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Metal-Organic Framework Thin Films Grown on
Functionalized Graphene as Solid-State lon-Gated FETs

Abhinav Chandresh, Christof Wéll, and Lars Heinke*

The unique properties of 2D-materials like graphene are exploited in various
electronic devices. In sensor applications, graphene shows a very high
sensitivity, but only a low specificity. This shortcoming can be mastered by
using heterostructures, where graphene is combined with materials exhibiting
high analyte selectivities. Herein, this study demonstrates the precise
deposition of hanoporous metal-organic frameworks (MOFs) on graphene,
yielding bilayers with excellent specificity while the sensitivity remains large.
The key for the successful layer-by-layer deposition of the MOF films
(SURMOFs) is the use of planar polyaromatic anchors. Then, the MOF pores
are loaded with ionic liquid (IL). For functioning sensor devices, the IL@ MOF
films are grown on graphene field-effect transistors (GFETs). Adding a
top-gate electrode yields an ion-gated GFET. Analysis of the transistor
characteristics reveals a clear Dirac point at low gate voltages, good on-off
ratios, and decent charge mobilities and densities in the graphene channel.
The GFET-sensor reveals a strong and selective response. Compared to other
ion-gated-FET devices, the IL@ MOF material is relatively hard, allowing the
manufacturing of ultrathin devices. The new MOF-anchoring strategy offers a
novel approach generally applicable for the functionalization of 2D-materials,
where MOF/2D-material hetero-bilayers carry a huge potential for a wide

for sensing applications. The first ex-
perimentally realized 2D material was
graphene. Because of the strong interest
in these materials, various methods have
been developed to grow these ultrathin car-
bon films with a honeycomb crystal lattice
structurel®! on industrially large scales.[®”]
Graphene possesses extraordinary physico-
chemical and opto-electronic properties,
such as a high charge carrier mobility,
a high electrical conductivity with opti-
cal transparency, a large surface-to-volume
ratio, and a huge mechanical strength.[®!
Based on these unique properties, graphene
alone or combined with other materials
has been used for fabricating devices,!®”!
able to detect or measure biomolecules, 0]
temperature,!l pressure,'?! light,['*! and
gases.[1*]

Sensors based on electronic proper-
ties generally show fast and reproducible
responses and allow for small device
sizes.['®] In this context, graphene-based

variety of applications.

1. Introduction

2D materials are atomically thin crystalline materials firmly
held together by strong covalent bonds. Often they form stacks,
with the individual sheets interacting via weak van—der—Waals
forces.”] Among the fascinating properties of these materials
is their sensitivity to external stimuli,>*! thus offering their use
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field-effect transistors (GFETs) have drawn

particular interest.’®) A typical GFET in-

cludes three electrodes (drain, source, and

gate), an insulating dielectric layer, and

graphene (mono- or multilayers) as the
semiconducting channel material. In a GFET-based sensor, the
change of the electronic properties of the channel material to ex-
ternal stimuli, i.e., the adsorption of chemical compounds, affects
the conduction properties of the FET, which can be readily de-
tected.

Typically, the insulator material between the gate and the chan-
nel is silicon dioxide (SiO,), with a thickness from 90 to 300 nm.
One key feature of conventional GFETs is the presence of a con-
ductance minimum with a charge neutrality point at a certain
gate voltage, referred to as Dirac point.I'”] For a typical GFET,
starting from a negative gate voltage (or a low gate voltage) in-
creasing the gate voltage, a decrease in (drain-source) current is
observed until the Dirac point (with a minimum of conductiv-
ity) is reached. Further increasing the gate voltage results in an
increase of the drain-source current.l'’] The Dirac point and the
charge carrier density of graphene are very sensitive to the local
electric field, thus, the gate-voltage-dependence of it in GFETs is
often exploited as a signal in sensors.

While GFET-based sensors possess the advantage of very high
sensitivities, their response is rather unspecific, and it is diffi-
cult to differentiate between different analytes.['®! To overcome
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this limitation, graphene is combined with other functional ma-
terials to achieve an analyte-specific response.['”) A promising
path to increase the selectivity of GFET-sensors was recently
realized by growing metal-organic framework (MOF) films on
graphene.l MOFs are nanoporous, crystalline materials com-
posed of metal nodes connected by di- or higher-topic organic
linkers.2!l MOFs possess well-defined adsorption sites, resulting
in analyte-specific adsorption in sensor applications.[?224l MOF
materials can also be grown as thin films directly on a solid
substrate, e.g., by employing layer-by-layer methods, resulting in
surface-mounted MOFs, referred to as SURMOFs.[22%] Since the
poor adhesion properties of graphene prohibit the direct growth
of the MOF film, the graphene surface was functionalized by
deposition of an adhesion layer (~5 nm) of aluminum oxide to
support the SURMOF growth in this previous work.?l How-
ever, the presence of the adhesion layer represents a barriers that
makes the direct contact of guests (e.g., ionic liquids) with the
graphene impossible. To date, the direct anchoring of MOF films
on graphene without the presence of an adhesion layer (or with-
out suppressing the electronic graphene properties) has not been
accomplished.

Generally, the gate voltages required for operating GFETS are
fairly large, on the order of several tens of volts, since the SiO,-
layer used in the conventional designs to insulate the gate elec-
trode from the graphene channel has a thickness in the order
of 100 nm. This restricts the use of GFET-based sensors in low-
power sensing applications. An approach to reduce the voltages
is to use materials with a high dielectric constant. Indeed, a sub-
stantial lowering of the operational voltages in GFET was real-
ized by using electrolytes.!?”-28] There, the electric field generated
by applying an external voltage is amplified by the formation of
an electric double layer at the graphene-electrolyte interface.!?”]
Particularly attractive electrolytes in this context are ionic liquids
(ILs), organic salts having a low melting point and a negligible
small vapor pressure.[**) While ILs have been successfully used
as gating material for GFET sensors,*1'*] the fluid nature of ILs
severely complicates their integration into devices. In order to
turn these liquids into solids, ILs have been blended with vari-
ous materials, like polymers, resulting in the formation of ion-
gels.3334 However, the low mechanical strength have so far pro-
hibited the fabrication of robust small sensor devices.

Apart from sensing applications, ion-gated-transistors are fun-
damental for iontronics, which is an interdisciplinary field aim-
ing for ion-based information transfer, mimicking the opera-
tion principle of electronic devices.3>3¢! ILs have been success-
fully used in numerous applications in iontronic devices, like in
enzymatic sensing and neuromorphic synaptic transistors.>:3!
In iontronics (like in sensor technologies), ILs are often com-
bined with polymers making ion-gels. An alternative approach
can be the embedment of the ILs in solid nanoporous materials,
like MOFs, resulting in solid materials hosting mobile ions.*!
The structure and properties of the IL@MOF materials can be
tuned to a wide extent and the motion of the ions in such solid
nanoporous confinement under the influence of an electric field
may deviate significantly from the dynamics of the unconfined
(bulk) IL.[40-42]

One main challenge with regard to the fabrication of MOF-
based GFETs is the functionalization of the graphene to enable
the MOF growth. While first depositing aluminum oxide allows
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Figure 1. Fabrication of IL@SURMOF/GFET device. a) Sketch of the pris-
tine GFET device. b) Functionalization of graphene with Pyr-CH,OH.
c) Sketch of the device with electrical connections. The pores of the SUR-
MOF (of type HKUST-1) are filled with IL (of type [BMIM]*[TFSI]") and
an indium metal patch is deposited as a top gate electrode on top of the
IL@SURMOF/GFET.

the growth of crystalline and oriented SURMOF films,[?"! the in-
terface between the MOF and the substrate as well as between
the graphene and aluminum oxide are only poorly defined. In
addition, in the context of ion-gated GFETS this approach cannot
be used, since the thickness of the Al,O, layer (~5 nm) prohibits
the required close proximity of the IL to the graphene layer.

The new strategy presented here is to employ anchors contain-
ing planar, polycyclic aromatic hydrocarbons like pyrene. Such
planar compounds interact quite strongly with graphene and
form stable, well-defined monolayers on the graphene surface.[**!
Of course, in order to provide a docking site for the MOF con-
stituents, these planar compounds need to be functionalized,
e.g., by attaching OH groups. Indeed, regular, dense monolay-
ers of 1-pyrenemethanol (Pyr-CH,OH) with strong z—z interac-
tion between the graphene substrate and the pyrene adsorbates
have been reported.** Figure 1b,c shows that the spacing of
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the methoxy-groups in such a 2D layer fit well with the struc-
ture of the HKUST-1 MOF. After deposition, the pores of the
SURMOFs were loaded with an ionic liquid. We chose HKUST-
1,11 a popular MOF for which the LBL process has been care-
fully optimized with respect to getting flat, highly oriented, and
low-defect density crystalline thin films.[*l HKUST-1 has a face
centered cubic structure with pores of ~0.9 nm in diameter.
HKUST-1 is a non-conducting MOF with a conductivity in the
order of 1071* S m~1,1*2#7] (unlike conducting MOFs which were
also used as active layer in transistors/*9]). After deposition, the
HKUST-1 pores were filled with a popular IL of type 1-butyl-3-
methylimidazoliumbis(trifluormethylsulfonyl)imid, referred to
as [BMIM][TFSI].’% As previously reported, the Young’s mod-
ulus of HKUST-1 amounts to ~10 GPal’!l and the mechan-
ical stability and the Young’s modulus even slightly increase
when a HKUST-1 MOF is loaded with [BMIM][TFSI].*2] On the
contrary, adding ionic liquid in polymers to form ion-gels de-
creases the Young’s modulus of the polymer.>3! Thus, trans-
ferring these properties to the [BMIM|[TFSIj@ HKUST-1 film
on the GFET suggests that the present material is substantially
harder than common ion-gels and possesses a Young’s mod-
ulus that is ~2 orders of magnitude larger.’’3 A top-gated
IL@SURMOF/GFET-device was prepared. A thorough analysis
of the device’s performance revealed high charge densities and
mobilities. Compared to the bottom-gated or IL-free device, the
voltage of the Dirac point was found to be much lower, allowing
the device operation with small voltages below 1.5 V. Moreover,
the sensor performance of the top-gated IL@ SURMOEF/GFET-
device was demonstrated and the shift of the Dirac point un-
der the exposure to water vapor was found to be substantially
larger than for other analytes like carbon dioxide and differ-
ent hydrocarbons. This study introduces the polycyclic-aromatic-
hydrocarbon-functionalization of graphene as a substrate for
MOF films. We demonstrate for the first time that such MOF
films on functionalized graphene can be used in GFETs and
when the MOF pores are filled with an electrolyte like IL, it can
be used as an ion-gated GFET sensor.

2. Results and Discussion

The fabrication of the IL@ SURMOF/GFET device is schemat-
ically depicted in Figure 1. First, the graphene (Graphenea,
Spain) was functionalized by immersion into a solution of 1-
pyrenemethanol (Pyr-CH,OH) in acetonitrile, following stan-
dard protocols.*l Then, an HKUST-1 SURMOF was deposited
in a layer-by-layer (LBL) fashion, see Figure S1 (Supporting In-
formation). Subsequently, the SURMOF pores were loaded with
IL of type [BMIM][TFSI] by immersion into pure IL. Finally, a
top gate electrode was added by depositing a small soft indium
metal globulite on the IL@SURMOF surface. The contact area
was ~1 mm?.

Raman spectroscopy was used for the characterization of the
samples, Figure 2a. The Raman data not only show the presence
of graphene but also allow to identify structural and chemical
modifications.l® The characteristic graphene G- and 2D-Raman
peaks in the spectrum of the pristine graphene were observed
at 1596 and 2690 cm™!, respectively.l”>! The Pyr-CH,OH func-
tionalized graphene possesses G- and 2D-Raman peaks at 1586
and 2683 cm™, respectively. Compared to the pristine graphene,
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after the deposition of HKUST-1 SURMOF on the functional-
ized graphene, the G- and 2D-bands were found to be shifted to
1597 and 2692 cm™!, respectively. The G- and 2D-peaks of the
IL-loaded SURMOF are at 1597 and 2689 cm™!, i.e., slightly red-
shifted compared to the empty SURMOEF-graphene sample. Af-
ter adsorption of the pyrene, the intensity of the defect-related
graphene D-band at #1350 cm™! increased but was still relatively
small, indicating a very small defect density.*®) Upon SURMOF
growth and IL-loading, the intensity of the D-band did not in-
crease further. The 2D/G band intensity ratio in all four spec-
tra was found to be larger than one, which also reveals that the
amount of additional defects introduced in the graphene by the
SURMOF deposition is small and that the quality of the graphene
layer remained very high.>”] The two-phonon combination mode
in graphene, i.e., G* or D+D” peak, can be observed in all four
spectra at #2460 cm™!.18] After the SURMOF deposition and the
IL loading, the spectrum of the IL@SURMOF contains all the
peaks of the HKUST-1 SURMOF and graphene and additional
Raman bands were observed, see Figure 2b. The peaks at 745
and 828 cm™' belong to C-H out-of-plane bending modes of the
benzene rings present in the MOF linker molecule, whereas the
band at 1007 cm™! stems from the C=C vibration.[*>*] The peak
at 1460 cm™" corresponds to the symmetric stretching O—C-O vi-
bration of the MOF linkers.® The peak at 1237 cm(~! is assigned
to the SO, asymmetric stretch vibration in the TFST anion.[**l The
Raman peaks at 2871 and 2964 cm™!, as shown in the zoom-in of
Figure 2b, provide solid evidence for the existence of the BMIM
cation.[®”) These Raman peaks are considered as the finger prints
of the cation and belong to the C-H stretching mode. The Raman
peaks of SiO, /Si substrate are also evident in the region 946 and
986 cm~1.[61:62] The most intense peak at 520 cm™!, which belongs
to SiO,/Si can be seen in supporting information, Figure S3
(Supporting Information).

The X-ray diffractogram (XRD) displayed in Figure 2c reveals
that the film grown on the Pyr-CH, OH-functionalized graphene
possesses the targeted HKUST-1 structure, with a preferential
orientation of the (111) direction perpendicular to the substrate,
similar to the case of HKUST-1 SURMOFs grown on other
hydroxyl-terminated organic surfaces.?>%] Upon IL loading, no
changes of XRD peak positions were observed. However, a sub-
stantial variation of the relative peak intensities was observed.
Such changes in form factor are expected, since the loading with
the IL leads to a strong change of the electron density relative
to the empty SURMOF. For example, the intensity ratios of the
(200) reflex versus (400) are 1.56 and 0.47 for the pristine SUR-
MOF and the IL-loaded SURMOF, respectively. This is line with
the calculated XRDs of HKUST-1 and IL@HKUST-1, Figure S10
(Supporting Information), where the intensity ratio of (200)/(400)
reflexes also decreases significantly. This is a clear indication of
the embedment of X-ray scatters (here IL) in the MOF pores. The
stability of the material during the course of the experiments was
also verified by the X-ray diffractograms, which show no change,
see Figure S15 (Supporting Information), indicating high stabil-
ity.

Scanning electron microscopy (SEM) images (Figure 2d) re-
vealed that the HKUST-1 SURMOF deposition on the functional-
ized graphene yielded a continuous, homogenous thin film with
a thickness of ~300 nm. This means the dielectric layer is much
thinner than the dielectric layers in most other ion-gated GFETs
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Figure 2. a) and b) Raman spectra of graphene (black), Pyr-CH,OH/graphene (red), SURMOF/graphene (blue) and IL@SURMOF/graphene (magenta).
The substrate below the graphene monolayer is SiO, /Si-wafer. (Please note: The data in a) and b) are identical. The strong graphene bands are not shown
in b), focusing on the MOF and IL bands.) c) Out-of-plane X-ray diffractogram (XRD) of the HKUST-1 SURMOF grown on Pyr-CH,OH functionalized
graphene (blue), of the IL-loaded sample (violet) and the calculated diffractogram of HKUST-1 (black). The diffraction peaks are labelled. d) SEM images
of the SURMOF/graphene sample. Above: top view and below: the cross-section of the broken sample. The scale bars are given in the pictures.

where ionic materials of several tens of um thickness and more
are used.[3+64]

The samples were further characterized by atomic force mi-
croscopy (Figure S13, Supporting Information) and Energy-
dispersive X-ray spectroscopy (EDX) and mapping (Figure S14,
Supporting Information), also indicating a homogenous film
morphology with a homogenous distribution of elements.

In reference experiments, we used nonfunctionalized (plain)
graphene as substrate for the SURMOF synthesis. There, the
same procedure did not result in crystalline MOF films, see
Figure S2 (Supporting Information). Most of the graphene sub-
strate remains blank and no deposited MOF material was found.
Only some small regions with some deposited material were
found, see Figure S2 (supporting information). The XRD also
shows no reflexes of HKUST-1.

The transistor performance of the IL@SURMOF/GFET device
was characterized in an inert nitrogen atmosphere. The trans-
fer curves, Figure 3a, of the device were measured by applying
a 10 mV bias voltage between the drain and source electrodes
(Vps)- The voltage between the gate and source electrodes (V)
was varied between —30 and +70 V in an up-down cycle. The
devices with an empty SURMOF showed a poor performance,
there was no clear Dirac point (i.e., conductance minimum) in
the range below 70 V gate voltage. Such devices are also reported
in the literature where high p-type doping of the graphene results
in a large Dirac point voltage.?”) The hysteresis observed in the
transfer curve in Figure 3a is a typical behavior for GFETs.[®°] Af-
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ter IL-loading, the transfer curves change tremendously, with a
Dirac point at V. equal to +26.5 and +32.80 V for the up and
down voltage cycle, respectively, see Figure S4 (Supporting In-
formation). A further substantial improvement occurred when
going from the bottom-gate to the top-gate setup (see Figure S12,
Supporting Information), now the Dirac point was observed at
—0.159 and —0.299 V, respectively, see Figure 3a. The On-Off
ratio of the top-gated IL@ SURMOF/GFET device amounted to
13, which is comparable with the On-Off ratio of other ion-gated
GFETs.[®] Further, the output curves of the IL@ SURMOF/GFET
device were also recorded at different gate voltages, see Figure
S11 (Supporting Information). The leakage current (I.¢) is about
three orders of magnitude smaller than the drain-source current
(Ipg) showing the absence of shortcuts, see Figure S24 (Support-
ing Information).

The device performance was further characterized using
impedance spectroscopy. The capacitance of the channel versus
gate electrode was found to be 6.8 uF cm~2 at 1 Hz, see Figure S6
(Supporting Information). The charge carrier density calcu-
lated from this capacitance amounts to 25 X 10712 cm™2 see
Figure S7 (Supporting Information). The charge carrier mobil-
ity was calculated to be 385 cm? V~! s7! for the electrons and
488 cm? V1 s7! for the holes, see Figure S7 (Supporting Infor-
mation). The charge carrier density and mobilities are compara-
ble with other GFETs, %] indicating that the excellent electronic
transport properties of graphene are not affected by the SURMOF
deposition and IL-loading. Reference experiments with plain
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Figure 3. a) Transfer curves (i.e., Ips—Vs) of the IL@SURMOF/GFET with a top-gate (red) and its zoom-in as well as of the SURMOF/GFET with a
bottom-gate (black) and a top-gate (magenta, without IL). The atmosphere is pure nitrogen. b) Transfer curves (i.e., Ips—Vs) of IL@SURMOF/GFET
with a top gate. The device is exposed to various gases and vapors. Nitrogen (black), argon (red) and CO, (blue) are pure gases. p-xylene (magenta), n-
hexane (dark yellow), n-pentane (navy), and toluene (orange) are (pure) vapors in nitrogen. Only the down-voltage-part of the transfer curve is shown for
sake of clarity. c) Transfer curves of the same device with various concentrations of water vapor (i.e., various relative humidities), see labels. d) Absolute
Dirac point voltages corresponding to various humidity levels. The slope of the red line is the sensitivity of the device at low water concentrations.

(liquid) IL of type [BMIM[TFSI] on the GFET device without
a MOF film were performed, see Figure S9 (Supporting Infor-
mation). The transfer curve and the Dirac point (+0.17 V and
+0.06 V, respectively) are similar to the IL@ SURMOF/GFET de-
vice. However, the liquid nature of the IL hinders the device ap-
plication.

In the next step, we explored the sensor performance of the
IL@SURMOF/GFET device. To this end, the change of the trans-
fer curves and Dirac points in response to the exposure to dif-
ferent analytes in the surrounding atmosphere was investigated,
Figure 3b. The following analytes were used: p-xylene, n-hexane,
n-pentane, and toluene (as typical volatile organic compounds),
carbon dioxide, argon, and water. Among these analytes, espe-
cially carbon dioxide and water are well known for the high affini-
ties towards ionic liquids.!®”] For sake of clarity, we focus on the
down-voltage-cycle. In a pure nitrogen atmosphere, the device
possesses a Dirac point with a voltage of —0.299 V. For the ex-
posure to Ar, CO,, n-hexane, and n-pentane, the voltage of the
Dirac points does not show a visible shift. Exposed to xylene and
toluene vapors, the Dirac point shifts slightly positive to —0.258 V
for xylene and to —0.259 V for toluene, respectively. This means,
in the saturate vapor pressure of these two analytes, the Dirac
points shift by +41 and +40 mV, respectively. When exposed to
water vapor, the Dirac point shows a pronounced monotonic shift
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to negative gate voltages. During the exposure to 10% and 20%
relative humidity, the values of the Dirac voltage shift by —20 and
—40 mV, respectively. (—0.32 V for 10% humidity and —0.34 V for
20% humidity.) By further increasing the humidity levels, the ob-
served values for Vp,,. are: —0.44 V for 30% humidity, —0.62 V
for 50% humidity and —0.76 V for 75% humidity, see Figure 3d
and Figure S18 (Supporting Information). This observation in-
dicates that a large number of water molecules adsorbed at the
IL@SURMOF-graphene interface. Although, water is generally
considered as p-type dopant to graphene,[®® the results of our
device show that graphene has become n-doped after exposing
the device to water. We suppose that the doping is caused by the
rather complex interaction of the ionic liquid at the graphene in-
terface, which is affected by the presence of water.[®7°]

Repeating the transfer curve measurements results in the
same outcome, see Figures S16 and S17 (Supporting Informa-
tion). Before measuring the transfer curve for each analyte, the
transfer curve in an N, atmosphere was recorded. The Vp, .. value
of all intermediate N, atmosphere were essentially the same, see
Figure S18 (Supporting Information). This indicates an excellent
reversibility of the device.

The limit of detection (LOD) for water is calculated by 3x the
standard deviation divided by the sensitivity.[”!] The sensitivity is
the slope of line Vi, /%Bpumiairy (se€ Figure 3d) and the standard
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deviation is determined from the baseline in pure nitrogen.
There, the standard deviation of the Dirac point is 10 mV. The
obtained LOD for water is 0.9 %,migiy-

For reference, another device was prepared and explored for
analyte sensing. A similar device performance was found with
a significant shift of Vp,,. for H,O (380 mV for saturated
water vapor) and essentially no change of V... for N,, xylene
and CO,, see Figure S19 (Supporting Information). In addition,
the transfer curves of several tested devices of pristine GFETSs,
i.e., the used substrates (with bottom-gate electrode), and of the
IL@SURMOF/GFETs (with top-gate electrode) are shown for
comparison in Figures S22 and S23 (Supporting Information).
For different devices of the same type, the curves show only a
small variation with slightly different Dirac points.

Comparing the transfer curves of the pristine GFET (Figure
S5, Supporting Information) and of the IL@SURMOF/GFET
(Figure S19, Supporting Information) shows that the conduction
and on-off ratio decrease somewhat (roughly by a factor 2) by the
functionalization of the graphene with the IL@SURMOF film.
However, more important than the small decrease in channel
conductance is the gained significant enhancement in function-
ality, including ion-gating and working at low voltage as well as
making a sensor with a high selectivity and sensitivity.

3. Conclusion

A solid-state ion-gated GFET is presented based on nanoporous
MOF films with embedded ionic liquid in the pores grown on
graphene, which is functionalized with a polycyclic aromatic hy-
drocarbon, here 1-pyrenemethanol. The SURMOF films were
grown in a layer-by-layer fashion, yielding monolithic, crystalline,
and highly oriented thin films of homogeneous thickness. The
high quality of the IL@ SURMOF on the graphene substrate was
evidenced by X-ray diffraction, scanning electron microscopy,
and Raman spectroscopy. The top-gated IL@SURMOF/GFET
device showed excellent device performance with a clear Dirac
point, an On-Off ratio of 13, charge densities above 107! cm™2,
as well as electron and hole mobilities of #500 cm? V=1 s71. Due
to the porous nature of the SURMOF, the IL@ SURMOF/GFET
device showed a pronounced response to the gas atmosphere sur-
rounding the device. While the Dirac points showed no shifts or
only small positive shifts for analytes like carbon dioxide, argon,
xylene, n-hexane, n-pentane, or toluene, the voltage of the Dirac
point decreases substantially when exposed to water.

Our results demonstrate that IL@SURMOF/GFET devices
carry a huge potential for sensing applications. This novel de-
vice combines the advantages of both material classes: the out-
standing electronic properties of the 2D material graphene on
the one hand, and the wide tunability of MOFs as well as their
excellent selectivity in sensing applications on the other hand.
The introduced method to use polycyclic aromatic hydrocarbon
to functionalize the 2D material enables a controlled approach to
prepare such hybrid devices.

4. Experimental Section

Functionalization of Graphene, SURMOF Synthesis, and IL Loading: The
GFET substrates were purchased from Graphenea, Spain. The source
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and drain electrodes are made of gold. The graphene was deposited
on Si/SiO, substrates. The thicknesses of SiO, and Si are 90 nm and
525 um, respectively. The size of the graphene channel amounted to
20 um X 20 pm.

The GFETs were functionalized by immersion in a 3.6 mm 1-
pyrenemethanol solution in acetonitrile (ACN), following literature
directions.[**] The substrates were immersed in the solution for 1 h and
rinsed three times with ACN and dried in an N, stream. The SURMOF
films on the functionalized substrates were prepared with the LBL method,
previously discussed in detail.l”?] In the LBL synthesis, substrates were
alternatively exposed to ethanolic metal-node (here: T mm Cu-acetate)
and linker (here: 0.2 mm BTC, i.e., benzene-1,3,5-tricarboxylic acid) so-
lutions and the samples were cleaned with pure ethanol between each
exposure step. The SURMOFs on the substrates were grown by using a
spray method[’3] with 50 LBL synthesis cycles. The SURMOF samples
were loaded with IL by immersion in pure IL for 30 min.[4?] Before perform-
ing the electrical characterization, the excess ionic liquid was removed in
a strong N, stream.

Cu-acetate (>98%) and BTC (>98%) were purchased from Alpha Aesar,
IL (99.9%) from proionic (proionic.com).

XRDs were recorded in out-of-plane geometry using a Bruker D8 ad-
vanced diffractometer equipped with a position sensitive detector in 6-260
geometry. X-ray radiation with a wavelength of 0.154 nm was used.

All Raman spectroscopy measurements were carried out on the sam-
ples made on 90-nm SiO,/Si substrate under ambient conditions us-
ing a Bruker Senterra Raman microscope. A laser of 532 nm wavelength
with 2.5 mW power was used. Raman spectra of graphene and pyeren-
emethanol functionalized graphene were recorded at 50X magnification
and the spot size was ~5 um?. The SURMOF and IL loaded SURMOF
samples were measured at 20X magnification and a spot size of ~80 um?.
The data acquisition and spectra analysis were performed using Bruker
OPUS software 7.8. For all samples, the Raman spectra were recorded at
three different positions and their intensities were added. The spectra were
normalized with respect to the 2D peak of graphene.

Electrical Transport Measurements:  The transport properties of the fab-
ricated GFET device were measured using two Keithley source meter units
(SMUs), 2635B and 2450. For the measurements, the voltage between
source and drain electrode was applied using SMU 2536B and the cur-
rent was recorded. The gate bias was applied using SMU 2450 and the
current was recorded, verifying no leakage current.

For the electrical measurements, the sample was placed in a home-
built chamber. The gas atmosphere is controlled by purging the chamber
with nitrogen that can be enriched with different gas or vapor molecules.
p-xylene, n-hexane, n-pentane, toluene, and water vapors were realized by
the nitrogen flow passing through the wash bottle (i.e., bubbler) filled with
the respective liquids. In this way, vapor pressures close to the saturated
vapor pressure are realized.[”47°] The saturated vapor pressure are: p-
xylene (13.1 mbar), n-hexane (204.9 mbar), n-pentane (670 mbar), toluene
(28.8 mbar) and water (31.6 mbar). Water vapor with reduced concentra-
tion (10% relative humidity, 20% etc.) was prepared by mixing a pure ni-
trogen flow and a nitrogen flow enriched with the water vapor in differ-
ent ratios.l’®l Pure CO,, N,, and Ar gases were purged in the chamber
for creating a pure gas atmosphere (with a pressure of 1 atm). All the
measurements were carried out at room temperature (~295 K). Before the
measurements, the sample was equilibrated for 20 min in the new analyte
atmosphere, which is sufficient time for the analyte molecules to diffuse
to the graphene-IL@SURMOF interface.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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