A Roadmap to Implementing Metal-Organic
Frameworks in Electronic Devices: Challenges
and Critical Directions

Mark D. Allendorf, Adam Schwartzberg, Vitalie Stavila
Sandia National Laboratories, 7011 East Ave., Livermore, CA 94550

A. Alec Talin
Center for Nanoscale Science and Technology,
National Institute of Standards and Technology
100 Bureau Dr., Gaithersburg, MD 20899

Abstract: Metal-organic frameworks (MOFs) and related material classes are attracting
considerable attention for applications such as gas storage, separations, and catalysis. In
contrast, research focused on potential uses in electronic devices is in its infancy. Several
sensing concepts in which the tailorable chemistry of MOFs is used to enhance sensitivity
or provide chemical specificity have been demonstrated, but in only a few cases are
MOFs an integral part of an actual device. The synthesis of a few electrically conducting
MOFs and their well-known structural flexibility suggest that MOF-based electronic
devices exploiting these properties could be constructed. It is clear, however, that new
fabrication methods are required to take advantage of the unique properties of MOFs and
extend their use to the realms of electronic circuitry. In this Concepts article, we describe
the basic functional elements needed to fabricate electronic devices and summarize the
current state of relevant MOF research, and then review recent work in which MOFs
serve as active components in electronic devices. Finally, we propose a high-level
roadmap for device-related MOF research, the objective of which is to stimulate thinking
within the MOF community concerning the development these materials for applications
including sensing, photonics, and microelectronics.

Introduction

The continuous decrease in the active dimensions of electronic devices, extending to
the point of molecular-scale device functionality, creates the need for new fabrication
approaches that can produce defect-free nanostructures. Techniques having single-digit
nanometer resolution represent something of a “holy grail” in this field, but are extremely
challenging to achieve. Although it is now possible to produce an amazing array of
nanoscale materials and morphologies, assembling these into ordered arrays and
integration with other materials remains a key challenge. Nevertheless, considerable
progress is being made. Top-down methods, such as nanoimprint lithography (NIL), can
already significantly exceed state-of-the-art photolithography!! (193 nm as of 2009) and
are now incorporated into the International Roadmap for Semiconductorst for sub-20
nm patterning. Bottom-up methods, on the other hand, offer a high degree of control over



both material properties and architecture. ! Nanoporous templates are a promising
avenue and can be used to direct synthesis of nanowires and nanoparticles.”*! However, it
is difficult to create ordered pore arrays with dimensions below 10 nm; furthermore, the
available pore spatial arrangements are limited to close-packed or in some cases square
patterns. Hard templates, such as anodized aluminum oxide,*® mesoporous silica,*!! and
diblock copolymers,*7 have rigid, well-defined pores, but are only attractive for device
fabrication if they remain an integral part of the structure, because they are difficult to
remove. Furthermore, it is generally not possible to tailor their intrinsic electrical
properties. Alternatively, soft templates such as inverse micelles,*” typically have well-
defined structures that persist only in solution. Consequently, there remains a need for
simple fabrication methods that can create two- and three-dimensional ordered structures
and which are adaptable to a wide variety of materials.

The advent of nanoporous supramolecular solids known as metal-organic frameworks
(MOFs) suggests new ways to address these issues. The past decade experienced an
explosion of new materials in this category and is spawning intense research across a
wide spectrum of potential applications. MOFs are hybrid materials having both an
inorganic and an organic component; their structure is comprised of metal ions or clusters
that are connected by electron-donating “linker” groups to create a networked structure
with rigid pores. Interest in using these materials in fields such as gas storage,™
separations,® sensing,”! and catalysis'® is rapidly accelerating. In addition to MOFs,
related categories of materials are also appearing, most notably covalent organic
frameworks (COFs),'®! which are a main-group analogue to MOFs in which all bonding is
covalent, and zeolite imidazolate frameworks (ZIFs),!*% which possess the topology of
zeolites, but are composed of synthetically versatile imidazolate groups linked by
coordination bonds to Zn(ll) ions. The advantages of MOFs for the aforementioned
applications are compelling and, as a result of the rational design possibilities inherent in
these materials, both superior properties and new understanding with respect to the
interaction of small molecules with nanoporous materials are being achieved.

With respect to the fabrication of ordered nanoscale structures, MOFs have several
advantages. First, since they are themselves a highly ordered self-assembled
nanostructure as a result of their crystallinity, their pore dimensions are completely
defined, making knowledge of atomic positions possible. Second, the nanoporosity of
their structure results from geometric factors associated with the bonding between their
inorganic and organic components, enabling rational template design.*Y! Third, unlike the
template materials listed above, MOFs possess a high degree of synthetic flexibility with
potentially widely tunable electrical, optical, and mechanical properties. For example,
although most MOFs are dielectrics, only a few semiconducting frameworks are
known'™? and theoretical predictions suggest others are possible.l** MOFs that are
magnetic,™**! ferroelectric,™ proton-conducting,!*®! and luminescent!”! are also known.
Finally, their porosity creates the potential to introduce non-native functionality to a
given structure by infusing the accessible volume with a second molecule or material.
Moreover, because the chemical environment within the pore can be modified, it is
possible to tailor the interface between the MOF and a templated material to stabilize
specific materials or nanostructures. Consequently, MOFs and the broader category of



crystalline nanoporous frameworks (CNF) possess many of the properties of an ideal
template.

The purpose of this article is to identify focus points for research needed to realize the
concept of MOF-based device fabrication and review progress to date in both our
laboratories and others. We first address the basic functions that a MOF could perform
within a device and summarize the current state of MOF research relevant to these. We
then review the field with respect to using MOFs as active components in devices
(sensors in most cases). Finally, we propose a high-level roadmap, the objective of which
is to stimulate thinking within the wider scientific community concerning the
development and implementation of MOFs for electronic devices. It will be evident that
expertise outside the field of supramolecular chemistry is required to address the issues
highlighted by this roadmap, which we hope will lead to productive collaborative
research among material scientists, physicists, and researchers from other branches of
chemistry.

MOF functions within electronic devices

There are nearly endless possibilities for how MOFs could be used for device
applications. However, electronic devices, be they semiconductor microelectronics,
sensors, light-emitting or light absorbing, employ materials in a few basic ways. When
considering MOFs as components of such devices, it is therefore necessary to understand
how these materials function within the device and how they will interface with, or
perhaps replace, other functional and structural elements. In this section we will discuss
four critical applications and the advances that must be made for their realization. These
applications, shown in Figure 1, are non-electronic, electronic (passive), electronic
(active), and scaffolding.

Sensors. Figure 1a schematically represents the non-electronic MOF based device, in
this case as a microelectromechanical system (MEMS) sensing modality. Here, the
porous nature and tunable MOF chemistry provide selectivity and sensitivity to enable
detection of a particular analyte or, potentially, to monitor a physical property such as
temperature or pressure. In the case of molecular binding, the effect on the MOF could be,
for example, a structural swelling as the MOF adsorbs or chemisorbs, a property of many
MOFs that can occur with a magnitude much greater than found in, for example, fully
inorganic nanoporous materials.*”! As a stand-alone material, this property is interesting,
but not entirely useful. By attaching a MOF thin film to a microcantilever, however, it
becomes a powerful sensing device. As shown in Figure 1a, the signal transduction
mechanism could be the deflection of a laser that is focused onto a position-sensitive
photodiode: as analyte binds to the MOF coating, the film swells, deflecting the
cantilever, with the degree of displacement proportional to the amount of analyte bound.
Alternatively, the strain induced at the MOF-sensor interface can be detected using a
piezoresistor; this concept has already been demonstrated (see below).*®! Currently, this
application is limited only by the development of MOFs with high chemical selectivity
and the ability to grow these onto the desired substrate. One can imagine applying this
technology to sensor arrays, making simultaneous detection of multiple analytes possible.



MOFs could play a significant role in enabling the development of sensors that
exceed current limitations in selectivity, detection limit and response time. MOF
properties can be tailored with respect to framework pore size and chemical functionality
and can show tunable responses and switching properties upon external perturbations
(temperature, pressure, radiation, magnetic field, electric potential, acoustic waves,
chemical environment, etc.). In addition, MOFs can be functionalized through the
infiltration of various molecules and nanoparticles (NPs) inside their pores. Depending
on the transduction mechanism, various sensing applications can be envisaged.

Physisorption of various analytes on MOF surfaces results in a mass change, which
can be monitored by various techniques, including Quartz Crystal Microbalances
(QCM)™* Surface Acoustic Wave (SAW) sensors, and microcantilevers. Recently we
demonstrated the concept of stress-induced chemical detection using Cus(btc), (btc-
benzene tricarboxylic acid) films deposited on microcantilevers™. The results indicate
that the energy of molecular adsorption of selected molecules within Cus(btc), pores can
be efficiently converted into mechanical energy, creating a highly responsive sensor. The
microcantilevers coated with the hydrated version of Cus(btc), exhibited reversible
response to H,O, ethanol and methanol, while no signal was observed in the case of N,
0O, or CO,. Upon removal of the coordinated water molecules, the anhydrous Cus(btc),
coating showed sensitivity towards CO,, presumably through weak coordination to the
exposed Cu(ll) sites. BASF researchers designed proof-of-concept impedimetric sensors
using commercially available Al-, Cu- and Fe- MOFs?? based on the Hsbtc linker. The
MOFs were deposited by screen-printing on ceramic interdigital electrodes. Fe-btc was
identified as a promising sensor material for the detection of water, methanol and
ethanol™. No cross sensitivity towards O, H,, N, NO, CO, and CsHg was observed.

Optical sensing using MOF coatings is also feasible. Surface Plasmon Resonance
(SPR) studies of step-by-step deposited Cus(btc), on Ag nanoparticles revealed a 14-fold
preferential signal enhancement for CO, sensing!?!. The SPR signal is red-shifted upon
CO, absorption, presumably due to increase in the MOF refractive index when vacant
pores are filled with analyte. A similar approach was used to fabricate a Fabry-Pérot
interferometer based on ZIF-8 coatings of various thicknesses. The resulting colorimetric
signal was successfully used to detect various hydrocarbons and ethanol?. The sensor is
unresponsive to water due to the hydrophobic nature of the ZIF-8 pores.

New applications based on alternative transduction mechanisms are emerging. We
recently introduced a new class of MOFs which respond to ionizing radiation and high-
energy particles which makes them promising candidates as active elements in
scintillation detectors!?®!. Other transduction mechanisms which showed potential or
proof-of-concept, remain to be fully explored. For instance, luminescence quenching!” or
spin-switching (low-spin < high spin transitions)?* upon uptake and release of guest
molecules could be potentially explored for future sensing applications.



Non-Electronic Electronic - Passive

[ Silicen Cantilever [
[ MOF Coating ' Gate
&

[ "MOF
(source ) Dielectric (Draj
[ Semiconductor

Electronic - Active

c)

Lot —
_P-TypeMOF‘ EEEEEEEREENEEE
o TPNTE:

SshaRkdind -
~ N-Type MOF
SESEEEsEEEEEE=;

[Contact

Figure 1. Potential functions of MOFs within electronic and microelectromechanical systems
(MEMS).

Electronic-passive. In this case, the MOF simply functions as an electronic
component that does not play a role in current transport or control, but is integral to
device performance. The best example of this is low-k dielectrics, shown schematically in
a transistor in Figure 1b. A major technological hurdle in the continued reduction of
transistor size and electronic interconnects in processors is the development of low-k
materials. As components become smaller and closer together, electronic *“cross-talk”
becomes a major issue, placing a serious limitation on how densely devices can be
packed. Empirically, it is found that the development of faster processors scales directly
with the development of new, low-k dielectrics. State-of-the-art dielectrics have k of =2.2
and incorporate air bubbles to improve their performance. Because MOFs are so porous,
they contain significantly more air and should therefore have a significantly lower
dielectric constant than any current low-k material.

Electronic-active. Here, the MOF plays an active role to pass or control current in
some way. An example of this would be a p-n junction-based photovoltaic, as shown
schematically in Figure 1c. In this example the MOF itself must be semi-conducting, with
the potential for doping or Fermi-level control, and be tailored to absorb the solar
spectrum and transfer the resulting excitons to the interface. There are many hurdles to
overcome before this concept could be realized, including synthesis of semi-conducting
MOFs (in its infancy);1** %! crystalline MOF thin films have not been realized over large
areas; and even applying contact electrodes to such porous materials is not well
understood. However, there are reasons to continue development of MOF materials
towards this goal. MOF based photovoltaics could be made to optimally absorb the solar
spectrum by introducing a range of appropriate sensitizing molecules, they could be made
extremely thin, flexible, and light due to the porosity and structural stability of MOFs,
and they will likely be solution processable, which substantially decreases cost of
production, a major factor in the low rate of usage and availability of photovoltaics.

MOF scaffolds. In this application, the MOF serves as a structural component in the
device architecture. From a fabrication point of view, this could be the most difficult of
the four MOF functions to implement. We have shown that silver nanowires can be



grown within MOF crystals using electron-beam reduction of silver salts.* Building on
this result, we propose that nanowire growth could be controlled to produce electrical
interconnects, as shown schematically in Figure 1d. The greatest issue currently with
applying the amazing advances of nanowire synthesis to real-world applications is the
difficulty of arranging and orienting them to create functioning structures. Because MOFs
are inherently ordered, they could provide scaffolding along which nanowires could grow
with both their orientation and spacing tightly controlled. This would allow for the
development of single-digit nanometer-scale arrays of nanowires for any number of
possible applications. There are several barriers that must be overcome before this
concept can be realized. First, controlling the direction of nanowire growth and position
is complex; however, the development of MOF heterostructures with controlled pore size
and direction through a crystal will aid in this regard. Second, contacts between
nanowires and the outside world must be made. A MOF crystal with thousands or
ordered wires crossing each other at fixed intervals must still be connected at their
terminus in order to make a functional device, and these connections would currently
need to be produced manually via nanofabrication. With increased control it may be
possible to use nano-imprint lithograph to make such connections. Ultimately, the
potential of this device would be arrays of single nanometer transistors. The appeal of
such a technology to computation is clear. In the following section, we assess the state of
development with respect to these basic functions that a MOF might fulfill, which will set
the stage for a roadmap to much more advanced uses of MOFs as device components.

Starting point for device fabrication: thin films

One of the first steps in systematic fabrication of MOF-based devices involves
deposition of a MOF film or coating on a substrate. Stringent requirements for device
performance require controlled deposition of films of desired morphology that are dense,
homogenous and robust. For optical and magnetic devices, membranes, and sensors
there are additional requirements to the thickness, crystallinity, as well as orientation of
the film, which governs the pore structure of the deposited material. The deposition of
MOF thin films can be achieved in situ, ex situ or by seeding methods. In-situ methods
rely on substrate functionalization to allow preferential nucleation of MOF molecules and
subsequent film growth!?” while ex-situ®® and seeding methods!*®! are based on direct
deposition of previously synthesized MOF crystals on surfaces. Seeding is typically
followed by a secondary growth step. Many materials can be used as substrates,
including oxides, graphite, gold, copper, and other metals. However, to detect the
secondary building units (SBUs) and to achieve some control over the orientation of the
crystal growth, an appropriate functionalization of the substrate, with self-assembled
monolayers (SAMs), for example, may be necessary™".

Ex-situ synthesis. Ex-situ approaches to MOF film growth are typically based on the
auto-assembly of preformed objects, typically nanocrystals and colloids®Y. In such a
procedure, the first step consists in obtaining stable colloidal solutions by a careful choice
of metal precursor, concentration, temperature and reaction duration?®’. Control of the
thickness can be achieved through repetitive depositions followed by washing and drying.
The main advantage of this route is the control over particle size, morphology,



crystallinity and porosity. In addition, the packing of the particles gives rise to inter-grain
boundaries, and thus mesoscopic porosity. However, colloids of the appropriate size are
needed; their synthesis often involves specialized synthetic techniques, such as
microwave heating, ultrasonic synthesis or microemulssion methods. Moreover, the as-
synthesized nanocrystals should assemble in a homogeneous and dense fashion. These
conditions require a careful adjustment of synthesis conditions, including solvent,
temperature, or the presence of additional linkers which act as stabilizers?™ or
coordination modulators®®?. Nevertheless, MOF nanocrystals have already been
described for a number of structures. No preferred orientation has been obtained, but the
use of anisotropic colloids instead of round-shaped particles may enable some progress in
this direction*?.

Seeding methods. Seeding is proving extremely useful for the fabrication of selective
gas membranes. Thus, membranes of ZIF-7 and ZIF-8 prepared by secondary seeded
growth on porous a-alumina substrates showed high Hy/N,, Ho/CH, and H,/CO; gas
separation factors.®™ The typical procedure involves (i) synthesis of the initial MOF
nanocrystals, (ii) deposition of the nanoparticles (NPs) on substrates and (iii)
solvothermal growth of the film from the initial reagents. In addition to ZIFs, seeded
growth was achieved by spin coating of nanocrystals of Cus(btc),**¥, as well as by
microwave-induced thermal deposition of MOF-5%*! each followed by a secondary
solvothermal growth step. Although widely used for membrane fabrication, the
integration of films prepared by seeding techniques into devices seems difficult, since no
masking or patterning techniques have been developed yet for such growth conditions.

Recently Makiura et al.***B4 introduced a variation of the seeding technique based
on self-assembly of Langmuir-Blodgett films into 2D MOF multi-layers. The 2D sheets
consist of cobalt-containing porphyrines linked together by copper ions. Individual
sheets are prepared in a Langmuir-Blodgett apparatus and transferred onto the substrate.
The layers interact by & - © stacking interactions between the pyridine groups, forming a
perfectly oriented crystalline structure. The obtained supramolecular structure is called
NAFS-1 and it only exists as a film. Obviously, this method is limited to layered- MOFs
and no chemical bonds are created between the layers or between the MOF and the
substrate, likely decreasing the stability of the structure.

In-situ growth. These techniques are more suitable for integrating MOF films with
pre-existing devices that require tightly controlled patterned growth on the surface plane.
The concept of selective anchoring of a MOF on a surface was first demonstrated for
MOF-5 using a patterned COOH/CFs-terminated SAME’. MOF-5 cannot grow on CFa-
terminated SAM, but only on COOH-groups, allowing the formation of a 500 nm-thick
non oriented film made of 100 nm sized cubic crystallites after 24 h. The concentrated
synthesis solution has to be pre-treated solvothermally to initiate the formation of the
SBUs; the deposition of the film is then continued at room temperature upon slow
crystallization conditions. Subsequent studies showed that selective nucleation of MOF-
5 can also occur on carboxylic acid terminated SAMs on SiO; and ultrathin, amorphous
AlLOj3 adhesion layers®?™. In the case of Cus(btc),, the film grows from very diluted
solutions, however, up to 100 h are required to obtain a continuous film.”*! Interestingly,



a highly oriented crystal growth takes place: {100} direction on COOH-terminated SAMs
and {111} on OH-terminated SAMs. It was suggested that different molecular
functionalities of the SAMs induce selective interactions of the growth species with the
binding groups (OH or COOH), then grow into oriented crystals (vide infra). Similar
growth conditions also proved successful for MIL-88B (Fe) film deposition on Au
SAMs?™. However, in general, the films generated by solvothermal techniques display
poor morphology®?’??™™ and control over orientation and thickness®’2%3¢! - Schoedel
et al. achieved better control over morphology and film orientation using a gel-layer
approach, which effectively reduces the concentration of the reagents at the solution-
substrate inter-phase during the solvothermal step®®”. Thus, high quality films of MIL-
88B and its amine-derivative MIL-88B-NH, were deposited on COOH- and OH-
terminated SAMs using solutions of the metal salt and the appropriate linker in the
presence of a poly(ethyleneglycol) gel.

In selected cases the growth of the MOF film from the mother solution takes place at
room temperature®”. Typically, a solution containing the MOF precursors is heated so
as to induce the formation of the appropriate SBU and beginning of crystallization. After
filtration and cooling down to room temperature, the substrates are immersed in the
solution. Such a method was successfully applied for MOF-5272 Cus(btc),*" MIL-
88B*" as well as for various ZIFsP®°! Repeated immersion steps in freshly prepared
mother solutions enable the attachment of seeds and their further growth?* %1 In the
case of [Cu,(pzdc)2(pyz)]. (CPL-1; pzdc = pyrazine-2,3-dicarboxylate; pyz =
pyrazine)?, the crystals tend to form plate-like crystals with preferred orientation in the
{010} direction. Lu and Hupp deposited ZIF-8 on Si substrates and controlled the
thickness of the film by the number of deposition cycles. No preferred orientation was
found in this case, but a very precise control of film thickness is achieved (100 nm per
cycle)®?. In situ growth of MOF thin films from appropriately prepared mother solutions
is a versatile technique; however such processes are very time consuming (up to several
weeks) and a very good knowledge of the specific MOF system.

In contrast to established protocols of MOF thin film deposition using metal salts and
the appropriate linker, electrochemical and redox approaches are based on in situ
generation of the metal ions. This can be achieved either by anodic dissolution of a metal
electrode or by galvanic displacement with a more noble metal. Crystalline films of
Cus(btc), have been prepared electrochemically?’ or by galvanic displacement®. The
structural metal ion (Cu®") is supplied either by anodic oxidation of the metallic substrate
(Cu) or by galvanic displacement of copper with a more noble metal (e.g. Ag), then reacts
with the organic linker. These electrochemical techniques offer close control over the
film thickness and morphology and typically require short growth times; however they do
not allow any control over the orientation of the crystals. In some cases, the metal ion
can be generated in situ by oxidizing a metal surface. Thus, H,O,-treated Zn slices were
shown to react with H;BTC under solvothermal conditions to generate compact
Zn3(BTC), coatings . Both electrochemical and redox approaches may serve as useful
techniques to deposit patterned films on devices.



Figure 2. Schematic representation of the layer-by-layer growth of MOF thin films, illustrated for
the growth of a pillar-type MOF (MOF-508 shown here). a) The substrate is initially
functionalized with groups that bind the metal ions in the MOF; b) exposure to metal ions,
followed by exposure to the first of two linkers (here shown as terephthalic acid), creates a two-
dimensional layer; c) exposure to the second linker (here shown as bipyridine) creates the pillar
structure; d) repeated metal ion-linker 1-linker 2 cycles builds up a layer-by-layer structure; €)
nucleation requires some adjustment of the surface functional groups since the MOF unit cell and
the spacing between the groups typically will not match.

A very promising approach to MOF film deposition is the layer-by-layer growth
technique developed by Fisher et al.?"™ 21 This method involves alternating exposure of
the substrate to the linker and metal ion (Figure 2a-c), such that film growth occurs
essentially unit cell by unit cell (Figure d,e).2™ 2" 4%l The best films are obtained on Au
SAMs attached to an underlying gold layer, due to the complete coverage of the substrate
with functional groups able to bind metal ions (COOH, OH, pyridine groups, etc.)A high-
quality initial surface (i.e. low roughness, good 2D crystallinity, long range order) also
leads to more uniform films. Nevertheless, some layer-by-layer depositions performed on
bare oxide substrates resulted in the deposition of an oriented and continuous, although
very rough, [Cuz(ndc)g(dabcoe] gndc: naphthalene dicarboxylate; dabco: 1,4-
diazabicyclooctane) thin film“!. In-situ surface plasmon resonance (SPR)"°! and
quartz crystal microbalance (QCM)"* studies suggest the growth mechanism is
essentially linear (i.e. the thickness of the resulting film is proportional to the number of
immersion cycles), which results in relatively smooth films. For example, a surface
roughness of ~5 nm over areas up to 100 um?2 was measured by AFM for Cus(btc), films,
corresponding to step heights of two unit cells®*?'*3!. As in the case of direct growth
from mother liquors, the nature of the terminating group on the SAM (COOH or OH)
governs the crystal growth direction ({100} or {111}). Indeed, the {100} lattice plane
contains Cu, dimeric units which can interact with the COOH surface groups, while the



{111} lattice plane contains the apical position of Cu®* which are usually occupied by a
solvent molecule and very likely to interact with OH groups. The main drawbacks of this
method are the length of the deposition procedure (up to a few days) and the lack of
available examples. Up to now, only Cus(btc),, [Cu,(ndc).(dabco)], [Zn(bdc)-(4,4-
bipy)os] (bdc: benzene dicarboxylate; 4,4-bipy: 4,4-bipyridine) and related structures
have been obtained. All these MOFs share the same secondary building unit: a binuclear
copper or zinc paddle-wheel unit, which is already pre-formed in the copper or zinc
acetate solutions used for deposition.

Multilayers and core-shell structures. Although only in the early stages of
development, the heteroepitaxial growth of MOF thin films represents a new step toward
their functionalization. MOFs offer a unique versatility to form isostructural network
modifications; for instance, the isoreticular MOF (IRMOF) series comprises various size
linkers sharing the same topology®**'*]. IRMOF-1@IRMOF-3@IRMOF-1 and IRMOF-
3@IRMOF-1@IRMOF-3 Matryoshka crystalsi*®! can be isolated by exposing single-
crystalline seeds of the corresponding MOFs to solutions of Zn(NOs), and benzene-1,4-
dicarboxylic or 2-amino benzene-1,4-dicarboxylic acid under solvothermal conditions.
Similarly, MOF-508 and related pillared MOFs are attractive for synthesis of
heterostructures with various linkers, and also metal ions. Thus, single-crystals of a
[Cu,(ndc),(dabco)] shell around a [Zn,(ndc),(dabco)] coret*™ forms when single-crystals
of the Zn(11) MOF are in contact with a Cu(ll) salt and the two linkers in toluene/MeOH.
The first heteroepitaxial hybrid MOF film, IRMOF-1@IRMOF-3, was synthesized
solvothermally by depositing IRMOF-3 on a seeding layer of IRMOF-1 (MOF-5)18],
Deposition methods which rely on sequential immersion of the substrate in a solution are
particularly well-suited for such a purpose as one of the building units (metal, linker) can
easily be replaced at some point in the synthesis. Controlled synthesis of such hybrid
porous architectures holds tremendous promise in design and fabrication of
multifunctional membranes and sensors.

In summary, several methods to deposit MOF thin films have been developed.
However, rational design and control over all MOF film characteristics is still a great
challenge. For device applications, it is critical to enlarge the group of surface-grown
MOFs and gain some understanding about the level of control achievable in these
systems. It is desirable to learn more about structure directing properties of
functionalized surfaces, not only to promote the growth along a certain preferred
crystallographic orientation, but also potentially leading to completely new framework
structures. Depending on the method of deposition, each MOF structure which is
desirable as a film should be first well-understood and growth conditions optimized to
obtain the desired structure. For device applications the most interesting films are the
ones which allow deposition of dense layers of defined thickness, with suitable pore
orientation and strong interaction with the substrate.

Framework Functionalization

One of the reasons MOFs are such versatile, promising materials is their great synthetic
flexibility. It is possible to build functionality into a MOF structure from its basic
synthetic building blocks such that when the crystal growth is complete, the target
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chemistry is in place. An excellent example of this is the integration of fluorescent
molecules into the MOF structure to create light-sensitive structures.l” **! Modifications
of this nature, however, require a unique synthetic protocol for each desired functionality
of a given MOF, presenting significant limitations and reducing the scope of potential
applications. Another, more universal solution is post-synthetic functionalization, which
has been pioneered by Cohen and coworkers.®® This section summarizes the various
methods described to date by which MOF chemistry may be modified post-growth These
methods provide a basis for building more complex device structures using MOFs, either
by introducing non-native functionalities or by using the MOF as a scaffold to create
more complex structures.

lonic Functionalization. Several MOF structures possess metal centers with auxiliary
ligands, on which the crystalline structure is not dependent.®™ These open positions can
be used to add functionality directly into the MOF. An excellent example of this is the
well known HKUST-1 compound, composed of dimeric Cu(ll? paddle-wheel secondary
building units (SBUs) and 1,3,5 benzenetricarboxylate (BTC).® This results in a
structure with axial Cu(ll) binding sites. Generally, post-synthesis, these positions will be
occupied by a labile solvent molecule that can be easily replaced with pyridine-
functionalized compounds. This opens great possibilities for producing active structures.

Covalent Functionalization. While the covalent bonds in MOFs are stronger than the
coordinate ones, there is a significant gain in stability overall from the periodic nature of
the structures.®® This allows the flexibility of performing common organic reactions on
MOF crystals without loosing structural rigidity.* " There are two methods for
carrying out this type of functionalization, both of which are based on building into the
structure a “reaction-ready” organic moiety into the linker molecules. The first method is
merel}/ to use linkers with reactive groups such as benzyl rings, amines, or acid groups.™*
52¢.54] This is the simplest method, however, in cases where highly reactive groups are
required, it is possible to destroy or partially pre-react such components during the MOF
synthesis. In these cases protecting groups may be added to preserve reactivity, while still
allowing the desired chemistry.®® Of course, such methods still require the development
of new synthetic protocols for each new linker. The benefit of this method is that once a
reactive linker MOF synthesis has been determined, there are nearly endless possible
modifications that may be made.

Metal lon Exchange. This functionalization method is well known in nano-
chemistry,® but has only recently been demonstrated with MOFs. A simple example of
this is the conversion of cadmium sulfide nanowires to silver sulfide nanowires. By
simply adding a stoichiometrically appropriate amount of silver salt to a solution of
cadmium sulfide nanowires, the cations will spontaneously swap, resulting in a new
material, even to the extent of changing crystal structure, but without dissolution or
overall structural change. This type of exchange has recently been observed in a few
MOFs.%% 571 Metal ion exchange allows for the synthesis of known materials, then a
post-synthetic replacement of the metal center to produce a new MOF, which, in many
cases, is synthetically not possible to produce from the constituents alone. As the metal
ions play a significant role in the chemical and optical properties of the MOF, this type of
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modification has the potential to produce whole new classes of materials from currently
known synthetic protocols by simple post-synthetic procedures.

Scaffolds and templating

Templating techniques for synthesis of nanostructured materials typically include three
major steps: (i) formation of the precursor/template composite; (ii) transformation of the
precursor into the target product; (iii) removal of the template (if necessary). According
to their function, the templates are classified as endotemplates and exotemplates®®. The
former category refers to a template that is embedded into a precursor and a pore system
IS generated upon its removal. The latter is a porous structure in which a precursor is
introduced, thus providing a scaffold for the synthesis. The NPs can either be synthesized
directly inside the pores of the scaffold, or alternatively, infiltrated post-synthetically.
MOFs can act as both endo- and exo-templates and offer important advantages over other
templates due to molecular range order, a wide range of topologies and tunable pore sizes.
By judicious choice of the MOF, NP precursor, infiltration and decomposition procedure,
unprecedented control over the structure and morphology of the resulting nanomaterials
can be achieved, as shown in selected examples below.

Several options are available to synthesize NPs@MOFs composites, including (i)
gas-phase loading, (ii) liquid infiltration or impregnation, and (iii) solid
infiltration®%! Due to availability and high thermal and chemical stability, MOF-5 has
been the most studied scaffold so far. Metals@MOFs is by far the most popular system
investigated, in part motivated by their potential in various catalytic processes. Much
less is known about the infiltration of other types of NPs in MOFs. Gas-phase loading of
the MOFs is typically used to infiltrate volatile precursors inside the MOF pores (vide
supra), followed by their decomposition to produce the desired NPs. A large variety of
metals@MOFs composites were synthesized by this approach. Examples include
formation of CU@MOF-5" and Cu@MOF-177? from [(n°-CsHs)Cu(PMes)],
AU@MOF-5 from [(Me)Au(PMe;)]™®, PA@MOF-5 from [Pd(n’>-CsHs)(n°-CsHs)] M,
Pt@MOF-177 from [MesPt(Cp)]®®*!, Ru@MOF-5 from [Ru(cod)(cot)]® (cod=1,5-
cyclooctadiene; cot=1,3,5-cyclooctatriene). Simultaneous loading of MOF-5 with two
precursors, [Me,Pt(cod)] and [Ru(cod)(cot)] with subsequent hydrogenation resulted in
bimetallic PtRu@MOF-5 alloyed nanoparticles®®. ZnO@MOF-5 composites were
synthesized by gas infiltration of volatile ZnEt; into the framework, with subsequent
controlled hydrolysis or oxidation at room temperature and final annealing at 250 o],
ZnO loadings of 0.1 g/g to 0.35 g/g were achieved. Oxidation of Ti(O'Pr);@MOF-5ina
dry O, stream at 220 °C and subsequent thermal annealing under Ar resulted in
TiO,@MOF-5 composites with Ti-loadings between 0.04 g/g and 0.12 g/g™*"".

Liquid-phase infiltration. This method has been demonstrated using both aqueous and
non-aqueous media. PA@MIL-100(Al) was isolated by impregnation of the framework
with aqueous [H,PdCl,], while PdA@MIL-101(Cr), Cu@MIL-101(Cr), and CuPd@MIL-
101(Cr)™* were synthesized by impregnation and subsequent reduction of the
corresponding aqueous metal nitrates. Incipient wetness impregnation MOF-5 of
Pd(acac), (acac = acetylacetonate) in CHCI3 and subsequent thermal decomposition of
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the B-diketonate under H, resulted in disperse Pd@MOF-5 particles with loadings up to
0.01 g/g *®). Recently, we impregnated MOF-508 and Cus(btc), with AgNOs in ethanol,
then exposed the composite to an electron beam. The beam broke down the template,
leading to silver coalescence and the formation of ordered silver nanostructures (Figure
3). The method forms either silver NPs or nanowires depending on the MOF’s structure
and the extent of silver loading™® 1% Other metal @ MOF systems synthesized by this
technique include Ag@MOF-5 (AgNO3 in MeCN), PA@MIL-101 (Pd(NOs), in dimethyl
formamide), Pd@MOF-5 (Pd(acac), in diethyl formamide)..

Figure 3. Silver nanowires formed by exposing Ag@MIL-68(Ir) MOF to an electron beam.
Arrows indicate wires, which are = 4 nm in diameter. The 1D channels in the MIL-68 structure
provide a template for nanowire formation (adapted from Ref. (%)),

Solid-phase infiltration. This method involves grinding the MOF with the desired
infiltrate and was used to prepare various Au@MOF composites. [Me,Au(acac)] proved
to be a versatile precursor for solid impregnation and Au@MOF-5, Au@CPL-1,
Au@CPL-2, Au@MIL-53(Al) were isolated using this relatively simple process,
however, the utility of this approach to synthesize other NPs@MOFs composites remains
to be demonstrated. In addition to the existing methods for precursor decomposition,
which include thermolysis, hydrogenation, photolysis®, in the case of water stable
MOFs, hydrolysis represents a suitable technique for metal oxide formation, however, to
date this approach remains unexplored. In addition to potential applications in
heterogeneous catalysis, NPs@MOFs composites are interesting for gas storage and
chemical sensing applications.

MOFs as templates for nanocarbons. High Brunauer-Emmett-Teller surface area (up
to 3040 m?/g) carbons were obtained by thermal decomposition of MOF-5/furfuryl
alcohol (2-furylmethanol) composites, prepared by vapor phase!®® or incipient wetness
techniques'®®. The carbons resulting after polymerization and subsequent carbonization
display high specific capacitance values and show promise as electrode materials for
supercapacitors. Recently Hu et al. showed that porous carbons can be prepared directly
from MOF-5 upon thermal decomposition at a tube furnace at 600 °C under N, flow,
followed by a second heating step at 900 °C to evaporate the Zn metall”™ . In contrast,
direct thermolysis of Nis(btc), at 500 °C was shown to result in multiwall carbon
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nanotubest™. In this case, the Ni-MOF has a dual purpose: it serves as a carbon source,
but also provides the catalyst (Ni) required for the nanotube growth.

Polymers@MOF. One of the most intriguing developments in the field of MOF
composite structures is the in-situ formation of polymer strands within MOF pores
reported by Kitagawa and coworkers." In this work, the monomer precursor is
infiltrated into the nanopores by immersing MOF crystals in the liquid monomer and if
needed, a radical initiator. Polymerization is then accomplished by heating the composite
material. MOF composites containing vinyl-based polymers such as styrene, methyl
methacrylate, and vinyl acetate can be created!®. Because MOF pores constrain
polymerization, control of molecular-weight and stereochemistry are feasible. In addition,
formation of single polymer strands is possible. Not only does this provide a new
platform for probing the dynamics of polymer chains, it could be valuable for device
applications. Conceivably, electrically conducting polymers within individual MOF
channels could enable addressability at the sin([yle-nanopore level. Polyacetylene
formation was demonstrated by Uemura et al.,." accomplishing the initial step toward
realizing this concept.

A MOF-device roadmap

The development of the International Technology Roadmap for Semiconductors
(ITRS) in the 1980s lead to much collaborative and highly focused work with the
objective of solving critical problems inhibiting the advance of microelectronics
manufacturing. Although MOFs and related materials are obviously much less advanced
than the materials used in semiconductors, the success of the semiconductor suggests that
a roadmap for development of MOF-based devices could serve a similar purpose. This is
particularly true, we believe, because the field must move beyond the synthetic and
structural aspects to engage experts in other fields, such as materials science, physics, and
electrical engineering to realize the use of MOFs in electronic devices. The discussion
above provides much of the information needed to determine the development status of
key elements required in molecular- and nanoscale-electronics. Based on this information,
we here propose a roadmap that can serve as a starting point for addressing the complex
problems that must be solved. This proposal is in no way intended to be definitive. Its
purpose, as remarked in the introduction, is to stimulate thinking in this area and raise
awareness within other fields.

We identified five broad areas pertinent to device fabrication into which we subdivide
the roadmap. These are:

Fundamental properties

Thin film growth and processing

MOF hybrids and multilevel structures
Device integration

Manufacturing issues

arOddE
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The key problems within each area are summarized in the discussion below. Because
MOFs are so new, many of these problems fall within the category of basic research.
Consequently, it is not possible to assign target dates for their solution, as is the case in
the ITRS. Therefore, our proposed roadmap, shown schematically in Figure 4, begins
with the status of research as of 2010. To estimate relative progress in each area, we
performed literature searches using various representative terms and looking for their
coincidence with the terms “metal-organic framework™ AND “nanoporous coordination
polymer.” One of the ten topics searched was gas storage and sorption, for which nearly
1200 articles were found. Of the many applications proposed for MOFs, this is by far the
best understood, to the point that rational design is possible. We used this number as an
indication of “mature” understanding and normalized the numbers for all other topics to
this value. In the discussion below, we also use silicon and commercially available
conducting polymers such as polythiophene. Although much different from MOFs, Si
represents an industry standard, and the properties of competing materials must exceed
those of silicon in some way to gain acceptance. Organic electronics are a rapidly
expanding area and bear some similarity to MOFs.

Normalized number of articles
_ Toplc 000 005 0.10 0.15 0.20 0.25 030 Total

I articles

Electrical 44

MOF =4 Mechanical 13
Properties Magnetic .
[~ Thin films 31

Patterning 7

Templating 47

Proce:e,smg 4 Lithography 5

Techniques

Luminescence 179

Integration 8

Figure 4. Progress in technical areas relevant to MOF-based devices. Plot shows number of
journal articles in each area, normalized to the number of articles for gas sorption, a relatively
mature area. Numbers on the right are total number of articles found.

Fundamental properties. MOFs are most thoroughly characterized with respect to
their gas sorption and surface area-related properties. In contrast, very little work has
been done to determine the values of fundamental properties, knowledge of which is
crucial to successful integration. These properties fall into three general categories: 1)
electronic; 2) mechanical and thermal; and 3) optical properties.

Electrical properties. Electronic properties of importance include energy bandgap,
electron and hole mobility and dielectric constant. In addition to these properties,
understanding of defects and their relationship to these properties must be understood,
since they likely will limit the ultimate performance of a device. The materials properties
relevant to electronic applications are dictated by the requirements of the field effect
transistor (FET), the basic device building block for modern electronics. In a FET, a gate
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electrode modulates the current through a semiconductor channel connected by source
and drain electrodes. The FET performance is determined by the carrier mobility, source
and drain contact resistance, and the capacitance of the gate electrode (high capacitance
allows moderate gate voltage to swing large source-drain current).l” Si is the preeminent
materials for FET fabrication because of its bandgap of 1.1 eV, high carrier mobility,
availability of multiple n- and p-type dopants, environmental stability, stable oxide, and
high terrestrial abundance. However, Si based device fabrication requires enormous
capital investment and Si is not compatible with a variety of low cost, flexible,
transparent, and low melting temperature substrates. For these reasons, alternative
materials including polymers, organic molecules, and more recently nanotubes and
nanowires have been gaining a lot of attention for various emerging applications.
Commercially available polymers based on polythiophene (p-type) and
polycyanoterephthalylidene (n-type) as well as oligomers such anthracence (p-type) and
cyano substituted perylene (n-type) can have mobilities comparable to amorphous Si (=1
cm?/Vs) and are being actively incorporated into electronic devices including
complementary metal oxide semiconductor (CMOS) logic.l”® However, achieving
mobilities similar to crystalline Si (1000 cm?/Vs) in these materials is unlikely, since
charge transport is dominated by intermolecular carrier hopping.

The long-range crystalline order of MOFs implies that charge transport through
delocalized conduction and valence bands typical of crystalline inorganic semiconductors
is possible. Emergence of delocalized bands in MOFs will require that the = orbitals in
the linker groups overlap effectively with the metal d orbitals. Such overlap is absent in
the majority of MOFs where carboxylate oxygen atoms are coordinated to the metal
center through o bonds, and therefore most MOFs are electrical insulators. An example
of a MOF-5 crystal drop-cast on a Au-coated slide and electrically probed inside of a
scanning electron microscope is shown in Figure 5. This and similar crystallites were
biased to over 150 V without any measurable current (pA resolution) corresponding to a
breakdown field strength of over 10* VV/cm, even after bombardment with a 1 kV electron
beam. Note that at such high bias, contact resistance does not contribute substantially to

the observed transport characteristics.
’ %
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Figure 5. (a) Scanning electron microscope (SEM) image of MOF-5 crystal probed in SEM (no
measurable current at 150 V); (b) Ag@MOF-508 crystal probed in SEM (c) measured I-V
characteristics for the MOF-508 crystal.

Our observation that MOF-5 (IRMOF-1) is an excellent insulator is in contrast to
several recent reports where MOF-5 was referred to as ‘semiconducting.’’™ This label
was attributed based on the MOF-5 photoluminescence spectra which indicate a bandgap
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of =2 eV. Although the terephthalate ligand may ‘sensitize’ the Zn,O13 quantum dots,
these luminescent centers remain electrically isolated, and the crystal, as a whole, is an
excellent insulator. We subsequently discovered that ZnO nanoparticles co-formed with
MOF-5 during synthesis are the source of the anomalously low optical bandgap. Other
factors, such as trapped solvent and partial lattice collapse, can affect spectrum of MOF
luminescence, indicating that methods in addition to optical spectroscopy must be
employed to accurately determine MOF bandgaps. " Recent calculations by Zagorodniy
et al. confirm that IRMOFs are excellent low-k dielectrics. They computed dielectric
constants for thirty IRMOFs and find them to be less than 2 in all cases, with three of
these possessing a desirable combination of bulk modulus and bandgap energy required
for ultralow-k dielectrics.[’® Alternatively, electrical measurements by several groups
demonstrate that MOFs can have high dielectric constants, some of which are found to be
ferroelectrics.!®"!

A few conducting MOFs are known, however. A Cu-Cu dithiophene framework
(Cu[Cu(pdt)2] (pdt ) 2,3-pyrazinedithiolate)) exhibits p-type conductivity of 6 x 10 S
cm™ at 300 K. This material does not have permanent porosity, however.™* Recently
Kobayashi et al. synthesized a nickel-substituted version of this MOF that is porous and
has similar electrical properties. Conductivity in this frameworks occurs through an
oxidation-reduction process; for example, in the work of Kobayashi et al., a Cu(l)—
Ni(11) pair is involved (Figure 6).**) Another potential route to conductivity was
demonstrated by Fuma et al. in which a mixed oxidation state compound
[{Rhy(acam),}3(us-Cl)2],4H,0 (acam = acetamide) with a honeycomb structure displays
a five-order of magnitude conductivity increase upon hydration.® ESR results indicate
that electrons hop over the Rh; units with a low activation barrier.
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Figure 6. P-type semiconducting nanoporous MOF, illustrating the electron transfer process
thought to be responsible for the semiconducting properties (used with permission from ref. 2,

It is unclear how general either of the strategies just described might be. However,
achieving higher electronic conductivity in MOFs will require the synthesis of new
compounds. The Cu-Cu and Cu-Ni MOFs demonstrate that bandgap tuning is feasible
(=1 eV and =2 eV, respectively), in the useful range for a number of optoelectronic
applications. Recent computational investigations also suggest that substituting Co for Zn
can be used to decrease the bandgap of IRMOF-1.1*"! Alternatively, modifying the linker
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structure could lead to better charge transfer between linker and the metal cations of the
framework. One possible route is to replace the carboxylate terminating linkers with
isocyanide groups. The dye Prussian Blue, a mixed valence crystalline compound with
Fe(11) and Fe(I11) ions coordinated with isocyanide ligands, is electrically conducting.®®?
Perhaps MOFs based on terephthalonitrile linkers will also exhibit conductivity. An
alternate approach is to introduce conducting phases into the MOF channels. A variety of
metal and inorganic semiconductor nanocrystals, as well as polymers, have now been
successfully incorporated into different MOFs (see discussion above). Provided that these
nanocrystals are sufficiently close to allow charge hopping, electrical conduction can
arise. In Figures 5b and 5c we show very preliminary but encouraging results of
electrically conductivity measured in MOF-508 crystal infused with AgNOj3 and later
thermally annealed at 300 °C. Other nanomaterials which could potentially be introduced
into MOFs to modify electronic transport include carbon nanotubes and conducting
polymers.

Computational methods may prove to be a viable alternative to experiments to at least
determine trends in MOF optical properties. Accurate predictions of thermodynamic and
possibly mechanical properties may be feasible (see below). However, similarly accurate
electronic properties such as the bandgap will be difficult to achieve, even with large
parallel computers. MOFs have very large unit cells, making any computation of MOF
properties highly expensive. All-electron quantum-chemistry methods are infeasible for
such large systems. Density Functional Theory (DFT) methods using periodic boundary
conditions have been used to predict the electronic structure of MOFs.[®! However, it is
well known that such methods typically underestimate excited state energies by as much
as a factor of two. High-accuracy methods, such as Quantum Monte Carlo (QMC),
DFT+U, and GW are not feasible for systems with such large numbers of electrons
(practical QMC calculations currently do not exceed 1000 electrons; one formula unit of
IRMOF-1 (Zn4,O(BDC)3 has 760 electrons and 106 atoms). In this regard, MOFs are
much more challenging than traditional electronic materials, which are typically much
smaller (the unit cell of silicon has only 2 atoms, for example). Consequently, even
though accurate prediction of MOF gas sorption properties is now feasible, our
assessment of the literature indicates that computational methods are at an early stage of
development with respect to predicting MOF properties relevant to electronic devices.

Thermal properties. Thermal stability is important to avoid device failure as a result
of heat generated during operation or as a result of operating in high-temperature
environments. Very little work involving MOFs has been reported in this area,
considering the large number of MOFs that have been synthesized.®®! Computational
methods can be used to predict temperature-dependent thermodynamic properties (heat
capacity, enthalpy, and entropy) and thermal conductivity with using DFT®® and
atomistic methods.®® We are aware of only one report involving MOFs: the prediction of
the thermal conductivity of IRMOF-1 using molecular dynamics.®* Not surprisingly, it
is a poor thermal conductor.

Mechanical properties. Mechanical properties of MOFs are somewhat better
characterized than their electrical properties; a review of the topic was recently published.
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Knowledge of mechanical properties is important from a device perspective for several
reasons. Flexible electronics, for example, require materials that have sufficient elasticity
(low Young’s modulus) to avoid cracking. Alternatively, interfacing MOFs with
oscillating sensing devices such as microcantilevers requires stiffer materials and
tailorability is desirable. There are now several measurements of elastic properties in the
literature, which were obtained by nanoindentation techniques. The first measurement of
a MOF elastic constant was reported for IRMOF-1 and showed that this material has a
Young’s modulus of 2.7 GPa. This value does not agree with the results of density
functional calculations, which was initially thought to be caused by sample degradation
due to reaction with atmospheric water. However, using molecular dynamics calculations,
it was later shown by these authors that the disagreement stems at least in part from the
fact that the DFT predictions are for 0 K, while MD predictions at 300 K yield a value
much more consistent with experiment. More recently, Cheetham et al. reported
mechanical properties for zeolitic imidazolate frameworks (ZIFs), establishing structure-
property relationships from data for a group of seven ZIFs. Their systematic study shows
that MOFs, while not approaching the hardness and modulus of classical ceramics or
metals, can be significantly harder and stiffer than many organic polymers (Figure 7).
ZIFs are superior to IRMOF-1 (MOF-5) as well, reflecting their highly stable zeolite-like
structure. However, there are still many categories of MOFs with unknown mechanical
properties, so it is not clear that ZIFs and IRMOF-1 represent the upper and lower bounds,
respectively.
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Fig. 5. Elastic modulus versus hardness materials property map for dense
and nanoporous hybrid framework materials shown alongside purely
arganic and inorganic materials.

Figure 7. Elastic modulus versus hardness materials property map for dense and nanoporous
hybrid framework materials shown alongside purely organic and inorganic materials (used with
permission from ref. ¥7)

Light generation properties. Many luminescent MOFs are known,!”? resulting from
the use of organic, often polyaromatic, linkers. Proposed applications include chemical
and radiation sensing,®! imaging,©" # solid-state lighting,'®”! and non-linear optics.*”
Rational synthetic approaches are also advancing; for example, strategies to create MOFs
with non-centrosymmetric linkers for second-order nonlinear optics were recently
reviewed by Lin and Wu.® However, understanding of the electronic structure of MOFs
and its relationship to the local and extended crystalline environment is only in the very
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early stages of development. Only a few band structure calculations have been performed
(see above) and systematic investigations of MOF luminescence have not been performed.
The role of linker orientation, interchromophore distance, and interpenetration are largely
unknown. The effects of impurities, partial lattice collapse, and intercalated solvent are
only recently coming to light. We demonstrated, for example, that ZnO nanoparticles can
form during synthesis of IRMOF-1 and this is highly dependent upon the method
synthesis. Consequently, although over 350 articles connected in some way with this
topic have been published, this is more reflective of the level of interest than the extent of
scientific understanding.

Thin film growth. As discussed above, deposition of MOF thin films is a likely
starting point for device fabrication. In the microelectronics industry, a great variety of
thin film growth processes are in use, including chemical vapor deposition and related
methods (ALD, OMVPE, etc.), both thermal and plasma-driven; physical vapor
deposition (evaporation, sputtering); and liquid-phase growth methods. These have been
refined to allow film thickness, composition, and microstructure to be tightly controlled.
Comparable technologies are not available for MOFs and only a handful of MOFs can be
grown on surfaces at all, making this an important focal point for future research. All
MOF growth methods reported to date are liquid-phase processes, as discussed above.

Substrates. Since silicon is not likely to be eclipsed by another material in the
foreseeable future, the ability to use it as a substrate for MOFs is essential. All MOF
growth processes available today initiate growth on either an oxide (silicon dioxide or
aluminum oxide) or on an intervening self-assembled monolayer (SAM) terminated with
a carboxyl, hydroxyl, or amine group. For applications in which electrical contact
between the MOF and silicon (or any other substrate, for that matter) is needed, placing a
potentially insulating layer between the two could be fatal to device performance.
Consequently, growth techniques that avoid this must be developed.

Single-crystal vs polycrystalline films. Although growth of individual MOF crystals
on surfaces has been observed, this occurs over very small length scales, such that only
small areas can be coated and thickness is not controllable. In the active area of a
microelectronic device (i.e., at the level of individual transistors, for example), single-
crystal films can be confined to very small dimensions. However, in the fabrication of
other components of electronic devices, such as deposition of dielectric materials, wide-
area growth methods with a high level of thickness control are needed. Here, existing
solution methods for MOF growth may be inadequate because they produce
polycrystalline films rather than the amorphous microstructures desirable for
microelectronics. Polycrystalline films may be useable for MEMS devices, however, as
long as satisfactory adhesion can be obtained.

Selective growth. This is essential for patterning MOFs on surfaces. As discussed
above, MOF patterning by nucleating on gold using an intermediate SAM is feasible and
provides an interface to a potential electrical contact. However, this type of SAM is
undesirable not only because could interfere with electrical communication with the
substrate, but also because of their low thermal stability. Clearly, patterning and film

20



growth are interdependent, since the mode of attachment likely will affect the film
growth mode.

Growth rates. MOF film growth rates are currently extremely slow, typically
requiring up to a day to produce films on the order of 100 nm thick. Films of this
thickness may not always be needed, of course. For example, one can imagine devices in
which only a few highly ordered unit cells are grown on the surface. In this case, an
ALD-like MOF growth process is desirable, since this has the potential to produce
conformal films in a self-limiting manner that enables tight control over layer thickness.
For this to be possible, however, much more needs to be understood concerning the
kinetics of nucleation. This may make both selective growth and thickness control very
difficult. ALD and other film growth methods used by industry are also far more flexible
in terms of the types of materials that can be deposited. While it is certainly true that
process optimization for a given material is always required, current MOF growth
methods must be developed from the ground up on a MOF-by-MOF basis. If the
synthetic versatility of MOFs is to be available to device designers, this situation must be
improved.

MOF hybrids and multilevel structures. Although there are encouraging
developments with respect to forming hybrids or multilevel structures, such as the
templating efforts describing above and creation of core-shell MOF structures, there is
still a very long way to go before even a primitive integrated circuit involving a MOF
scaffold or hybrid can be constructed. Research focused on making high-quality electrical
contacts between the MOF and an underlying conducting or semiconducting pad is
essential, as is developing methods to create ordered structures in which, for example,
metal nanowires on one layer connect with either another MOF or a different material on
another level. These methods must be compatible with pre-existing structures. Perhaps
even more challenging, integration of other materials following growth of the MOF layer
must not damage it; this rules out growth steps at temperatures the MOF cannot tolerate,
use of acid baths or other harsh etching techniques, and possibly plasma cleaning,
although the limits of MOF stability under such conditions have not be explored. Clearly,
however, this is an extremely challenging area. Fortunately, extensive prior research in
the area of organic electronics provides a starting point for forming comparable structures
involving MOFs.!°

Device integration. Integration of MOFs as components of functioning devices is at a
very early stage of development. By integration, we mean more than a demonstration of a
signal transduction mechanism, such as the observation of fluorescence quenching or the
detection of a color change using laboratory instrumentation. Rather, by our definition
integration implies that the MOF is an integral component of an actual device structure
and that the fundamental problems of circuit design, electrical contacts, power supply,
and measurement have been solved to at least a rudimentary stage. By this standard, there
are only a handful of examples in the literature (discussed above), mostly involving
MEMS devices in which a MOF coating was applied to a readily accessible surface.
There are thus many issues that must be addressed before MOFs can be used beyond
these relatively straightforward applications. Key among these include the following:
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e Compatibility between MOF-related processing and substrate materials

e Compatibility of post-MOF integration steps with the MOF, such formation of
electrical contacts (“back end of the line” in microelectronics fabrication)

e Development of interface layers or chemistries to enhance MOF adhesion

e Packaging

e In-line analytical tools for quality control

Large-scale manufacturing issues. It may seem premature to include in the roadmap
aspects related to large-scale manufacturing of devices that incorporate MOFs, but this is
an issue that must be faced eventually. This is at least a two-dimensional problem, in that
not only must large quantities of material be produced, it must be produced quickly so
that manufacturing throughput can be maintained. Present methods of growing bulk
samples of MOFs produce no more than ~1 g of material. Although it is encouraging that
a few MOFs are now available commercially, demonstrating that large-scale synthesis is
at least feasible, it is not clear how general the methods are these methods that can
produce kg or larger quantities. We recently reviewed the synthetic methods reported
thus far with potential for producing such quantities, which include microwave,
sonochemical, and mechanochemical routes.®” While these methods can be scaled up, it
is unlikely that powders will be used to produce electronic devices. As discussed earlier,
there are only a few examples of MOF growth on surfaces, and our own experience
indicates that even growth of layers corresponding to a few MOF unit cells can take
several hours. This area therefore represents a major obstacle to large-scale MOF
integration.

Although the reactants used in most MOF syntheses present a relatively low hazard,
the large quantities of solvent sometimes used are not. Solvents are not only costly, but
they present handling, safety, and disposal issues. This magnitude of this problem in the
semiconductor industry has lead to inclusion of a “green fab” category within the
International Technology Roadmap for Semiconductors, including both intrinsic and
factory integration requirements./This industry is making great strides with respect to
minimizing both solvent and water usage. Consequently, it is reasonable to expect that
future manufacturing with MOFs will require processes that incorporate green chemistry.
It will be a challenge, however, to eliminate solvent entirely and synthetic methods with
potential for producing MOFs at a high rate are not readily adaptable to thin film growth.

Conclusions

MOFs offer an unusual combination of synthetic flexibility and varied properties that
present many opportunities for their use in electronic devices. Although their use in
devices so far is confined to sensors, there are many examples of MOFs with tunable
bandgap, both ultralow-k and high-k dielectric constants, varied magnetic properties,
luminosity, and semiconducting behavior (in a few cases), suggesting a range of
properties unmatched by any other class of materials. Combining these with their highly
ordered nanoporous structure creates the potential for electronics and self-assembly with
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single-digit nanometer-scale resolution. Many problems must be solved before this
nanoelectronic Valhalla can be attained, however. Not the least of these is the lack of
generalized fabrication methods by which defect-free MOF thin films can be grown
across length scales meaningful for electronic applications. Solving this problem will
enable MOFs to be used to the fullest extent of their properties, as well as allowing the
necessary integration with other materials needed to complete the device. An even more
fundamental need is for information concerning MOF electronic properties, few of which
have been characterized in any detail. While these challenges are daunting, the potential
for impact in areas ranging from photovoltaics to molecular computing is a strong
motivator for expanding this area of MOF research. If the rapid progress with respect to
understanding gas adsorption in these materials is any indication, it is likely that
considerable advances toward these goals will be made in the near future, opening an
exciting new subdiscipline in the field of supramolecular materials.
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