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ABSTRACT: 

Direct growth of metal-organic frameworks (MOFs) on substrates is a prerequisite 

to incorporating them into functional platforms and microdevices. Nevertheless, 

available reports mostly rely on the solvent-based routes, typically altered from 

processes for powder synthesis which are obstacles to the nanofabrication. Besides, 

although few vapor-phase growth approaches were presented, the proposed 

procedures required multiple steps such as matrix deposition and post-conversion to 

obtain desired MOF films on substrates. Here, we demonstrate a steam-assisted 

chemical vapor deposition (CVD) method to directly synthesize highly crystalline 

ZIF-67 thin films at the temperature <125°C. With a slow deposition rate, the ZIF-67 

forms a highly oriented thin film on a c-plane sapphire substrate, indicating the 

growth is epitaxial. Furthermore, we demonstrate the integration of directly grown 

CVD ZIF-67 as the active material of chemiresistors onto microelectronic chips. The 

ZIF-67 chemiresistors exhibit responses to the gas molecules which are capable of 



diffusing into the cage of ZIF-67 at room temperature. The proposed synthesis 

method of ZIF-67 thin films is simple, scalable, cost-effective, and promising for 

numerous applications. 

Metal-organic frameworks (MOFs), a class of porous crystalline coordination polymers, 

are composed of metal ions joined by organic linkers to form one-, two-, or three-

dimensional structures.1-3 Owing to unique physical properties by designing modular 

construction of metal nodes and organic ligands, MOFs show the potential to enable 

technologies in a variety of fields including sensing,4,5 catalysis,6,7 and molecular 

sieving.8-10 Apart from these application fields, where MOFs are typically obtained as 

powder forms via established bulk synthetic approaches, more recent direction gradually 

targets the integration of MOFs into microelectronics, for instance, as active detecting 

layers, tunable conductors, low-k dielectrics and phosphor coatings.11 To further leverage 

the potential of MOFs in future electronic devices, the prerequisite is developing robust 

thin film deposition methods. To date, most reported processes for MOF deposition 

involve diverse solution environments such as liquid-phase epitaxy,12,13 spin coating,14,15 

and drop-casting,4 which are obstacles to microelectronic fabricating process owing to the 

difficulty of assembling MOFs on desired locations on substrates. Also, the solution may 

potentially lead to chemical contamination, corrosion, and pattern deformation. In 

contrast, gas-phase depositing technologies are highly compatible with established 

microfabrication.16 Ameloot and co-workers illustrated the first strategy based on the gas-

phase deposition.17 They adopted a combination of atomic layer deposition (ALD) and 

vapor-assisted conversion (VAC) to demonstrate the transformation of conformal ALD 

metal oxides into crystalline MOFs. Afterward, few groups reported the use of the ALD 

technique to grow amorphous metal-organic hybrid thin films and subsequently 

crystallize via post-heat treatments.18,19 The aforementioned works mostly involve two-

steps synthesis, the growth of precedent layers and post-converting treatments, which are 

time-consuming and incapable of in-situ controlling orientation, grain size, and surface 

morphologies. Besides, the ALD approach is limited to the carboxylic acid and analogue 

ligands likely due to the challenge of delivering other precursors in gas phases. Last, 

relatively high cost and slow deposition rate of ALD technology are not favorable for 



cost-effective fabrication.20 Here, we report a steam-assisted chemical vapor deposition 

(CVD) approach for directly producing ZIF-67 and associated zeolitic imidazolate 

frameworks (ZIFs) at the temperature ranging from 95˚C to 125˚C. The introduction of 

steam, as a mediator, thoroughly prompts the ZIF crystal ripening. Also, the 

straightforward deposition method enables the growth of highly oriented ZIF thin films 

by properly adjusting the growth parameters. Meanwhile, we prove that the steam-

assisted CVD is a microelectronics-compatible route by demonstrating the fabrication of 

miniature ZIF-67 chemiresistors based on as-grown ZIF-67 films on chips using 

conventional microfabrication processes. The ZIF-67 chemiresistors exhibit response to 

the molecules with hydrogen bonding in ambient conditions. The corresponding sensing 

mechanism is elaborated as well. The proposed steam-assisted CVD approach not only 

opens new avenues to explore various MOFs but also expedite the integration of MOF 

materials in microelectronics for related applications. 

 

We select the commercially available cobalt(II) acetylacetonate [Co(acac)2] and 2-

methylimidazole (2-MIM) serving as the metal precursor and ligand  (Figure 1a) to demonstrate 

the growth of ZIF-67 on substrates. Compared to other metal sources, Co(acac)2 can be easily 

vaporized at 55~130˚C, and it is thermally stable, which allows the steady supply to the CVD 

reaction zone.21 Figure 1b depicts the synthesis route of ZIF-67, which involves the coordination 

of deprotonated 2-MIM with Co2+, based on the nets of CoN4 tetrahedra (Figure 1c).22 Figure 1d 

and Figure S1 schematically illustrate the gaseous deposition process and experimental setup for 

growing ZIF-67 thin film by the steam-assisted reaction of Co(acac)2 and 2-MIM in a hot-wall 

CVD chamber (More details are elaborated in Experimental Section, Supporting Information). 

The as-grown ZIF-67 thin film on c-sapphire substrates is purple, as shown in the round inset of 

Figure 1d. The scanning electron microscopy (SEM) images in Figure 2a and 2b reveal the 

highly crystalline morphology of the as-deposited ZIF-67 crystals, which were resulted from the 

low-growth rate deposition. Through extending the deposition time or applying repeated growth, 

the separate islands gradually merge into a uniform and high-surface-coverage layer as shown in 

Figure 2c and 2e. On the contrary, the high-growth rate could result in a dense but rugged ZIF-67 

thin film (Figure 2d and 2f). The films obtained by our CVD method were studied with X-ray 

diffraction (XRD)  which clearly indicates the formation of highly crystalline ZIF-67 with 



orientation control depending on the growth rate (Figure 3a).4,22 Interestingly, compared to the 

diffraction pattern of the randomly oriented sample (red, high-growth rate), the sample was 

obtained under a low-growth rate (Figure 2e, blue) reveals only predominant (002), (004) and 

(006) peaks (Figure S2), which represents a high degree of [001] crystallite orientation alignment 

normal to the c-sapphire surface.13 In addition, the in-plane XRD pattern (Figure S3) shows only 

(110) and (200) peaks, which supports the proposed orientation alignment.23 These observations 

agree well with the above SEM observations, and the results suggest that the slow deposition of 

ZIF-67 on sapphire exhibits the epitaxial nature. 

 

To further confirm the formation of ZIF-67 as illustrated in Figure 1b, Fourier-transform infrared 

spectroscopy (FTIR) was performed. The absorption peak at 431 cm-1 in Figure 3b is attributed 

to the Co－N stretching, which proves that cobalt(II) ions form coordination bonds with 2-

MIM.24 The resonance between the N－H stretching mode and the N－H···N “out-of-plane” 

bending mode at 184 cm-1 completely disappears in the spectrum of the ZIF-67 product, which 

suggests the presence of the linker in its deprotonated 2-MIM form, corresponding to its 

incorporation in the ZIF-67 framework.24 Meanwhile, the intensity of the C＝N stretching mode 

at 1588 cm-1 in 2-MIM is significantly suppressed, further proving the existence of the Co－N 

bond.25 Also, X-ray photoelectron spectroscopy (XPS) provides the bonding information of as-

grown ZIF-67 (Figure S4). The Co 2p 3/2 peaks can be extracted into two constituents, the peak 

of Co-Nx at 781.2 eV and its satellite peaks.26 In N 1s peak, the dominance of non-protonated 

nitrogen peak (~97%) suggests that the pyrrole nitrogen (－NH－ ) in 2-MIM has been 

deprotonated and connected to cobalt.9 These results suggest that the ZIF-67 thin film is 

successfully obtained by the steam-assisted CVD approach. Likewise, several other MOF 

materials such as zinc(II) 2-methylimidazolate or benzimidazolate can also be grown with the 

proposed growth approach (Figure S5 and S6), which demonstrates the general applicability of 

this steam-assisted CVD method. 

 

Control over the MOF crystal architecture in films is crucial for expanding the scope of their 

application. For example, the oriented thin film provides aligned accessible pores to enhance 

selectivity in the separation technology13 or serve as on-chip molecular confining templates for 



precise molecular engineering.27 On the other hand, the irregular thin film morphology has a 

larger surface area to absorb targeted species28 or increase reacting sites.29 The competitive 

advantage of direct vapor deposition is that via adjusting the precursor supplying rate and 

reaction temperature, we can directly alter the rate of nucleation and crystal growth which 

practically affect the orientation of the MOF crystals.13 It is noteworthy that preceding vapor-

growth schemes involve the post-conversion of metallic matrixes to crystalline MOFs,17-19 which 

may not lead to epitaxial growth for crystal orientation allignment. Besides, although parts of the 

solution-based approach have achieved crystal geometry control, these works require either 

substrate-modification or participation of specific modulators in the processes to make nuclei 

able to locate at energy favorable sites.13,30 

 

Notably, the presence of water steam plays an essential role in the reaction. Without water steam, 

the product was merely an indigo-colored coating covering on the substrate (Figure S7a and 

S7b). The XRD analysis confirms that the indigo coating lacks apparent crystallinity (Figure 

S7c). However, attenuated total reflection Fourier-transform infrared spectroscopy (ATR-FTIR) 

shows that both samples (grown with and without water steam) present similar patterns in the 

fingerprint region (Figure S7d), which indicates the indigo-colored coating contains resembled 

chemical bonds with ZIF-67.24 Furthermore, two additional bands can be identified in the spectra 

of the indigo-colored coating. 1517 cm-1 represents the combination of 50% C＝O stretching and 

50% C－H in-plane bending modes, and the small absorption peak at 931 cm-1 is assigned to the 

coupling of C－O stretching and C－CH3 stretching.31 Each band is predominant absorption 

peak of metal acetylacetonate,31 which further suggests fractional acetylacetonate anions still 

chelate with cobalt atoms in the indigo-colored coating. Hence, the composite resulting from the 

condition without water vapor supply is an amorphous coordination complex. To further confirm 

the role of steam to the ZIF-67 formation, we selected another two solvents (methanol and 

ethanol) commonly used to synthesize ZIF-67 in solutions, for comparison.32 We kept the growth 

conditions including temperature, gas flow, steam pressure, and reaction time, the same as those 

used with steam. Interestingly, the samples grown under methanol or ethanol steam show similar 

indigo-color as mentioned above (Figure S8a). Through optical microscopy, we merely observed 

a few crystals formed on the substrate surface (Figure S8b). Moreover, the ZIF-67 characteristic 

peak in X-ray diffraction patterns is relatively weaker for the methanol and ethanol cases (Figure 



S8c). The yields of ZIF-67 in either methanol or ethanol steam were much lower than the yields 

in the water steam. Consequently, the above observations make us infer that the solvent steam 

should be capable of directing the structure formation of ZIF-67; i.e., the solvents render 

molecules such as ligands and metal ions mobile to enable crystal ripening.17 Also, water steam 

may further facilitate the deprotonation of the ligands as well as the hydration of the metal 

precursors to provide kinetically accessible pathways for the ZIF-67 growth.33  

 

As the typical porous materials, ZIF-67 shows a high Langmuir surface area of 1832.2 m2g-1; 

also, it exhibits high ambient stability and a relatively low bandgap (1.98 eV) which provides 

certain electrical conductivity.4 Hence, with the capability of direct growing ZIF-67, we chose 

ZIF-67 as the active material to demonstrate a chemiresistor using typical microfabrication 

processes (as shown in Figure 4a). After the patterning of interdigital metal electrodes, the active 

region of the chemiresistor was further defined by photolithography. Afterward, the ZIF-67 is 

deposited by the steam-assisted CVD approach. The final lift-off the photoresists defines the 

sensing active area with ZIF-67 on it.  Note that to obtain a larger surface area for perceiving 

analyte, deposition in a high-growth rate was adopted for achieving randomly oriented ZIF-67 

thin films. Figure 4b and 4c show the optical image of interdigital electrodes before/after the 

depositing process. In clear contrast, conventional approaches to prepare ZIF-based sensor 

devices should require the preparation of ZIF powders in solutions ahead and then the deposition 

of  ZIF crystals on electrodes by either drop-casting or spin-coating of the MOF suspension, 

which results in poor crystal-crystal contact and crystal-substrate adhesion.11 Moreover, as 

further scaling down the device dimension or depositing on the high-aspect-ratio surface, 

solution casting methods shall be hampered by the capillary effect.17 As a result, compared with 

the conventional solution-phase methods, vapor CVD synthesis provides a more elaborate and 

efficient route to integrate MOF materials into compact electronic devices.  

 

To investigate the actual performances of the ZIF-67 chemiresistor, we first measure the output 

characteristics of the sensor device in the environments with various relative humidities (R.H.). 

As specified in Figure 5a, the output current gradually increases with the R.H. value in the 

testing chamber. Furthermore, the output current curve (applied voltage = 10V) of the sensor 

shows a proper exponential relationship to the R.H. value (Figure 5b). This phenomenon should 



result from water-mediated proton conducting, i.e., Grotthuss mechanism; specifically, the 

absorbed water molecules develop hydrogen-bonding networks that serve as proton conduction 

pathways (Figure 5c).34 Hence, the higher ambient R.H. indicates that more proton conduction 

pathways are created in the structure of the framework, leading to higher conductance. Note that 

the electrical output characteristics of the indigo-colored layer were performed as well. However, 

due to the amorphous nature, it shows no obvious conductance in our detection limitation. In 

addition to moisture, the ZIF-67 chemiresistor shows various current responses to several 

selected solvent vapors and gases (Figure S9). Figure 5c summarizes the corresponding 

sensitivity of tested gases individually. Note that the sensitivity in this work is defined as 

Sensitivity=log (Gt/Ga), where Gt and Ga are the electrical conductance of the chemiresistor in 

the tested gas and the reference ambient air (25˚C, 1 atm, 45% R.H., Ga=1.08×10-10 S), 

respectively. It is noticeable that the sensor shows similar responses when water (H2O), methanol 

(MeOH), and ethanol (EtOH) vapors are supplied because these vapors are capable of promoting 

the conductance of the ZIF-67 via developing hydrogen-bonding networks in the framework. In 

contrast, other tested gases, which are lacking the ability to form hydrogen-bond, cause declines 

in the electrical conductance since these gas molecules replace indigenous moisture residing in 

the framework. However, isopropyl alcohol (IPA) exhibits unexpected responses during the test. 

Although IPA molecules indeed have the capacity for forming hydrogen-bond, the large kinetic 

diameter (dk) of IPA (4.9 Å) might limit its diffusivity into the cage of ZIF-67 (pore size: 11.6 Å, 

pore aperture: 3.4 Å).22,35 Instead, molecules of the carrier gas (nitrogen, dk = 3.6 Å) can 

penetrate the cage of ZIF-67 with ease and then break the proton conduction pathways.36 Also, 

the clear difference of the sensitivity between methanol (dk = 3.6 Å) and ethanol (dk = 4.5 Å) 

does suggest the presence of size-dependent diffusivity.37 Figure S10a shows the typical dynamic 

response of the ZIF-67 sensor to different concentrations of methanol. Notably, the conductance 

recovery time is relatively slow when applying high methanol concentrations. This phenomenon 

might be ascribed to the reason that the measurement was conducted at room temperature since 

the gas desorption rate is positively correlated with temperature.38 The minimum concentration 

of analytes was adopted in the gas sensing measurement is 100 ppm, and the ZIF-67 sensor did 

show a certain response (Figure S10b). 

 



In summary, a synthetic approach of common MOFs in vapor phase CVD has been 

achieved through the proposed steam-assisted method. It is concluded that the 

involvement of water steam plays a decisive role in triggering the vapor-phase reaction. 

By altering the rate of crystal growing and nucleation, the orientability of ZIF crystals can 

be realized. Additionally, a fully vapor-phase reaction environment and comparatively 

low-temperature growth conditions make this process highly compatible with well-

developed microfabrication in particularly the backend of line processes. Compared with 

recently emerged vapor-assisted conversion fashions, the proposed steam-assisted CVD 

approach paces further steps in the processing of MOF materials. We believe that steam-

assisted CVD could be further extended to a broad range of MOF through matching 

precursors and steam mediators. This work represents a visible nexus between the 

preparation of MOF thin films and advanced engineering that has brightening prospects to 

realize MOF-based microelectronics. 
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Figure 1.  Steam-assisted CVD synthesis of porous ZIF-67. (a) 2-Methylimidazole and 
Cobalt(II) acetylacetonate serve as the precursors in the CVD process. (b) Formation pathway of 
the growth of ZIF-67 crystals. (c) The tetrahedral unit of ZIF-67 is presented to illustrate the 
coordination environment of cobalt atoms.  (d) Schematic illustration for the process of steam-
assisted chemical vapor deposition of ZIF-67. The inset shows the photograph of a uniform ZIF-
67 thin film grown on a c-sapphire substrate. 

 



 
Figure 2.  Morphological characterizations of CVD ZIF-67. (a) SEM image of the as-grown 
ZIF-67 on a c-sapphire substrate. (b) 45 degree tilted SEM image of the as-grown ZIF-67 
crystals. Top-view and cross-section SEM images of compact ZIF-67 thin film grown on a c-
sapphire substrate under (c, e) low growth rate and (d, f) high growth rate, respectively. 

 



 
Figure 3.  Spectroscopic characterization of CVD ZIF-67. (a) The X-ray diffraction pattern of an 
as-grown ZIF-67 thin film with different growth rates (red & blue) and simulated pattern for 
ZIF-67 (black). Star marks represent the peaks from the c-sapphire substrate. (b) Full FTIR 
spectrum (red) of CVD ZIF-67 and corresponding zoom-in fingerprint region (blue). 



 
Figure 4.  ZIF-67 chemiresistor fabrication. (a) Schematic illustration of the preparation of ZIF-
67 chemiresistor. The optical image of interdigital electrodes (b) before ZIF-67 depositing and (c) 
after ZIF-67 depositing. 

 



 
Figure 5.  Chemiresistive gas sensor enabled by CVD ZIF-67. (a) Output characteristics of the 
CVD ZIF-67 chemiresistor at various humidity conditions.  (b) Dependence of current on the 
relative humidity of the chemiresistor obtained from CVD ZIF-67 at room temperature and 10V. 
The dots represent the measured data; the red dashed line shows an exponential fit for 
interpolation. (c) Schematic illustration of protons tunneling across a series of hydrogen bonds 
between water molecules. (d) The sensitivity of CVD ZIF-67 chemiresistor to a variety of gases 
at ambient condition. 

 

 

 



Table of contents: A steam-aided chemical vapor deposition approach for directly producing 
zeolitic imidazolate frameworks (ZIFs) is demonstrated. The introduction of solvent steam, as a 
mediator, thoroughly prompts ZIF crystal ripening. The approach not only opens new avenues to 
explore various metal-organic frameworks (MOFs) preparing ways but also expedites the 
integration of related materials in nanofabrication. 
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