ray lines (Kα=2.30784 keV, Kβ=2.4640 keV)were not
detected due to overlap with the gold M X-rays (energy range 1.648–
2.883 keV) [55]. All PIXE results were analyzed with commercial peak-
fitting software GUPIXWin with the thick-target analysis mode.

Ideally with PIXE, the direct ratio of sulfur-to-copper concentrations
would be compared to determine the metal-to-molecule ratio. Howev-
er, due to the similarity of X-ray energies for the sulfur K lines and the
abundant gold M X-rays, it was not possible to obtain a sulfur concen-
tration. Therefore, the concentration of Cu relative to the Au substrate
was measured by normalizing the Cu Kα line (8.04778 keV) to the Au
Lα line (9.7133 keV) resulting in the ratio given in Table 1. This normal-
ization accounted for variations in beam intensity between samples as is
seen by the different maximum peak intensities in Fig. 6. An increase in
Cu concentrationwas observedwith an increasing number of deposited
Table 1
Compilation of quantitative data obtained by ellipsometry, contact angle goniometry,
scanning probemicroscopy, particle induced X-ray emission, and Rutherford backscatter-
ing spectrometry for films having 0 to 30 deposited layers.

Layer Thickness
(Å)

Contact angle
(degrees)

Rq
(nm)

Ws
(nm)

PIXE:
Cu/Au

RBS: MHDA/cm2

per layer

0 0 101 1.56 1.66 – –
5 90.8 56 1.90 1.78 – 2.50E + 14
10 156 59 1.41 1.49 1.35E − 03 1.92E + 14
16 251 62 1.77 1.84 1.47E − 03 2.40E + 14
20 314 56 1.52 1.60 2.57E − 03 1.49E + 14
25 443 60 1.81 1.92 4.16E − 03 2.50E + 14
30 535 49 2.53 2.70 5.67E − 03 2.56E + 14
multilayers. The increase in the peak height for Cu, as a function of the
number of deposited layers, can be readily observed in Fig. 6.

3.3.2. Rutherford backscattering spectrometry
Both the metal-to-molecule ratio (i.e., copper ion to 16-

mercaptohexadecanoic acid ratio) and the areal molecular density of
the layers were determined by RBS. Energy loss spectra were obtained
for samples of five to thirty layers in thickness. Representative data for
the 30 layer sample are shown in Fig. 7. Multiple regions of each sub-
strate were sampled to demonstrate uniformity across the sample and
to obtain high quality statistics for analysis. The commercial fitting pro-
gramSIMNRAwas used tofit each spectrum, and the energy response of
the detector was calibrated precisely with a mixed alpha source. The
thickness (atomdensity) and elemental ratiowere varied tofit the spec-
trum. Peaks resulting due to particles backscattered off the different
components of the SiO2/Cr/Au substrate were detected at 200–
1700 keV, 2100keV, and 2650keV respectively. A shift to lower energies
in the front edge of theAu peak is seen for the 30 L sample in Fig. 7c. This
additional energy loss is due to themultilayer filmdeposited on the gold
surface of the substrate; and fitting this shift permits the areal density of
the film to be determined. This peak shifts to lower energies incremen-
tally for allfilms sampled up to the thirty layers due to thedecreased en-
ergy of the particles backscattered off the gold interface. The peak at
2335 keV arises in themultilayer films due to scattering from the incor-
porated Cu ions. The Cu peak intensity is found to increase relative to
the other peaks for samples containing an increased number of deposit-
ed layers. The fitting of this peak involved modeling the film composi-
tion of Cu ions relative to the MHDA molecules. A variety of ratios
were investigated and the ratio of 1:1, 2:1, and 3:1 are displayed on
Fig. 7b. For all samples studied from5 to 30 layers, the bestfit was deter-
mined to be 2:1 suggesting that thesefilms are copper-enriched. Table 1
displays the results of the RBS findings for the average molecular densi-
ty per layer of the film (MHDA/cm2 per layer).

The overall average molecular density per layer was found to be
2.23 × 1014 ± 4.3 × 1013 molecules/cm2, which is comparable to the ac-
cepted standard molecular density for a self-assembled monolayer
(SAM) of 4.5 × 1014 molecules/cm2 [56]. This result is a key finding
supporting the uniformity and stability of the layers composing the
structure of the multilayer film. The slightly lower density for these
films is consistent with the experimental conditions for the multilayer
films studied here: 1) the molecules are carboxylic acid terminated,
which slightly decreases the packing density, 2) the deposition occurred
for only an hour, so van der Waal interactions were not completely
maximized, and 3) the underlying layer structure is not the same type



Fig. 7. Representative RBS data for the 30 layer sample. a) Logarithmic plot displaying the
experimental results overlaid with the optimized fit for a thin film having a 2 copper to
1 molecule ratio. b) Linear plot of the data for the peak resulting from collisions with the
copper in the film. Overlaid are three fits based on models for films composed of 1:1,
2:1, and 3:1 copper:molecule ratios. c) Logarithmic plot overlaying a spectrum for the
bare Au substrate (0 L) with the 30 L sample data (experimental and calculated 2:1 fit).
This portion of the spectra shows the shift in the leading Au edge to lower energy due to
the presence of the thin film. The 0 L and 30 L data have been normalized.

Fig. 8. Proposed chemical structure for three layers of a metal–organic coordinatedmulti-
layer thin film, composed of copper ions and α,ω-mercaptoalkanoic acid complexed with
a 2:1 ratio consistent with findings herein.
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of “ideal” surface commonly used for SAMs. The regularity of this layer
density formultilayerfilms composedof an increasingnumber of layers,
in combination with the ellipsometry data, suggests that film formation
occurred in a uniformmanner and that thefilm structuremaintained an
organized framework. This internal structure uniformity is consistent
with the homogeneous morphology observed by SPM for films five to
thirty layers in thickness

For the study of these thicker multilayer films (5–30 L), an excess of
Cu ions relative to the MHDA molecules was observed. This 2:1 ratio of
Cu:MHDA is in contrast to other studies that investigated bi- and tri-
layer films and found them to be copper deficient with a 1:2 ratio
[44,45]. This change in internal composition for the thin films to the
thicker filmsmay play a role in the external morphology transitions ob-
served by SPM. In the SPMstudies, the islands in the two, three, and four
layer films seem to be smoothed out or healed as the film increases in
thickness beyond five layers. This suggests that a different growth
mechanism or structure is occurring after the initial layers are formed—
one that does result in the formation of continuous layers being created
after each deposition cycle. This increase in copper concentration is hy-
pothesized to be essential in the film structure being smoothed out and
taking on its own unique morphology apart from the underlying sub-
strate; hence the increased incorporation of copper may allow for the
layer-by-layer growth to occur uniformly for the multilayers deposited
after the foundational layers are established.

The thicker films (N5 layers) are shown by ellipsometry, SPM, PIXE,
and RBS to be uniform in layer thickness, external morphology, elemen-
tal composition, and molecular density. These data suggest that each
molecule has two copper ions complexed at the metal–organic inter-
face, supporting subsequent ordered layer formation at the same
density as the one underlying it (Fig. 8). This type of coordination is un-
common and seems unsatisfactory from a charge-balance perspective.
However, this data may in part be explained by recent findings regard-
ing the reduction of the Cu (II) to Cu (I) after the deposition of the or-
ganic layer and the change in conformation of the top organic layer
upon the formation of the complex between the Cu (II) ions and the sur-
face carboxylates [46]. It could be hypothesized that during the com-
plexation of ions on the exposed carboxylates, that additional ions are
also being incorporated at the underlying interface where copper
(I) thiolates have been formed. The conformational change could be in-
duced by the densification of the underlying copper layer. Satisfying the
charge-balance argument in part is the change in oxidation state for the
copper bound to the thiol permitting additional copper ions to be incor-
porated. This mixture of oxidation states is consistent with previous re-
search [15,41,42]. This is a hypothesized explanation for the copper
enrichment of thefilm,whichwas found to be greater than the idealized
1:1 ratio of copper to molecule. Further research is required to focus on
the metal–organic interface to better understand the coordination that
is driving the assembly of the film.

4. Conclusions

Topographical structure and internal composition of metal–organic
coordinatedmultilayers have been investigatedquantitatively as a func-
tion of the number of layers deposited to further understandfilm forma-
tion and structure. SPM studies investigating the morphology of films
ranging from 0 to 30 layers showed a distinct transition in the structure
that occurred around five layers from a conformal coating mimicking
the underlying substrate to a material with its own unique structure.
During this transition, bright protrusions appear as islands that coalesce
with increasing layer deposition. These thin films were the focus of
other studies that examined the film composition with XPS finding
them to be copper deficient [44,45]. Here, RBS studies enabled the com-
position to be studied for thicker films that cannot be probed by XPS,
finding the thicker films to be copper enriched. This compositional
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difference for the thinner versus thicker filmsmirrors the topographical
transition that has been observed herein. RBS also revealed that themo-
lecular density of each layer within the multilayer film is remarkably
similar to that of a self-assembled monolayer, indicating a robust and
stable structure.

Future work will investigate the effect of the substrate quality and
molecular length of organic component on the resulting multilayer
film structure and composition. Further analysis of SPM images is un-
derway to glean insights into the intricacies of thefilm formation, focus-
ing on themorphological transition due to the appearance, growth, and
coalescence of islands. The changing roughness of the film will be more
extensively studied as well as the effect of heating the sample to anneal
the film for improved structural quality. The multilayers studied here
serve as a model system for future studies of other metal–organic
coordinated thin films with technological applications, such as metal–
organic coordinated frameworks.
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