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ABSTRACT: Vapor-phase film deposition of metal-organic frameworks (MOFs) would facilitate the integration of these 
materials into electronic devices. We studied the vapor-phase layer-by-layer deposition of zeolitic imidazolate framework 
8 (ZIF-8) by consecutive, self-saturating reactions of diethyl zinc, water, and 2-methylimidazole on a substrate. Two ap-
proaches were compared: (1) Direct ZIF-8 ‘molecular layer deposition’ (MLD), which enables a nanometer-resolution 
thickness control and employs only self-saturating reactions, resulting in smooth films that are crystalline as-deposited, 
and (2) Two-step ZIF-8 MLD, in which crystallization occurs during a post-deposition treatment with additional linker 
vapor. The latter approach resulted in a reduced deposition time and an improved MOF quality, i.e., increased crystallini-
ty and probe molecule uptake, although the smoothness and thickness control were partially lost. Both approaches were 
developed in a modified atomic layer deposition reactor to ensure cleanroom compatibility.  

Metal-organic frameworks (MOFs) are porous solids 
constructed from metal nodes connected by organic 
linkers. Because of their record specific surface areas, 
adsorption capacities, and dielectric/electronic proper-
ties, MOFs are of interest in catalysis,1–4 gas storage,5 
molecular separations,6,7 and electronic devices.8–17 In 
electronics applications, conventional solvent-based 
synthesis methods may be disadvantageous due to cor-
rosion, contamination, and surface tension effects.13 In 
the absence of solvents and dissolved salts, these obsta-
cles can be circumvented.11,13,18–20 The MOF chemical 
vapor deposition (CVD) method, previously employed 
for the deposition of low-k dielectrics,11 involves (1) the 
deposition of an oxide precursor layer followed by (2) 
exposure to linker vapor to form the MOF.21 The conver-
sion of the oxide layer into a porous MOF film results in 

a significant thickness expansion, often 10  or more,19,21–

26 which makes thickness control in the nm-range chal-

lenging. Moreover, on some substrates, it is hard to 
obtain continuous MOF films below a critical metal 
oxide precursor thickness (e.g., < 3 nm for ZIF-8 growth 
on Si wafers).27 For some applications, more precise 
control over the film thickness is desired.19 

Molecular layer deposition (MLD) is based on consecu-
tive, self-saturating surface reactions of vaporized pre-
cursors separated by inert gas purge streams.28,29 The 
technique is closely related to atomic layer deposition 
(ALD) but uses at least one organic molecule as a build-
ing block. ALD is a staple in semiconductor processing, 
enabling coatings with excellent conformity, uniformity, 
and thickness control at the (sub-)nm-level.30–32 Solu-
tion-based layer-by-layer deposition methods for MOFs 
based on alternatingly contacting a substrate with reac-
tant solutions have been around for many years.33,34 
More recently, vapor-phase layer-by-layer deposition 
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methods for MOFs have been reported (Table S1, Fig-
ure 1a).20,28,35–44 Salmi et al. demonstrated MLD of MOF-
5, and later expanded this technique to IRMOF-8.35,36 
Lausund and Nilsen reported MLD of UiO-66, and sub-
sequently extended their approach to the amino-
functionalized and expanded variants of this MOF.38,39,45 
Karpinnen et al. showed crystalline as-deposited copper-
terephthalate via MLD.44,46 These pioneering studies 
show the viability of MOF-MLD, even though, in most 
cases, crystalline materials were obtained only after a 
post-deposition treatment.35,36,38,39,45,47 Apart from porous 
MOFs, Table S1 lists several non-porous coordination 
polymers that have been deposited by MLD directly in 
crystalline form.40,46,48 In 2019, Han et al. reported a 
vapor-phase layer-by-layer deposition of HKUST-1. In 
this study, metallic copper was evaporated rather than 
deposited in a self-limiting fashion. Films were crystal-
line as-deposited, though a limited thickness control 
was obtained (40 nm at 2 cycles).41 In 2020, Silva et al. 
reported the MLD of an Eu-based UiO-66 analog. 
Though crystallinity was obtained in the as-deposited 
state, diffraction peaks were only observed after a high 
number of cycles (> 1000).49  

Herein, we report the MLD of ZIF-8 thin films by con-
secutive self-saturating reactions of vaporized diethyl 
zinc (DEZ), water, and 2-methylimidazole (HmIM). We 
studied two different approaches: (1) Direct ZIF-8 MLD, 
in which crystallinity is obtained in the as-deposited 
state (Figure 1b), and (2) Two-step ZIF-8 MLD, in which 
the MOF crystallizes during a post-treatment step (Fig-
ure 1c).  

 

Figure 1. Schematic representation of ZIF-8 MLD. a) Gen-
eral representation of the vapor-phase layer-by-layer depo-
sition. The protocols used for direct and two-step ZIF-8 
MLD are shown in panels b and c, respectively.  

Direct ZIF-8 MLD 

An MLD protocol consists of reactant pulses separated 
by purge steps. In each cycle, sufficient reactant should 
be provided to complete the surface reaction. The purge 
steps should be long enough to remove all physisorbed 
(i.e., non-reacted) precursor, though excessive purge 
steps will result in a lengthy process. In this work, a ZIF-
8 MLD cycle comprises consecutively (1) deposition of a 
Zn-OH monolayer: first, H2O pulses maximize the sur-
face hydroxylation of the underlying layer to facilitate 
the reaction with the zinc precursor. Subsequently, DEZ 
pulses result in the deposition of a Zn-C2H5 monolayer. 
The next H2O pulses remove the ethyl group, leaving a 
Zn-OH terminated surface. The formation of a Zn-OH 
monolayer is followed by (2) exposure to HmIM vapor 
to form ZIF-8. These steps are repeated to deposit a ZIF-
8 film of a well-defined thickness at a growth rate of 9 
Å/cycle. The crystallinity of the resulting films was con-
firmed by synchrotron grazing-incidence X-ray diffrac-
tion (GIXRD, Figure 2a), even for a single MLD cycle 
(Figure S1). 

Ex-situ ellipsometry measurements of the deposited 
films after 10 cycles resulted in a modeled refractive 
index of 1.33 after activation at 100 °C in dynamic vacu-
um (λ = 633 nm), in line with values reported for ZIF-8 
(1.30-1.38).24,27,50 In addition, ellipsometry allows for 
monitoring the ZIF-8 MLD process in-situ and confirms 
the self-saturating behavior of the surface reactions 
(Figure 2b,c). In addition, these in-situ experiments 
revealed the relatively slow reaction kinetics and the 
need for a long HmIM pulse (800 s), even though the 
vapor pressure of HmIM is in the same order of magni-
tude as common ALD reactants (Figure S2).51 For linker 
exposure times shorter than 400 s, no crystalline ZIF-8 
films were obtained (Figure S3). Atomic force micros-
copy (AFM, Figure 2d) showed excellent surface cover-
age (RMS roughness 7.2 nm at 30 cycles), even at only 
three MLD cycles. The pinhole-free nature of the films 
was confirmed by conductive AFM measurements (Fig-
ure S4). If MOF-CVD was used instead, lower surface 
coverage was obtained for thin ZnO precursor layers (< 3 
nm), as dispersed crystallites formed instead of a con-
tinuous film. This phenomenon can be explained by the 
increased mobility associated with longer linker expo-
sure times (Figure S5).22,27,52,53 The large-scale spatial 
uniformity of the ZIF-8 MLD films was verified by coat-
ing a 200 mm Si wafer with minimal thickness variation 
(29.5 ± 2.4 nm), as determined by ex-situ ellipsometry 
mapping, Figure S6. 
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Figure 2. Direct ZIF-8 MLD a) Synchrotron GIXRD patterns for ZIF-8 films obtained through 10, 20, and 30 MLD cycles, com-
pared to a simulated ZIF-8 diffractogram (CCDC code: VELVOY).54 b) In-situ ellipsometry during direct ZIF-8 MLD deposition. 
Thickness from fitting the optical parameters of an extended Cauchy model after deposition, and using these constants to calcu-
late the thickness as a function of time. The GPC is calculated starting from the third cycle to avoid deviations due to substrate 
interactions. c) Zoom of the in-situ ellipsometry data in panel (b). d) AFM measurements for 3 and 30 cycles of direct ZIF-8 
MLD. 

Water has multiple roles in the direct ZIF-8 MLD pro-
cess: (1) generating Zn-OH moieties, resulting in a reac-
tive surface, (2) protonating the linker,55,56 hence render-
ing it susceptible to reaction with surface hydroxyls, and 
(3) promoting precursor mobility on the surface to aid 
crystallization.57 Without a water pulse preceding the 
HmIM exposure, non-continuous ZIF-8 films were ob-
tained due to the lower Zn-OH coverage (Figure S7). 
Removing both water pulses from the process resulted 
in amorphous films (Figure S8). Previous studies 
showed that CVD of ZIF-67, the Co2+-equivalent of ZIF-
8, is unsuccessful when water vapor is replaced by 
methanol or ethanol.58,59 When the second water pulse 
in the ZIF-8 MLD process was replaced by methanol 
(i.e., H2O-DEZ-MeOH-HmIM), a crystalline yet rough 
and non-continuous ZIF-8 film was obtained (Figure 
S9, RMS roughness of 10.3 nm at 30 cycles) as the sur-
face was covered with Zn-O-CH3 and Zn-C2H5 instead of 
Zn-OH.60 When both water pulses were replaced by 
methanol (i.e., MeOH-DEZ-MeOH-HmIM), no crystal-
line ZIF-8 was formed (Figure S9).  

Ellipsometric porosimetry using methanol as a probe 
molecule was used to evaluate the uptake properties of 
the ZIF-8 MLD films. These measurements indicate that, 
even though the ZIF-8 MLD films have crystalline do-
mains, they are likely highly defective. Compared to 
solution-deposited films, the MLD films showed a much 

lower uptake, and the methanol isotherms lack the 
characteristic S-shape (Figure S10b), likely because of 
an abundance of Zn-OH defects. We found that the 
adsorption behavior of the films could be much im-
proved through a post-deposition treatment step with 
humid HmIM vapor (1800 s), resulting in an increased 
methanol adsorption capacity and S-shaped isotherm 
(Figure S10). In contrast, only minor improvements in 
the crystallinity were observed (Figure 3a). We hypoth-
esize that the post-treatment heals surface defects, thus 
improving the pore accessibility. 

Two-step MOF-MLD 

The direct MLD method is impractically slow (10 cycles 
take 4 h). Therefore, we tested a two-step ZIF-8 MLD 
approach (Figure 1c) with a much shorter linker expo-
sure step during film growth (120 instead of 500 s) and 
reduced purge times (180 instead of 500 s) followed by 
post-deposition treatment with humid HmIM vapor. 
Since HmIM vapor pressure builds up slowly in in the 
linker canister, the linker concentration in the carrier 
gas is reduced when purging is shortened to 180 s. Dur-
ing the deposition stage, a non-crystalline film with the 
same composition as ZIF-8 is deposited at a rate of 6 
Å/cycle (Figure 3b); crystallization occurs during the 
subsequent humid HmIM exposure. After the post-
deposition treatment, a modeled thickness of around 27  
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Figure 3. Two-step ZIF-8 MLD a) GIXRD comparing two-step ZIF-8 MLD (blue), and post-treated direct ZIF-8 MLD 
(pink). Both samples consist of 30 MLD cycles. b) In-situ ellipsometry during direct ZIF-8 MLD deposition, modelled as a 
Cauchy layer. Inset: 7-min time window. c) Ellipsometric porosimetry, modelled with an extended Cauchy model d) AFM 
of two-step ZIF-8 MLD on Si wafer. 

nm is obtained (n is ~1.30 at 633 nm). The crystallinity 
(Figure 3a) and methanol adsorption capacity (Figure 3c, 
S10c) measured for these films were higher compared to 
films obtained through direct ZIF-8 MLD, even after post-
deposition treatment: Δn65.58%/n0(direct) = 0.013; 
Δn65.58%/n0(direct + post) = 0.048, and Δn65.58%/n0(two-
step) = 0.069. 

Hard X-ray photoelectron spectroscopy (HAXPES) using 
Ga Kα radiation was employed to study the ZIF-8 film 
properties because of the much larger inelastic mean free 
path length compared to Al Kα in XPS.61 Therefore, HAX-

PES probes bulk rather than surface properties of nano-
metric films. HAXPES measurements show a N/Zn ratio 
of 3.6 for two-step ZIF-8 MLD, which is closer the ideal 
N/Zn of 4 than direct ZIF-8 MLD (N/Zn = 3.2), i.e., there 
are fewer missing linkers in the framework (Figure S11, 
S12). Nevertheless, a defect sub-peak must be fitted when 
modeling the zinc and nitrogen peaks.24 The defect frac-
tion, defined as the intensity of the defect sub-peak rela-
tive to the total peak intensity, is higher for direct ZIF-8 
MLD (Zndefect/ZnZIF-8+Zndefect = 0.14, Ndefect/NZIF-8+Ndefect = 
0.14) than for two-step ZIF-8 MLD (Zndefect/ZnZIF-8+Zndefect 
= 0.08, Ndefect/NZIF-8+Ndefect = 0.06, Figure S12). Still, after 
storage in ambient air at room temperature for a few 
weeks, the crystallinity of the two-step MLD film 
dropped, and the methanol uptake and its characteristic 
isotherm shape disappeared (Figure S13). Degradation 

likely occurs through hydrolysis of the N-Zn bond and is 
faster for more defective films. 

Mobility during HmIM exposure 

For both direct ZIF-8 MLD and two-step ZIF-8 MLD, the 
HmIM post-deposition treatment improved the adsorp-
tion properties, but resulted in increased roughness due 
to Ostwald ripening (Figure 3d, S10d, RMS roughness 
15.9 and 16.1 nm for direct MLD and two-step MLD after 
post-treatment, respectively). The fact that HmIM vapor 
exposure induces mobility in an existing ZIF layer could 
complicate the fabrication of MOF-on-MOF structures. 
These layered structures are recently gaining interest,62 
therefore to study this effect and assess the viability of 
depositions on existing ZIF frameworks, depositions were 
performed on (100)-oriented ZIF-8 supercrystals (Figure 
S14a).63 Specular XRD was used to calculate the degree of 
crystallographic orientation as the peak intensity ratio of 
the (200) and (110) reflections. Due to the very low inten-
sity of the (110) reflection for the oriented supercrystals, 
slight intensity changes in this peak will result in a signif-
icant variation of the (200)/(110) ratio. Therefore, this 
number is extremely sensitive to loss in crystalline orien-
tation. Direct ZIF-8 MLD without a post-treatment step 
was used to avoid recrystallization of the supercrystal 
substrate. By depositing on an existing ZIF-8 framework 
(as with seeded growth methods), the local energetic 
barrier for crystal nucleation is lowered,13 and the direct 
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MLD film quality is improved. When ZIF-8 CVD is per-
formed on top of these crystals as a comparison, we ob-
serve that the crystalline orientation is lost due to recrys-
tallization into a randomly oriented ZIF-8 (Figure S14). 
When direct ZIF-8 MLD is used, more of the orientation 
of the underlying substrate is maintained, though a de-
creasing trend with an increasing number of cycles is 
observed. To further characterize ZIF-8 MLD depositions 
on existing frameworks, conformality of the MOF-on-
MOF coating was verified via SEM-EDX mapping of a ZIF-
67 analog of the supercrystal substrate after MLD (Figure 
S15-16).  

Conclusion 

We show two approaches for ZIF-8 MLD, namely a direct 
method with nanometer-resolution thickness control 
where crystallinity is observed in the as-deposited state 
and a more practical two-step process that yields a higher 
MOF quality at a significantly shorter deposition time. 
These protocols expand the vapor-phase MOF deposition 
methods. We believe that MOF-MLD could be developed 
for all materials that can be deposited via MOF-CVD if 
there is an ALD precursor available to supply the metal 
without the need for strongly oxidizing co-reactants. 

Methods 

ZIF-8 MOF-MLD: The MOF-MLD ZIF-8 layers were de-
posited using deionized water (DIW), diethylzinc (DEZ, 
97%, STREM), and freshly-ground HmIM (30 g, 99%, 
Sigma Aldrich) as precursors. Nitrogen (99.999%) was the 
carrier and purging gas used and sourced from a clean-
room header. Three 0.015 s pulses of DEZ in between two 
sets of three 0.015 s pulses of water were first dosed, sepa-
rated by a purge duration of 5 s. This step was followed by 
HmIM exposure at stopped-flow conditions. In this step, 
the N2 flow was stopped, and the outlet valve was closed, 
with an N2 bubbler pressure of 110 mbar. As detailed in 
our previous work,27 the bubbler-type sublimation vessel, 
supplied with 30 g of HmIM, was set to 125 °C, while the 
outlet and supply lines and the connections to the MOF 
reactor chamber were fixed to 130 °C and 135 °C, respec-
tively. These lines were progressively heated in 30-minute 
intervals to prevent clogging during start-up. Before the 
depositions, purging and drying sequences (100 °C, 30 
min) were implemented to ensure the removal of air in 
the headspace of the bottle and moisture/adsorbed water 
in the HmIM powder bed. The reactor base pressure dur-
ing deposition was ~ 0.40 mbar at an N2 gas flow of 20 
sccm (manifold temperature: 150 °C). All depositions were 
carried out in a modified Savannah S-200 thermal ALD 
reactor (Veeco Instruments, Inc.) in an ISO 6 cleanroom 
(21 ± 1°C, relative humidity: 40 ± 5%). The different proto-
cols mentioned in the main text (i.e., direct MOF-MLD 
and two-step MOF-MLD) are schematically shown in 
Figure S17 and S18. In all studied protocols, the im-

portance of the thermal gradient in the reactor chamber 
has proven to be indispensable. The absence of or a di-
minished gradient resulted in an unsuccessful generation 
of ZIF-8 (Figure S19, S20). 

Humidified conditions linker exposure: Immediately before 
dosing HmIM, ten additional water pulses were intro-
duced in stopped-flow conditions, resulting in ~12% rela-
tive humidity (RH) in the reactor. This RH value was 
estimated by noting the pressure increase in the chamber 
after dosing, divided by the water saturation pressure at 
the reactor chamber temperature (80 ᵒC). 

MOF Activation protocol: The MLD recipes were termi-
nated with an activation step. For this purpose, the N2 
flow was increased from 10 to 200 sccm. The vacuum was 
kept at 8.5 mbar as the substrate temperature was ramped 
up to 100ºC and kept at this temperature. Since in-situ 
ellipsometry showed a constant profile after ~15 min 
(Figure S21), the activation sequence was terminated 
after 30 min. 
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