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clusters connected by organic linkers. 
SURMOFs are grown on functionalized 
surfaces using a layer-by-layer process.[1]

The SURMOF approach provides highly 
orientated, monolithic, and homogenous 
MOF films with adjustable thickness 
firmly grafted to desired surfaces,[2] thus 
outperforming other forms of MOF thin 
films. SURMOFs have good mechanical 
flexibility,[3] high versatility, and are well 
suited for integration into devices and 
systems in various application fields.[4,5]

In particular, these structures opened 
new perspectives for the realization of 
novel electronic devices, e.g., as resistive 
switchers,[6–9] field-effect transistors,[10]

and optoelectronics.[11–14] Despite these 
interesting advances, the full potential 
of this class of hybrid materials has not 
yet been fully explored, e.g., quantum 
electronic tunneling phenomena, which 
may lead to negative differential resist-
ance (NDR), have not been reported for 
SURMOF-based devices. NDR requires a 
non-linear relation between current and 

voltage that results in a negative slope.[15] This effect is very 
beneficial for various applications, e.g., in resonators, oscilla-
tors, amplifiers, and logical devices, to mention a few. In reso-
nators, NDR can cancel the internal losses, resulting in circuits 
with no damping.[16] For oscillators and amplifiers, the effect is 

The advances of surface-supported metal-organic framework (SURMOF) 
thin-film synthesis have provided a novel strategy for effectively integrating 
metal-organic framework (MOF) structures into electronic devices. The con-
siderable potential of SURMOFs for electronics results from their low cost, 
high versatility, and good mechanical flexibility. Here, the first observation of 
room-temperature negative differential resistance (NDR) in SURMOF vertical 
heterojunctions is reported. By employing the rolled-up nanomembrane 
approach, highly porous sub-15 nm thick HKUST-1 films are integrated into 
a functional device. The NDR is tailored by precisely controlling the relative 
humidity (RH) around the device and the applied electric field. The peak-to-
valley current ratio (PVCR) of about two is obtained for low voltages (<2 V). A 
transition from a metastable state to a field emission-like tunneling is respon-
sible for the NDR effect. The results are interpreted through band diagram 
analysis, density functional theory (DFT) calculations, and ab initio molecular 
dynamics simulations for quasisaturated water conditions. Furthermore, 
a low-voltage ternary inverter as a multivalued logic (MVL) application is 
demonstrated. These findings point out new advances in employing unprec-
edented physical effects in SURMOF heterojunctions, projecting these hybrid 
structures toward the future generation of scalable functional devices.

1. Introduction

Surface-supported metal-organic frameworks (SURMOFs) are 
a special form of metal-organic frameworks (MOFs), a huge 
class of hybrid and crystalline materials composed of metallic 



responsible for converting the input DC to output AC signals. 
It can also be used to amplify an existing AC signal applied 
at the same terminals.[16] In the context of multivalued logic 
(MVL) applications, NDR can be employed to create additional 
logic states with less complexity. This feature minimizes power 
dissipation by reducing the number of devices on a circuit and 
bringing down the number of complicated interconnect lines 
(and their respective parasitic capacitance effects).[17,18]

Well-known devices utilizing NDR are Esaki and resonant 
tunneling diodes, mainly based on Si-Ge junctions and III-V 
semiconductors.[19–21] Nevertheless, these materials have limi-
tations due to the lattice mismatch during their growth.[22,23]

The NDR has also been observed in a variety of molecular and 
mesoscopic systems, including molecular junctions,[24] nano-
particles,[25] oxides,[26] hybrid systems,[27,28] graphene devices,[29]

and van der Waals (vdW) heterostructures based on atomically 
2D materials.[17,30–36] However, for some of these materials, 
in particular 2D materials, device integration is a challenging 
problem since issues related to the interface with contact elec-
trodes,[37] and the difficulties in transferring and stacking them 
on target substrates severely complicates production on a larger 
scale.[38] Thus, the need for scalable and integrable hybrid mate-
rials to boost new electronics at low cost and to use standard 
fabrication processes is rather pressing. SURMOFs are prom-
ising materials in this context since the layer-by-layer deposi-
tion is fully compatible with many manufacturing processes. It 
ensures precise control of the thickness at the molecular scale 
onto the device’s surface.[4,5] Furthermore, the electrical prop-
erties of these crystalline and porous thin films can be fur-
ther modified by loading guest molecules and ions inside the 
pores.[6,11,39,40]

The NDR has also been reported in DMAMnF crystals (a 
multiferroic MOF), where peak-to-valley current ratio (PVCR) 
of about 10 have been reported for reduced temperatures 
(176 K).[41] However, the low-temperature operation and the 
difficult-to-integrate architecture based on bulk crystals com-
promise the device’s application. HKUST-1 (Hong Kong Uni-
versity of Science and Technology) is a widely explored MOF 
that is well suited for the layer-by-layer process, allowing the 
growth of high-quality SURMOF films at ambient conditions 
a large variety of solid substrates.[2] The electronic structure 
of HKUST-1 SURMOF is susceptible to the presence of water, 
causing the appearance of additional states in the bandgap 
region.[6] Thus, by adequately tailoring external conditioning 
parameters, the band-structure of HKUST-1 SURMOFs can be 
designed to explore unprecedented quantum electronic tun-
neling phenomena.

Here we report the first observation of room-temperature 
NDR in HKUST-1 SURMOF vertical heterojunctions. The 
device structure relies on rolled-up metallic nanomembrane, 
which allows soft contacting the sub-15 nm thick HKUST-1 
layer from the top. By precisely controlling the relative 
humidity (RH) around the device and the applied electric field, 
the NDR appears at low voltages (less than 2 V) with PVCR of 
about 2. The underlying physical mechanism is understood 
through band diagram analysis, density functional theory 
(DFT) calculations, and ab initio molecular dynamics simula-
tions for quasisaturated water conditions. The potential of the 
SURMOF-based NDR device is demonstrated by realizing a 

typical MVL application, a low-voltage ternary inverter. These 
results show that by effectively controlling the experimental 
conditions in a suitable manufacturing platform, SURMOFs 
allow the exploitation of exciting quantum electronic effects to 
realize novel devices.

2. Results and Discussion

Figure 1a,b sketches the device architecture based on rolled-up 
metallic nanomembranes that yield well-defined and ultrathin 
HKUST-1 vertical heterojunctions. The HKUST-1 layer was 
grown using a layer-by-layer process on a finger-like electrode. 
The strained metallic nanomembrane (made of Au) provides 
a top mechanical contact after its strain gradient relaxation 
caused by dissolution of the sacrificial layer. The whole device 
fabrication involves conventional photolithography and thin 
film deposition, as shown in Figure S1 in the Supporting 
Information. Figure 1c shows the laser scanning confocal 
microscopy (LSCM) image of a single device with the bias con-
figuration for electrical characterization. The grounded con-
tacting pad was electrically connected to the finger-like (bottom) 
electrode, while the external contacting pads to the microtube-
like (top) electrode. This device layout is scalable and provides a 
high integration density of 32 fabricated devices on a microchip 
containing 81 mm2 of area (corresponding to 105 devices m−2), 
as shown in Figure 1d and Figures S2 and S3 (Supporting 
Information).

In Figure 1e, an LSCM image of the active device area 
(dotted region from Figure 1c) is presented in detail. The top 
contact realized by the microtube results in different geometric 
and effective device contacting areas (AGEO and AEFF) of about 
8 µm2 and 103 nm2,[6] respectively. These values are expected 
considering the soft and self-adjusted nature of the rolled-up 
nanomembrane and the involved interfaces’ topography. The 
step-by-step HKUST-1 growth was performed as described ear-
lier.[1,2] The grazing incidence X-ray diffraction (GIXRD) pattern 
shown in Figure 1f and Figure S4 (Supporting Information) 
reveals the presence of crystalline HKUST-1 thin films.[1,2,6]

Well-orientated HKUST-1 films have been reported on COOH-
terminated organic surfaces.[42,43] However, the two preferential 
orientations seen in Figure 1f and Figure S4 (Supporting Infor-
mation) are consequences of the short-chain length from the 
SAM layer (6-mercaptohexanoic acid) and the low SURMOF 
thickness.[2] The atomic force microscopy (AFM) topography 
image, recorded after 15 layer-by-layer deposition cycles, is 
presented in Figure 1g. The image corresponds to the dotted 
region from Figure 1e – on the interface between the finger-
like electrode and the patterned HKUST-1 layer. The SURMOF 
was patterned using photolithography processes that do not 
affect its integrity.[6] As can be seen, the monolithic HKUST-1 
film is pinhole-free, and the surface roughness is low, with a 
root-mean-square (Rq) value of 4.91 ± 0.56 nm. The thickness 
amounts to around 15 nm.

The NDR behavior of the fabricated vertical heterojunctions 
is only observed after the Au/SAM-HKUST-1/Au sandwich 
structure is subjected to a conditioning process consisting of 
a sequential series of voltage sweeps under a high RH (90%) 
atmosphere. The voltage range for each conditioning sweep and 



the respective current outputs are shown in Figure S5 in the 
Supporting Information. During the final voltage sweep (0 to 
−2.5 V), Figure 2a, the output current abruptly increases from 
−2.1 V. This specific potential corresponds to an electric field 
of about ≈1.4 MV cm−1 across the vertical heterojunction. The 
subsequent I–V region is highlighted as the forming region. In 
Figure 2b, where the Fowler-Nordheim plot for the final voltage 
sweep is presented (in modulus), an inflection point can be 
observed, indicating a transition from the metastable condi-
tion to field emission-like (FE) tunneling. In general, for metal/
insulator/metal junctions, the barrier shape changes from rec-
tangular to triangular once the applied bias is higher than the 
energy barrier height.[44,45] The relation between the applied 
voltage and the current in such a regime can be described by 
Equation (1)
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where d, m*, ϕ, and h are the tunneling thickness, effective elec-
tron mass, tunneling barrier height, and the Planck constant.

From the threshold voltage (Vth) obtained in Figure 2b, the 
tunneling barrier can be determined and amounts to ≈0.60 eV. 
According to the electrical characteristics, a simple schematic 
band diagram based on the FE tunneling can be deduced, as 
shown in the inset of Figure 2b. The inset (i) shows the band 

diagram for a positive applied voltage. The energy barrier (Φ) at 
the finger/SAM-HKUST-1 interface is substantially higher for 
electron injection. This explains the low values of output cur-
rent. Under negative applied voltage, because of the absence 
of the SAM on the top electrode, the injection of electrons is 
favored. The electric field’s continuous increase at this bias 
configuration changes the barrier width, making the tunneling 
probability for electrons proportional to the applied voltage, see 
inset (ii). After the conditioning process, which has the begin-
ning of the FE tunneling regime as the control parameter, the 
current profile at positive applied voltages gradually increases, 
followed by observing the NDR behavior, as expressed by 
Equation (2)
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where ∆v and ∆i are the variations between peak-to-valley 
voltage and the respective current in the NDR region, Ipeak and 
Ivalley are the peak and valley currents.

The typical NDR behavior obtained is presented in Figure 2c. 
By using Equation (3), a PVCR of around 2 was obtained at 
room temperature. The PVCR reaches good stability at the 5th 
I–V cycle after the conditioning process, as shown in Figure S6 

Figure 1. a,b) Illustration of an array of devices and the respective cross-sectional view (Au/SAM-HKUST-1/Au). c) LSCM image from a single device 
with the bias configuration for electrical measurements. d) Image of a microchip containing 32 devices. e) LSCM image from the dotted region in (c), 
showing the active device area in detail. f) GIXRD pattern for HKUST-1. g) AFM topography image from the dotted region in (e) and the respective 
profile thickness for HKUST-1.



in the Supporting Information. The NDR behavior appears at a 
positive applied voltage every time a negative cycle is performed 
(see Figure S7 in the Supporting Information). Therefore, the 
NDR behavior can be set-reset by inverting the voltage bias, 
creating a set-read combination. The inset of Figure 2c shows 
the PVCR values over the successive I–V cycles for different 
devices. Figure S8 in the Supporting Information shows the 
NDR for different devices.

The qualitative explanation of the I–V characteristics after 
the conditioning process is presented in Figure 2d. As men-
tioned, the energy barriers (here defined by EB) on both metal 
interfaces are asymmetric because between the finger-like elec-
trode and the HKUST-1, there is the SAM layer. Regardless of 
the asymmetry, EB suppresses the output current for both bias 
configurations at low applied voltages. By increasing the elec-
tric field, the NDR behavior takes place for the positive applied 
voltages. By reversing the bias above EB, the output current 
achieves a plateau-like flowed of an increase as the electric field 

rises. This increase of the output current is a necessary condi-
tion to observe NDR in the following I–V cycle. This behavior 
can be interpreted as a de-trapping-like (DE-T) process,[46]

although the possibility of FE tunneling cannot be ruled out. In 
Figure 2e, schematic energy band diagrams are presented. The 
effect of water molecules for inducing additional mid-gap states 
in HKUST-1 band-structure is considered as well.[6] Following 
the I–V characteristics in Figure 2d, after the conditioning pro-
cess, Φ becomes Φ’, as shown in the band diagram (i) from 
Figure 2e. Even under a change, Φ’ is high enough to suppress 
the electron injection for small positive applied voltages. How-
ever, as shown in the band diagram (ii), by further increasing 
the positive applied voltage, the water-induced energy states 
in the HKUST-1 band-structure get filled (trapped), decreasing 
the output current and leading to the NDR behavior. There is 
also a certain probability of charge transfer across EB to the 
water-induced energy states via direct tunneling.[45] In the band 
diagram (iii), for V < 0 V, Φ” is correlated to EB formed at 

Figure 2. a) 5th conditioning sweep at 90% RH for the NDR creation in the Au/SAM-HKUST-1/Au vertical heterojunction. b) Typical Fowler-Nordheim 
plot for the negative applied voltages of the 5th conditioning sweep, indicating the transition from the metastable condition to FE tunneling (in mod-
ulus). The inset shows the schematic energy band diagrams for i) positive and ii) negative applied voltages bias, where the transition occurs. c) The 
NDR behavior at 90% RH after the conditioning process. (inset) PVCR as a function of the number of I–V cycles for different devices. d) Qualitative 
explanation of the I–V characteristics under different applied voltage conditions after the conditioning process. e) Schematic energy band diagrams 
for explaining (d).



microtube/HKUST-1 interface – it also limits the electron injec-
tion. The plateau-like current profile is associated with the trap 
hopping-like process inside the HKUST-1 band-structure owing 
to the increased electric field. As the negative applied voltage 
increases, DE-T and FE processes occur, as shown in the band 
diagram (iv). These processes can be sequentially repeated as 
the I–V cycles evolve.

In addition to the band diagram analysis, to better under-
stand the origin of the NDR behavior observed in Figure 2c, 
DFT calculations and ab initio molecular dynamics simula-
tions were performed focusing on the interaction between 
water molecules and HKUST-1 unit cell with structural defects. 
Previous experimental work has demonstrated that structural 
defects (i.e., Cu+ species) with concentrations up to 2% are 
present in as-grown HKUST-1.[47] The relation between the elec-
tronic properties and the atomic configurations under different 
scenarios is evaluated next. Figure 3a–d and Figure S9 (Sup-
porting Information) show the electronic element-projected 

density of states (pDOS) for HKUST-1 in distinct conditions. 
Perfect, fully stoichiometric HKUST-1 is a good insulator, with 
a fully occupied valence band composed mainly of O-orbitals 
and an empty conduction band, which mostly involves Cu-
orbitals (Figure 3a). Note that the theoretical band gap (1.83 eV) 
is substantially smaller than the experimental one, 3.6 eV.[48]

This underestimate of the bandgap is a well-known short-
coming of the DFT approximations.[6] In the ideal structure, all 
Cu centers have an approximate atomic charge of +1 (Table S1, 
Supporting Information), which corresponds to the Cu2+ spe-
cies. The interpretation between ion oxidation states and DFT 
atomic charges is not straightforward. It relies on the model or 
theory employed to handle the electron density around atomic 
centers, although its numerical trend has the utility to elucidate 
chemical processes.[49,50] Thus, we proceeded by investigating 
the effect of such oxygen vacancies, which are responsible for 
introducing mid-gap defect levels with a small density of states 
(see Figure S9a,b in the Supporting Information). Furthermore, 

Figure 3. a–d) pDOS for HKUST-1 under different conditions. The arrow pointing to the green dashed lines indicates the Cu states’ energy related to 
the Fermi level (black dashed lines). Positive and negative values represent majority and minority spin contributions. e) NDR behavior experimentally 
obtained at different RHs. f,g) Real-space representation (in green) of the charge density (ρ(r) = e|ψ(r)|²) of energy states near (± 0.5 eV) to the Fermi 
level for the conditions in (c) and (d), respectively. Isosurface value of 0.01 e− Å−³.



the Cu atomic charge is reduced by −0.3 compared with the 
pristine condition (see Table S1 in the Supporting Information).

The simulated experimental humidity conditions are set 
by placing a spherical box of liquid water containing 28 water 
molecules in the hydrophilic HKUST-1 pore.[51,52] This specific 
number was estimated from the number of molecules that 
would fit within the pore volume. Such a volume corresponds 
to the approximate experimental condition where RH value is 
90% (Figure S10, Supporting Information). Next, short ab initio 
molecular dynamics simulations were performed at 300 K to 
study the interaction between water molecules and the open Cu 
sites. We observe that the water molecules near the Cu centers 
are physisorbed with a vertical orientation, while the other mole-
cules form a hydrogen-bonded network within the pore. When 
one or more water molecules interact with the defective Cu 
site, the pDOS of the defect-mid-gap states increases, as shown 
in Figure 3b and Figure S9c,d (Supporting Information). The 
RH, as simulated by the number of water molecules inside the 
HKUST-1 pore, can thus effectively modulate the Fermi energy, 
acting as an electron donor. An additional oxygen vacancy 
at the Cu atom, adjacent to the first defective center (corre-
sponding now to a carboxylate vacancy), leads to several local-
ized defect states below the Fermi level (Figure 3c; Figure S9e, 
Supporting Information). The carboxylate vacancy is the struc-
tural defect that correlates with experimental findings.[47] In this 
scenario, a small bandgap of about 0.32 eV still exists. Interest-
ingly, each Cu center has a different atomic charge state, one 
with increased and another with approximately equal electron 
density compared to the pristine case (Table S1, Supporting 
Information), consistent with the recent identification of Cu+

and Cu2+ ions.[47]

Finally, by including two additional water molecules inter-
acting with the defective Cu center, the local environment 
resembles the coordination with four oxygens (Figure S9f, 
Supporting Information). The defect/water levels exhibit better-
defined energies instead of scattered values around the pris-
tine bandgap, Figure 3d. Combined with the Fermi level shift 
caused by the water doping effect, in the new system configura-
tion, Cu energy states (corresponding to the conduction band 
of the pristine condition) are now occupied. This result implies 
that electronic states are well-delocalized along with the struc-
ture, forming conducting channels. Figure 3e shows the NDR 
behavior experimentally obtained at different values of RH. For 
RH ≤ 70%, the NDR disappears. Such a condition corresponds 
to approximately 22 molecules of water inside of the HKUST-1 
pore, as shown in Figure S10 in the Supporting Information. 
Furthermore, a sharp drop of about 40% in NDR performance 
is observed for 80% RH, possibly associated with the non-
delocalization of water-based defect states. The complete set 
of I–V traces are presented in Figures S11 and S12 in the Sup-
porting Information. The formation of conducting channels 
inside the pores can be better visualized in the real-space repre-
sentation of the charge density (ρ(r) = e|ψ(r)|²) of the energy states 
near (± 0.5 eV) to the Fermi level. Figure 3f,g (and Figure S9e,f 
in the Supporting Information) shows the representation for 
28 and 30 water molecules, respectively. In the first case, water-
based defect states are localized, while in the latter case, the 
states are delocalized over several Cu centers. Therefore, under 
an electric field, such states can be loaded and unloaded, which 

will then mediate the electronic conductivity modulation by 
accessing a higher number of Cu delocalized states. The experi-
mental results correlate with the DFT calculations and ab initio 
molecular dynamics simulations, suggesting that 90% RH is 
optimal for achieving the best NDR performance in the present 
HKUST-1 SURMOF vertical heterojunctions.

After performing the DFT calculations and ab initio mole-
cular dynamics simulations, the NDR effect was employed to 
realize a ternary inverter. This type of device is considered a fun-
damental building block in MVL applications. Figure 4a shows 
the equivalent circuit configuration of the device assembly. The 
SURMOF vertical heterojunction (SURMOF NDR device) was 
connected in series with a bottom-contact copper (II) phth-
alocyanine (CuPc) Organic Field-Effect Transistor (OFET). In 
this circuit, the SURMOF NDR device acts as a driver element, 
while the CuPc OFET is a load resistor. The input voltage (VIN) 
was applied to the bottom-gate, while the supply voltage (VDD) 
to CuPc OFET drain electrode. The finger-like contact in the 
NDR device is grounded (VSS). The output voltage (VOUT) is the 
channel between the NDR and OFET devices. Figure 4b shows 
optical microscopy images of both devices; the connections that 
configure the circuit were performed by tungsten tips using 
micromanipulators. Further integration is also possible. The 
optical microscopy image showing the CuPc OFET in detail and 
its overall performance are presented in Figures S13 and S14 
in the Supporting Information.

The VIN versus VOUT characteristic curve is shown in 
Figure 4c. By varying VIN from 1.9 to 1.4 V at a fixed VDD = 2.0 V, 
three well-defined logical states appear: i) VOUT < 0.3 V for 
1.9 V > VIN > 1.8 V (logical state “0”), ii) 1.2 < VOUT < 1.7 V 
for 1.65 V > VIN > 1.55 V (logic state “1”), and iii) VOUT > 1.8 V 
for 1.5 V > VIN > 1.4 V (logical state “2”). The inset in Figure 4c 
shows the respective input-output table, indicating how the 
three logical states change as a function of VIN and VOUT. 
Figure 4d shows the voltage-transfer characteristics of the CuPc 
OFET with the same applied voltages employed in the ternary 
inverter circuit. The output current (IDS) with very low hyster-
esis is close to the current observed in the NDR behavior for 
1.65 V >VGS > 1.55 V. The low leakage current (IGS) at these condi-
tions is presented in Figure S15 in the Supporting Information. 
In the sequence, to solidify the proof-of-concept, we replaced the 
SURMOF NDR device in the circuit by a vertical heterojunction 
without the NDR effect (Figure S16a, Supporting Information), 
i.e., which was not submitted to the conditioning process. As 
shown in Figure S16b in the Supporting Information, only two 
logical states were observed (“0” and “1”), both associated with 
the CuPc OFET operation. To better understand the functioning 
of this circuit, we proceed by analyzing the CuPc OFET charac-
teristics and performing load-line circuit analysis. This analysis 
is based on the intersections of the two characteristic curves 
that properly identify the circuit’s operating points. As can be 
seen in Figure 4e, for 1.9 V > VIN > 1.8 V, the load resistor (CuPc 
OFET) is turned off, which provided a high-resistance path in 
the channel region, resulting in low voltage values at the output 
terminal (red circles, logic state “0”). For 1.65 V > VIN > 1.55 V, 
a moderate-resistance level is set in the channel region. In this 
condition, the operating points sit in the peak and valley NDR 
regions (blue circles, logic state “1”), Figure 4e. By decreasing 
VIN (<1.5 V), the load resistor provides a low-resistance path 



because the CuPc OFET turns on. In this condition, the output 
voltage measured is close to VDD, corresponding to the logic 
state “2,” green circles in Figure 4f.

3. Conclusion

In summary, we report the first observation of the NDR effect 
in ultrathin SURMOF vertical heterojunctions at room tem-
perature and low operation voltages. Using an integrated fab-
rication approach based on strained nanomembranes and a 
conditioning process, reproducible devices show the NDR 
effect with PVCRs around 2. A transition from the metastable 
condition to FE tunneling provides access to a finite number 
of water-defect states near the HKUST-1 Fermi level, which 
is interpreted using DFT calculations and ab initio molecular 
dynamics simulations. This work also demonstrates that defect 
engineering can be a powerful way to tune the electronic prop-
erties of SURMOF thin-film devices. Furthermore, the NDR 
effect is exploited to realize a low-voltage ternary inverter, a 
prototype MVL device. By adequately controlling VIN and VDD, 
VOUT displays three distinct logic states (“0,” “1,” and “2”). This 
work projects SURMOF thin-film structures toward the future 
generation of scalable functional devices and logic circuits.

4. Experimental Section
Device Fabrication: Au/SAM-HKUST-1/Au vertical heterojunctions were 

fabricated on 9 mm x 9 mm conductive (100) silicon wafers covered with 

a 2 µm thick SiO2 layer, following the approach described previously.[6]

The detailed fabrication steps are depicted in Figure S1 in the Supporting 
Information. The CuPc OFETs were fabricated on 12 mm x 12 mm 
conductive (100) silicon wafers covered with a 2 µm thick SiO2 layer. The 
fabrication was performed using conventional photolithography with 
AZ 5214E photoresist for patterning and e-beam evaporation (10−7 Torr, 
room temperature) for metallic deposition. First, the bottom-gate 
electrode was created by patterning and depositing 20 nm of Cr at 1 Å s−1. 
Then, 20 nm of Al2O3 gate dielectric was deposited through thermal 
atomic layer deposition (ALD) at 150 °C using trimethylaluminum (TMA) 
and water precursors. This Al2O3 insulator layer covered the entire 
substrate surface, including the bottom-gate electrode. By proceeding 
with device fabrication, the source-drain electrodes were patterned to 
create an interdigitated region (channel region) containing a W/L ratio 
of 1000, where L = 10 µm (distance between source-drain electrodes 
in the channel region). Then, a bilayer composed of Cr/Au (5/5 nm) 
was deposited both at 0.4 Å s−1. Next in the sequence, the contacting-
pads of source, gate, and drain electrodes were patterned, followed 
by a reactive ion etching process using O2 to access the bottom-gate 
electrode. Then, the contacting-pads Cr/Au (20/40 nm) were deposited 
both at 0.5 Å s−1. Finally, the channel region was patterned, followed by 
the thermal sublimation of 20 nm CuPc layer at 0.3 Å s−1 in a vacuum 
condition (10−6 Torr) to form the semiconducting OFET channel. After all 
fabrication processes were completed, CuPc OFETs were kept 24 h in a 
vacuum before characterization.

Characterization: LSCM images of the SURMOF vertical 
heterojunctions were collected using a VK-X200 microscope from 
Keyence (USA). GIXRD patterns of HKUST-1 SURMOF were acquired 
using the XRD2 beamline from the Brazilian Synchrotron Light 
Laboratory (LNLS), with an incident wavelength (λ) 1.54979 Å equipped 
with a Mythen linear detector for spectra acquisition. AFM topography 
images were obtained with a Park NX10 AFM microscope and treated 
using Gwyddion software. The electrical characteristics were measured 
using a Semiconductor Parameter Analyzer 4200-SCS from Keithley 

Figure 4. a) Equivalent circuit for the ternary inverter. b) Optical microscopy images showing the connection between the CuPc OFET and SURMOF 
vertical heterojunction (SURMOF NDR device) creating a ternary inverter. c) VIN versus VOUT characteristic curve of the ternary inverter – (inset) respec-
tive input-output table. d) Voltage-transfer characteristics for the CuPc OFET at the same applied voltages employed in the ternary inverter circuit. 
e,f) Load-line analysis of the ternary inverter circuit for the three distinct logical states obtained (“0,” “1,” and “2”). The solid and dashed lines represent 
the SURMOF NDR device (driver) and the CuPc OFET (load resistor).



(USA) with a limit of electrical current of 10−15 A. For NDR investigation, 
the number of voltage steps was kept fixed to 0.2 V for all curves, and the 
electrical current was measured using the quiet integration mode. The 
electrical connections between the vertical heterojunctions and OFETs, 
including the logical circuit, were performed through micromanipulators 
with tungsten tips coupled with a conventional optical microscope. It is 
worth mention that the integration of both devices on a chip is feasible. 
Triaxial connectors were used, connecting the micromanipulators to 
the SCS. The SURMOF vertical heterojunctions were measured in a 
homemade chamber with controlled RH, and the CuPc OFETs were 
measured in an inert atmosphere.

Theoretical Calculations: DFT calculations were performed within the 
generalized-gradient approximation as parametrized by Perdew-Burke-
Ernzerhof (GGA-PBE) for the exchange-correlation functional [53–55] using 
the projector-augmented-wave (PAW) method,[56,57] implemented in the 
VASP software package.[58] The energy cutoff of 400 eV was used for 
the plane-wave expansion and a Hubbard U parameter of 5 eV for Cu 
d orbitals [59] according to previous studies.[6] A relaxed triclinic unit cell 
(a = 18.739 Å, α = 60°) was used with an initial antiferromagnetic 
coupling for the Cu pairs in the MOF structure. All configurations were 
relaxed using Γ-only k-space sampling with a force threshold of 10−2 eV 
Å−1. For the pDOS, a 4×4×4 Monkhorst-Pack Brillouin Zone k-point 
sampling was used. Ab initio molecular dynamics were performed using 
the SIESTA DFT package with norm-conserving pseudopotentials and 
polarized double-ζ (DZP) basis-set.[60,61] The canonical ensemble (NVT, 
constant number of particles N, volume V, and temperature T) was 
sampled by using a Nosé-Hoover thermostat at 300 K for 4 ps, with an 
integration time of 1 fs.
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