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Abstract

A gas-phase technique, known as chemical vapor deposition of metal-organic frameworks (MOF-
CVD), is used for sensitizing silicon cantilevers. These cantilevers are coated with a uniform and
compact Zn(Etlm). (MAF-6) film, enabling the detection of volatile organic compounds (VOCs)
through a change in the resonance frequency of the cantilever. The MOF-coated sensor exhibits
remarkable sensitivity to VOCs within the 0.33 to 0.71 Hz/ppm range, and a limit of detection (LOD)
spanning from 4 to 9 ppb. Notably, these sensitivities surpass those achieved by ZnO-coated cantilevers
by two orders of magnitude. This high sensitivity is attributed to the high porosity and large surface
area of MAF-6. The approach employed in this work is compatible with conventional microfabrication

techniques and offers an advantageous avenue for the development of highly sensitive gas sensors.
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1. Introduction

Volatile organic compounds (VOCSs) are organic pollutants that are hazardous to the environment and
human health. Monitoring and reducing VOC levels can improve indoor air quality and prevent
negative health effects. Therefore, developing VOC sensors with high sensitivity, selectivity, low

power consumption, and cost-effective manufacturing is crucial.

Metal-organic frameworks (MOFs) are a type of hybrid nanoporous crystalline materials. Zeolite

imidazole frameworks (ZIFs) are MOFs where metals with tetrahedral coordination (i.e., Zn, Co, Fe,

Cu) occupy the central node and the ligands are imidazolate-based organic molecules. ZIFs are

promising for gas-sensing applications as they have a large surface area, high porosity, adjustable pore
1



size, and excellent selective adsorption capability for various gasses [1]. However, since ZIFs generally
exhibit poor electrical conductivity, their application as the gas-sensing layer in conventional
chemiresistive sensors is challenging. Therefore, these materials should be combined with conductive
materials to form heterostructures and improve sensing performance [2][3]. These techniques can be

complicated and challenging [4].

One possible approach to overcome this problem is using gravimetric transducers as a gas-sensing
platform, such as microcantilevers, where the signal is generated based on the mass-change effect
induced by gas adsorption. Microcantilevers are promising gravimetric transducers with high
sensitivity and fast response [5]. The surface of the cantilever is generally coated with a sensing layer
and the cantilever responds to analytes by either deflection (static mode) or a resonance frequency shift
(dynamic mode).

Cantilevers have been sensitized by MOFs through direct solvothermal synthesis [6][7], or inkjet
printing [8][9]. These techniques rely on solvothermal protocols and powder preparation routes which
are not compatible with conventional microfabrication [10]. Recently, a new vapor-phase approach,
called MOF-CVD, has been introduced, in which an oxide thin film is first deposited on a substrate via
an established process, such as atomic layer deposition (ALD), and then the oxide is transformed into
a MOF by exposing it to the vapor of an organic ligand. This technique is cleanroom compatible and

enables the integration of MOF materials in microelectronic devices [11][12][13].

In this study, we employed the MOF-CVD technique to sensitize a silicon cantilever with a compact
and uniform zinc 2-ethylimidazolate (Zn(Etlm).) thin film for VOC sensing. Unlike the organic linker
in ZIF-8 (2-methylimidazolate), a commonly used gas-sensitive material, the organic linker in this
MOF is less toxic, poses fewer safety concerns, and is easier to evaporate. To assess its performance,
we conducted a comparative analysis with a cantilever sensitized with a ZnO thin film, considering the
widespread use of ZnO as a gas sensing material [14]. Notably, our MOF-based device exhibited
remarkable sensitivity to organic molecules (0.33 to 0.71 Hz/ppm range), with a detection limit in the
range 4 to 9 ppb, surpassing the achieved with ZnO-coated cantilevers by two orders of magnitude.

2. Experimental Section

Microcantilever sensors. OCTOSENSIS dynamic-mode silicon cantilevers containing eight
cantilevers per chip were purchased from Micromotive MIKROTECHNIK (Figure S1 (a)). The
cantilever dimensions are L = 500 + 4 um, W =90 &+ 2 um, and H = 5 £ 0.3 um. The first three natural

frequencies of the cantilevers operated in the bending mode are shown in Figure S1 (b).



ZnO deposition. ZnO was deposited using a homemade atmospheric-pressure spatial atomic layer
deposition (AP-SALD) system equipped with a close-proximity gas injection head. Diethyl zinc
(Aldrich) and deionized water were used as the metal and oxygen precursors, respectively, and nitrogen
as the carrier gas. The precursor was bubbled and transported to the gas injector through a pure nitrogen
flow (23 sccm). At the exit of the bubblers, another nitrogen flow (127 sccm), also called the dilution
flow, was employed to regulate the concentration of the precursor in the gas phase. Similarly, the values
used for carrying water vapor to the substrate surface were 45 sccm and 255 sccm for bubbling and the
dilution, respectively. The nitrogen flow in each purging channel was kept at 150 sccm. The head was
placed at 150 um from the substrate, which was oscillated underneath at a speed of 30 cm.s™!. The
substrate temperature was maintained at 200 °C during film deposition; more details about the AP-
SALD technique are reported elsewhere [15][16].

Synthesis of MOF. Zn(Etlm), was synthesized through the MOF-CVD approach. The ZnO-coated
substrates and cantilevers were positioned in a Pyrex bottle as the reaction system (Figure 1). 0.034 g
of 2-ethylimidazole powder (98%, Thermo Scientific Chemicals) as the organic linker was placed at
the bottom of the bottle. A small vessel containing 10 ml of water as the template was placed inside the
bottle, separated from the linker. The reaction system was closed and placed inside an oven at 140 °C
for 90 min to convert ZnO to MOF. Characterizations and gas sensing measurements were conducted

on as-prepared samples without activation.

Characterization. Grazing incident x-ray diffraction (GI-XRD) patterns were obtained using a
PANalytical X’pert Pro MRD diffractometer with a Cu Ka source (1.54 A) at an incident angle of
®=1°. Surface morphologies were studied by field-emission scanning electron microscopy (FE-SEM,
JOEL JSM 7200-F) and atomic force microscopy (AFM, Bruker Dimension FastScan).

Experimental setup. The chip was clamped to a piezoelectric actuator (Bruker DCHNM probe holder)
and the device was excited by AC voltage. The vibration of the cantilever was measured by optical
vibrometry (Polytec OFV 3001), whereby a laser beam was focused on the cantilever tip through a
microscope with a 20x objective lens. The drive voltage and detection signals were supplied and
controlled by a lock-in amplifier (Zurich Instruments HF2LI). The phase between the input and output
signals was locked at the resonance of the second out-of-plane flexural mode and its frequency shift
was monitored in real-time through the Phase-Locked Loop (PLL) built-in circuitry of the HF2LI. The
chip was placed in a custom-made test chamber equipped with an optical window, a gas inlet and a gas
outlet. Gas vapors were generated by passing a carrier gas (nitrogen) through a bubbler containing a
liquid sample. The passage of nitrogen helped to evaporate the liquid. The total flow entering the test

chamber was maintained at a constant value of 200 sccm throughout the experiment. The bubbler and



dilution flow rates were controlled by mass flow controllers (MFCs). The methodology for determining
analyte concentration is detailed in the supplementary information. Figure S2 shows a schematic

representation of the experimental setup.

3. Results and discussion

The GI-XRD pattern of the MOF grown from a 30 nm thick ZnO coating on a silicon substrate is shown
in Figure 2. The peaks observed between 5° to 20° match the simulated pattern of Zn(Etlm). with RHO
topology (CSD Ref. Code: MECWOH). This MOF, known as MAF-6 in literature, is composed of
tetrahedrally coordinated zinc cation centers, bridged by 2-ethylimidazole linker [17][18]. The main
peaks between 30° to 40° correspond to the diffraction planes (100), (002), and (101) of ZnO, indicating
the presence of residual ZnO underneath the MOF due to incomplete conversion. The presence of
residual ZnO is commonly observed when its thickness exceeds a certain threshold [13]. However, it

is important to note that gas sensing primarily occurs at the surface, which in this case is the MOF.

Achieving effective sensitization of microcantilevers with MOF requires optimizing the reaction
conditions in advance. The sensitivity of microcantilever sensors is inversely proportional to their
effective mass [19], and adding ZnO to the microcantilevers, followed by its conversion to MOF,
increases their overall mass. Therefore, it is necessary to keep the thickness of the ZnO sacrificial layer
at a minimum to prevent excessive mass addition to the sensors. On the other hand, an insufficient ZnO
layer can cause non-uniform MOF film growth due to faster ZnO depletion and earlier crystallite
ripening [13]. To identify the thinnest ZnO layer that could lead to uniform MOF formation, different
thicknesses of ZnO were deposited on silicon substrates and converted to MOF. Figure 3 presents the
surface morphology of ZnO sacrificial layers ranging from 10 to 30 nm and their corresponding MOF
structures. The polycrystalline ZnO film has a grain morphology that evolves with thickness, where the
thicker film has larger ZnO crystals. The deposition of 10 nm of ZnO leads to scattered MOF crystals
on the substrate, while thicker oxide films provide more Zn species for the chemical reaction, causing
the crystals to combine and form a uniform and compact MOF film. The results indicate that a 30 nm
ZnO layer is suitable for cantilever functionalization. Nevertheless, based on the GI-XRD pattern
(Figure 2), residual ZnO may be present beneath the MOF, which may influence the mechanical
properties of the cantilever, such as its Young’s modulus and structural damping. Consequently, this
may affect the cantilever’s natural frequency and quality factor, warranting further optimization of
reaction temperature and duration. I. Stassen et al.[11] were able to achieve a continuous MOF without
any residual ZnO by transforming a ZnO film with a thickness of less than 10 nm. However, it is
important to consider that the organic linker used in their study, as well as their temperature and reaction

duration, may not be identical to the conditions employed in this particular work. According to AFM



images, the ZnO and MOF surface roughness is 5.6 nm and 60 nm, respectively (Figure 4). Cross-
sectional SEM images show that the thickness of the MOF on silicon is approximately 0.5 um (Figure
S3).

Figure 5 shows a silicon cantilever (Figure 5 (a)) coated with 30 nm of ZnO (Figure 5 (b)) and
subsequently converted to MOF (Figure 5 (c)). AP-SALD exposes all surfaces of the cantilevers to
precursors, resulting in a conformal growth of ZnQO, i.e. on all sides of the beam. Likewise, due to the
gas-phase nature of the MOF-CVD process, all surfaces of the cantilever will be coated with MOF.
This provides more surface area for gas adsorption. Furthermore, the conversion of ZnO to MOF results
in a substantial thickness increase (as shown in Figure S3), which might induce surface tension and
lead to the bending of the cantilever, if coated only on one side of it. Growing MOF uniformly on all
sides of the cantilever can compensate for the surface tension and prevent the beam from bending.
While this approach may alter the stiffness and mass of the cantilever, our measurements show that the
frequency shifts between the silicon and the MOF-coated cantilevers were minimal, less than 1 kHz.
This indicates that eventual changes in stiffness are also minimal.

The ZnO-coated and MOF-coated microcantilevers described above were deployed as gas sensors. In
order to achieve higher mass sensitivity, the sensors were set to exploit the frequency shift of the second
bending mode [20][21]. We identified the resonant frequency of that mode by sweeping the excitation
frequency up in the vicinity of the natural frequency measured above while holding the amplitude
constant at 0.5 V. The amplitude and phase of the measured voltage are depicted in Figure S4. They
show that the resonant frequencies in air were f, =164.89 kHz for the ZnO sensor and f, =164.06 kHz
for the MOF sensor.

The PLL of the lock-in amplifier was used to lock the sensor response at the resonant phase
corresponding to f,. The lock-in amplifier was then used to measure the frequency shift of that phase
angle for both sensors as they were exposed to various environments. Figure 6 displays the real-time
frequency shift when exposed to acetone, ethanol, isopropanol, and humidity. The shift is measured
with respect to a baseline (reference) resonant frequency measured after the test chamber was purged
with nitrogen and the sensor allowed to come to equilibrium with the nitrogen environment. Upon
introducing each of the gas analytes into the chamber, the resonant frequency decreased monotonically
with time until it reached equilibrium. The measurements were conducted across multiple cantilevers

to validate the observed trend and ensure reproducibility.

The frequency shifts directly correlate with analyte concentration, wherein higher concentrations yield

larger shifts. After purging the test chamber with nitrogen, the frequency shift reverts to zero. The MOF



sensors demonstrated larger frequency shifts and higher sensitivity to lower analyte concentrations than

the ZnO sensors. Notably, the ZnO sensors exhibited minimal sensitivity to humidity.

The oscillator's frequency, governed by f=V(k/m), can decrease due to changes in stiffness or mass. The
observed drop in frequency is due to increased mass as the analyte adsorbs on the cantilever. It may
also be a result of a drop in stiffness due to changes in material properties in the presence of the analyte
[19]. The response time (ts) and the recovery time (t.c), measured as the time to reach 90% of final
and initial values, respectively, (Figure S5) [22][23] are listed in Table 1 for each analyte. The measured
response and recovery times combined with the consistency of the baseline across multiple sensing
cycles, indicate that physisorption is the predominant process based on van der Waals interaction and
is completely reversible, while chemisorption has no or minimal effect. The increased length of tes for
the MOF sensor can be attributed to the presence of a larger number of available adsorption sites for
analytes on the MOF surface. As a result, it takes a longer time for the analyte to saturate the surface.
However, it is important to note that both tes and t.c values are estimates and can be influenced by

experimental procedures and conditions.

The sensors' responsivities were determined by plotting the frequency shift versus analyte concentration
(Figure 7). The MOF sensors displayed high sensitivity to VOCs (with responsivities in the range of
0.33-0.71 Hz/ppm), exhibiting no clear selectivity among the VOCs but low sensitivity to humidity
(0.02 Hz/ppm). Comparing these values with those for the ZnO sensors (Figure 7(a) and Table 1)
highlights a remarkable improvement in sensitivity (by 80 to 250 times) due to the transformation of
ZnO to MAF-6.

MAF-6 is a highly porous material with a large surface area, providing numerous adsorption sites.
Previous studies have reported that the aperture size and pore size of MAF-6 is 7.1-7.6 A and 18.1-18.8
A, respectively, as determined through experiments and simulation [13][24]. These dimensions are
larger than the molecular sizes of the analytes under test, indicating that MAF-6 can effectively
accommodate a wide range of analytes of various sizes, resulting in superior sensitivity compared to
ZnO. Several factors influence sensitivity, including the polarity of bonds, size of analyte molecules,
and density of available active sites [25]. Since mass change is an important factor in inertial sensing,
it is expected that isopropanol had the highest responsivity since its molecules are heavier than the other
analytes. Similarly, acetone, which has a higher molar mass than ethanol, exhibits higher responsivity
in the ZnO sensors. On the other hand, the responsivity of the MOF sensors to ethanol was slightly
higher than that to acetone. This may be attributed to the smaller size of ethanol molecules facilitating
their diffusion into the pores of the MOF or changes in the stiffness of the sensor material. These results

show that in addition to showing a higher responsivity and lower LOD, MOF cantilever sensors may



offer additional approaches towards selectivity through the different diffusion and interaction

mechanisms of different analytes with the MOF, and thus deserve further studies.

The calculated responsivity of both the ZnO- and MOF-coated cantilevers to humidity is significantly
lower than that observed for the other analytes. While a lower sensitivity to humidity is expected due

to water’s lower molecular mass, the observed values are much lower than anticipated.

The limit of detection (LOD), the lowest concentration of an analyte that can be accurately detected, is
a function of the sensor responsivity (R) and background noise (LOD = 3“%:“) [26]. Given a

measured noise floor of Afqeise =0.001 Hz (Figure S6), the LODs of the sensors were calculated as listed
in Table 1. The LOD of MOF sensors for VOCs is in the parts per billion (ppb) range, which is three
orders of magnitude better than that of the ZnO sensor. A comparison of inertial sensors in which MOFs
are utilized as the sensing material is presented in Table 2. The MOF sensors demonstrated in this work
have the lowest LOD. However, the performance of a cantilever-based sensor is influenced by multiple
factors beyond just the sensing material, such as cantilever dimensions, sensor actuation, read-out
scheme, and system noise. A precise comparison between MAF-6 and other MOFs would require
conducting experiments under identical conditions, providing a promising avenue for future

investigations.

4. Conclusions

In conclusion, the MOF-CVD approach was utilized to sensitize silicon cantilevers with a MOF as a
sensing layer for the detection of VOCs, and the sensing performance was compared with cantilevers
sensitized with a ZnO thin film. The MOF-coated sensor exhibited superior sensitivity to VOCSs, with
LODs in the range of ppb, thanks to the high porosity and large surface area of MAF-6. We hypothesize
that the initial resonance frequency measurements conducted under vacuum conditions may have
facilitated the activation of the MOF by removing excess molecules from the pores. Thermal activation
of MAF-6 could yield even more promising gas-sensing results, remaining for future exploration. The
sensitivities can be further improved by reducing the dimensions of the microcantilever and enhancing
the actuation and read-out scheme. This technique is solvent-free and compatible with conventional
microfabrication processes, making it a promising candidate for the fabrication of highly sensitive gas

SEensors.

Supplementary Material



See the supplementary materials for additional information, including experimental setup details, cross-
section SEM images, natural frequency measurements, analyte concentration calculations, and system

noise and LOD estimations.
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Figure 1. Schematic representation of sensitization of cantilevers with Zn(Etlm), through MOF-CVD process. A
silicon cantilever (a) is coated with 30 nm of ZnO by atmospheric-pressure spatial atomic layer deposition (AP-
SALD (b). Then the cantilever is placed in a bottle with 2-ethylimidazole and H,O (c). The reaction takes place
at 140 °C for 90 min, and ZnO converts to MOF on the surface of the cantilever (d).
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Figure 2. GI-XRD pattern obtained from the MOF (red) which was transformed from 30 nm of ZnO on a silicon
substrate. Reference patterns of ZnO (yellow, COD number: 96-900-4180), and RHO-Zn(EtIm), (blue, CSD Ref.
Code: MECWOH). The inset depicts the crystal structure of RHO-Zn(EtIm)s..



Figure 3. SEM images of (a) 10 nm, (b) 20 nm, and (c) 30 nm of ZnO (left) transformed to MOF (right). The
reaction duration and temperature are 90 min and 140 °C, respectively.
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Figure 4. AFM images of (a) 30 nm ZnO (b) transformed to MOF.

Figure 5. SEM images of (a) an uncoated silicon microcantilever, and the edge of the microcantilever (b) coated
with 30 nm of ZnO and (c) transformed to MOF.
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Figure 6. Frequency shift over time of the ZnO and MOF sensors in response to the injection of different ppm
of (a) acetone, (b) ethanol, (c) isopropanol, and (d) humidity followed by respective purges.
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Figure 7. The frequency shifts of the (a) ZnO and (b) MOF sensors versus analyte concentrations.



Table 1. Summary of gas sensing results for the MOF-coated and ZnO-coated sensors.

Analyte
(Size,
molar

mass)

MOF

Zn0O

Responsivit

y (Hz/ppm)

Response/R
ecovery

time (s)

Limit of
detection

(ppm)

Responsivit

y (Hz/ppm)

Response/R
ecovery

time (s)

Limit of
detection

(ppm)

Acetone
(4.6 A,
58.08
g/mol)

0.33

1757185

0.0091

3.2x10°%

85/90

1.3

Ethanol
(45 A,
46.07
g/mol)

0.49

120/ 125

0.0051

1.8 x10°®

85/55

1.6

Isopropanol
@7A
60.1 g/mol)

0.71

66 /76

0.0042

6.7 x103

140/120

0.5

Humidity
(2.75 A,
18.01
g/mol)

0.02

69 /88

0.15

6.7 x10°




Table 2. Comparison of gravimetric sensors in which MOFs are utilized as the sensing material.

Fabrication tres
Ref. MOF Device type Analyte Responsivity LOD
method Trec
120 -
Acetone,
This Cantilever 0.33-0.71 180 s 4-9
MAF-6 MOF-CVD ethanol,
work (dynamic) Hz/ppm 120 - ppb
isopropanol
180 s
10—
Cantilever Methanol, 100s
[6] ZIF-8 Solvothermal (static and ethanol, 1- - 100 - N/A
dynamic) propanol >1000
S
1-30
Membrane-type
ZIF-7,8, S 0.1-30
[27] Inkjet printing surface stress Various VOCs N/A
65,71 10-30 ppm
Sensor (MSS)
s
Cantilever 108 s 1.4
[8] MOF-5 Inkjet printing Aniline 0.1-0.5 Hz/ppm
(dynamic) N/A ppm
200 -
400s
Cantilever 400
[28] HKUST Micro-plotting Xylene 0.1-2.3Hz/ppm 400 -
(dynamic) ppb
>1500
s
Solution 0.01-1.44 x 10
[29] ZIF-8 QCM; SAW CO2, CH4 N/A N/A
processing vol%
Double-clamped COo, 2- 10 - 15
[30] ZIF-69 Drop casting 0.15-35
resonator propanol 100s ppm




