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Abstract

Integrating metal-organic frameworks (MOFs) into microfabrication processes will benefit from
controlled vapor-phase deposition techniques. This study presents a molecular layer deposition
(MLD) method that enables area-selective and oriented growth of zeolitic imidazolate framework
8 (ZIF-8) films. Substrates functionalized with self-assembled monolayers (SAMs) with different
end groups (alkyl, phenyl, hydroxyl, carboxyl, amine, and imidazole) allow tuning the degree of
crystallographic orientation in the resulting MOF layers. Spatial control over SAM formation
determined the surface mobility of the ZIF-8 building blocks, which enabled area-selective

deposition.

Controlled deposition is key for integrating thin films of metal-organic frameworks (MOFs) in
electronic devices such as sensors and microprocessors.'* However, current solution-based
methods are ill-suited due to corrosion, contamination, and surface tension issues.? These obstacles
can be avoided by developing vapor-phase deposition methods such as chemical vapor deposition
(CVD) and molecular layer deposition (MLD).%** For instance, these approaches have been

successfully demonstrated for a few MOF materials, including ZIF-8.6°



In addition, since MOFs are crystalline materials, some film properties can depend on the
crystallographic orientation. Such anisotropy has been demonstrated in optical applications,
separations, and conductivity measurements.!®"!3 Oriented MOF films have been achieved through
various strategies. For example, MOF crystallites with well-developed facets can be assembled on
a surface or aligned through magnetic or electric fields.'*'® When the MOF material is formed on
the substrate, specific surface interactions or a dominant growth direction can result in
crystallographic orientation.!! Examples of the former approach include (hetero)epitaxial growth
on an already oriented substrate'* and the formation of oriented MOF crystallites on self-assembled
monolayers (SAMs).!'*17 Generally, carboxyl-, hydroxyl-, or aza-heterocycle-terminated SAMs
are used because of their capability to bind the metal nodes.!®?* So far, vapor-phase MOF

7,8,24

depositions either do not report orientation, or when orientation was observed, the degree of

orientation was not tunable while maintaining the optimized process parameters.2-2>-28

Apart from deposition methods and control over crystallographic orientation, patterning MOF
films will be critical for integration into electronics. Two MOF patterning approaches have been
demonstrated: bottom-up and top-down. The bottom-up approach relies on the formation of the
MOF material only in the desired areas, typically dictated by a patterned surface functionalization
applied through stamping, microfluidics, or ink-jet printing.?*3® The majority of studies following
this approach combine liquid-phase epitaxy'’ with coordinating SAMs in the growth areas and
non-coordinating SAMs (e.g., -CH3 or -CF3) in the non-growth areas.??*37 Similarly, non-
coordinating SAMs are also employed to lower the adhesion of pre-formed MOF films in

Langmuir-Blodgett depositions.*®3? In the top-down approach, a thin film is initially deposited,



and specific sections are selectively removed via e-beam, UV or X-ray irradiation, followed by a
development step.?%40-42

This study expands the scope of the MLD vapor-phase deposition process for ZIF-8 to oriented
and patterned films. In our previous work on MLD of ZIF-8, a precursor layer with the same
composition as the final MOF is first deposited through consecutive self-saturating surface
reactions of diethyl zinc (DEZ), water, and 2-methylimidazole (HmIM). Subsequently, a linker
exposure step promotes crystallization. The process parameters remain unaltered within this work
to allow comparison between different surface terminations. We found that by using SAMs with
different end groups, we could control the crystallographic orientation of ZIF-8 films from the
vapor phase for the first time. In addition, since the mobility of the ZIF-8 building blocks during

MLD depends on the surface functionalization, bottom-up MOF patterning dictated by an

underlying SAM pattern could be realized.

Preferential crystallographic orientation

To investigate the effect of surface chemistry on ZIF-8 MLD, gold substrates were
functionalized with thiol SAMs with three classes of end groups (Figure 1): non-coordinating
(alkyl and phenyl), O-containing (alcohol and carboxyl), and N-containing (primary amine and
imidazole). The choice of SAM precursors was guided by their chemical diversity and commercial
availability. The quality of the grafted SAMs was verified by water contact angle measurements,
a commonly used technique due to its accessibility and high-throughput nature (Table S1, Figure
S1). ZIF-8 layers were deposited on top of these functionalized substrates via MLD, as reported
before.® The degree of crystallographic orientation of the resulting films was evaluated via

synchrotron grazing-incidence X-ray diffraction (GIXRD) measurements. Reciprocal space maps



(RSMs) provide a qualitative indication of crystallographic orientation as a radially non-uniform
diffraction intensity for a particular Bragg reflection. The fraction of crystalline material that is
preferentially oriented can be quantified through radial intensity distributions (RID), in which the
intensity of the Bragg reflections at a specific Q-value are integrated and plotted as a function of
the polar angle Chi (Figure S2a). After subtracting the background, the area within the 011 and
110 peaks indicates the fraction of oriented crystalline material. While the part of the signal that

does not depend on Chi corresponds to the randomly oriented crystalline fraction (Figure S2b).*

C6 C12 C18 Ph2 ZIF-8 .
SH SH SH SH . N

1 \HKL f{j &{\/NI\

NN

C6-NH, Cl11-IM

Figure 1. Molecules for SAM formation and the chemical structure of ZIF-8. C6, hexane thiol;
C12, dodecane thiol; C18, octadodecane thiol; Ph2, biphenyl-4-thiol; ZIF-8, zeolitic imidazolate
framework 8, zinc nodes connected by 2-methyl imidazole molecules; Si-C8,
triethoxy(octyl)silane; ~ C10-COOH, 11-mercaptoundecanoic  acid;  C11-OH, 11-
mercaptoundecanol; C6-NH,, 6-amino-1-hexane thiol; Cl11-IM, 1-(11-
mercaptoundecyl)imidazole. Red for molecules with an alkyl or phenyl chain, green for nitrogen-
containing molecules (i.e., terminated with a primary amine or imidazole), and yellow for oxygen-

containing molecules (i.e., terminated with a hydroxyl or carboxylic acid group).



The RSM (Figure 2b, S3) and RIDs of the 011 reflection (Figure 2¢, S4) show notable
differences in the ZIF-8 film uniplanar texture depending on the SAM type. Perhaps surprisingly,
the non-coordinating SAMs (alkyl and phenyl) result in the highest degree of crystallographic
orientation (Figure 2c-d). Li ef al. studied the solution deposition of ZIF-8 on non-coordinating
alkyl SAMs and observed oriented MOF films as well, which they attributed to lattice matching
between ZIF-8 and the SAM.>? Lattice parameters can be defined for SAMs because of their highly
regular packing, as previously evidenced by scanning tunneling microscopy, low-energy electron
diffraction, and synchrotron GIXRD.**% When the lattice parameters of the SAMs were altered
by the presence of different end groups, solvent molecules adsorbed in the SAM, or changes in the
metal layer, the oriented growth was disrupted. In our study, ZIF-8 MLD on the SAMs with alkyl
chains (C6, C12, C18) resulted in highly oriented films (ca. 90% oriented, Figure 2d, Table S2),
while the Ph2 SAM resulted in a slightly lower degree of crystallographic orientation (76 %), likely
because of less ideal packing of the SAM, which is also indicated by a lower water contact angle
(Table S1). Well-packed alkyl SAMs seem crucial for oriented growth since non-idealities will
disrupt the lattice matching. ZIF-8 films deposited on the O-containing SAMs show an
intermediate degree of crystallographic orientation, comparable to MLD deposition on a Si wafer
with only a native SiO; layer (Figure 2d) or ZIF-8 CVD after extended linker exposure.*’ The N-

containing SAMs resulted in randomly oriented ZIF-8 films (Figure 2c-d).
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Figure 2. Preferential crystallographic orientation in ZIF-8 MLD films determined from
synchrotron GIXRD measurements. a) Schematic representation of the sample preparation, b)
RSMs of C12, C10-COOH and C6-NH.. Labeled blue dots indicate simulated positions of Bragg
peaks for a [001] orientation of ZIF-8 (VELVOY*®). ¢) RID: intensities of the 011 reflections from
the RSMs in panel (b) as a function of the Chi angle, with background and random contribution
removed, d) Percentage crystalline material that is oriented for each tested SAM, percentage
oriented = (oriented area/total area)-100. This calculation considers both the 011 and the 110

reflections.



Since the variations in crystallographic orientation are likely related to the interaction of the ZIF-
8 building blocks with the functionalized substrate, an experiment was designed to probe the
affinity of the linker for the different SAMs. The SAM-coated substrates were exposed to
vaporized HmIM in the MLD reactor while being monitored with in-situ ellipsometry (Figure 3a).
Ellipsometry is an optical film characterization technique that relies on the change in the amplitude
(v) and phase (A) of s- and p-polarized light when reflected on a surface.** This technique is
extremely sensitive to optical alterations of a film; for example, we previously utilized in-situ
ellipsometry for monitoring individual MLD cycles.® The optical parameter A decreases with the
amount of HmIM adsorbed since it is related to the optical film thickness. Carboxylic acid- and
amine-terminated SAMs showed significant HmIM adsorption during dosing, though the
molecules desorbed during the purge step (Figure 3b). In contrast, for the alkyl SAMs, HmIM
adsorption was below the detection limit (Figure 3b, S5a), meaning that < 1 pg/cm? is present on
the surface. These experiments indicate that HmIM adsorption alone does not explain the
occurrence of oriented ZIF-8 growth.

Since we suspected intercalation of a small amount of HmIM into the alkyl SAMs, not directly
detectable by ellipsometry, an indirect, amplification-based method was designed to probe the
presence of adsorbed species. Similar to how the chemical amplification of a fluorescent signal in
bio-assays enables the detection of trace quantities of analyte, atomic layer deposition (ALD) was
used to detect the presence of HmIM in the alkyl SAMs. ALD is a thin film deposition technique
based on consecutive self-saturating pulses of vaporized precursors that react with nucleation sites
on the substrate. For ZnO ALD, the substrate is alternatingly exposed to DEZ and water vapor.>%>!
Since alkyl SAMs do not have reactive groups on which ZnO ALD can nucleate, many ALD cycles

are needed before any ZnO is deposited. In other words, alkyl-terminated SAMs cause a nucleation



delay: >100 ALD cycles are required to grow 5 nm of ZnO on top of these SAMs, whereas only
35 cycles are needed on a bare wafer.’? Since HmIM molecules intercalated into the alkyl-
terminated SAMs could serve as nucleation sites, their presence would be observed as a reduction
of the nucleation delay (Figure 3c¢). In addition, the reversible nature of the interaction between
the intercalated HmIM molecules and the SAM could be demonstrated by varying the purge time
between HmIM dosing and ZnO ALD. When purging for a longer time, hence removing more
intercalated HmIM, the nucleation delay gradually approached that of the initial HmIM-free SAM
(Figure 3c¢).

Based on these observations, we hypothesize that few HmIM molecules intercalate into the
highly ordered alkyl SAM, without disturbing its regular nature. The presence of these oriented
HmIM molecules on the surface likely explains the oriented ZIF-8 growth. Prior studies
demonstrate that vapor-deposited benzene and pentacene films adopt the orientation of an
underlying SAM through an intercalation mechanism, resulting in oriented growth.>*** To
illustrate that intercalation is required for oriented ZIF-8 MLD films, and mere hydrophobicity is
insufficient, the deposition was tested on a Si substrate coated with Hyflon, a perfluoroalkoxy
polymer (Figure S6a), which forms a porous,®-¢ highly hydrophobic surface (water contact angle
= 115.2°). As shown in Figure S6, no ZIF-8 was deposited on Hyflon. In this layer (~11 nm),
HmIM can adsorb within the pores, but desorption occurs during the purge step because of the
weak Van der Waals interactions (Figure S5).

The unique nature of the MLD approach becomes clear when compared with the earlier reported
ZIF-8 CVD protocol (adapted from Tietze et al.®). In the CVD approach, a ZnO precursor layer
deposited by ALD is progressively converted to ZIF-8 from the top down by exposing it to

vaporized HmIM. However, when performed on the same SAM-functionalized surfaces, CVD



results in randomly oriented ZIF-8 films, even when ZnO precursor layers as thin as 1.5 nm are
used (Figure S7-8), since the exposed surface during ZIF-8 formation is hydroxyl-terminated ZnO
and not the underlying SAM. Therefore, the SAM cannot influence the crystallographic orientation
of the ZIF-8 layer. In the case of MLD, the precursor layer with the same composition as ZIF-8

crystallizes in one step since no progressive linker penetration is needed as in CVD.
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Figure 3. HmIM adsorption on SAM-functionalized surfaces. a) Schematic representation of an
in-situ ellipsometry measurement of HmIM adsorption on a SAM-coated substrate. b) HmIM
adsorption on C12, C6-NHz, and C10-COOH SAMs monitored by in-situ ellipsometry and
represented via a 10-point moving average of the change in A at 632 nm. ¢) Number of ALD cycles
(DEZ + H>0) needed to deposit 5 nm of ZnO ALD on C12 SAM (Y-axis). The purge time between

HmIM dosing and the start of the ALD deposition is varied and is represented on the X-axis.

Change in ZnO thickness was monitored by in-situ ellipsometry.

Precursor mobility and area-selective deposition

Our previous work reported rough ZIF-8 films with an incomplete coverage for two-step MLD
on Si wafers with a native SiO» layer (RMS roughness 9.8 nm, Figure $9).° In that study, we
observed surface mobility of the ZIF-8 building blocks during HmIM exposure resulting in

Ostwald ripening.® In contrast, AFM images show that the ZIF-8 MLD precursor mobility on
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alkyl- and phenyl-terminated and N-containing SAMs is strongly reduced relative to a native SiO»
surface, resulting in smooth and continuous films (Figure 4a, S9). The hydroxyl-terminated SAM
resulted in coverage similar to the bare wafer (C11-OH, Figure S9). On the other hand, a strong
increase in precursor mobility is observed for a carboxylate SAM, leading to large, isolated
crystallites (C10-COOH, Figure 4a). Surface mobility, rather than nucleation differences,
primarily governs the variations in surface coverage. While the surface coverage achieved with
C12, C10-COOH, and C6-NH; is ca. 96%, 50%, and 98%, respectively. In all cases, the total
volume of MOF deposited, calculated from a 6 x 6 um? area using flooding analysis on AFM data,

1s around 4.2 x 10® nm?>.

We hypothesized that these differences in mobility could be exploited to enable area-dependent
surface diffusion,”’ and result in area-selective MLD of ZIF-8. Cu/SiOz patterns, as a model for
Cu interconnects, were utilized to showcase this concept. These test patterns underwent chemical
mechanical planarization to provide a planar top surface and exclude geometry effects (e.g.,
because of raised copper lines). The copper lines were selectively functionalized with C10-COOH,
since alkane thiols bind to copper as they do to gold.>® Afterward, the remaining oxide surface was
orthogonally functionalized with Si-C8 (triethoxy(octyl)silane), resulting in the hydrophobization
of the SiO> regions (Table S1). The samples were only exposed to the precursor solution for a
short time (4 h) to avoid Si-C8 deposition on the copper.> Finally, ZIF-8 was deposited via two-
step MLD on this sample (Figure 4b). SEM-EDX and optical profilometry show that the building
blocks move away from the copper lines due to the increased mobility of ZIF-8 precursors on C10-
COOH (Figure 4c-d, S10). The reduced mobility on alkyl SAMs (Si-C8) is utilized to maximize

the surface coverage between the Cu lines. Even without Si-C8 backfilling, area-selective
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deposition is still achieved, utilizing the surface mobility observed on SiO> surfaces, though the

ZIF-8 coverage in these areas is reduced (Figure S11, S12).

€10-CO0H *Repe= 17.6 hm

- -

Selective C10-COOH Si-C8 backfilling on Vapor-phase area
functionalization on Sio, selectice deposition
Cu lines of ZIF-8
c)

d) Cula

N Ka
CKa OKa Cu !_l Znla

Cu

Counts [a.u.]

Si0,

v

02 04 06 08 10 12 14
Energy [keV]

Figure 4. Mobility of ZIF-8 from MLD on SAM-functionalized surfaces. a) AFM topography
images of ZIF-8 MLD on different SAMs (C12 left, C10-COOH middle, C6-NH; right). b)
Schematic representation of the experimental approach used for vapor-phase area selective
deposition of ZIF-8 on Cu/SiO; patterned substrates. c) SEM image of a ZIF-8 layer deposited on
a Cu/SiO; pattern as described in panel (b). d) Selective area EDX spectra of the areas indicated

on panel (c).
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Conclusion
We demonstrated that SAM-functionalized substrates for ZIF-8 MLD enable both

crystallographic orientation control and area-selective deposition of the MOF films. Alkyl and
phenyl SAMs result in the highest degree of preferential orientation, while N-containing SAMs
lead to randomly oriented ZIF-8. O-containing SAMs, on the other hand, yield intermediate results.
We hypothesize that small amounts of HmIM intercalate into the alkyl and phenyl SAMs, without
disturbing the regular packing and lattice matching, to provide nucleation sites for oriented growth.
Additionally, alkyl, phenyl and N-containing SAMs can be used to achieve high ZIF-8 film
coverages with low roughness, whereas carboxylic acid SAMs result in a high mobility of the
building blocks on the surface. These differences in surface mobility could be exploited to realize
area-selective ZIF-8 MLD.
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