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ABSTRACT: Crystalline coordination polymers with high electrical conductivities and charge carrier mobilities might open new opportunities 
for electronic devices. However, current solvent-based synthesis methods hinder compatibility with microfabrication standards. Here, we de-
scribe a solvent-free chemical vapor deposition method to prepare high-quality films of the two dimensional conjugated coordination polymer 
Cu-BHT (BHT = benzenehexanothiolate). This approach involves the conversion of a metal oxide precursor into Cu-BHT nanofilms with a 
controllable thickness (20-85 nm) and low roughness (< 10 nm) through exposure to the vaporized organic linker. Moreover, the restricted 
metal ion mobility during the vapor-solid reaction enables high-resolution patterning via both bottom-up lithography, including the fabrication 
of micron-sized Hall bar and electrode patterns to accurately evaluate the conductivity and mobility values of the Cu-BHT films. 

INTRODUCTION 

Metal-organic graphene analogs (MOGs), are a novel subclass of 
layered materials that is gaining interest in electronics and mag-
netism.1–4 These conductive materials consist of planar aromatic lig-
ands and transition metal ions, resulting in conjugated hexagonal 
honeycomb, square, rhombic, or Kagome 2D lattices, thus including 
both porous metal-organic frameworks (MOFs) and non-porous 
coordination polymers (CPs). Their versatile electronic and mag-
netic properties, modulable by downsizing into the single- or few-
layer regime,5–7 have been used in a plethora of sensors,8–10 field-ef-
fect transistors,11,12 photodetectors,13 spin vales,14 solar cells15, and 
even energy storage devices.16  

Integration of MOGs into functional devices will require suitable 
processing methodologies. However, only a limited number of stud-
ies report the patterning of MOG films thus far, usually with poor 
resolution and pattern fidelity.17,18 Additionally, robust thin film dep-
osition methods are key in providing control over the material prop-
erties and ensuring standardization.19,20 Yet, current solution-based 
methods to produce MOGs thin films lack control over nucleation 
and crystal growth, and the resulting coatings are typically rough and 
far from pinhole-free. Apart from particle contamination due to ho-
mogeneous nucleation, solution-based synthesis methods can lead 
to corrosion due to metal salts and surface-tension-related issues.19 
Chemical vapor deposition (CVD) of MOFs and CPs is a solvent-
free methodology that avoids these problems by reacting a metal-

containing precursor film with a ligand in the vapor phase to yield 
the desired material.21,22 This technique was pioneered for zeolitic 
imidazolate frameworks (ZIFs)23–30 and has since been extended to 
other MOFs and CPs.31–39 The absence of solvent during this ap-
proach limits metal ion mobility during crystallization, enabling the 
conversion of patterned oxide precursors with high fidelity in bot-
tom-up lithography procedures.23,25,29 In contrast, solvent-based syn-
theses typically yield poorly defined edges,2,19,40 leaving top-down 
patterning methodologies as the only option.41,42 

Here, we report the CVD of Cu-BHT films (BHT = benzenehex-
anothiolate) using an oxide precursor layer. Cu-BHT is one of the 
few Kagome-type MOGs (Figure 1a-c) and is a metallic conductor 
with the highest conductivity reported in a metal-organic com-
pound.6,37,43 Thus far, this material has mainly been synthesized 
through interfacial liquid-liquid reactions yielding inhomogeneous 
and rough films. In contrast, the CVD Cu-BHT nanofilms reported 
here are homogeneous over large areas and smooth while maintain-
ing the crystallinity, high electrical conductivity and charge carrier 
mobility. Moreover, the conversion from a CuO precursor layer al-
lows for controlling the final Cu-BHT film thickness over a broad 
nanometric range (20-85 nm), and is fully compatible with additive 
lithography processes (e.g., lift-off patterning) with a resolution 



 

down to the μm range. Microscale patterning is a fundamental step 
in microfabrication of electronic devices.19 

Figure 1. Cu-BHT structure and CVD procedure. a) Top view of the 
Cu-BHT crystal structure showing the Kagome-type planar lattice with 
the chemical formula [Cu3(C6S6)]n. Cu, C, and S atoms are colored 
green, grey, and yellow, respectively. b) Side-view of the eclipsed (AA) 
vertical stacking of the Cu-BHT layers. c) Building blocks of Cu-BHT: 
CuI ion and H6BHT linker. d) Vapor pressure of the H6BHT linker as a 
function of temperature as determined via Knudsen effusion cell meas-
urements (scheme shown as inset). e) Scheme of the 2-step CVD pro-
cedure to prepare Cu-BHT nanofilms: a CuO layer is deposited via RF 
sputtering, followed by exposure to H6BHT vapor. 

RESULTS AND DISCUSSION 

To assess the viability of the CVD route for Cu-BHT, the vapor 
pressure and stability of the BHT ligand was determined as a func-
tion of temperature using a Knudsen effusion cell (Figure S1) and 
thermogravimetric analysis (Figure S2). Since H6BHT showed a 
sufficiently high vapor pressure of > 1 Pa at temperatures above 140 
ºC (Figure 1d), preliminary reactivity tests were carried out by seal-
ing a mixture of CuO nanopowder (< 50 nm) and H6BHT linker in-
side of a evacuated ampoule and heating it at 150 ºC for 12 hours. 
Powder X-ray diffraction (PXRD) and scanning electron micros-
copy (SEM) measurements confirmed the successful formation of 
crystalline Cu-BHT under these conditions (Figure S3 and S4). 
Hence, for the fabrication of Cu-BHT nanofilms, we followed a two-
step process as depicted in Figure 1e. First, a CuO layer was depos-
ited via Ar plasma sputtering onto either a Si, Si/SiO2 wafer or glass 
substrates. Spectroscopic ellipsometry was used to determine the ex-
act thicknesses (Figure S5). Subsequently, this oxide precursor layer 
was converted into Cu-BHT through a vapor-solid reaction with the 
vaporized H6BHT ligand. To this end, the CuO substrate and a boat 
with H6BHT powder were loaded into separate areas of a multi-zone 
CVD furnace and heated under dynamic vacuum (ca. 4·10-3 mbar) 
to 150 ºC and 140 ºC, respectively, by using precise temperature 

control with thermocouples near the substrate (Figure S6). The 
substrate was kept at a higher temperature than the ligand powder to 
avoid condensation of H6BHT vapor. After 10 hours of exposure, the 
brown CuO layer converted into a uniform blue coating over large 
centimeter-scale areas (Figure 2a). 

Atomic force microscopy (AFM) topography images of the film 
surface (Figure 2b and Figure S7), corroborate the formation of ho-
mogeneous and smooth coatings over micrometric-scale areas. The 
film thickness was assessed by AFM by analyzing physically 
scratched areas (Figure 2c). These measurements confirmed that, as 
with previous demonstrations of CVD of MOFs from metal oxide 
precursors,23 the thickness of the final metal-organic film can be con-
trolled via the precursor layer: the Cu-BHT thickness scales linearly 
with the initial CuO thickness, resulting in a consistent 7× expansion 
(Figure 2d). Remarkably, the root-mean-square (RMS) roughness 
only slightly increases with film thickness (5.7 ± 1.6 nm vs. 10.8 ± 1.7 
nm for 20 nm and 85 nm films, respectively; Figure S7-8). These 
values are in line with those reported for MOF-CVD films and lower 
than for 2D MOG films obtained via solution-based methods (> 13 
nm).15,44,45  

The reciprocal space maps resulting from 2D grazing incidence X-
ray diffraction (2D-GIXRD) (Figure 2e) demonstrate the formation 
of crystalline Cu-BHT (AA stacking; monoclinic, C2; a = 15.016 Å, 
b = 8.691 Å, c = 3.489 Å, β = 101.501).6 The appearance of (h00), 
(0l0), and (hk0) diffractions uniquely in the in-plane direction, with 
the 001 reflection only appearing out-of-plane, indicates the prefer-
ential orientation of the Cu-BHT crystallites with their 2D ab planes 
parallel to the substrate (Figure 2d-e). This orientation is the same 
as obtained through liquid-liquid interfacial synthesis.44 The absence 
of CuO peaks in 2D-GIXRD patterns for Cu-BHT films up to 85 nm 
(Figure S9) indicates the complete conversion of the precursor 
layer. However, a Cu-BHT thin film converted from a 40-nm thick 
CuO layer features the characteristic diffraction ring for polycrystal-
line CuO (Figure S9). 

Hard X-ray photoelectron spectroscopy (HAXPES) was em-
ployed to determine the elemental composition and oxidation states 
of the Cu-BHT nanofilms. In HAXPES, hard X-rays (GaKα: 9.2 keV 
from a liquid Ga jet source) are used instead of conventional, lower-
energy X-rays (e.g., AlKα: 1.5 keV) to produce photoelectrons with 
an inelastic mean free path that is several times larger.46 Therefore, 
HAXPES provides information on the entire Cu-BHT film thick-
ness.30 Thus, the Si and O peaks from the substrate (i.e., the native 
SiO2 layer on top of the wafer) appear in the survey spectra of a 80-
nm Cu-BHT film together with those of the elements in Cu-BHT 
(Cu, S, and C) (Figure S10). The Cu 2p spectra of the CVD Cu-
BHT films (Figure S11) are near-identical to those for a reference 
sample prepared using the standard liquid-liquid synthesis, regard-
less of film thickness, indicating a complete conversion of the CuO 
precursor. The binding energies (BE) of 953.1 and 932.3 eV corre-
spond to the Cu 2p 1/2 and 2p 3/2 regions, respectively. As shown 
in Figure 2f, the Cu 2p 3/2 region shows a main peak at 932.6 eV 
with a shoulder at higher BE and no significant satellite peaks, thus 
pointing to the exclusive presence of CuI, in line with previously re-
ported X-ray photoelectron spectroscopy (XPS) measurements of 
Cu-BHT.15,37,44,45,47 Since the sputtered starting material is 



 

predominantly composed of CuO with a minor fraction of Cu0 (Fig-
ure S12), the reduction of CuII to CuI must occur during the vapor-
solid reaction with H6BHT. Based on previous studies of Cu-thiolate 
self-assembled mono- and multilayers,48,49 we hypothesize that first 
CuO can be reduced via the oxidation of the thiol groups in H6BHT 
to disulfides, followed by the formation of Cu-thiolate bonds with 
the excess vaporized linkers. For the Cu0 centers, Cu-BHT for-
mation occurs via oxidative addition of the S−H bond followed by 
reductive elimination of hydrogen.48 The S 1s region shows a maxi-
mum at 2470 eV and a broad shoulder at higher BE, which is con-
sistent with the formation of Cu-thiolate bonds.50,51 As specified in 
Table S1, the overall S/Cu ratio was calculated to be fairly close to 
the theoretical value of 2 as given by the chemical formula of 
[Cu3(C6S6)], regardless of film thickness. Since the asymmetric Cu 

2p 3/2 and S 1s peaks in both the CVD nanofilms and the reference 
sample can be fitted to two (mixed Lorentz-Gaussian) subpeaks 
each, two different S chemical environments likely exist in both 
cases. This observation is in agreement with previously reported 
XPS measurements on Cu- BHT that also show a dominant Cu 2p 
3/2 subpeak at lower BE and a smaller one at higher BE.15,44,45,52,53 
Likewise, the S 1s region has an intense subpeak at lower BE and a 
smaller high-BE shoulder. Comparison with the HAXPES S 1s spec-
tra of the free H6BHT ligand hints at the higher BE subpeak corre-
sponding to uncoordinated S atoms or with a different oxidation 
state. We ascribe these higher BE subspecies to the existence of de-
fective sites in the Cu-BHT nanocrystallites.37,44,45 

Figure 2. Physical characterization of CVD Cu-BHT nanofilms. a) Photograph of glass substrates (3x3 cm2) with a 11-nm CuO layer before conver-
sion (top) and a 80-nm CVD Cu-BHT film (bottom). b) AFM topographic image of a homogeneous 20 nm CVD Cu-BHT nanofilm and; c) a manually 
scratched area of the same film. d) CVD Cu-BHT film thicknesses obtained from CuO precursor films with different thicknesses. The linear fit of the 
data yielded an expansion factor of 7×. e) Synchrotron 2D-GIXRD reciprocal space map of a crystalline CVD Cu-BHT nanofilm (20 nm). Simulated 
positions of Bragg peaks for a (001) orientation are indicated with red dots and labeled in white. Inset in (d) shows this orientation of Cu-BHT with 
respect to the substrate and the crystallographic c axis. f) High-resolution HAXPES spectra of the Cu 2p 2/3 and S 1s regions of CVD Cu-BHT nano-
films and powder references of solution-made Cu-BHT and H6BHT ligand 



 

To showcase the versatility of the CVD methodology in pattern-
ing Cu-BHT films, we evaluated bottom-up additive lithography, 
commonly referred to as ‘lift-off patterning’. In this approach, a blan-
ket film of the target material is deposited on a substrate covered 
with a single-use mask, typically a patterned photoresist layer. The 
latter is subsequently removed with an organic solvent. While resist 
swelling and premature dissolution are potential problems in sol-
vent-based syntheses, such issues are avoided in vapor-based meth-
ods.23 Furthermore, in two-step CVD method, the resist can be re-
moved either after CuO precursor deposition (Figure 3a) or after 

Cu-BHT formation. Hence, it is possible to completely avoid con-
tact of the 2D MOG layer with any solvent to ensure the mainte-
nance of its chemical and physical integrity. Additionally, it can facil-
itate integration in microfabrication, as patterning of oxides and 
metals can rely on well-established protocols.19 Converting pat-
terned CuO into Cu-BHT reproduces the patterns with high fidelity 
and resolution as confirmed via AFM, SEM and confocal micros-
copy. Amongst other patterns (see Figure S13), we fabricated inter-
digitated Cu-BHT electrodes with a minimum separation of 750 nm 
between the 2 μm wide fingers (Figure 3b). The minimum feature 

Figure 3. Bottom-up patterning of CVD Cu-BHT. a) Fabrication process combining bottom-up additive lithography and CVD. SEM image and AFM 
topography close-up of patterned Cu-BHT interdigitated electrodes (b) and circular features (c) fabricated this way. d) SEM image of line patterns of 
Cu-BHT fabricated this way (top) and synchrotron μ-XRD scanning of the pattern by displacing the microbeam across the lines (bottom). The ex-
tracted intensity of the 001 diffraction peak is plotted against the lateral position. 

Figure 4. Electronic properties of CVD Cu-BHT devices. a) I-V curve of a 85-nm Cu-BHT film at 300 K. Black line is a linear fit of the data. b) Resistivity 
of a 85-nm film as a function of temperature (T) ranging from 2 to 320 K measured with the van der Pauw geometry. Inset shows the plots of ln σ versus 
1000/T with Arrhenius fits for the activation energies. c) Confocal microscopy image of a Hall bar microdevice (Cu-BHT Hall bar and Au electrodes) 
made with additive lithography. d) Hall charge mobility and charge carrier density versus temperature obtained from Hall effect measurements. 



 

size achievable through this methodology were circles of 500 nm ra-
dius (Figure 3c). The crystallinity of the patterned features was con-
firmed for 3 μm lines spaced 20 μm apart (Figure 3d top) through 
synchrotron micro-XRD (μ-XRD) in grazing-incidence mode, by 
scanning across a 3.5 μm X-ray microbeam. No diffraction was visi-
ble in between the lines, whilst the lines themselves yielded the char-
acteristic Cu-BHT pattern (Figure S14). The extracted intensity of 
the 001 peak vs. the lateral position confirmed the 20 μm separation 
between the crystalline Cu-BHT lines (Figure 3d bottom). 

Next, we compared lift-off patterning with plasma etching lithog-
raphy, an alternative, top-down method to pattern solution-made 
MOF films.17,18 In the latter case, a single-use photoresist mask is de-
posited and patterned on top of the MOF layer. Subsequently, the 
patterned is transferred into the MOF layer by plasma etching, and 
the remaining resist is removed (Figure S15a). In this approach, the 
MOF must withstand not only the deposition and removal of the re-
sist but also the plasma etching step. Inspection of 3 μm Cu-BHT 
lines spaced 20 μm apart fabricated this way revealed damage at the 
line edges previously covered by the resist (Figure S16). Further-
more, a synchrotron μ-XRD line scan revealed that Cu-BHT re-
moval in between the lines was not complete, as the characteristic 
001 peak remained observable (Figure S15b-c). Moreover, as visible 
in Figures S14 and S15, the 001 peak resulting from the Cu-BHT 
lines is more defined and intense for patterns obtained through lift-
off in comparison to Ar plasma etching, due to damage during the 
latter process.  

Finally, we explored the electronic properties of the CVD Cu-
BHT nanofilms with different thicknesses (20-85 nm) by perform-
ing temperature-dependent resistance measurements in the van der 
Pauw configuration. The linear current-voltage (I–V) curves ensure 
Ohmic contacts (Figures 4a  and S17) and yield conductivity (σ) 
values at 300 K ranging from 342 S/cm for a 20-nm film to 634 S/cm 
for a 85-nm one, in line with films of similar thickness prepared by 
liquid-liquid interfacial synthesis and measured using the standard 
four-probe method.44 By decreasing the temperature from 320 to 2 
K, the 85-nm film displays a slow increase of resistance (Figure 4b). 
The relationship between ln σ and the reciprocal of the device tem-
perature (inset, Figure 4b) is nonlinear, as previously reported for 
substantially thicker Cu-BHT films and commonly observed for 
other highly conducting coordination polymers.54 As shown in Fig-
ure S18, Arrhenius fits yield activation energies (Ea) of 0.8 and 0.4 
meV for the high (300 K) and low (40 K) temperature regions, re-
spectively. In the 80-220 K range, the transport regime can be fitted 
to a Mott's 3D variable range hopping model, as ln σ follows a T−1/4 
dependence (Figure S19). The transparency of the films was subse-
quently evaluated with ultraviolet-visible-near infrared (UV-Vis-
NIR) spectroscopy. As visible in Figure S20, the transmittance 
drops by almost half for a 85-nm film with respect to the glass sub-
strate, but it barely changes by 8% for a 20-nm film, thus confirming 
the potential of Cu-BHT as a transparent electrode.15,44 

In an effort to further analyze the charge transport properties of 
our CVD nanofilms, we took advantage of the compatibility of our 
method with additive lithography and fabricated Hall bar microde-
vices with a minimum feature size of 2 μm (Hall arms width, Figure 
4c). Hall effect measurements of Cu-BHT nanofilms (Figures S21) 

pointed to an n-type behavior at room temperature as determined 
by the negative slope of the Hall resistance with respect to the mag-
netic field (µ0H). Using the Hall signal, we estimated a charge mo-
bility of 4.65 cm2/V·s and a charge carrier density of 4.4·1019 cm-3 at 
30 ºC (Figure 4d). This mobility is somewhat lower than the value 
originally reported for a Cu-BHT field-effect transistor (FET).44 
However, recent studies have highlighted the tendency to overesti-
mate field-effect mobilities in FET devices with non-ideal character-
istics.55,56 The transfer characteristic of our CVD Cu BHT top-gated 
FET devices shows no clear field effect, suggesting a metallic behav-
ior (Figure S22).6 Nevertheless, the high-quality fabrication of the 
Hall bar structure combined with the Zero-Offset Hall characteriza-
tion method allowed a reduced offset of the Hall resistance data, 
which avoided the additional data treatment otherwise required for 
geometrically non-homogenous Hall bar structures. In addition, 
through the fabrication of these devices, we demonstrated the com-
patibility of our CVD method with microscale patterning of inte-
grated devices, thus placing our technology closer to the integration 
of metal-organic materials in microelectronics. 

CONCLUSION 

In conclusion, we have shown a novel CVD procedure for the 
preparation of high-quality, oriented Cu-BHT nanofilms with a well-
controlled thickness through the solid-vapor conversion of a CuO 
precursor layer. Furthermore, our CVD method enables high-fidel-
ity patterning of features down to 1 μm, without the risk of etchant 
damage to the Cu-BHT layer. This approach facilitates the fabrica-
tion of well-defined, micrometric Hall bar devices that were used to 
accurately measure the conductivity parameters. The demonstrated 
deposition and patterning fabrication flow showcases the advantages 
of vapor-phase methods and brings the integration of metal-organic 
nanofilms into microelectronic devices closer. 
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