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ABSTRACT: For the first time, a procedure has been established for the
growth of surface-anchored metal−organic framework (SURMOF) copper-
(II) benzene-1,4-dicarboxylate (Cu-BDC) thin films of thickness control with
single molecule accuracy. For this, we exploit the novel method solution
atomic layer deposition (sALD). The sALD growth rate has been determined
at 4.5 Å per cycle. The compact and dense SURMOF films grown at room
temperature by sALD possess a vastly superior film thickness uniformity than
those deposited by conventional solution-based techniques, such as dipping
and spraying while featuring clear crystallinity from 100 nm thickness. The
highly controlled layer-by-layer growth mechanism of sALD proves crucial to
prevent unwanted side reactions such as Ostwald ripening or detrimental island growth, ensuring continuous Cu-BDC film coverage.
This successful demonstration of sALD-grown compact continuous Cu-BDC SURMOF films is a paradigm change and provides a
key advancement enabling a multitude of applications that require continuous and ultrathin coatings while maintaining tight film
thickness specifications, which were previously unattainable with conventional solution-based growth methods.

■ INTRODUCTION
Metal−organic frameworks (MOFs)1−3 can be described as
crystalline three-dimensional microporous solids featuring a
high surface area. They have attracted considerable attention in
a wide range of applications, for example, in catalysis,4

hydrogen storage,5,6 gas separation,7 thermoelectric applica-
tions,8−10 or as chemical sensors.11 For these applications,
open coordination sites at the metal center have been
demonstrated to play a crucial role.12,13 Cu-BDC is
constructed of multiple Cu paddlewheel units coordinating
four 1,4-benzenedicarboxylate linkers, as shown schematically
in Figure 1.14,15 Cu-BDC is one of the most known, common,
and interesting MOF materials as it can be prepared from
common, commercially available, and inexpensive commodity
chemicals.

Standard atomic layer deposition (ALD) is a gas-phase thin-
film deposition technique based on a sequential repetition of
complementary, self-limiting reactions between volatilized
molecular precursors and the solid sample surface. ALD
facilitates the deposition of ultrathin films with reliable
accuracy in terms of superior film thickness control at the
Angstrom (Å) scale to meet the demands of the current
nanotechnology, due to the strict control of the process by self-
limiting gas surface reactions, enabling conformal surface
coverage of device geometries with very high aspect ratios.
Conventional gas-phase ALD is characterized by its cyclic
operational mode in which a binary film is being synthesized
by the sequential self-limited reactions between volatilized

precursor and co-reactant vapors that are introduced into the
reactor chamber in an alternating manner and separated by
intermediate inert gas purges, thereby saturating every sample
and reactor surface. Conventional ALD performed with
gaseous precursors (thermally or plasma-enhanced) has
become an accepted high-volume industrial technology with
worldwide importance in the fields of microelectronics,
electroluminescent display, and photovoltaics, specifically for
the synthesis of high-k dielectric films and metal gates in
MOSFET gate stacks, as dielectric layers of DRAM capacitors
or as passivating layers.16−18 ALD procedures and reactors are
well established for the deposition of oxides, sulfides, nitrides,
selenides, tellurides, and elemental noble metals.19 However,
important classes of thin-film materials are not accessible by
conventional ALD from gaseous precursors, prominent
examples being organic materials (e.g., polymers), hydrides,
and ionic solids. Hybrid (metal−organic) materials have been
accessed by gas-phase ALD as the so-called “molecular layer
deposition” (MLD) generalization; however, the range of
compounds accessible in MLD is quite narrow.20−23 This is
related to the limited choice of molecular precursors that
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possess sufficient thermal stability and volatility.24,25 ZIF-8
MOF has been obtained from a conversion of ALD-grown
ZnO.26 Success in the direct growth of MOFs by ALD has
remained limited.27−30 In the literature, it is reported that the
crystallinity is obtained upon post-deposition processing, either
with a thermal annealing step or an extended aging at room
temperature. Gas-phase deposition methods usually compete
with the limited thermal stability of MOFs. However, MOF-
CVD processes have been established by the group of Rob
Amelot.26,31−33

Performing self-limited surface reactions from dissolved
precursors instead of gaseous ones in “solution ALD” (sALD)
broadens the range of usable precursors significantly.34−36 The
broader range of precursors, combined with the presence of
solvent (at atmospheric pressure) and the low deposition
temperatures, renders sALD particularly attractive for novel
families of solids, in particular MOFs. So far, MOF syntheses
have always relied on solution-based processing. Beyond
classical solvothermal approaches for the synthesis of bulk
powder, growth techniques for thin-film MOFs, or SURMOFs,
rely on a volatile organic solvent which precipitates the solid
upon evaporating: spin-coating, spray-coating, dip-coating,
immersion, and pump methods. These traditional methods
generate MOF thin films with a rather low film quality and are
further handicapped by a severe lack of film thickness control,
which renders them unsuitable for most applications and for all
practical purposes that exclude any industrial device prospects.
We note that the spray-coating method has also been
presented under the phrases “liquid-phase epitaxy” (LPE)
and “layer-by-layer” deposition,37−40 which suggest a degree of
relatedness higher than it may seem at first. Indeed, even if two
precursors are sprayed onto the substrate sequentially (in
analogy to ALD), two major differences result in a distinct
growth mechanism. The facts that first, the solutions are
significantly more concentrated, and second, after each step the
solutions are left to dry (at least partially), concur to cause the
precipitation of the solid. Therefore, in spray-coating (a.k.a.
“liquid-phase epitaxy” and “layer-by-layer” deposition), the
amount deposited is not controlled by surface chemistry.
Correspondingly, the morphology of the deposit is far from
perfection (as we will see later).

Here, we demonstrate for the first time that exploiting the
sALD principles for MOF thin-film growth results in superior
film quality with previously unmatched precise film thickness
control at the molecular level. With sALD of Cu-BDC
SURMOF, no unwanted thin-film growth mechanism has

been observed such as Ostwald ripening,41 island growth,42

and inhomogeneous film formation.42

Such thin and continuous films are ideal for gas sensing
applications, for instance, in which the electrical conductivity
of the MOF layer is affected by condensation and/or
coordination of organic analyte vapors in the open porous
structure.43 Previous MOF synthesis methods have relied on
either discontinuous MOF phases (in the form of powders or
islands on substrates) or their thick films. Neither of those
situations is ideal for gas sensing, either due to the limited
contact between the solid and the gas phase or due to the lack
of homogeneous conduction across the sample, or even a
combination of both. The system that we present here
combines all advantageous features needed for such an
application.
Experimental Methods. Substrate Preparation. Prior to

deposition, Si wafer pieces of 1 × 1 to 1 × 2 cm2 size were
cleaned with an oxygen plasma for 30 min, which leaves the
native oxide intact. All Cu-BDC SURMOF layers were grown
using sALD in a microfluidic reactor sketched in Figure 1 on
nonfunctionalized Si wafers (featuring the usual amorphous
native oxide SiO2), except for those dedicated to IRRAS and
Raman analyses, which were grown on Au-covered Si
substrates functionalized with a SAM (self-assembled mono-
layer) of 16-mercaptohexadecanoic acid (MHDA, 99%,
Aldrich). These two types of substrates were selected as they
represent the most used ones in the literature for investigating
the growth of Cu-BDC with conventional solution processes.

Synthesis of Cu-BDC SURMOF Films by sALD. The
deposition of Cu-BDC was carried out in a custom-built
microfluidic reactor equipped with peristaltic original equip-
ment manufacturer pumps, as described earlier by Wu,36

Fichtner,34 and Koch (Figure 1), and further details are
provided in the Supporting Information35 The sALD controller
and software were provided by ZUMOlab. The microfluidic
reactor is made out of Teflon, where four inlets supply the
precursors and solvent to the sALD reactor chamber. The first
(pump A) and the fourth (pump B) inlets are dedicated to
delivering the two required precursors, while the second
(pump S) and the third (pump S) inlets are dedicated to
supplying the purge solvent.

Dicopper(II) tetraacetate (Cu2(OAc)4) and benzene-1,4-
dicarboxylic acid (BDC, terephthalic acid) are used as the
precursors for the copper source and the linker, respectively,
while ethanol is the solvent. Both precursors are diluted in
absolute ethanol (0.6 and 2 mM for copper acetate and BDC,

Figure 1. Scheme of the sALD setup outlining the peristaltic pump arrangement with the connections to the reaction chamber and the growth of
Cu-BDC. A corresponds to the first precursor path (Cu2(OAc)4), B to the second precursor path (terephthalic acid), and S to the solvent path
(ethanol). Furthermore, the size of the Cu-BDC unit cell of 14 Å is indicated.
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respectively). Cu-BDC sALD proceeds by repeating the
following deposition cycle: injection of the first precursor
(Cu acetate, 30 s) into the reaction chamber is followed by a
static exposure (30 s) and a subsequent purge with pure
solvent (90 s). The sALD cycle is completed by the
subsequent injection of the second precursor (benzene-1,4-
dicarboxylic acid), followed by exposure and purge, using the
same duration as for the first precursor. This sALD cycle is
performed N times in total (10 ≤ N ≤ 400) to attain a variety
of SURMOF film thicknesses. Beyond these standard
parameters, successful ALD growth is demonstrated by
characterizing the influence of the critical process parameters.
The effect of purge duration was studied using the following
ALD pulse/exposure/purge sequences: 30 s/30 s/x s (x = 30,
60, 90, 120, 150, 175). Similarly, the effect of pulse duration
was investigated with the sequences y s/30 s/90 s (y = 5, 10,
20, 30, 50), and the pulse duration of both precursors was
varied simultaneously. The sALD procedure closes with the
solvent purge of the last cycle, after which the microfluidic
chamber is open and the sample air-dried. As a comparison for
benchmarking, Cu-BDC was deposited by spray-coating and
dip-coating. In order to compare different deposition methods
while maintaining the same chemical reactions, we grow Cu-
BDC by sALD using the same precursors and solvent
established in LPE and dip-coating. For the samples used in
IRRAS and Raman measurements, all Cu-BDC SURMOFs
used in the present work were grown on modified Au-covered
substrates using the LPE method.38 The surface modification
of gold-covered substrates was carried out by depositing a
SAM made from 16-mercaptohexadecanoic acid (MHDA,
99%, Aldrich). The SURMOFs were fabricated using the LPE
spray method, as described in detail in previous publication.39

The spray times were 15 s for the Cu2(OAc)4 ethanolic
solution and 25 s for the BDC ethanolic solution. Each spray
step was followed by a rinsing step of 3−5 s with pure ethanol.
A total of 20−150 growth cycles were used for the Cu-BDC
SURMOFs investigated in this work.

The synthesis of Cu-BDC SURMOF thin films by dipping
used the following procedure done by hand: Au substrates with
functionalized MHDA SAMs or clean Si substrates are dipped
into 1 mM Cu2(OAc)4 ethanolic solution for a duration of 30
min. After this, the sample is rinsed with ethanol. Next, the
sample is placed into a 0.2 mM BDC ethanolic solution for 45
min. After this, the sample is rinsed again with ethanol.

The desired film thickness of Cu-BDC SURMOF thin films
is generated through a repeated process of alternate immersion
and rinsing, for example, 5, 10, 20, or 50 cycles.

Material Characterization. A SENPro spectroscopic
ellipsometer from SENTECH was used to measure the
resulting Cu-BDC SURMOF film thickness grown on Si
substrates. All measurements were performed at a fixed angle
of 70° in a spectral range of 370−1050 nm before and after
sALD deposition. A Cauchy model is used to determine the
thickness of Cu-BDC based on the article by Redel et al.44 The
liquid quartz crystal microbalance (QCM) cell model
“openQCM” was purchased from Novaetech. AFM images
were obtained with a Veeco Dimension 3100 microscope using
tapping mode. Silicon probe tips from Bruker were used with a
spring constant 2 N m−1 and resonance frequency 70 kHz. The
resolution is 1024 × 1024 and 512 × 512 pixels for the imaged
surfaces of either 2 × 2 or 20 × 20 μm2, respectively. The
digital image processing was performed with Gwyddion 2.53,
and the root-mean-square (rms) roughness was determined

with the statistical tool embedded in the software. Masking in
Figure 5d−f was performed on topographic images using 3.2,
6.2, and 4.4 nm as the thresholds. The threshold values were
chosen so as to fit visually with the phase images (a,b,c). The
XRD measurements in out-of-plane (coplanar) orientation
were collected on a Bruker D8-Advance diffractometer
equipped with a position-sensitive detector Lynxeye in θ−θ
geometry, a variable divergence slit, and 2.3° Soller slit on the
primary and secondary sides. The measurement was carried
out in the range of 2θ = 4 to 47° at a scan step of 0.019°
utilizing Cu Kα1,2 radiation (λ = 0.15406 nm) generated at 40
kV and 40 mA. For the samples prepared on Au-covered
substrates, after background correction, the height correction
was performed using the substrate diffraction peak positions
Au(111), which were measured additionally at the end of each
run. The infrared reflection−absorption spectra (IRRAS) of
the samples in this study were acquired with a wavenumber
resolution of 2 cm−1 using a Bruker VERTEX 80v
spectrometer in grazing incidence reflection mode at an
angle of incidence of 10°, using a liquid nitrogen-cooled
HgTe−CdTe narrow-band detector. Perdeuterated hexadeca-
nethiol SAMs on Au were used for reference measurements.
Raman spectra were measured using a Bruker Senterra Raman
microscope (Bruker Optics, Ettlingen, GER), equipped with a
50× Olympus MPLAN objective NA 0.45 and a frequency-
doubled DPSS NdYAG-Laser, λ = 532 nm, operated at 200
μW output power. Each spectrum was measured with 180 s
integration time using three co-additions (3 × 60 s). For data
acquisition as well as spectra evaluation, the Bruker OPUS
software v7.5 was used. The SEM measurements were
performed on a Gemini 500, Carl Zeiss field-emission
instrument.

■ RESULTS AND DISCUSSION
Solution ALD of Cu-BDC. The sALD growth rate of Cu-

BDC SURMOF films was determined by spectroscopic
ellipsometry (Figure 2a) on Si substrates with a native oxide
pretreated by oxygen plasma. The evolution of the film
thickness of Cu-BDC as a function of the number of

Figure 2. (a) Linear Evolution of the film thickness as a function of
the number of sALD growth cycles for the sALD pulse/exposure/
purge sequence of 30 s/30 s/90 s. (b) Saturation curve of the sALD
growth rate as a function of the pulse and purge durations (green and
blue, respectively). For the saturation study, the pulse duration of
both precursors was varied simultaneously. The error bars show the
uncertainty on the measurements. They correspond to the standard
deviation averaged over at least 5 points measured by spectroscopic
ellipsometry on a Si substrate with native oxide. The growth rate is 4.5
Å/ALD cycle.
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deposition cycles N is shown in Figure 2a for the sALD pulse/
exposure/purge sequence 30 s/30 s/90 s. As expected for an
ALD (or MLD) process, the thickness increases linearly with
the number of ALD growth cycles (also visible from the quartz
crystal microbalance data in Figure S1). The fitted linear curve
intercepts the origin which indicates that there is no nucleation
delay (Figure 2a). The sALD growth rate extracted from this
plot is 4.5 Å/ALD cycle which corresponds exactly to one-
third of a Cu-BDC unit cell, and a schematic of the growth is
presented in Figure S2. This demonstrates that for one sALD
deposition cycle, less than one complete monolayer is
deposited mostly due to steric hindrance, which is common
in ALD or MLD processes.45 For comparison with one well-
known ALD example, the growth of Al2O3 from a classic gas-
phase ALD reaction also corresponds to one-third of a unit cell
per cycle.19,45 In order to confirm that the growth of Cu-BDC
SURMOF films corresponds to an ALD or MLD process, it is
crucial to produce evidence of the independence of the growth
rate as a function of the variation of the precursor dosage. For
this purpose, the pulse duration of both precursors was varied
from 5 to 50 s, while the purge time was maintained at 90 s for
each experiment. The evolution of the growth rate as a
function of the pulse duration exhibits a plateau saturating after
10 s (Figure 2b). Pulses shorter than 10 s do not deliver
sufficient precursor dosage to achieve surface saturation. This
typical saturation behavior provides experimental proof of the
self-limiting behavior of the surface chemistry characteristic of
ALD (or MLD). In all the following experiments, a pulse
duration of 30 s is adopted as the standard. An additional
confirmation of self-limiting surface chemistry is provided by a
purge duration variation (while the pulse is maintained
constant at 30 s, Figure 2b). This experiment establishes that
90 s is the minimal purge duration needed to avoid the direct
simultaneous contact and mixing between both precursors. In
all following work, the purge time is kept constant at 90 s.
Material Characterization. The chemical composition is

identified by PM-IRRAS and Raman, as shown in Figure 3a.

The IRRAS peaks at 2931 and 753 cm−1 wavenumbers
correspond to aromatic C−H stretching and bending
vibrations, respectively46−48 Additionally, the presence of the
linker is confirmed with the detection of the stretching C�C
from the aromatic ring, with the emergence of the peaks at
1571 and 1507 cm−1, while the peak at 1690 cm−1 originated
from the C�O group from carbonyl.46−48 However, the
coordination of the linker to the metal ion is proved by the

presence of the peaks at 1629 and 1397 cm−1 which
correspond to asymmetric and symmetric stretching vibrations
of the ―COO− group, respectively.49,50 No broad peaks can
be detected around 3400 and 2900 cm−1. Within the limited
informative value of this observation given the low signal
associated with the thin film, this seems to indicate that neither
water nor ethanol has been trapped in the SURMOF pores.48

The Raman spectra also provide another independent
confirmation of the presence of the linker. The Raman peaks
at 3077, 1641, and 1441 cm−1 are attributed to C−H, C�C,
and C−O, respectively.48,49 Additionally, the presence of the
BDC ring is clarified with the presence of the peak at 1140
cm−1.48,49 The chemical composition does not vary with the
increase of the thickness. The PM-IRRAS and Raman spectra
are identical for 50 and 200 sALD cycles (Figure S3). The
crystalline structure of Cu-BDC grown by sALD has been
identified by X-ray diffraction in Cu-BDC films grown with 50,
100, 200, 300, and 400 ALD deposition cycles, as depicted in
Figure 3b. The sole XRD reflection at 2θ = 8.3° can be indexed
to the presence of crystalline Cu-BDC and is the only one
detected over the range between 0° and 30°; the full
diffractogram is shown in Figure S4, and the peak detected
at 23° is attributed to the sample holder.32 However, for ALD
deposition cycles less than 200 cycles, no XRD peak can be
observed neither in Bragg−Brentano geometry nor in grazing
incidence geometry due to the extremely low thickness of the
SURMOF layer resulting in insufficient information volume.
This indicates that the film most likely starts out in amorphous
phase or mixed amorphous phase with embedded nano-
crystallites or insufficient information volume in the thin film
for XRD to pick up any crystal reflection signal from the onset
of crystalline nucleation. Then, it crystallizes once the Cu-BDC
film exceeds a critical thickness of about 100 nm which could
correspond to the formation of an extended lattice providing
sufficient driving force for crystallization or when there is
sufficient information volume in the sample to detect the single
growth revealed by the single XRD reflection at 8.3°. From 200
to 400 cycles, the intensity of XRD reflection increases with
the number of ALD cycles, and this provides the experimental
evidence of an oriented crystalline state of Cu-BDC, which is a
necessary requirement for a SURMOF film. For the sample
with 400 cycles, a second order peak (200) was observed. As
no other peaks were detected, a preferred orientation along the
[100] direction must be concluded. Our work is the first study,
which demonstrates the growth of crystalline Cu-BDC film at
room temperature with an ALD/MLD process without
thermal treatment.

The surface morphology and the roughness of Cu-BDC
SURMOF films deposited by sALD have been characterized by
SEM and AFM (Figure 4). The SEM micrograph of a Cu-BDC
film after 10 sALD cycles is presented in Figure 4a. The
relatively featureless image is consistent with a compact, dense,
and continuous film, in stark contrast to the typical prevailing
morphology of Cu-BDC deposited by conventional methods of
spray-coating or dip-coating, which consists mostly of
nanosheets, needles, or large particles.32,47,51,52 The homoge-
neity is retained for larger numbers of cycles (Figure S5). A
cross-sectional micrograph and an EDX spectrum which
confirm the compactness of the layer and the presence of
Cu-BDC are shown in Figure S6. The Cu-BDC SURMOF film
continuity and morphological quality are further proven by
AFM analysis. The AFM topographic micrographs reveal small
grainy features homogeneously distributed over the film, in a

Figure 3. (a) PM-IRRAS and Raman spectra of Cu-BDC grown by
sALD with 50 ALD cycles and (b) XRD diffractogram of Cu-BDC
grown by sALD with 50, 100, 200, 300, and 400 ALD cycles.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.2c01102
Chem. Mater. 2022, 34, 9836−9843

9839

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c01102/suppl_file/cm2c01102_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c01102/suppl_file/cm2c01102_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c01102/suppl_file/cm2c01102_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c01102/suppl_file/cm2c01102_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c01102/suppl_file/cm2c01102_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c01102/suppl_file/cm2c01102_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01102?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01102?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01102?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01102?fig=fig3&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c01102?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


manner similar to the SEM display (Figure 4b,d). The phase
contrast image confirms that the Cu-BDC film coverage is
already continuous after 10 sALD growth cycles (Figure 4c).

For benchmarking, a direct comparison of sALD SURMOF
films is provided with films deposited with similar thickness
(4.5 nm) by the other conventional methods seen in the
micrographs in Figure 5. The low nominal film thickness was

chosen so as to emphasize the critical differences pertaining to
film continuity most clearly (given that most films will
eventually evolve into continuous layers beyond a certain
thickness). Here, the AFM phase contrast images (a,b,c)
exhibit a very different pattern for the sALD case (a) versus the
two conventional deposition methods of dip-coating and spray-
coating (b,c): in these latter two cases, the AFM micrographs
reveal discontinuous Cu-BDC films of clearly separate islands
interrupted by large areas which are perfectly smooth,
corresponding to the empty SiO2 substrate surface, indicating
the missing Cu-BDC film, whereas in the sALD case (a), the
resulting Cu-BDC film is completely continuous with
homogeneous surface coverage. Taking these smooth areas
as the empty native SiO2 substrate surface with no discernible
Cu-BDC film, we apply a threshold mask to the topographic
images (d,e,f) in order to highlight the areas left noncovered by
dip-coating and spray-coating, also called “liquid-phase
epitaxy” or “layer-by-layer” deposition.37−40 Clearly, the
sALD method achieves the crucially important homogeneous
nucleation and growth completely covering the entire sample
surface, whereas the less-controlled conventional methods
yield only localized nucleation and formation of isolated
islands with a lot of empty space in between characterized by
the missing film. Importantly, this statement remains valid even
for the spray-coating method, which also features sequential
delivery of two distinct precursor solutions but without the
self-limiting surface chemical nature of ALD.38−41 The
improvement in the achieved performance of the sALD thin-
film growth is best illustrated in a direct comparison of how
much surface area film coverage can be achieved by each
method, which measures the percentage of continuous film
coverage of the sample surface. In the sALD case, the covered
area by the SURMOF film represents 99.6% of the entire
sample surface (based on the 25 μm2 shown) but only 33.1
and 28.2% for the other two conventional growth methods of
dip-coating and spray-coating. This discontinuous island

Figure 4. Microscopic characterization of Cu-BDC films grown with
10 sALD cycles. (a) SEM micrograph of surface morphology and (b)
AFM micrograph of Cu-BDC film grown with 10 deposition cycles by
sALD. (c) Phase contrast data of the AFM micrograph (scale −75 to
75°). (d) Low-magnification AFM micrograph of the same film.
Micrographs (b) and (c) display the same area of the film, which
differs from those shown in (a) and (d). The rms roughness obtained
from image (d) is 5.1 nm.

Figure 5. (a,d) AFM micrographs of Cu-BDC deposited by sALD with 10 deposition cycles, (b,e) dip-coating, and (c,f) spray-coating (a. k. a.
“liquid-phase epitaxy” and “layer-by-layer” deposition). The micrographs (a−c) represent the phase contrast (the value varies between 0 and 70°)
and (d−f) are the respective topographic data with a threshold mask, the height scale varying from 0 to 50 nm for (d,e) and from 0 to 25 nm for
(f). The corresponding mask appears in red, and the unmasked region appears in black and white. The details of masking are described in the
Experimental Methods section. The lateral scale bar represents 250 nm.
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growth mechanism (also known as the Volmer−Weber thin-
film growth characterized by heterogeneous nucleation), as
well as Ostwald ripening, is typically reported for MOFs grown
by conventional methods and constitutes a fundamental
limitation for dip-coating and spray-coating.36 It is precisely
the lack of homogeneous nucleation combined with self-
limiting surface-saturating chemical precursor reactions, which
is intrinsic to sALD, that relegates dip-coating and spray-
coating to the vastly inferior Cu-BDC film quality. A further
advantage of the sALD method is the excellent adhesion that it
confers on the film (Figure S7).

Thus, our experimental results demonstrate a crucial
advantage of sALD and establish it as the method of choice
for depositing ultrathin (<10 nm), homogeneous, compact,
and continuous crystalline Cu-BDC SURMOF layers. This
paradigm-changing breakthrough opens up SURMOF film
technology to entirely new application fields. The compelling
advantages of surface saturation in absolutely conformal thin-
film coatings with subnanometer precision that propelled
classical gas-phase ALD technology to the leading edge in
microelectronics have now been transferred to solution-
processed material systems such as MOFs. We expect that
this fruitful combination will open up many opportunities in
areas such as sensing, optical coatings, and printed electronics
and launch renewed interest to extend the sALD method
beyond MOFs to organic materials (e.g., polymers), hydrides,
and ionic solids.

■ CONCLUSIONS
A solution atomic layer deposition (sALD) process has been
established for the direct deposition of SURMOF (surface-
anchored metal−organic framework) Cu-BDC as thin compact
continuous films in crystalline, oriented form at room
temperature. The use of sALD is unprecedented in the field
of MOFs and SURMOFs and is key to controlling growth
down to the atomic or molecular resolution. With respect to
the more broadly established gas-phase ALD, sALD provides
the ability to handle nonvolatile precursor components and
requires specially designed yet simple microfluidic reactors to
enable true ALD self-limiting surface-saturating chemical
precursor reactions in solution. The fact that SURMOF films
grown by sALD exhibit a perfect film continuity even for
thicknesses below 10 nm with Angstrom thickness control
represents a paradigm change, in contrast to the discontinuous
islands obtained by the Volmer−Weber growth mechanism
which limits the achievable film quality of the conventional
SURMOF dip-coating and spray-coating methods of Cu-BDC.
The growth rate of 4.5 Å per sALD cycle defines the thickness
resolution achievable, which corresponds to one-third of the
unit cell.

This places sALD centrally on the MOF technology map. In
the near future, the compelling and inevitable generalization of
the Cu-BDC sALD reaction demonstrated here to other MOF
compounds and its expansion to large-area coatings will most
certainly enable practical applications of various SURMOF
films, with gas sensors as one prominent example.
Furthermore, the unique ability of sALD to conformally coat
nonplanar, macroporous substrates represents an attractive
tool to enhance the performance of many devices via tuning
the surface-to-volume ratio of the functional material. This
sALD breakthrough for Cu-BDC SURMOF thin films opens
up a novel approach to synthesizing SURMOF films that are in
compliance with the most stringent thin-film specification

requirements in the nanotechnology area and thus will
potentially lead to new SURMOF device applications not yet
foreseen.
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