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Chemical vapor deposition of metal–organic frameworks

(MOF-CVD) will facilitate the integration of porous and crystalline

coatings in electronic devices. In the two-step MOF-CVD process,

a precursor layer is first deposited and subsequently converted to

a MOF through exposure to linker vapor. We herein report the

impact of different metal oxide and metalcone layers as precursors

for zeolitic imidazolate framework ZIF-8 films.

To leverage the properties of metal–organic frameworks
(MOFs) in electronic devices, robust thin film deposition pro-
cesses are required.1,2 Chemical vapor deposition of MOFs
(MOF-CVD)3 has been demonstrated on wafer-scale in a clean-
room setting,4 and has shown potential in sensing,5,6 energy
storage,7,8 membrane separations,9,10 and nanoelectronics.11

The two-step MOF-CVD process was initially demonstrated by
depositing a metal oxide (e.g., ZnO or CoOx) followed by
exposure to the linker vapor (2-methylimidazole; HmIM) to
grow ZIF-8 or ZIF-67 films under mild conditions
(<150 °C).3,4,11 The oxide-to-MOF conversion was found to pro-
gress in three stages: (1) linker adsorption, (2) reaction, and (3)
crystallization of the framework. Due to the porosity of ZIF-8, a
pronounced thickness increase occurs when the MOF is
formed from the dense oxide precursor: theoretically 16× for
an ideal ZnO crystal, experimentally 10× for a defective ZnO
precursor.3,4 This behavior results in a sigmoidal increase in
the layer thickness during MOF-CVD.3,4,12 Since its first dem-

onstration, MOF-CVD has been extended to other MOF
materials.4,9–16 Previously, we studied the effects of precursor
layer thickness, water vapor, and linker exposure time on the
precursor conversion rate and the morphology of the resulting
MOF layers.4 The accelerating effect of moisture is partly due
to surface hydroxylation and hydration, which facilitates the
oxide-to-MOF transformation.3,4 Nevertheless, little is known
about the effect of the precursor type (e.g., defect density in
oxide layers, oxide versus hybrid precursors) on the conversion
rate, morphology, and porosity of the resulting MOF layers.

Here, we investigate the effect of different precursor layers
deposited by methods common in microfabrication (Fig. S1†):
(1) ZnO and (2) aluminum-doped ZnO (AZO) by atomic layer
deposition (ALD), (3) ZnO by sputtering (physical vapor depo-
sition, PVD), and (4) hybrid zinc-based metalcones (‘zin-
cones’), grown from diethylzinc and either ethylene glycol or
glycerol by molecular layer deposition (MLD). In addition, the
effects of precursor annealing at 850 °C and water vapor
exposure are investigated. The precursor-to-MOF conversion
process was performed in a MOF-CVD reactor under previously
optimized conditions.4

When exposed to HmIM vapor, all oxide precursors con-
verted at least partially to ZIF-8, irrespective of annealing or
added water vapor, as shown by grazing-incidence X-ray diffr-
action (GI-XRD, Fig. S2 and S3†). Nevertheless, the in situ ellip-
sometry data shows that the oxide-to-MOF conversion kinetics
depend on the precursor type (Fig. 1a). For the oxides, a thick-
ness of approximately 3 nm was consistently used to compare
the characteristic growth profiles during precursor-to-MOF
transformation. X-ray photoelectron spectroscopy (XPS O 1s,
Fig. S4, S5 and Table S1†) was used to probe the defect density
in the oxide precursor layers and shows varying contributions
from Zn-bound O2−, OH−, and surface-adsorbed water.17,18

The ‘hydroxylation degree’ was calculated from the O 1s spec-
trum as the ratio of the summed Zn–OH and Zn–H2O area con-
tributions to that of Zn–O. This value is higher for oxide films
with a lower density (measured by XRR), likely due to the pres-
ence of hydroxyl defects throughout the film (Fig. 1b).4,17,18

The hydroxylation degree increases by exposing the oxides to
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humidity in the MOF-CVD reactor (RH ∼ 12% at 80 °C,
Fig. 1c). Because a higher hydroxylation degree indicates a
more defective and reactive oxide, the corresponding precursor
layers are more easily converted into MOF films. This behavior
is clear from the in situ ellipsometry data during conversion,
with a faster initiation and an earlier plateau in the growth
curve (Fig. 1a and c). The time at which this plateau is reached
is referred to as the ‘characteristic conversion time’, t0
(Fig. 1c). The oxide-to-MOF transformation involves a simul-
taneous change in refractive index and thickness. Modeling of
the data is avoided by directly monitoring the ellipsometric
angle, Psi (ψ), which is the amplitude ratio of the p- and
s-polarized light reflecting from the sample.11,19

When a MOF layer forms, it slows down the mass transport
of linker molecules from the vapor atmosphere to any remain-
ing oxide precursor underneath the MOF. Therefore, more
defective and reactive precursor layers can result in thicker
MOF films, as the reaction front can penetrate deeper before

the onset of MOF crystallization.3,4 When full precursor con-
version is not achieved at shorter conversion times (<30 min),
a second sigmoidal step may appear after extended HmIM
exposures (Fig. S6†).4 This second conversion step may only
occur for precursors with a sufficiently high hydroxylation
degree and a reactor configuration that enables a high HmIM
concentration. Here, our focus is on the initial MOF layer,
formed at conversion times <50 min. The HmIM vapor concen-
tration in the employed MOF-CVD reactor is diluted because of
the carrier gas flow. While this reactor design enables the
homogeneous and large-area coatings necessary for device fab-
rication, higher vapor concentrations are required if a full con-
version of less reactive precursors is desired. Such conditions
have been previously demonstrated, for instance in glass reac-
tors (e.g., Schlenk tubes) with a smaller volume.3,11

For ALD ZnO deposited at low temperature (80 °C), the
hydroxylation degree is sufficiently high to enable a rapid full
conversion to ZIF-8.4 However, when the same layer is

Fig. 1 MOF-CVD ZIF-8 from different ZnO precursors. (a) In situ ellipsometry profile of the oxide-to-MOF conversion. Correlation of the ‘hydroxy-
lation degree’ determined from the XPS O 1s spectra with the (b) film density obtained via XRR, and (c) the ‘characteristic conversion time’, t0. This
parameter (t0) is defined as the time to reach a plateau in the conversion curve obtained by in situ ellipsometry. The t0 for ALD ZnO is indicated in (a)
for illustration. The effect of water vapor is demonstrated for ALD ZnO and sputtered ZnO (blue and green arrows). (d) Kr physisorption isotherms on
high-aspect-ratio Si micropillar chips coated with different ALD oxides, before and after conversion to ZIF-8.
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annealed, or when a less defective oxide is deposited via sput-
tering, even the 3 nm precursor layer is not fully converted
under the applied conditions (Fig. 1a and d). In the case of
AZO, the particle morphology (Fig. S4†) is similar as in
MOF-CVD ZIF-8 films grown from 3 nm ALD ZnO,4 and sput-
tered20 and electroblown AZO.21

The porosities of MOF layers deposited on high-aspect-ratio
microstructured substrates were evaluated by Kr physisorption
(Fig. 1d).3,4,13,22 Only MOF layers resulting from ALD precur-
sors were evaluated since a conformal coating is required,
which could not be obtained via sputtering. Not surprisingly,
the absolute Kr uptake (nmol per projected surface area) is
lower for AZO and annealed ALD ZnO films, as less ZIF-8 is
formed at t0 due to the lower hydroxylation degree, passivating
AlOx content, or higher density of these precursors. These
relationships are corroborated by Rutherford backscattering
(RBS) and X-ray reflectivity (XRR) measurements (Fig. S7†).

Adding water vapor accelerates the ZnO-to-ZIF-8 conversion,
as previously observed.3,4,12 Since the onset of MOF crystalliza-
tion slows down the mass transfer of linker vapor to the under-
lying oxide, the initial conversion rate and the degree of con-
version at t0 are linked. Therefore, injecting water vapor into
the reactor chamber leads to higher conversion for less reactive
oxides. For instance, for sputtered ZnO, the conversion more
than doubles under humidified conditions, as suggested by
ellipsometry measurements. For a precursor thickness of
3 nm, the modeled PVD ZnO layer thicknesses remaining after
conversion are 2 nm and 0.5 nm for MOF-CVD under dry and
humidified conditions, respectively. The conversion of PVD
ZnO under humidified conditions leads to increased methanol
uptake, as monitored by ellipsometric porosimetry (Fig. S8†).
For the annealed ALD ZnO, the AFM images reveal that the
surface coverage is enhanced, from partial to full coverage,
when converted under humidified conditions (Fig. S9†). In
addition to accelerating the oxide-to-MOF conversion, water

vapor also facilitates crystallite ripening.4 Ripening also results
in larger crystal facets and rougher layers (Fig. S4†). For
example, for ALD ZnO, a 79% roughness increase in the result-
ing MOF layer is observed when converting under humidified
conditions for a fixed HmIM exposure time. If not desired,
these effects can be minimized by not exposing the film to
humid HmIM vapor longer than needed to achieve the antici-
pated extent of conversion.4

To expand to other precursor chemistries, we explored the
use of zinc glycolate (Zn-EG) and zinc glycerolate (Zn-Gly) pre-
cursors deposited via molecular layer deposition (MLD,
Fig. S10–S12 and Table S2†). As in ALD, films deposited via
MLD are conformal.3,4,23–25 These metalcone films only con-
verted to crystalline and porous MOFs under humidified con-
ditions, as indicated by GI-XRD and Kr physisorption (Fig. 2a
and b). The resulting ZIF-8 layers were rougher and less hom-
ogenous compared to the films obtained from ALD ZnO
(Fig. 2c). Together with the thickness obtained from ellipsome-
try, RBS measurements of the Zn-EG and Zn-Gly films show a
Zn density of 9.3 ± 0.07 × 1021 and 7.1 ± 0.06 × 1021 atoms per
cm3, respectively. These values are 67% and 74% lower than
for ALD ZnO,3,4 and in agreement with the 3–4× thickness
expansion expected when taking into account the volume per
mole of Zn in Zn-EG, Zn-Gly, and ZIF-8. In contrast to the
water formed during the conversion of oxide precursors, the
ethylene glycol or glycerol released in the reaction of zincones
with HmIM would not result in linker protonation and is
unable to catalyze the Zn-EG- or Zn-Gly- to ZIF-8
transformation.26,27 Therefore, the addition of water vapor is
needed to enable MLD zincone-to-MOF conversion. Moreover,
the low volatility of these byproducts interferes with the for-
mation of continuous films, as the ethylene glycol and glycerol
droplets forming on the surface lead to micron-sized pinhole
defects in the MOF film (Fig. S13†). The conversion of MLD
zincones to ZIF-8 is an interplay of Zn–H2O/Zn–OH concen-

Fig. 2 ZIF-8 from MLD zincones under humidified conditions. (a) GI-XRD of the ZIF-8 films from MLD zincones (CCDC for ZIF-8: VELVOY). (b) Kr
physisorption isotherms of ZIF-8 from MLD zincone precursors. (c) AFM images of the MLD zincones and the corresponding ZIF-8 layers after con-
version. The RRMS values are calculated for a 2 × 2 and 6 × 6 µm2 probe area.
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tration, precursor density, and volatility and reactivity of
byproducts.4,28 Nevertheless, zincones can be transformed into
mesoporous ZnO layers through calcination.29 Up to twice as
large ZIF-8 crystals are generated compared to the ones
obtained from non-calcined equivalents due to the enhanced
ZnO accessibility for HmIM vapor in these structured precur-
sors (Fig. S14 and 15,† MLD Zn-Gly calcined in air, 200 °C,
2 h).8

In summary, the different nature of ZnO, AZO, and hybrid
precursors as well as the presence of water vapor influence the
kinetics of the precursor-to-MOF transformation and the
resulting ZIF-8 morphology. Together with the previously
reported integrated cleanroom MOF-CVD process4 and vapor-
phase linker exchange,26 these insights facilitate the fabrica-
tion of high-quality ZIF films reproducibly and reliably.
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