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Abstract: ZIF-8 was synthesized by subjecting ZnO thin films deposited via plasma-enhanced
atomic layer deposition to a 2-methylimidazole vapor. The impact of the conversion time as well
as the density and thickness of the ZnO precursor on the resulting ZIF-8 layers were investigated.
Grazing Incidence X-ray diffraction reveals a preferred (100) or (111) orientation of the ZIF-8 crystals,
depending on thickness and density of the precursor, and with a more prominent orientation at
longer conversion times. The onset of crystallization occurs after 20 min of conversion for the less
dense precursor, compared to 40 min for the denser one. The ZIF-8 thickness and roughness increase
with conversion time. The final thickness of the ZIF-8 layer depends on the thickness and density of
the precursor layer, and can be up to 15-fold higher than the precursor thickness.
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1. Introduction

Metal-organic frameworks (MOFs) are nanoporous crystalline materials that con-
sist of metal nodes connected via organic linker molecules [1]. Due to the combina-
tion of long-range order, highly tunable organic-inorganic structural units, and intrinsic
nanoporosity [2], the use of MOFs has been investigated in numerous fields, including but
not limited to catalysis [3,4], storage and release of gases [5-7], molecular separation [8,9],
drug delivery [10-12], and membranes for desalination [13]. Furthermore, MOFs show
potential in microelectronics [14], as low-k dielectrics [15], sensor coatings [16-18], for
energy conversion [19], or photonic crystals [20].

However, due to the complexity of the traditional solvothermal synthesis methods,
MOFs are not often used in these fields due to risks related to chemical contamination, cor-
rosion, and cost [21]. To incorporate MOFs into microelectronic devices, scalable thin-film
deposition processes such as chemical vapor deposition (CVD) or atomic layer deposition
(ALD) are essential [22,23]. These techniques are based on the reaction of vaporized sub-
stances on a substrate to form a thin film with a precisely controlled thickness. In particular,
ALD allows for sub-nm thickness control in thin-film properties [24].

Up to now, to the best of our knowledge, vapor-phase-deposited ZIF-8 has only been
synthesized in polycrystalline forms without exhibiting a preferred orientation, or crys-
talline texture [25,26]. Oriented ZIF-8 has been previously synthesized via solution-based
methods, mainly with a preferential {100} [27,28], (110) [29] or (112) [30,31] orientation.

Here, we adapted the MOF-CVD method first demonstrated by Stassen et al. [32],
in which a metal oxide layer is first grown via ALD and subsequently subjected to the
vapor of the desired organic linker, resulting in MOF thin films. The process has shown
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good reproducibility and compatibility with lithographic processes. Plasma-enhanced ALD
(PE-ALD) offers the additional advantage of tuning the substrate temperature over a broad
range, from room temperature to over 200 °C, by utilizing a reactive plasma species as
the co-reactant. This parameter influences the crystal orientation of the ZnO thin films,
leading to a preferred (100)-orientation of the ZnO precursor by keeping the substrate at
room temperature (RT) [33].

For this work, we investigated the influence of the conversion time of PE-ALD de-
posited ZnO thin films to ZIF-8 and show how different precursor densities and thicknesses
affect the final films. An overview of the varied deposition parameters and of the studied
ZIF-8 properties is noted in Table S1.

2. Materials and Methods
2.1. Synthesis of ZIF-8

ZnO films were deposited in a custom direct plasma ALD reactor onto one-side pol-
ished c-5i (100) substrates (Siegert Wafer, Aachen, Germany) for 6 cycles, 17 cycles, and
60 cycles to obtain different thicknesses. The reactor was in an asymmetrical plate config-
uration with the heating stage (Yuheng Electric Heating Technology Co., Ltd., Yancheng,
China) 5 cm below the showerhead radiofrequency (RF) electrode at 13.56 MHz. For a
schematic of the reactor configuration, see Figure S1. The pumping system consisted of a tur-
bomolecular pump (Pfeiffer vacuum, Afllar, Germany, TmH071P) and a rotary vane pump
(Pfeiffer vacuum, Afllar, Germany, DUO5M). Diethylzinc (DEZ, Sigma-Aldrich, St. Louis,
MI, USA, CAS 557-200) was pulsed into the reactor using an ALD valve (Swagelok, Solon,
OH, USA, ALD3) without additional heating or bubbling system. During the plasma step,
pure oxygen (Air liquide, Paris, France, 99.9995%) was used, supplied by an RF-power gen-
erator (Advanced Energy, Denver, CO, USA, Cesar 13.56 MHz) combined with a matching
network (Advanced Energy, Denver, CO, USA Navio). Argon (Air liquide, Paris, France,
99.9995%) was employed in the purging step. The flow rates for O, and Ar were 20 sccm
during the plasma and purging steps, and the O, pressure in the reactor during plasma
exposure was fixed at 85 mTorr. To control the flow rates of the gases, a multi-gas controller
(MKS Instruments, Andover, MA, USA, 647C) and mass flow controllers (MKS Instruments,
Andover, MA, USA MF1-C) were used.

The PE-ALD process consisted of the following four steps, repeated for each cycle:
(1) DEZ dose, (2) Ar purging, (3) O-plasma dose (including a 10 s O,-flow stabilization
step before the plasma ignition), and (4) Ar purging. To activate the substrate surface, the
process was started with an Oy-plasma dose. The RF-power for the plasma dose was fixed
at 60 W for all depositions. The substrate temperature during the depositions was kept at
room temperature.

To deposit less dense ZnO, the heating stage was removed from the reactor, resulting
in an increased interelectrodal distance of 7 cm. To follow the saturation behavior of the
four steps as previously investigated [24,33], the recipe was fixed for deposition at room
temperature at 0.15 s for the DEZ dose, 15 s for both Ar purges, and 8 s for the O,-plasma
dose. The setup was controlled by an Arduino microcontroller and an in-house written
Python program [34].

To obtain ZIF-8, the ZnO thin films were placed into a 300 mL Schlenk tube together
with a glass boat containing 500 mg of 2-methylimidazole (HmIm) powder (Merck, Darm-
stadt, Germany, 99%). The tube was closed and evacuated (to ~10~! mbar). The Schlenk
tube was placed in a convection preheated oven for different time periods (20 min to 24 h)
at 120 °C. Afterward, the samples were removed from the tube while still hot and left to
cool under a fume hood.

2.2. Characterization Methods

The density of ZnO was measured by X-ray reflectivity (XRR) with a Panalytical
Empyrean (Malvern Panalytical, Malvern, United Kingdom) working in 0/0-configuration
and equipped with a copper tube (A = 1.5418 A). The primary side of the reflectometer was
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equipped with a 1/32° slit, a 10 mm beam mask, a multilayer mirror, and an automatic beam
attenuator. On the secondary side, a receiving slit of 0.1 mm and a Soller slit of 0.02 rad
were placed before the point detector, Panalytical Pixel 3D. XRR scans were performed in
the 20 region 0.024°-5.00° with a step size of 0.008°. The XRR scans were characterized
by a plateau of total reflection up to the critical angle of the material. The model used to
evaluate the XRR data consisted of three materials (5i-Si0,-ZnQO), which all contribute with
their critical angle. The critical angle of the substrate (0.22°), measured at the half of the
plateau’s maximum, is typical for the silicon dioxide interface [35].

Attenuated total reflection Fourier-transform infrared spectroscopy (ATR-FTIR) spec-
tra were recorded on a Varian 670 FTIR spectrometer equipped with a Ge crystal plate in
the VeeMAX III module (Pike Technologies, Fitchbur, WI, USA); 64 scans were accumulated
by a DLaTGS detector with a resolution of 4 cm ™.

Grazing incidence X-ray diffraction (GIXD) measurements were conducted at the
beamline XRD1, Elettra, Trieste, Italy. The incident angle was set between 0.2° and 1.2°; the
wavelength of the primary beam was 1.4 A. Diffracted intensities were collected on a Pilatus
2M detector, and all data have been recalculated to (wavelength-independent) reciprocal
space maps utilizing the in-house developed software package GIDVis [36]. Intensities
are plotted in a pseudo-color representation as a function of the out-of-plane component
(9z) and the in-plane component (qxy) of the scattering vector. For the sake of clarity and
comparability, all intensity data were plotted in square root representation and are reported
using the same color scales.

Scanning Electron Microscopy (SEM) images were collected using Philips (Amsterdam,
Netherlands) XL30 FEG at an acceleration voltage of 10 kV and a working distance of 10 mm.
The data was evaluated using the open source program Image]J [37].

The optical properties of the ZIF-8 thin films were measured using an M-2000x spec-
troscopic ellipsometer (J.A. Woollam Co., Inc., Lincoln, NE, USA A = 246-1000 nm) at a
fixed 65° incidence angle. Each sample was remeasured four times on a different spot with
an M-2000V ellipsometer (J.A. Woollam Co., Inc., Lincoln, NE, USA A = 370-1000 nm) at
three different incident angles (65°, 70°, and 75°) for error estimation. All ZnO layers were
measured on the M-2000V ellipsometer in the same manner. The raw ellipsometry data
were fitted using the CompleteEASE software (J. A. Woollam Co., Inc., Lincoln, NE, USA)
in the whole measurement range employing a Cauchy model.

Additional thickness measurements were performed for ZIF-8 with an AlphaStep
D-500 Profilometer (KLA-Tencor, Munich, Germany). Profilometry scanning parameters
were set to a scan length of 0.5 mm, a speed of 0.05 mm/s, and a stylus force of 1 mg. The
height values were obtained by scratching the sample to the substrate and measuring the
step height from the substrate to the top of the layer. Measurements were performed at
three different spots on each sample to estimate a statistical error.

Atomic Force Microscopy (AFM) measurements were conducted in non-contact mode
with a PPP-NCLR-10 cantilever (NanoWorld AG, Neuchatel, Switzerland) on a Nanosurf
easyScan 2 instrument for the samples obtained from denser ZnO. ZIF-8 obtained from less
dense ZnO was measured in the intermittent contact mode with a PicoSPM 5500 (Agilent
Technologies, Santa Clara, CA, USA) setup in ambient conditions using Si cantilevers
(OLYMPUS, Shinjuku, Japan, AC160TS-R3). Data analysis was performed using the freely
available software package Gwyddion [38].

3. Results and Discussion

During the PE-ALD depositions, two different interelectrode distances were employed
to obtain ZnO with different mass densities. Via spectroscopic ellipsometry the thicknesses
of the resulting ZnO thin films were determined to (0.8 £ 0.1) nm, (2.9 £ 0.2) nm and
(9.8 £ 0.5) nm for the less dense ZnO deposited for 6, 17, and 60 cycles, respectively. The
denser ZnO showed thicknesses of (0.9 + 0.2) nm, (2.8 £+ 0.2) nm, and (9 + 1) nm for the
same amount of deposition cycles. These values agree well with the growth rate of approx.
1.6 A for depositions at room temperature as reported in literature [33].
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To investigate the density of the ZnO thin films, X-ray reflectivity (XRR) measurements
were performed. Figure 1 shows XRR data of two different ZnO layers deposited for 60
cycles and their respective fit, marked in red. From the fit, the parameters of the less dense
ZnO were determined to a thickness of (9.2 & 0.1) nm with a roughness of (1.1 + 0.1) nm
and a mass density of (4.6 £0.1) g/ cm?. For the denser precursor, a thickness of (8.1 & 0.1)
nm, a roughness of (1.1 & 0.1) nm, and a density of (5.2 + 0.2) g/cm? were found. Both
densities are lower than the literature value of 5.6 g/cm3 reported for bulk ZnO [39].

less dense ZnO

— p =4.6 g/lcm?
5,
=
K7
c
o)
2
denser ZnO
p =5.2 g/lcm3
0 0.5 1 1.5

theta [°]

Figure 1. X-ray reflectivity measurements of ZnO thin films deposited for 60 cycles, showing different
mass densities. Red lines correspond to fits.

After converting the ZnO layers to ZIF-8, ATR-FTIR measurements verify that the
obtained layers match the chemical fingerprint of ZIF-8 (Figure S2). Successful synthesis
of ZIF-8 was further confirmed with grazing incidence X-ray diffraction (GIXRD) mea-
surements (Figure 2a). At short conversion times, no Bragg peaks are observed, as is the
case for ZIF-8 grown from denser ZnO, deposited for 60 cycles, measured after 20 min
of conversion. As the conversion time increases, Debye-Scherrer rings associated with
a random orientation of ZIF-8 crystals appear (Figure S3a). With the conversion time
increasing, intensity variations within the Debye-Scherrer rings are observed, indicating
the development of a preferred orientation. The observation of a crystal ripening phase
occurring after conversion of the sample coincides with previous findings [25].

Distinct Debye-Scherrer rings appear for the ZIF-8 from less dense ZnO deposited for
60 cycles already after 20 min of conversion (Figure 2a), in contrast to 40 min for the denser
ZnO (Figure S3a). This observation indicates that the less dense precursor converts faster,
and the onset of crystal ripening occurs earlier in that case, likely due to a higher hydroxyl
defect density [40]. ZIF-8 samples obtained from less dense ZnO and thinner precursors
(6 and 17 ZnO cycles) exhibit bright spots in addition to the Debye-Scherrer rings (Figure 2a),
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thus indicating a preferred (100) orientation. Additionally, ZIF-8 obtained from denser ZnO
and from thicker precursors exhibits intensity variations along the Debye-Scherrer rings,
pointing towards a preferred (111) orientation. The measurements of ZIF-8 converted from
ZnO deposited for 17 cycles in Figure 2a have been indexed accordingly to showcase the
obtained preferred orientations. For permeation purposes, the (111) orientation is most
favorable for ZIF-8, as this orientation causes its six-membered ring-windows to align
parallel with the substrate (Figure S4b), whereas the (100) orientation leads to parallel
alignment of the smaller four-membered ring windows (Figure S4a) [27].

The GIXRD measurements do not only differ in their preferred orientation but also
regarding their mosaicity: ZIF-8 from denser and thicker ZnO results in broad arcs instead
of distinct spots, showing that the crystallites are spread more widely around the dominant
preferred crystal plane orientation than for ZIF-8 from thin, less dense ZnO. To estimate the
mosaicity, the half-width at full maximum of intensity peaks within one Debye-Scherrer
ring was measured, resulting in a low mosaicity of (1.8 & 0.3)° for the (100)-oriented ZIF-8
layers and a significantly larger mosaicity of (29.6 &+ 1.4)° for the (111)-oriented layers,
showing a less pronounced preferred orientation of the latter samples.

Previous studies in which ZIF-8 was synthesized via the MOF-CVD method resulted
in powder-like GIXRD patterns characteristic of random crystallite orientations [25]. Ob-
taining a preferred orientation shows that the nucleation, growth, and crystal ripening of
ZIF-8 are influenced by the ZnO precursor and conversion time.

It has been shown that the presence of water augments the conversion and crystal
ripening of ZIF-8 by enhancing the mobility of the MOF building blocks, which results in
easier access of the linker to the precursor [32,41]. However, due to our conversion taking
place in an evacuated vessel with the linker in form of a dry powder for all processed
samples, we can rule out differences in the humidity level. It is speculated that the distinct
(100) orientation is due to facilitated linker access for the ultra-thin ZnO layers—as opposed
to thicker precursor layers—paired with a higher defect rate for the less dense ZnO, leading
to enhanced crystallization. Furthermore, scanning electron microscopy (SEM) images
(Figure 2b and Figure S5a) show that groups of ZIF-8 particles are obtained for the thinnest
precursor layers instead of continuous thin films as is the case for the thicker ZnO films.
This could indicate enhanced mobility for the ZIF-8 particles from very thin precursor
layers, which might also lead to more pronounced crystallization.

A possible explanation for the observation of the broad (111) orientation for ZIF-8
from thicker and denser ZnO layers can be found in the “modified competitive growth
model” as proposed by Bons and Bons [42]. In the classical competitive growth model,
crystals—starting from randomly oriented nuclei-with the fastest growth direction perpen-
dicular to the plane of the substrate will dominate in the film [43], which corresponds to
<100> for ZIF-8 [27]. However, Bons and Bons argue that oblique orientations can occur
when tilted crystals grow sideways in the early stages of crystallization, and thus cover
their competitors [42]. The observed (111) orientation could be attributed to a kinetically
hindered crystallization phase for these samples.

The effect of conversion time is also visible in SEM measurements (Figure 2b). Particles
form on the substrate after 20 to 40 min and grow larger over conversion time. For ZIF-8
from the thickest precursor layers, the particles exhibit lateral diameters of (82 &+ 24) nm
from the denser and (184 =+ 76) nm from the less dense ZnO, indicating that the precursor
density also influences the final size of the observed ZIF-8 islands. This observation agrees
with the atomic force microscopy (AFM) data in a recent report [40]. Since the conversion
is faster for less dense ZnO, more distinct crystal ripening occurs. The surface coverage
depends on the precursor thickness. For the thinnest ZnO layers, the resulting ZIF-8 layer
consists of disconnected particles (Figure S5a). As the precursor thickness increases, the
ZIF-8 particles grow in size and agglomerate, resulting in closed layers for the thickest
investigated precursor layers.
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60 cycles, 20 min 60 cycles, 24 h 17 cycles, 24 h

ZIF-8 (less dense ZnO)

ZIF-8 (denser ZnO)

1 pm

ZIF-8 (less dense ZnO)

60 cycles, 20 min 60 cycles, 24 h 17 cycles, 24 h

ZIF-8 (denser ZnO)

Figure 2. (a) ZIF-8 obtained after 20 min and 24 h of conversion from ZnO deposited for 60 and
17 cycles with densities of p = (4.6 = 0.1) g/ cem® and of p = (5.2 £ 0.2) g/ c¢m? measured via grazing
incidence X-ray diffraction. The diffraction patterns on the right are indexed with ZIF-8 reference
data [44]; (b) Corresponding scanning electron microscopy images of the presented samples.

The development of the surface roughness was investigated via AFM; corresponding
topography images can be found in Figure S6. Figure 3a shows RMS roughness values of
ZIF-8 synthesized from denser ZnO: Up to 20 min of conversion time, the RMS roughness
lies below 2 nm for all samples. After 40 min of conversion, the roughness increases in
accordance with the conversion time as well as with precursor thickness. Even after 24 h
of conversion, the roughness lies below 5 nm for ZIF-8 obtained from ZnO deposited for
6 and 17 cycles. Additional measurements conducted on ZIF-8 samples obtained from less
dense ZnO indicate that less dense precursor results in significantly rougher layers. RMS
values of (38 £ 6) nm and (41 & 8) nm for ZIF-8 from less dense ZnO deposited for 17 cycles
and deposited for 60 cycles, respectively, were measured in contrast to the significantly
lower (5 & 1) nm and (19 = 6) nm for ZIF-8 from denser ZnO deposited for 17 cycles and
60 cycles, respectively. The mean particle height of ZIF-8 from denser ZnO deposited for
17 cycles was determined to (16 £ 1) nm and to (93 % 6) nm for the less dense ZnO. The
trend continues for ZIF-8 synthesized from ZnO deposited for 60 cycles, leading to a mean
particle height of (53 + 4) nm for the denser ZnO and (122 £ 3) nm for the less dense
ZnO. These results are in accordance with the SEM images in Error! Reference source not
found.b, which indicated that less dense ZnO leads to more extensive ripening, hence
larger ZIF-8 particles.
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Figure 3. (a) RMS roughness of ZIF-8 obtained from ZnO with a density of p = (5.2 £ 0.2) g/ cm’,
depending on the employed conversion time; (b) Thickness of ZIF-8 (dzr.g) depending on conversion
time measured via spectroscopic ellipsometry. Measured for ZIF-8 obtained from ZnO with densities
of p=(4.6 £0.1) g/cm3 andof p=(5.2+0.2) g/cm3.

Spectroscopic ellipsometry measurements performed for the continuous ZIF-8 layers
show that the thickness of ZIF-8 (Figure 3b) increases in accordance with conversion time
until a saturation point is reached, which depends on the thickness of the sacrificial ZnO
layer. Whereas ZIF-8 from denser ZnO deposited for 17 cycles reaches its final thickness
after 40 min, a thickness plateau is reached after 2 h for the thickest, denser precursor layers.
This observation matches the impressions from the GIXRD that the conversion is completed
after these times. The fact that the roughness still increases slightly (Figure 3a), even after
the layer thickness has reached its plateau, points toward crystal ripening taking place.

Different thickness increases are reported for the conversion of ZIF-8 from ZnO thin
films ranging from 10-fold [25] and about 17-fold [32], depending on the precursor, conver-
sion time, linker vapor concentration, and reactor type. Here, a 15-fold thickness increase
for ZIF-8 synthesized from less dense ZnO deposited for 60 cycles was observed. A lower
thickness increase was detected for ZIF-8 obtained from denser ZnO, namely 8-fold (for
the 60 cycle ZnO) and about 10-fold (for 17 cycle ZnO). The observation that denser layers
result in less complete conversion has been made in previous studies and is attributed to the
less deep penetration of the organic linker into the precursor layer during the conversion
process. It seems that the precursor is less defective and therefore not as reactive [40]. The
thickness of ZIF-8 rises with increasing ZnO thickness, reaching up to a final thickness
of (148 & 10) nm for less dense ZnO and (73 + 7) nm for denser ZnO, both deposited
for 60 cycles. These values correlate well with profilometry measurements resulting in
(154 + 5) nm for ZIF-8 from less dense ZnO and (73 + 2) nm for ZIF-8 from denser ZnO.
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4. Conclusions

In summary, ZIF-8 was synthesized via a solvent-free two-step vapor deposition pro-
cess, based on PE-ALD followed by oxide-to-MOF conversion. GIXRD reveals a preferred
(100) or (111) orientation of the formed ZIF-8 films, depending on the thickness and density
of the ZnO precursor. Low-density ZnO leads to an earlier onset of crystallization and
results in a higher roughness, crystallite size, and thickness increase during conversion.
The coverage, thickness, roughness, and crystallite size of the ZIF-8 layers increase with the
conversion time and with increasing ZnO thickness.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ cryst12020217/s1, Figure S1: Schematics of the reaction chamber of the plasma-enhanced
atomic layer deposition set-up, Figure S2: Fourier-transform infrared spectroscopy data of ZIF-8,
Figure S3: Additional GIXRD images, Figure S4: Schematics of different orientations of ZIF-8, plotted
in Mercury [45], Figure S5: Additional SEM images, Figure S6: AFM topography images, Table S1.
Overview of the varied deposition parameters and of the properties of the synthesized ZIF-8.
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