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ABSTRACT: Thin films can integrate the versatility and great
potential found in the emerging field of metal−organic frame-
works directly into device architectures. For fabrication of smart
interfaces containing surface-anchored metal−organic frame-
works, it is important to understand how the foundational layers
form to create the interface between the underlying substrate and
porous framework. Herein, the formation and morphology of the
first ten cycles of film deposition are investigated for the well-
studied HKUST-1 system. Effects of processing variables, such as
deposition temperature and substrate quality, are studied.
Sequences of scanning probe microscopy images collected after cycles of alternating solution-phase deposition reveal the
formation of a discontinuous surface with nucleating and growing crystallites consistent with a Volmer−Weber growth
mechanism. Quantitative image analysis determines surface roughness and surface coverage as a function of deposition cycles,
producing insight regarding growth and structure of foundational film layers. For carboxylic acid terminated self-assembled
monolayers on gold, preferred crystal orientation is influenced by deposition temperature with crystal growth along [100]
observed at 25 °C and [111] favored at 50 °C. This difference in crystal orientation results in reduced surface roughness and
increased surface coverage at 50 °C. To properly fabricate and fully determine the potential of this material for industrial
applications, fundamental understanding of film formation is crucial.

■ INTRODUCTION

The incorporation of metal−organic frameworks (MOFs)
directly within device architectures presents an exciting
opportunity to employ the functionality of the material.
MOFs are crystalline, porous materials with extremely high
surface areas, exhibiting great potential for sensing, catalysis,
and gas storage.1−9 Toward fabrication of smart interfaces
harnessing the structural properties of MOF materials, it is
crucial to understand how foundational layers form, connecting
the underlying substrate to the porous framework. When thin
nanoscale films are integrated into devices, it is, unfortunately,
very common for defects in the film to negate or dominate the
desired properties of the material. Surface-anchored metal−
organic frameworks (SurMOFs) have been incorporated into
structures such as low k-dielectric layers, photoelectrodes, and
other smart interfaces.10−13 However, the nanostructure of
these thin films has not been well characterized. The potential
of this emerging nanomaterial may not be fully realized, in part,
because of improper fabrication of the film due to a lack of
fundamental understanding of how the film forms at the
substrate interface. For self- and directed assembly of materials,
it is common for defects to occur due to components becoming
energetically trapped in undesirable conformations. For these
assemblies to be assimilated in technological applications,
methods for preventing, tolerating, and repairing these defects

will be essential. Understanding the forces driving assembly will
enable the quality of the SurMOF thin film to be improved.
Metal−organic coordination can be controlled to direct

layer-by-layer (LBL) assembly of thin films with sequential
deposition of the organic and metal component on a
functionalized surface, permitting atomic control of film
structure and composition. These multilayer thin films are
simple to fabricate as they do not require high energy or
vacuum systems and they have been studied for applications in
lithography, electronics, and photonics.14−22 This method of
alternating, sequential solution-phase deposition has been
implemented to attach MOFs directly to an underlying
substrate.10−13,23−28 The structure of SurMOFs has been
generally described as a scaffold containing metal ions as joints
and organic molecules as the connecting beams defining pore
size, shape, and composition. A simplistic mechanism for this
structural LBL formation suggests pseudoepitaxial growth with
the inorganic and organic component each deposited as a
conformal, continuous film extending in two dimensions
covering the entire underlying substrate consistent with a Van
der Merwe growth mechanism. In this scenario, a layer of ions
populates exposed underlying coordination sites, followed by a
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layer of organic molecules that bridge metal ion sites and
protrude upward presenting an interface for subsequent metal
ion binding. This is analogous to the architecture of metal−
organic coordinated multilayer film systems, such as Cu2+ with
α,ω-mercaptoalkanoic acid and Zn2+ with α,ω-bisphosphonic
acid.29,30 Spectroscopic measurements of SurMOF growth
support this comparison as the observed signals increase in a
linear fashion as a function of deposition cycles.23−25 However,
the SurMOF growth mechanism has not been verified by
nanoscale structure characterization using proximal probes.
Controlled stepwise assembly of the SurMOF film is used to

design pores containing tailored functionalities within the
framework. Also, this procedure permits MOF systems to be
directly incorporated onto or into device architectures, sensor
platforms, or other test-beds. Therefore, to fabricate these
smart interfaces successfully, it is important to know the quality
and structure of the connection formed by the foundational
layers between the underlying substrate and porous framework.
Basic understanding of how the initial layers of the SurMOF
films form can lead to the ability to tailor the film’s
morphological properties, such as roughness, grain size, and
thickness. This would, in effect, allow the material to be tuned
for specific applications that may be improved by high surface
roughness (e.g., increase rate of uptake or selectivity for gas
adsorption)31−33 or by large grain sizes with uniform thickness
(e.g., low k-dielectric layer, photoelectrodes, and smart
interfaces).10−13 Alternating, solution-phase deposition can be
utilized to create a seed layer for subsequent film formation by
codeposition of the two components.34 Understanding the
nanoscale structure of the seed layer is important because the
quality of that foundational layer impacts the final film
structure.
This study examines the structure of the foundational layers

of a SurMOF using scanning probe microscopy (SPM).
Changes in surface morphology throughout layer deposition
provide insight into film formation so that the growth
mechanism can be determined to be Van der Merwe,
Stranski−Krastanov, or Volmer−Weber. The HKUST-1 frame-
work was selected because it is a benchmark system found
throughout the literature as a powder and film, with studies
demonstrating its performance for a wide range of
applications.10−13,23−28,31−46 In situ SPM studies have observed
HKUST-1 crystal growth where both the inorganic and organic
components are present in solution.35,36 XRD studies have
shown that preferred crystal orientation for the SurMOF is
determined by the underlying chemical functionality of the
substrate.37,38 Growth can be inhibited by the presence of
certain functional groups, which has been exploited to permit
selective deposition of the SurMOFs on chemically patterned
substrates.39 SPM studies have investigated the thickness and
morphology of HKUST-1 films grown on these patterned
surfaces, specifically investigating films after ten plus layers have
been deposited.39 Although thin films of HKUST-1 formed by
greater than ten cycles of deposition have been characterized,
SPM studies of the foundational layers have not been shown
previously.
This research investigates the first ten foundational layers of

the SurMOF revealing a heterogeneous surface structure. The
sequence of images collected show that film growth begins with
the nucleation of small isolated particles (MOF nano-
crystallites) that increase in size with increasing deposition
cycles, revealing a Volmer−Weber growth mechanism. These
findings show that the growth mechanism for the HKUST-1

system differs greatly from that of metal−organic multilayers,
which form continuous, conformal layers coating the under-
lying substrate and follow a Van der Merwe growth
mechanism.14−22,29,30 Image analysis was conducted to
determine surface roughness and surface coverage. Crystal
orientation was elucidated based on high-resolution SPM.
Processing variables, such as deposition temperature and
substrate quality, were studied in order to understand how to
optimize the structure for different applications. A thorough
comparison of films deposited at 25 and 50 °C is described and
data regarding the effect of substrate quality is presented. These
fundamental studies of the SurMOF formation are critical for
their successful incorporation into hierarchical architectures.

■ MATERIALS AND METHODS
Materials. Trimesic acid [TMA] (95%) and 16-mercaptohexade-

canoic acid [MHDA] (90%) are from Aldrich (St. Louis, MO).
Copper(II) acetate monohydrate was obtained from Fisher Scientific
(Fair Lawn, NJ), and absolute, anhydrous ethanol (200 proof, ACS/
USP grade) was from Phamco-Aaper (Shelbyville, KY). All chemicals
were used as received. Two types of gold substrates were obtained
from Platypus Technologies (New Orleans, LA): (1) silicon wafers
with 5-nm Ti adhesion layer and 100-nm Au; (2) ultraflat template
stripped 100-nm gold chips.

Methods. Sample Preparation. The HKUST-1 SurMOF film
system was fabricated by the alternating solution-phase deposition of
TMA and copper ions on a gold substrate functionalized with a self-
assembled monolayer (SAM) of 16-mercaptohexadecanoic acid
(MHDA), in accordance with established protocol.23 The gold
substrate was first immersed in a 1 mM MHDA ethanol solution for
1 h. The substrate was then removed, rinsed thoroughly with ethanol,
dried with nitrogen, and immediately submerged in a 1 mM ethanol
solution of copper acetate. The substrate was removed after 30 min,
rinsed with ethanol, dried with nitrogen, and submerged in a 0.1 mM
ethanol solution of TMA for 1 h. The substrate was promptly
removed, rinsed with ethanol, and dried with nitrogen. Then, a portion
of the substrate was broken off and stored for characterization. This
was routinely done after each deposition of the organic component.
The remaining substrate was then immersed in a 1 mM copper acetate
solution to continue the deposition process. This alternating solution-
phase deposition of copper ions and TMA was repeated for the desired
number of deposition cycles. Each sample in a set was from the same
piece of gold to ensure sample uniformity. Sample sets were fabricated
with solutions held at either 25 or 50 °C.

Scanning Probe Microscopy (SPM). Multiple images (512 × 512
pixels) were obtained for each sample at 5 μm and 500 nm using a
Dimension Icon Atomic Force Microscope (Bruker, Santa Barbara,
CA), operating in peak force tapping mode. Etched silicon tips,
SCANASYST-AIR (Bruker, Santa Barbara, CA), with a spring constant
range of 0.2−0.8 N/m and a resonant frequency range of 45−95 kHz
were used. Scan parameters were as follows: 1-Hz scan rate, 12-μm z-
range, 250−370-mV amplitude set point, and 100−450-mV drive
amplitude. Basic image analysis was routinely undertaken using the
Nanoscope Analysis software (Bruker, Santa Barbara, CA). This
program was used to calculate the surface roughness, Rq. SPM data
presented herein are representatitive of compiled data for multiple
sample sets fabricated at either 25 or 50 °C.

Image Analysis. Using the NanoScope Analysis software (Bruker),
all 5-μm images were plane fitted and the color scale was set uniformly
to be 50 nm. Then, these were quantitatively characterized using
ImageJ (NIH online resource) processing software.47 Details regarding
this process can be found in the Supporting Information (SI).

Ellipsometry. To investigate film growth, film thickness was
characterized using a variable-angle discrete wavelength ellipsometer
(PHE-101 VADE, Angstrom Advanced, Braintree, MA). Data were
acquired for each sample collecting a minimum of three spots at a
wavelength of 632.8 nm and a fixed angle of 70°. With the PHE-101
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analysis software, the film thickness was calculated using the refractive
index values of n = 1.5 and k = 0.29,40

■ RESULTS AND DISCUSSION

To investigate the bottom-up assembly of these MOF scaffolds
on a surface, SPM characterization was undertaken throughout
the deposition process. The nanoscale structure of these
HKUST-1 films is examined herein and analyzed quantitatively
to gain insight in the film formation mechanism. Data regarding
surface roughness and surface coverage are presented in
addition to the representative SPM images, revealing how the
film forms as a function of deposition cycles and as a function
of deposition temperature. As many previous studies have
characterized these films via optical methods, ellipsometry data
was collected for comparison and as a routine method to verify
that film formation is occurring in a characteristic manner.
Scanning Probe Microscopy. SPM is key for character-

izing this nanostructured material at an interface. Images of
films fabricated at 25 °C are displayed in Figure 1. This series of
images give a qualitative representation of the HKUST-1 thin
film growth scheme. All images have been set to the same z-
scale for direct comparison and for uniform characterization by
image analysis. The sample composed of the SAM on the gold
substrate (labeled 0 in Figure 1) is included to show the
granular structure of the underlying gold substrate (roughness
= 1.5 nm). From the first to second deposition cycle, the
number of particles on the surface is observed to increase
significantly. Samples after subsequent deposition cycles have
an increase in crystallite size, which ultimately leads to
individual particles coalescing together (most apparent in
images collected after 9 and 10 deposition cycles).
A subset of the samples represented in Figure 1 is shown in

Figure 2 with higher resolution and set to a lower z-scale. This
resolution was collected specifically to characterize the substrate
regions between the MOF crystallites to investigate if changes
were occurring on a smaller scale than apparent in the larger
images. This was undertaken to determine if a conformal,
continuous thin film forms in addition to the formation of the
larger crystals as is observed for thin film formation that follows
the Stranski−Krastanov growth mechanism. However, in Figure
2, consistent structural characteristics are observed for all of the
substrate regions. The gold substrate was thermally deposited
and the small grains of gold ∼50 nm in diameter are seen in all
samples. Also a consistent texture on the gold grains of the
substrate is observed for all samples. The observed texture may

be areas of disorder in the SAM, regions of the SAM with a
different tilt angle, or regions of the SAM covered with TMA
after the previous exposure of the organic component. The lack
of conformal film growth observed between the MOF islands
confirmed that the growth mechanism was Volmer−Weber,
indicating the adsorbate−adsorbate interaction is greater than
the adsorbate−substrate interaction.
For the image collected after the initial deposition cycle,

labeled as 1 in Figure 2, a large number of particulates, ∼10 nm
in diameter, are observed to have nucleated across the
substrate. A change is observed after the second deposition
cycle, when slightly larger particles are observed in addition to
more small particulates that are similar to those found after the
first deposition cycle. Also noteworthy is that in the samples
that underwent five and ten deposition cycles, there are still
very tiny (∼10 nm) particulates. This suggests that either the
nucleation of new particles is still continuing or the growth of
the crystals is not uniform across the sample. It should be noted

Figure 1. Representative SPM images (5 μm × 5 μm) show SurMOF film growth after SAM deposition and throughout the first ten cycles of
deposition for the HKUST-1 system at 25 °C. Each image is labeled with the number of deposition cycles the sample had undergone when
characterized. All images are set to the same z-scale (50 nm) for visual comparison and quantitative analysis of surface coverage.

Figure 2. Representative SPM images (500 nm × 500 nm) for a subset
of the samples characterized after 1, 2, 5, and 10 deposition cycles at
25 °C. These regions were selected specifically to characterize the area
on the sample between the MOF crystallites in order to investigate
possible changes occurring on a smaller scale than apparent in the
larger images. All images are set to the same z-scale (20 nm), which is
smaller than in Figure 1. This z-scale was chosen in order to visually
render the small height changes in the substrate discernible. The
background of all these images was observed to be uniform.
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that the 500-nm imaged regions were specifically selected from
the 5-μm images in order to obtain an image of the background
substrate, so areas with fewer particles were selected. Therefore,
these 500-nm images are not necessarily representative of the
average particle coverage.
A sequence of images is displayed in Figure 3 that is

representative of films formed by solution-phase deposition at
50 °C. For direct comparison to Figure 1, these images are the
same dimensions and set to the same z-scale. In these samples
fabricated at the elevated temperature, a Volmer−Weber
growth mechanism is observed and yet the particles formed
during the first few deposition cycles are smaller than those that
appear in the 25 °C. However, although the sizes of the
particles in the samples fabricated at a higher temperature are
smaller, the number of particles covering the substrate is
significantly greater. The surface appears to be about half
covered with particles after ten cycles of deposition at 25 °C,
yet the same number of deposition cycles at 50 °C yields a
surface that is nearly fully covered by particles. It is also
noteworthy that the same background substrate structure seen
in Figure 2 for the 25 °C sample set was observed to be present
in samples fabricated at 50 °C (see SI). Therefore, the
increased number of nucleation sites observed at the higher
temperature does not appear to be due to changes in the SAM-
functionalized surface induced by deposition at an elevated
temperature.
Quantitative Image Analysis. Beyond the qualitative

interpretation that can be gleaned from the SPM images,
methods of quantitative analysis have been employed to
determine surface roughness (Figure 4a) and surface coverage
(Figure 4b) as a function of deposition cycle. A numerical value
for each of these properties was ascertained for each individual
image. Results were compiled to determine the overall mean
and associated standard deviation, which are plotted in Figure
4a and 4b. It was found that despite the layer-by-layer
deposition method, a linear fit did not best represent this
data. Therefore, for each property investigated, the change
between each successive deposition layer was calculated and the
average change will be presented.
Roughness (Rq) measurements are shown in Figure 4a. For

25 °C, the average increase in roughness per deposition cycle is
3.8 nm with the trend perhaps beginning to level off or even
decrease at 10 cycles. For 50 °C, the average increase in
roughness for the first six deposition cycles is 2.4 nm per cycle,
but the roughness remains relatively constant after that. For the

samples fabricated at 50 °C, the average roughness of the
samples is significantly lower at approximately half the
roughness of the samples deposited at 25 °C. It was verified
that the roughness numbers from the 5 μm × 5 μm images are

Figure 3. Representative SPM images (5 μm × 5 μm) show SurMOF film growth throughout the first ten cycles of deposition for the HKUST-1
system at 50 °C. Each image is labeled with the number of deposition cycles the sample had undergone when characterized. All images are set to the
same z-scale (50 nm) for visual comparison and quantitative analysis of surface coverage.

Figure 4. Surface roughness, Rq, (a) and surface coverage (b)
determined for 5 μm × 5 μm SPM images, like those shown in Figure
1 and 3, are plotted as a function of deposition cycles. Film thickness
(c), as determined by ellipsometry, is plotted relative to the number
deposition cycles. Data for samples fabricated at 25 °C (blue squares)
and 50 °C (orange squares) are displayed in these graphs for
comparison.
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consistent with those obtained for larger areas of the sample
(representative images for larger dimensions are included in the
SI along with associated Rq values).
On the basis of these results, it is important to consider a

previously proposed layer-by-layer or Van der Merwe growth
mechanism for this SurMOF system.23,26,37,38 In the LBL
growth mechanism case, the deposition cycle would begin with
a single layer of copper ions deposited on underlying carboxylic
acids, displacing half their associated counter-anions. The
remaining counter-anions would be displaced upon the
addition of a molecular layer of the TMA, completing the
cycle. This would create a continuous film extending uniformly
across an underlying substrate, so a significant increase in film
roughness would not be expected to occur and an overall
homogeneous surface structure would be observed. Therefore,
the crystallite nucleation and growth found to occur for this
system at both temperatures does not follow the aforemen-
tioned layer-by-layer growth mechanism.
SPM images of particle nucleation and growth were analyzed

quantitatively using the particle analysis applet of the image
analysis software, ImageJ.47 The background of the image was
subtracted to increase the contrast between the substrate and
crystallites. Next, the image was thresholded to highlight all the
particles on the surface. An outline of the particles was then
generated, which determined the number of particles on the
surface, the size of the particles, and the surface coverage
(percent of the imaged region covered by particles). The data
shown in Figure 4b were obtained by this method (additional
details provided in SI).
At both temperatures, as the number of particles decreases,

the particle size and surface coverage (Figure 4b) increases.
Data showed that with additional deposition cycles the
nucleation of new particles decreased and existing crystallites
continued to grow and collide with one another to cover the
underlying substrate. Note that new tiny particles are present in
the samples after five and ten deposition cycles (Figure 2),
suggesting that nucleation of new particles may continue
throughout the deposition cycles. However, the number of new
nucleation events undoubtedly decreases as film surface
coverage increases because the amount of accessible substrate
has decreased. For perspective on the size of the particles
throughout deposition, if the particles in the 25 °C sample set
are assumed to be square, then the average side lengths for the
1, 5, and 10 cycle samples are 21, 57, and 107 nm.
For samples fabricated at 25 and 50 °C, a large increase in

nucleation from one to two cycles occurred with the maximum
number of distinct particles observed after two cycles at 25 °C
and after three cycles at 50 °C. This slower nucleation rate at
the elevated temperature is shown in Figure 4b with percent
surface coverage at 50 °C being lower than 25 °C after the first
two deposition cycles and comparable after the third deposition
cycle. It is not until after the fourth deposition cycle that the
surface coverage is higher for the samples fabricated at the
higher temperature. Despite this slow start to crystal nucleation,
crystal growth and associated surface coverage then occurs
much faster for samples prepared at 50 °C versus 25 °C.
An average increase in surface coverage per cycle is 4.9 and

8.9% for 25 and 50 °C, respectively. Based on this, it is
estimated that the substrate would be covered completely after
21 deposition cycles at 25 °C or after 12 deposition cycles at 50
°C. This is likely an underestimation of the number of cycles
necessary because the change in surface coverage is not linear
and, notably, the samples fabricated after ten deposition cycles

have a slightly lower average surface coverage, 47% at 25 °C
and 81% at 50 °C, than would be estimated.
The samples fabricated at 25 °C exhibit lower surface

coverage and higher roughness compared to samples fabricated
at 50 °C. This indicates a difference in the film growth
occurring on the previously deposited MOF crystallites and on
the SAM covered substrate. The lower surface coverage with
the increased surface roughness of the 25 °C samples suggests
preferential film growth vertically on previously deposited
crystallites. Whereas the higher surface coverage and lower
roughness of the 50 °C samples reveals potentially more lateral
film growth on previously deposited crystallites and an
increased preference for growth on the substrate relative to
the 25 °C samples. To briefly summarize, film growth at 25 °C
is more vertical and at 50 °C is more horizontal. This type of
fundamental understanding is vital for those researchers who
would desire to incorporate the film into a device structure.

Ellipsometry. For this study, ellipsometry was used
routinely to verify that SurMOF film growth was occurring in
a characteristic manner (Figure 4c). The refractive index and
extinction coefficient was assumed to be 1.5 and 0, respectively,
which are commonly used for characterizing metal−organic
coordinated multilayers.29 These values correspond well with
those recently found for thin, smooth films of the HKUST-1
system, with a thickness of ∼100 nm, fabricated by 40 spray
deposition cycles.40 In the study herein, the average change in
thickness per cycle is estimated to be 2.0 and 3.1 nm for 25 and
50 °C, respectively. Considering this alongside the surface
coverage, continuous films completely covering the substrate
would be 42-nm thick after 21 deposition cycles at 25 °C and
37-nm thick after 12 deposition cycles at 50 °C.
One of the general assumptions made for the fitting of

ellipsometry data is that the film is homogeneous, which is not
the case as observed by SPM. Therefore, the changes in
thickness found here by ellipsometry are an average of the
thickness of the particulates spread out across the region of the
substrate sampled by the 1-mm spot size of the ellipsometer
laser. This data demonstrates the limitation of this method to
characterize ultrathin film formation, elucidating the need for
proximal probes to investigate the nanoscale structure of these
films. It is noteworthy that the general trend for the surface
coverage determined by image analysis (Figure 4b) and the
average thickness determined by ellipsometry (Figure 4c) are in
agreement. This supports the description of the ellipsometry
data as representing the average thickness of the particulates
within the ∼1-mm region that the laser beam is sampling on
the surface.

Investigating Effect of Processing Conditions on Film
Formation. Deposition temperatures investigated herein are
shown to significantly affect the SurMOF film formation. At the
elevated temperature, the average change in surface coverage
per deposition cycle is higher and the film roughness
throughout deposition is significantly decreased. The chosen
z-scale in Figure 1 and Figure 3 is selected to clearly compare
the number of particles, the particle area, and the surface
coverage. However, from this presentation of the data, the
three-dimensional shape of the particles cannot be appreciated.
In Figure 5, three-dimensional renderings of SPM images are
displayed to represent the differences in the crystallite
structures that are predominately found for samples fabricated
at 25 °C versus 50 °C. These images are from samples
fabricated by three deposition cycles. For deposition at 25 °C,
square pyramidal crystallites are primarily observed (hence why
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when particle size is approximated earlier, a square base is
supposed). The height of the pyramid found for the SurMOF
deposited at 25 °C is 122 nm, as determined by the maximum
of the line profile shown in Figure 5c. After deposition at
elevated temperatures, the surface is covered with trigonal
planar crystallites. The line profile for this crystallite, Figure 5d,
on the sample fabricated at 50 °C has an average maximum
height of 39.8 nm.
Differences in roughness and surface coverage can be

understood based on these differences in crystal growth. The
high roughness found at 25 °C is due to these tall pyramidal
structures that are forming during deposition cycles. The high
surface coverage for the samples fabricated at elevated
temperatures is due to the trigonal planar crystallites that are
growing more laterally compared to vertically. The observance
of pyramids is indicative of crystal growth along the [100],
which is consistent with literature for carboxylic acid terminated
SAMs (used in this study).23,25,26,37,38 Observance of triangular
islands is the crystal growth oriented along the [111], which has
been previously shown to be the case for hydroxyl terminated
SAMs.23,25,26,37,38 It is noteworthy that this [111] crystal face in
the bulk HKUST-1 structure has a high density of hydroxyl
groups.23 Whereas no significant change in the SAM back-
ground was observed at 50 °C (see SI), it could be
hypothesized that the increased temperature for deposition
affected the orientation or packing of the pendant carboxylic
acids on the SAM, inducing crystal growth along a different
crystal face. It is also probable that the growth of this crystal
face requires higher energy that is facilitated by deposition at
elevated temperatures.
Additional research has been undertaken to characterize the

HKUST-1 SurMOF thin film formed on atomically smooth
gold substrates and to examine film growth after the copper
deposition. The effect of the substrate has been investigated to
determine if the grain boundaries present in the thermally
deposited gold either created the nucleation sites or prevented
continuous layer formation (Figure 6). The roughness,
thickness, and surface coverage obtained for these samples
are all in agreement with the data shown for the 25 °C sample

in Figure 4. The same observations found herein for particle
count, size, coverage, and roughness were also found for
SurMOF films deposited by liquid-phase epitaxy on atomically
flat gold fabricated by template stripping. This shows that the
film formation is unaffected by the large number of grain
boundaries consistent with gold films formed by thermal metal
evaporation. Although all the data shown herein were obtained
after the organic component was deposited, preliminary studies
have shown the same structures and surface morphologies are
present after the metal ion is deposited. Results from
quantitative image analysis of those samples fit well within
the average trends, suggesting that some degree of growth may
occur after deposition of each component.

■ CONCLUSIONS
For the successful incorporation of SurMOFs into technological
applications, further research is crucial to investigate the effect
of the substrate (i.e., composition, structure) and processing
variables (i.e., concentration, time, solvent, temperature) on
morphological structure. Scanning probe microscopy studies
are important for characterizing the nanostructured features of
this material at an interface. To support these studies, further
work utilizing advanced X-ray scattering techniques will
investigate the crystallinity of these ultrathin films. Research
exploring the formation of SurMOFs with different composi-
tions is underway to determine how and why these trends are
similar or different when compared to other metal−organic
coordinated systems. This research yields insight into film
formation throughout the solution-phase deposition process
enabling future investigation of processing variables to tailor the
structure, such as catalytic inclusions and postsynthetic
modification.
Alternating solution-phase deposition of the HKUST-1

system resulted in a crystallite-rich substrate with surface
coverage and film thickness increasing with the number of
deposition cycles. To the authors’ knowledge, this is the first
scanning probe microscopy (SPM) study to systematically and
quantitatively investigate the formation of foundational layers
(1−10) for a SurMOF fabricated via alternating solution-phase
deposition. The findings show that the often-accepted
conformal structure resulting from the Van der Merwe growth
mechanism is incorrect for the foundational layers of the
HKUST-1 system. Instead, the foundational layers of the film
form following a Volmer−Weber growth mechanism. Image

Figure 5. Three-dimensional renderings of SPM images (350 nm ×
350 nm) for samples characterized after 3 deposition cycles at 25 °C
(a) and 50 °C (b). Line profiles, represented by the black lines in the
SPM images, are shown below (c, d). The crystallite on the 25 °C
sample (a, c) is square pyramidal with a height of 122 nm, while the
crystallite on the 50 °C sample (b, d) is trigonal planar with a height of
39.8 nm.

Figure 6. Representative SPM images (5 μm × 5 μm) show crystallite
growth during the first three cycles of deposition for the HKUST-1
system 25 °C on template stripped, atomically smooth Au. Each image
is labeled with the number of deposition cycles the sample had
undergone when characterized. Data regarding roughness (R), film
thickness as measured by ellipsometry (T), and surface coverage (%)
are given for comparison to data in Figure 4. All images are set to the
same z-scale (50 nm).
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analysis investigated trends in how these MOF crystallites
formed and grew, yielding quantitative information about
surface roughness and surface coverage. Alteration of the
standard processing conditions by increasing deposition
temperature has proven to accelerate surface coverage, induce
a change in crystal orientation, and reduce surface roughness.
Results from this study predict that complete coverage of the
substrate would not occur until after 21 deposition cycles at 25
°C and after 12 deposition cycles at 50 °C. These films would
be 42 and 37 nm thick, respectively. The substrate quality was
determined to not affect the film formation. Toward the goal of
incorporating metal−organic coordinated assemblies as smart
interfaces for sensing and photonic applications, this research is
imperative on the road to the development of low-energy
processing techniques to tailor structure and composition
throughout the assembly process.
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Growth Mechanism of Metal-Organic Frameworks: Insight into the
Nucleation by Employing a Step-by-Step Route. Angew. Chem., Int. Ed.
2009, 48, 5038−5041.
(24) Shekhah, O.; Wang, H.; Kowarik, S.; Schreiber, F.; Paulus, M.;
Tolan, M.; Sternemann, F.; Evers, C.; Zacher, D.; Fischer, R. A.; Wöll,
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