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channel material in the device.” The features of conductive

ABSTRACT: Recently, the emergence of conductive MOFs, such as long-range crystallinity, rich and designable
metal—organic frameworks (MOFs) has given great structure, modulatable pathways for charge transport, tunable
prospects for their applications as active materials in electronic band structure by ligand modification and metal
electronic devices. In this work, a high-quality, free- selection, ultralight and low density, and easy solution
standing conductive MOF membrane was prepared by an processability for membrane preparation make them very
air—liquid interfacial growth method. Accordingly, field- attractive for use as active channel materials in FETs.'® On the
effect transistors (FETs) possessing a crystalline micro- other hand, FET's with porous channels can greatly extend their
porous MOF channel layer were successfully fabricated for applications on voltage-gated ion channels/microfluidic chips
the first time. The porous FETs exhibited p-type behavior, and vastly enhance the sensitivity of FET-based gas/ion
distinguishable on/off ratios, and excellent field-effect hole sensors.'" FETs with meso- or macroporous channels (ranging
mobilities as high as 48.6 cm® V™' 57!, which is even from several nanometers to hundreds of nanometers) have been
comparable to the highest value reported for solution- reported.'”"® However, they normally present large size-
processed organic or inorganic FETs. distributed and disorderly arranged pores. Recently, FETSs

based on materials with ordered pores, e.g,, C,N-h2D crystal
and covalent organic framework (COF), have emerged.'*'
D 1 etal—organic frameworks (MOFs) are a class of Comparatively, conductive MOF-based materials possessing

crystalline nanoporous materials in which inorganic pores of narrow size distribution, tunable structure, and good
building units are connected by organic linkers via coordination electrical properties are expected to be another promising
bonding." Over the past few years, material chemists have used material for porous FETs.'”"” To our knowledge, MOF-based
MOFs for their potential applications mainly in gas storage, gas FETs have never been reported.
separation, and catalysis.” Recently there has been a growing In this work, microporous FET devices fabricated using a
interest in studying MOFs as a new type of semiconducting semiconductive MOF as the active channel were constructed. We
materials. MOFs with conductivity higher than 0.1 S cm™" have highlight the preparation and characterization of a high-quality
been achieved by Allendorf, Dinci, Nishihara, and others.’ Talin MOF membrane together with its fabrication and structure as
and co-workers presented the first example of a thermoelectric well as the detailed characterization of the derived porous FETs.
effect in TCNQ@Cus(BTC), with a large positive Seebeck Notably, the FET's show a typical p-type depletion mode with the
coefficient. Grzybowski, Li, and Liu reported the potential best on/off ratio of more than 10° and field-effect charge mobility
storage of electrical information in MOF-based memory comparable to the best values obtained from devices based on
devices.’ Dinci et al. used a conductive MOF, Cu,(HITP),, to solution-processed organic semiconductors or inorganic semi-
fabricate chemiresistive sensor devices.” These pioneering conductors."®
scientific reports have set the foundation for the application of Among reported semiconductive MOFs, Niz(HITP),, which
MOFs within the domain of electronic devices. consists of nickel ions and organic HITP components (HITP =
Field-effect transistors (FETs) are three-terminal semi- 2,3,6,7,10,11-hexaiminotriphenylenesemiquinonate), has drawn
conductor devices where a voltage related to the “gate” terminal great attention for its interesting graphene-like honeycomb
controls the electric current in the channel between the “source” porous structure and excellent electronic conductivity (Eigure
and the “drain” terminals. FETs play critical roles in modern la).” Ni3(HITP), membranes can be prepared by directly
electronic applications.” For example, they are well-known as the placing a quartz lsgubstrate inside the reaction vessel where the
fundamental building blocks of the central processing unit MOF is formed.” However, the obtained film is not compact
(CPU) in computers. More recently, their versatile features have and smooth. The challenge of preparing high-quality films has

restricted the application of Niy(HITP), in semiconductor
devices. Herein we demonstrate an air—liquid interfacial method
to prepare ultrasmooth and compact Ni;(HITP), membranes

expanded their applications to state-of-the-art technologies
including flat panel displays, memory devices, sensors, nano-
fluidic transistors, etc.” Moreover, a FET presents a powerful way
to investige the intrinsic electronic properties of semiconducting
materials. The charge carrier type, carrier mobility, and carrier Received: August 15, 2016

concentration can be revealed by using the semiconductor as the Published: October 30, 2016

ACS Publications  ©2016 American Chemical Society 1360 DOI: 10.1021/jacs.6b08511
g J. Am. Chem. Soc. 2017, 139, 1360—1363


pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.6b08511

Journal of the American Chemical Society

Communication

O Ni
@c
fo on
g CH

[ J

0 1 2 3(1m)
6
5
1
4
3
2 2
1
3 0
(um) (nm)

Figure 1. (a) Crystal structure of Niy(HITP),. (b) Photograph of a
Ni;(HITP), membrane forming at the air—liquid interface. (c) SEM and
(d) AFM images of the top surface of a Ni;(HITP), membrane.

for FET devices (for details, see the Supporting Information
(SI)). Upon heating of an aqueous solution of HATP-6HCl
(HATP = 2,3,6,7,10,11-hexaaminotriphenylene), NiCl,-6H,0,
and trimethylamine to 60 °C (Scheme S1), Ni** coordinates to in
situ-generated HITP and self-assembles to form Niy(HITP),
nanoparticles at the air—liquid interface. The hydrophobic
Ni;(HITP), nanoparticles float on the water surface, which acts
as a “smooth substrate”, and consequently the nanoparticles
closely pack to form a nanometer-thick uniform layer due to the
interface-confining effect (Figure S1).°>*" After the air—liquid
interface is fully covered with this Niy(HITP), layer, the MOF
membrane probably forms through continuous assembly of
organic HITP components and nickel ions in the solution onto
the Niy(HITP), layer at the MOF—solution interface. The
formation of the membrane at the interface could be observed
even by the naked eye. The color of the membrane became
deeper as the membrane grew thicker, and it finally turned dark
blue-violet (Figure 1b). The thickness of the membrane was
positively related to the reaction time, and a membrane with a
thickness of ~100 nm was obtained after reaction for 3 min.

In the structure of Niy(HITP),, the tritopic HITP moieties are
connected by square-planar Ni** centers to form a two-
dimensional (2D) graphene-like honeycomb porous framework
with sixfold symmetry (Figure 1a). In the lattice packing, two
neighboring graphene-like layers stack in AB mode with an
interval of 3.5 A, resultin in 1D channels with an open window
size of ~1.4 nm. Figure S2 depicts the nitrogen sorption
isotherms measured at 77 K, which show significant gas uptake
and release during the adsorption and desorption processes. This
observation indicates the permanent porosity in Niy(HITP),.
The Brunauer—Emmett—Teller (BET) specific surface area and
pore volume were calculated as 625 m?/ g and 0.511 cm3/g,
respectively, which are comzparable to values for other 2D
crystalline porous materials.””*® To study the structure of the
prepared Niy(HITP), membrane, X-ray diffraction (XRD)
patterns were further collected using two different scattering
geometries: in-plane and out-of-plane (Figure S3). The
prominent peaks in both the in-plane and out-of-plane XRD
patterns at 20 = 4.7°,9.5°, 12.6°, 16.5°, and 27.3° are all present,
which is consistent with the previously reported crystal structure
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of Niy(HITP),."”” The in-plane and out-of-plane patterns have
almost identical peaks, implying that the prepared membrane has
no preferred orientation.

A Ni;(HITP), membrane was transferred onto a silicon wafer
to evaluate its quality. Scanning electron microscopy (SEM)
showed that the bottom surface of the prepared membrane at the
air—liquid surface is relatively rough (Figure S4). However, the
top surface of the same membrane is ultraflat, compact, and
uniform on a large scale without any steps or cracks (Figure 1c).
Atomic force microscopy (AFM) was used to further confirm the
average surface roughness (RMS) of the top surface. As shown in
Figure 1d, the top surface of the membrane was without pinholes
and its RMS was only ~1.05 nm over an area of 3 ym X 3 pm.
Even over an area as large as 20 ym X 20 pm, the average RMS of
nine randomly selected areas was only ~1.43 nm (Figure SS).
The high quality of the top surface of the solution-prepared
membrane is comparable to those prepared by the vacuum
deposition technique and good enough for FET device
fabrication.

It is critical to know the composition of the thin layer (the top
surface of the Niy(HITP), membrane) close to the gate
dielectric, which is where the majority of conduction occurs in
a FET device. The XRD pattern of the top surface of the
Ni;(HITP), membrane (Figure S3) shows no typical peaks of
Ni, NiO, and Ni(OH), (Figure S6). Meanwhile, the X-ray
photoelectron spectroscopy (XPS) results (Figure S7) also
revealed that the Ni 2p;, peak on the top surface of Niy(HITP),
membrane is located at 855.5 eV and has very weak broad
satellite peak, which is the same as that of pure Niy(HITP),
crystallite in previous reports'”** but significantly different from
those of Ni (852.6 eV), NiO (853.8 ¢V), and Ni(OH), (855.2
eV)* (as analyzed in the SI). These observations rule out the
presence of impurities of Ni species (e.g,, Ni metal, NiO, and
Ni(OH),) in the thin layer close to the SiO, layer.

As a class of newly emerging porous conducting materials,
semiconductive MOFs are very attractive for use as active layers
in FET devices to open their applications in electronic device
fields and to develop new avenues for further revealing their
electronic properties. Notably, a perfect semiconductor—
dielectric interface is very important and necessary for a FET
device.’® The smooth and dense surface of the Ni;(HITP),
membrane prepared in this work affords a great opportunity to
prepare porous MOF—FET devices. As shown in Figure 2, we
could easily transfer the as-prepared membrane to a SiO,/Si
wafer substrate in a top surface of membrane/SiO, mode by a
simple stamping process. The smooth top surface of the
Niy(HITP), membrane directly contacts with the SiO,/Si
wafer, creating a high-quality interface between the MOF
semiconductor and the SiO, dielectric. After deposition of
patterned Au electrodes, porous FETs based on the MOF
membrane were fabricated. Figures 2 and S8 show that the
prepared device possessed a bottom-gate top-contact device
geometry with a 105 nm thick membrane as the active channel
material, 50 nm thick Au thin films as the source and drain
electrodes, and heavily doped p-type Si as the gate electrode. The
device has a channel length of 100 ym and a width of 1000 ym.

Figure 3a shows the output characteristics of the porous FET
device. The drain—source current (I;) versus drain—source
voltage (V) curves of the device have good linear regimes,
indicating good Ohmic contact between the Au electrodes and
the porous Ni;(HITP), channel, which is favored for charge
injection or exhaustion. They also show a gradual slope increase
as the gate—source voltage (Vgs) decreases from 20 Vto —20 Vin
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Figure 3. Electrical characteristics of Ni;(HITP),-based FETs: (a)
output curves; (b) transfer curves.

—10 V steps, which indicates that the carrier concentration in the
porous channel can be effective modulated by altering V. The
conductivity of Ni;(HITP), in film form is 40 S-cm™ at room
temperature,19 but other electronic features, such as charge
carrier type and charge mobility, have not been revealed. Figure
3b shows the transfer curve (I vs Vo with Vg, = —1 V) of the
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porous FET device. The channel current gradually increases with
decreasing V,,, which confirms the observation in the output
curves and also demonstrates that the device is a typical p-type
transistor, where the application of a positive gate bias repels the
carriers and a negative gate bias accumulates the carriers. The p-
type behavior indicates that Niy(HITP), is a semiconductor with
holes as the majority carriers. The threshold voltage is ~1.1V, as
extracted from the linear fit of —I versus Vi, (Figure S9), which
indicates that the device is a depletion-mode FET. Figure 3b also
shows that the current on/off ratio in this device is approximately
2 X 10°. Simultaneously, five other devices on the same SiO,/Si
substrate were also characterized (devices 2—6; Figure $10), and
the current on/off ratios in these devices were between 350 and
2000 (Figure S11). The subthreshold swing (SS) value of this
Ni;(HITP),-based FET is 2.4 V/decade. The SS value in a FET
depends on the number of defects in the interface between the
active layer and the insulator layer.”” The interface defect density
(N,) is 8.2 X 10" cm™? in this device, which indicates a relatively
low defect density at the interface between the Ni;(HITP),
channel layer and the SiO, gate dielectric. The high-quality
interface in the porous FET is ascribed to the smooth surface of
the free-standing Niy(HITP), membrane. The calculated hole
mobility was ~48.6 cm®> V! s™* for this device and 38 + 8 cm®
V™' 57! for the five other devices (Figure S12), indicating
excellent hole charge transport properties of the Niy(HITP),
membrane. The value surpasses those of most organic
semiconductors and is even comparable to those of inorganic
oxide semiconductors.”® The reason for this high mobility might
be elucidated from the point of view of the molecular structure of
Ni;(HITP),, where Ni** coordinates to radical o-semiquinonate
HITP to form an extended fully charge-delocalized layer in the ab
plane of the crystal structure.”” The Ni(isq), (isq = o-
diiminobenzosemiquinonate) part in the structure has been
reported to show a rich electrochemical activity of reversible
oxidation and reduction.”’ Therefore, charge carriers can
transport within the layer smoothly. On the other hand, along
the c axis of the structure, the above-mentioned conjugated layers
overlap with an interval of only 3.5 A, which is short enough to
create sufficient orbital overlap between adjacent layers through
n—n interactions.”® Thus, both the so-called “through-bond”
channel (within the 2D layer) and “through-space” channel
(between layers) for charge transport can be observed in
Ni; (HITP), and may synergistically enhance the charge mobility
in the membrane.”® Notably, no transistor characteristic
saturation was observed in our devices, and the on/off ratios of
transfer curves were dramatically reduced with increasing Vy,
(Figure S13). This behavior may be attributed to the high
conductivity of the Ni;(HITP), membrane. This phenomenon is
common in FETs made from highly conductive channel
materials like graphene and Cu—BHT.”"**

In conclusion, free-standing semiconductive porous mem-
branes with a compact and smooth surface have been successfully
prepared using an air—liquid interfacial self-assembly process.
After they were transferred to SiO,/Si substrates, the first
microporous FETs with a MOF as the active channel material
were demonstrated. The porous channel may greatly extend the
applications of FETSs to fields that require channel materials
having large surface area and penetrability, such as FET-based
sensors, voltage-gated ion channels, and microfluidic chips. The
prepared FET's show distinguishable on and off states as well as a
remarkably high charge mobility. Other electronic features of the
MOF material, such as the charge carrier type and interface
defect density, were also revealed for the first time by the FET
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structure. Our results provide a step forward for both conductive
MOF membranes and MOF-based devices. Moreover, the merits
of MOFs, including variable and designable structure, regular
pores, large surface areas, and band structure that is tunable by
chemical modification, give us infinite imagination of its
applications in electronic devices in the future.
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