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Vapour-phase deposition of oriented copper dicarboxylate metal-
organic framework thin films
Timothée Stassina, Sabina Rodríguez-Hermidaa, Benedikt Schrodeb, Alexander John Cruza,c, 
Francesco Carrarod, Dmitry Kravchenkoa, Vincent Creemersa, Ivo Stassena, Tom Hauffmanc, Dirk De 
Vosa, Paolo Falcarod, Roland Reselb and Rob Ameloot*a 

Copper dicarboxylate metal-organic framework films are deposited 
via chemical vapour deposition. Uniform films of CuBDC and CuCDC 
with an out-of-plane orientation and accessible porosity are 
obtained from the reaction of Cu and CuO with vaporised 
dicarboxylic acid linkers.

Metal-organic frameworks (MOFs) are microporous crystalline 
materials built from metal ion nodes connected by multitopic 
organic linkers. Because of their record-breaking specific 
surface area (up to > 7500 m² g-1) and functionalisable pore 
interior, MOFs have been extensively studied.1–3 Interestingly, 
the same properties that make MOFs high-performance 
materials for adsorptive separations also promise high potential 
in microelectronics.4–6 However, the integration of MOFs in 
microelectronic devices is rarely reported due to a lack of 
methods to deposit and pattern MOF thin films in a way that is 
compatible with current microfabrication protocols.4 MOFs are 
typically obtained through solvothermal treatment of an 
organic linker and metal salt dissolved in an organic solvent.1 
Besides the environmental impact related to the use of 
solvents, the deposition of MOF films via wet protocols can lead 
to contamination and corrosion issues, for instance due to the 
presence of salts and particle formation.7

Alternative routes for the synthesis of MOF powders make 
use of non-salt metal precursors (e.g., metal oxides) and little to 
no solvent. In particular, thermochemical (by heating the linker 
and precursor together),8,9 mechanochemical (neat, ion-, or 
liquid-assisted grinding)10–13 and accelerated aging 
processes14,15 have been proven successful.16 Contact with bulk 

solvent can also be avoided by reacting a drop-casted synthesis 
solution containing metal salt and organic linker in a saturated 
solvent atmosphere, yielding highly oriented MOF films.17

Inspired by the vapour-phase deposition methods common 
in microfabrication, similar approaches were developed to grow 
MOF films. Stassen et al. introduced the concept of MOF 
chemical vapour deposition (MOF-CVD), in which a metal oxide 
precursor layer is first deposited and subsequently transformed 
to a MOF upon reaction with linker vapour.18 Directly reacting 
the surface in an alternating fashion with vaporised metal and 
linker precursors, has also been reported. This strategy resulted 
in non-porous, yet crystalline coordination compounds and 
amorphous layers that yield MOFs after a post-deposition 
crystallization step.19–21

Here we report the CVD of MOFs based on Cu(II) and the 
dicarboxylate linkers 1,4-benzendicarboxylic acid (H2BDC) and 
trans-1,4-cyclohexanedicarboxylic acid (H2CDC). The resulting 
CuBDC and CuCDC materials consist of 4-connected Cu(II) 
carboxylate chains that line one-dimensional pores of 5.3 and 
3.5 Å in diameter‡, respectively.22,23 The MOF-CVD method for 
these materials consists of two steps: (i) vapour-phase 
deposition of Cu or CuO films as a metal source and (ii) a solid-
vapour reaction between this precursor and the vaporised 
organic linker (Figure 1). Interestingly, the CuBDC and CuCDC 
MOF thin films grow with an out-of-plane orientation, with the 
pores normal to the surface.

CuCDC and CuBDC films were obtained on silicon or glass 
substrates (ESI Figures S6 and S8†). CuO and Cu precursor layers 
were deposited via physical vapour deposition (PVD), an 
established method available in any microfabrication facility. 
The surface of metallic Cu is terminated by a CuO layer. Thermal 
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† Electronic Supplementary Information (ESI) available: acknowledgments, 
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optical images, GIXRD patterns, SEM images, AFM investigation, film thickness by 
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Figure 1 Chemical vapour deposition of Cu-based MOF thin films (MOF-CVD), a two-
step process: CuO or Cu precursor layer deposition and subsequent solid-vapour 
reaction of this layer with dicarboxylic acid linker vapour.
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treatment, before or during linker exposure, will result in 
further oxidation (ESI Figure S3 and Table S4†).24 CuO films of 
different thicknesses (~15 nm and ~100 nm) were placed 
together with excess H2BDC or H2CDC in a Schlenk tube and 
evacuated (~10-1 mbar). To study the effect of relative humidity, 
water was added for a set of experiments to reach a relative 
humidity of 5% at the reaction temperature. The reaction was 
performed at 200 °C for 16 hours, followed by thermal 
activation. Solvent-free activation by thermal treatment has 
been demonstrated before in the MOF literature, with several 
examples of dicarboxylic acid linkers thermally desorbed from 
the MOF pores (e.g., H2BDC, fumaric acid).25–27 

The crystallinity and phase of the resulting films were 
investigated by synchrotron grazing-incidence X-ray diffraction 
(GIXRD). The GIXRD data analysed using GIDVis28 was compared 
with patterns calculated for known crystal structures‡. Under all 
conditions phase-pure materials are obtained (Figure 2). 
Reaction with H2CDC results in the known porous CuCDC MOF‡ 
under both dry and humidified conditions. Reaction with H2BDC 
under dry conditions yields a phase that strongly resembles the 
isostructural CuBDC material‡, but with a slight peak shift to 
higher q values, i.e., a lower interplanar spacing. Reaction with 
H2BDC under humidified conditions results in a dense phase 
that strongly resembles the coordination polymer 
[Cu2(OH)2(BDC)] consisting of Cu(II) hydroxide layers connected 
by BDC‡,29 but again, peaks are shifted to higher q values. This 
material is further referred to as CP-CuBDC.

The MOF/CP formation was corroborated by ATR-FTIR 
spectroscopy (ESI Figure S13 and Table S7†). The absence of a 
band around 1670 cm-1 indicates that no uncoordinated 
carboxylic acid is present. The vibrational bands at ~1590 cm-1 
and ~1420 cm-1 are respectively attributed to the asymmetric 
and symmetric vibrations of metal-coordinated carboxylate 
groups. All films grown from thin CuO films have a 
homogeneous, mirror-like appearance and a colour ranging 
from deep blue to brown (Figure 3, ESI Figure S4†). AFM images 
show homogeneous films with RRMS roughness values in the 10-
30 nm range (Table S6†).

The total film thickness was determined by ellipsometry and 
cross-checked by high-resolution cross-sectional SEM, with less 
than 10% difference between both methods. The thickness for 
films grown from ~15 nm CuO is 50 ± 3 nm for CP-CuBDC, 83 ± 
5 nm for CuBDC, 87 ± 5 nm for CuCDC (dry) and 110 ± 8 nm for 
CuCDC (hum.) (ESI Figure S10†). The thickness of the CuCDC, 
CuBDC and CP-CuBDC films is lower than expected based on the 
ratio of the density measured for the CuO film (6.5 g cm-3; ESI 
Figure S2 and Table S3†) and calculated for the final materials 
based on their crystal structure‡. For this precursor thickness, 
complete oxide-to-MOF conversion would result in ~80 nm CP-
CuBDC, ~190 nm CuCDC and ~200 nm CuBDC films, i.e., an 
expansion factor of 5, 13 and 13, respectively. Although cross-
sectional SEM does not show residual CuO, a few nm of 
unreacted precursor cannot be ruled out due to the instrument 
resolution. (Figure 3). When starting from thicker (~100 nm) 
CuO, similar images reveal a ~110 nm CuCDC film on top of ~90 
nm unreacted CuO (Figure 3). These results suggest that only 
about the first 10 nm of CuO is converted to MOF (ESI Figure 
S11†), leaving the remaining precursor unreacted. Similar self-
limiting MOF growth has previously been observed for ZIF-8 
CVD starting from ZnO layers.18 Although the linkers have a 
different volatility (higher for H2CDC) and acidity (higher for 
H2BDC), these differences cancel out and result in the same 
fraction of CuO converted (ESI Figure S12†).

GIXRD indicates that all CuCDC films, independently of the 
precursor, are oriented with the (100) plane parallel to the 

Figure 3 Thin film morphology. Top left: homogeneous, mirror-like CuCDC film. Top 
right: AFM images of CuCDC films deposited under dry and humidified conditions, and of 
CuBDC and CP-CuBDC films. Bottom: tilted-view and cross-sectional SEM images of 
CuCDC film grown from 15 nm of CuO with no residual CuO visible (left) and from 100 
nm of CuO layer showing incomplete CuO conversion (right). AFM and SEM scale bars 
are 400 and 200 nm, respectively. AFM colour scale: see ESI Figure S9†.

Figure 2 The reactive atmosphere composition (linker and relative humidity) 
determines the formed MOF structure. Reaction of CuO and Cu with H2CDC vapour 
under dry and humidified conditions results in the CuCDC structure . Reaction with 
H2BDC under dry conditions results in the CuBDC structure while humidified conditions 
yield the CP-CuBDC structure. Intensity distribution as a function of 2𝜃 extracted from 
GIXRD patterns (coloured) and simulated patterns (black).
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substrate (Figure 4, ESI Figure S5†). For H2BDC, the results are 
different: while the CuBDC MOF is also clearly (100)-oriented, 
CP-CuBDC shows a weaker and different preferred orientation 
that depends on the precursor. For CP-CuBDC films prepared 
from thermal CuO and PVD CuO, the 010 peak at  𝑞 ≈ 0.64 Å ―1

is found at approximately 20 degrees tilted from the vertical 
axis. For CP-CuBDC grown from PVD Cu, this off-specular tilt is 
even stronger. These results indicate a different contact plane 
than (100) and potentially the presence of multiple orientations 
(ESI Figure S7†).

The (100) orientation of CuBDC and CuCDC films is 
confirmed by ATR-FTIR using p-polarised light since the 
absorbance of the asymmetric carboxylate vibration (~1590 cm-

1) is strongly enhanced compared to the symmetric one (~1410 
cm-1) (Figure 4). The IR selection rules predict that vibrations 
normal to the surface give a reduced signal, whereas the signal 
from vibrations parallel to the surface is enhanced.30 For both 
CuBDC and CuCDC, the average dihedral angle between the 
(100) plane and the crystallographic plane defined by the 
carboxylate groups is 70° (ESI Figure S14 and Table S8†). Since 

this angle is close to 90°, the observed difference in absorbance 
is explained by the (100) plane oriented parallel to the substrate 
and the resulting near-perpendicular orientation of the Cu-
carboxylate bonds. The ratio of the symmetric and asymmetric 
carboxylate absorbance signals indicates a higher degree of 
orientation for CuCDC grown in a dry versus a humid 
atmosphere (8.7 and 6.2, respectively) and a higher degree of 
orientation for CuCDC than CuBDC (8.7 and 6.7, respectively) 
(ESI Table S7†).

Both CuBDC and CuCDC have one-dimensional pores 
parallel to the crystallographic a-axis. Therefore, (100)-oriented 
films of these materials have pores oriented perpendicular to 
the surface, thus ideally accessible for guest molecules (Figure 
4). Conversely, CuBDC films prepared by liquid-phase epitaxy 
display a (001) orientation with pores oriented parallel to the 
substrate (ESI Figure S15†).31 To evaluate their porosity, CuCDC 
and CuBDC films were deposited by CVD on quartz crystal 
microbalance (QCM) crystals and the resonance frequency 
change was measured upon exposure to increasing methanol 
vapour concentrations. Both films take up significantly more 
methanol compared to a bare reference crystal, thus 
demonstrating the pore accessibility (Figure 6). 

Figure 6 Gravimetric methanol uptake in CuCDC and CuBDC films. Resonance 
frequency shift of QCM crystals coated with CuCDC (blue) and CuBDC (red) films and 
an uncoated reference (black) as a function of relative pressure. Error bars correspond 
to the 95% confidence interval based on at least 7 measurements.

Figure 5 Patterned Cu-based MOF thin films. Left: schematic representation of the 
patterning sequence based on shadow mask CuO deposition. Right: patterned Cu-based 
MOF thin films. Scale bar = 1 cm.

Figure 4 Out-of-plane orientation of CuCDC and CuBDC films. a, GIXRD pattern for CuCDC (dry) overlaid with the Debye-Scherrer diffraction rings (grey lines) and Bragg peak 
position (red dots) calculated for a (100) orientation. b, Normalised ATR-FTIR spectra of MOF-CVD thin films and bulk CuCDC powder synthesized solvothermally. The carboxylate 
bands are highlighted in grey. The differences in absorbance between the asymmetric and symmetric vibrations are indicative of the orientation of the carboxylate groups with 
respect to the substrate. c, Schematic representation of (100)-oriented CuCDC and the resulting pore orientation perpendicular to the substrate highlighted in yellow.
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The development of MOF-CVD methods will facilitate the 
integration of MOFs in microelectronics. While Stassen et al. 
demonstrated lift-off patterning for ZIF-8 MOF-CVD, we show 
the direct conversion of patterned CuO deposited by PVD 
through a shadow mask to patterned MOF films (Figure 5).18

In conclusion, we expanded MOF-CVD to thin films of 
copper dicarboxylate MOFs. To the best of our knowledge, 
these are the first crystalline and oriented porous materials 
deposited entirely from the vapour phase. Future MOF-CVD 
research will target even more porous Cu-based MOFs, such as 
the well-known HKUST-1 based on Cu(II) paddlewheels linked 
by 1,3,5-benzenetricarboxylate.32
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