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Supplementary Note 1. Comparison of different techniques for creating sub-10 nm 

thick molecular devices 

A literature study is conducted to compare the rolled-up soft contact technology with other 

fabrication techniques for creating sub-10 nm thick molecular devices, as shown in 

Supplementary Table 1. Each technique contributes greatly to the development of molecular 

electronics1, 2.  

Bending induced by releasing built-in strain gradients in thin film layer stacks is an effective 

approach to self-assemble 2D planar nanomembranes into 3D micro- and nano-tubular 

architectures, which has provided a smart platform for various fundamental investigations as 

well as promising applications in the field of the micro- and nanosciences, including magnetics3, 

biology4, optics5, robotics6, and energy storage7. At the same time, this self-curling effect can 

also create a damage-free and self-adjusted top electrode on molecular layers (including self-

assembled monolayers, deposited ultrathin molecular layers, and so on) after rolling, hence 

extending this technique to molecular electronics8. More importantly, the self-rolling process is 

compatible to conventional photolithography techniques. Therefore, fully integrated sub-10 nm 

thick molecular devices on wafer scale can be realized by rolled-up soft contacts. Based on this 

technique some significant achievements have been obtained.  

The capability of rolled-up soft contacts is comparable to existing well-established fabrication 

techniques for creating sub-10 nm thick molecular devices on large scales such as nanoskiving9, 

surface-diffusion-mediated deposition10, pore-assisted carbon paint11, and so on. Still, there are 

challenges to tackle when using the rolled-up nanotechnology. First, due to the ultrathin feature 

of the sacrificial and strained layers, any defect can lead to an uneven stress distribution, 

resulting in the failure of rolling. Second, the roughness of the top tubular and bottom finger 

electrode is usually in the same range of the molecular film thickness. Therefore, the thinner 

the molecular layer, the more likely the device becomes shorted. Consequently, to obtain a high 

yield of working devices, much attention should be paid to carefully control the quality and 

roughness of every film. 
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Supplementary Table 1 | Comparison of different techniques for creating sub-10 nm thick molecular devices. 

Techniques Key principle Efficiencya 
Structure 

stability 
Addressabilityb 

Fabrication 

scalability 

Fabrication 

difficulty 
Ref. 

Conductive AFM 
Metal-coated AFM 

tip 
Low Low Difficult No Low 12 

Crossed wire 

junction 
Lorentz force Low Low Easy No Low 13 

Liquid metal 

contact 
Surface tension 

Low to 

medium 
Low Difficult 

Possible            

(PDMS channel) 
Medium 14, 15 

Suspended 

nanowire junctions 

Dielectrophoretic 

trapping 
Medium High Difficult 

Possible       

(randomly distributed) 
Medium 16, 17 

E-beam deposited 

carbon film 
E-beam deposition 

Low to 

medium 
High Easy High Low 18, 19 

Surface-diffusion-

mediated deposition 
Atom diffusion High High Difficult High High 10 

Nanoskiving Edge lithography High High Easy High 
Medium to 

high 
20 

Pore + metal 

evaporation 

Photolithography, 

metal evaporation 
Low High Easy High High 21 

Pore + conductive 

carbon/polymer 

Photolithography, 

spin coating 
High High Easy High High 11, 22 

Lift-and-float 

approach 
Liftoff and floating Medium High Difficult 

Possible        

(polymer-assisted) 
Low 23 
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(Continued Supplementary Table 1) 

Techniques Key principle Efficiencya 
Structure 

stability 
Addressabilityb 

Fabrication 

scalability 

Fabrication 

difficulty 
Ref. 

Metal transfer 

printing 
PDMS Stamp 

Medium to 

high 
High Easy 

High                 

(relying on the stamp) 
Medium 24 

Graphene transfer Adhesive tape Medium High Easy Possible Medium 25 

Rolled-up soft 

contact 

Photolithography, 

stress release 

Medium to 

high 
High Easy 

High                     

(full integration) 
High This work 

a, Efficiency: Sum of massive fabrication capability and yield. 

b, Addressability: Sum of the capability to settle the molecules, to locate the top electrodes, and to measure the molecular junctions.  
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Supplementary Note 2. Fabrication process 

The molecular devices were integrated on glass wafers. The rolled-up soft-contact was realized 

by making the strained Au/Ti/Cr nanomembrane roll up and eventually bond back to the 

molecular layer/bottom electrode. First, a finger-like mesa structure that would support the 

bottom electrode was formed by etching ~400 nm of the SiO2 layer in buffered HF solution 

(Supplementary Figure 1a). After that, a sacrificial layer of GeOx (oxidized from 20 nm Ge), 

was patterned (Supplementary Figure 1b), followed by the deposition of metallic 

nanomembrane Au/Ti/Cr (5/15/20 nm), as shown in Supplementary Figure 1c. The Ti/Cr 

interface creates a strain gradient and the Au layer acts as the top electrode to the organic layer 

after rolling. Then, the substrate surface was conformally covered by a passivation layer AlOx 

(10 nm) via atomic layer deposition (ALD), as shown in Supplementary Figure 1d. Afterwards, 

a PEDOT:PSS:AgNWs layer via spin-coating and a Ag film (200 nm) via E-beam deposition 

were sequentially deposited (Supplementary Figure 1e). The former acts as the bottom electrode 

after patterning, while the latter is adopted to assist the pattern of the conductive polymer by 

wet etching and O2 plasma (Supplementary Figure 1f). After removing the undesirable 

PEDOT:PSS:AgNWs region, the passivation layer AlOx was exposed on which windows were 

opened by 3.3% HF solution for contact pads deposition and rolling direction control 

(Supplementary Figure 1g). Next, in sequence, a pair of contact pads consisting of Cr/Au (10/50 

nm) was patterned to enable electrical measurement, overlapping the area shown in 

Supplementary Figure 1h. Prior to the deposition of the molecules, the PEDOT:PSS:AgNWs 

layer on the fingertip was released by etching away the top Ag film (Supplementary Figure 1i). 

The pattern used to define the etching area can also be applied for molecular layer deposition, 

and in this work, the deposition was carried out using low temperature evaporation (LTE) in 

vacuum with a base pressure of 10-7 mbar. During deposition, the rates of CuPc and C60 were 

kept at approximately 0.004 nm/s and 0.009 nm/s, respectively, and the substrate was 

maintained at room temperature (Supplementary Figure 1j). After executing the lift-off process, 

the wafer was transferred into pure, deionized H2O for rolling. In this case, the strained metallic 

nanomembranes curled up because the GeOx sacrificial layer was slowly removed along the 

trench in water. The rolling process stopped at the end line of the GeOx layer (Supplementary 
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Figure 1k and 1l). As a result, the rolled-up nanomembranes contacted the molecular ultrathin 

film from the top, acting as a top electrode without damaging the molecules. 

 

Supplementary Figure 1 | Fabrication process of the molecular devices based on rolled-

up soft-contact. a, Patterning finger mesa by HF etching. b, Sacrificial layer Ge. c, Strain 

layers Au/Ti/Cr. d, Passivation layer Al2O3 by ALD deposition. with opened windows. e, 

Successive deposition of PEDOT:PSS:AgNWs layer via spin coating and Ag film (200 nm) via 

E-beam vapor deposition. f, Patterning PEDOT:PSS:AgNWs film by wet etching. g, Opening 

windows in Al2O3 layer by HF etching. h, Contact pads of Cr/Au. i, Opening windows in the 

remaining PEDOT:PSS:AgNWs film for molecules. j, Molecular layer depletion. k, Rolling in 

water. l, Optical image of the final rolled-up device.   
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Supplementary Note 3. Thickness confirmation 

During the growth of the molecules, the film thickness was monitored with a quartz crystal 

microbalance. To determine the actual thickness of each layer, a negative tone of photoresist 

AZ 5214E was applied. After development, the exposed areas remain with sloped walls (as 

shown in Supplementary Figure 2a, in purple), which could act as a mask to define the region 

for the deposited layer. The two LTE sources for ejecting the evaporated molecules are located 

on the left (for CuPc) and right (for C60) sides, respectively, i.e., not exactly below the substrate. 

Therefore, there is a shift between the designed region and the deposited area due to the oblique 

angle deposition through the photoresist mask, as shown in Supplementary Figure 2a. As a 

result, a small step (i.e., non-overlapping region) can be obtained at each margin of the 

CuPc/C60 hybrid layer, which can be used to determine the real thickness, as shown in 

Supplementary Figure 2b-e. By this method, the nominal CuPc (5 nm)/C60 (5 nm) hybrid layer 

is measured to be 4.7 nm and 5.1 nm, respectively. While for the case of CuPc (20 nm)/C60 (20 

nm) hybrid layer, the real thicknesses of CuPc and C60 are approximately 18.5 nm and 20 nm, 

respectively. Since the deviation is small, we still use the nominal height to label the molecular 

devices.  
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Supplementary Figure 2 | Confirmation of the actual thickness of each molecular layer. a, 

Schematic illustration of the oblique angle deposition of molecules through the photoresist 

mask. The grey, purple, blue, and green regions represent the substrate, photoresist pattern, 

CuPc, and C60, respectively. The arrows indicate the deposition direction. b and c, AFM image 

of CuPc (5 nm)/CuPc (5 nm) grown on a wafer and the corresponding height profile of the AFM 

image. d and e, AFM image of CuPc (20 nm)/CuPc (20 nm) grown on a wafer and the 

corresponding height profile of the AFM image.  
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Supplementary Note 4. Damage-free method to pattern PEDOT:PSS:AgNWs film 

PEDOT:PSS is a well-developed ionic-electronic mixed conductive polymer, which is 

comprised of a negatively charged PSS-rich matrix and positively charged PEDOT-rich cores26, 

27. Based on this charged property, PEDOT:PSS can act as an ion reservoir to supply mobile 

ions. Due to the direct contact with photoresist could seriously degrade the conductivity of the 

PEDOT:PSS:AgNW layer and cause contamination, an Ag protecting film was deposited on 

the conductive polymer to assist the pattern transfer, as shown in Supplementary Figure 3. 

Briefly, 200 nm of Ag film was deposited on top of the spin-coated PEDOT:PSS:AgNWs layer 

via E-beam deposition. Then, a conventional photolithography process was performed with AZ 

5214E (Microchemicals GmbH) as the photoresist. As described in Supplementary Note 2, 

there are two steps (i.e., Supplementary Figure 1f and 1i) that involve the Ag film assisted 

etching process. For patterning the bottom electrode, both the unwanted Ag film and the 

underneath PEDOT:PSS:AgNWs layer should be removed. While for opening window for 

molecule deposition, only the Ag film at the fingertip will be etched. The removal of the Ag 

film was realized by wet etching with a mixed acidic solution, H3PO4:HNO3:CH3COOH:H2O 

with a ratio of 3:3:23:1. After that, the PEDOT:PSS:AgNWs layer was exposed, which can be 

easily removed by O2 plasma. To avoid contamination from the photoresist after etching, the 

used AZ 5214E pattern was remained for the subsequent molecular layer deposition (because 

if fresh photoresist is spin-coated, the exposed PEDOT:PSS:AgNWs layer will be damaged).  
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Supplementary Figure 3 | Schematic presentation of patterning the PEDOT:PSS:AgNWs 

film. a. The main patterning process, in which a Ag film was used to transfer the designed 

structure to a PEDOT:PSS:AgNWs film with a conventional photolithography technique. b. 

The corresponding optical images of the critical steps mentioned in a. 

  



S11 

 

Supplementary Note 5. Effects of etching PEDOT:PSS:AgNWs film 

After etching, the PEDOT:PSS:AgNWs film is densified (Supplementary Figure 4), which is 

consistent with the thickness shrinkage of a PEDOT:PSS film from 50 nm to 30 nm 

(Supplementary Figure 5). The AFM topography images were obtained by a Bruker’s atomic 

force microscope (Dimension Icon®) with tapping mode, and the thickness was measured by a 

Bruker’s Dektak XTL™ stylus profilometer. On the other hand, the conductivity decreases 

from 3000 S/cm to 700 S/cm (Supplementary Figure 5), but still can work as a qualified 

electrode. The conductivity is confirmed by the typical “four probe method”. Moreover, the 

etched PEDOT:PSS:AgNWs film also shows good transparency (Supplementary Figure 6). The 

transparency is measured with a light source and a photodetector. Therefore, the etched 

PEDOT:PSS:AgNWs film can be an excellent transparent electrode material. 

Another interesting phenomenon is that based on the relative atomic content derived from the 

XPS spectrum (Supplementary Table 2), longer etching leads to a higher Ag 3d content which 

can be attributed to longer ion adsorption (the ion source mainly stems from the dissolution of 

the 200 nm Ag protective layer), indicating that Ag is most likely in the form of ions. Because 

if the Ag element exists in the form of metallic Ag residual, the Ag 3d signal should become 

weaker after longer etching, which is contrary to the experimental results. In fact, the etching 

rate of the mixed acid solution is very fast, as the 200 nm Ag film could be totally etched within 

10 s.  
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Supplementary Figure 4 | AFM images of the etched PEDOT:PSS:AgNWs films. a and b, 

The pristine film. c and d, The film etched with 30 s. e and f, The film etched with 60 s.  

 

 

Supplementary Figure 5 | Conductivity and thickness of the etched PEDOT:PSS:AgNWs 

films 
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Supplementary Figure 6 | Transmittance spectra of the etched PEDOT:PSS:AgNWs films. 

 

Supplementary Table 2 | The work function (WF) and the relative atomic content derived 

from the photoelectron spectroscopy measurement under different wet etching conditions. 

Sample WF (eV) C 1s (%) N 1s (%) S 2p (%) Ag 3d (%) 

PPA30 4.8 88.73 1.75 9.28 0.24 

PPA60 4.5 88.56 1.82 9.26 0.37 
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Supplementary Note 6. Traditional photodiodes and photomultiplication 

photodiodes 

Photodiodes, a branch of photodetectors that convert incident photons into electrical signals, 

have plenty of important applications similar to other photodetectors, such as image sensing, 

optical communication, safety/environmental monitoring, and chemical/biological detection. 

One important index is the external quantum efficiency (EQE), which is initially defined as the 

ratio of the converted electron to the incident photon28 

EQE =
converted electron

incident photon
=

(𝐽𝐿 − 𝐽𝐷)ℎ𝑣

𝑒𝑃𝑖𝑛
× 100% 

where 𝐽𝐿, 𝐽𝐷, 𝑒, 𝑃𝑖𝑛, and ℎ𝜈 are the photocurrent density, dark current density, elementary 

electron charge, light power density, and incident photon energy, respectively. Based on the 

EQE value, photodiodes can be divided into two categories: traditional photodiodes29 and 

photomultiplication photodiodes30, as depicted in Supplementary Figure 7a. Specifically, taking 

a p-n junction-based traditional photodiode as the prototype (as shown in the left panel), the 

photophysical process mainly involves three steps31: (1) exciton generation by photon 

adsorption in the donor and/or acceptor materials due to the photoelectric effect; (2) separation 

of the excitons into free-charge carriers (holes and electrons) at the donor/acceptor interfaces; 

and (3) charge carriers transport and extraction to the electrodes. The photocurrent is attributed 

to the increase in electrical conductivity resulting from the increased carrier density in the 

photoactive channel when photons are absorbed. Theoretically, an adsorbed photon can excite 

at best one electron-hole pair, hence, the calculated EQE cannot exceed 100%. In this kind of 

photodiodes, the both electrode contacts are normally ohmic-like, so that the photogenerated 

holes and electrodes are readily collected by the anode and cathode, respectively.  

When one of the electrode contacts of the p-n junction-based photodiode is Schottky rather than 

ohmic, i.e., a large energy offset exists between the electrode Fermi level (EF) and the HOMO 

or LUMO of the photoactive material, the photogenerated charge carrier collection efficiency 

could be seriously decreased, leading to a small photocurrent as well as a low EQE. In fact, it 

is still possible to obtain high EQE photodiodes with Schottky contact. In addition to the 

Schottky photodiode (with a similar working principle with p-n junction photodiode), another 
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interesting type is the well-known photomultiplication photodiode which depends on improved 

charge injection induced by the interfacial traps32, as shown in Supplementary Figure 7b. Trap 

states can be introduced as the second phase (e.g., quantum dots, nanoparticles, dyes) dispersed 

in the photoactive matrix layer or as the interfacial layer between the electrode and photoactive 

layer. Normally, there is a large difference in HOMO or LUMO between photoactive and 

trapping materials, therefore, photogenerated holes or electrons can be captured33. One type of 

photogenerated charge carriers trapped in the trap states near the electrode could produce a 

Coulomb field, which induces interfacial band bending to assist the tunneling injection of the 

opposite charge carriers from the external circuit34, 35. Trap-assisted injection under light 

illumination is not strictly limited to the photogenerated carrier density but relies on the number 

of trapped carriers near the electrode, so a photomultiplication phenomenon with an EQE higher 

than 100% could happen. Photomultiplication is desirable for highly sensitive photodetectors 

with excellent detection capability, which can simplify the photodetection system with no need 

for a preamplifier circuit. It should be mentioned here that photomultiplication photodiodes just 

borrow the existing EQE to describe the sensitivity, not the same as traditional photoelectric 

effect photodiodes. In fact, the EQE in photomultiplication photodiodes can be regarded as the 

ratio of the secondary electron from the trap-assisted injection to the incident photon. Due to 

the intrinsic feature of electric-field-driven trapping/detrapping, photomultiplication 

photodiodes are suffering two problems: high driven voltage and slow photo-response. 

Usually, photodiodes based on the pure photoelectric effect should apply thick active layers to 

avoid inefficient photon absorption. However, we successfully realized molecular photodiodes 

with high photosensitivity based on several nanometer-thick molecule ensembles, which is 

ascribed to the trap-assisted injection, instead of a carrier density increase in the active layer.  
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Supplementary Figure 7 | Schematic diagrams of two kinds of photodiodes categorized 

according to the external quantum efficiency (EQE). a, Traditional photodiodes that rely on 

the increased carrier density by photogenerated carriers have EQE less than 100%, which 

mainly involve the conventional three steps: (1) photon adsorption, (2) exciton separation, and 

(3) holes/electrons collection. b, Photomultiplication photodiodes have EQE exceeding 100% 

due to the trap-assisted photomultiplication effect. The red round and red circular ring represent 

electron and hole, respectively.  
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Supplementary Note 7. Photomultiplication performances 

The photoresponses to single-wavelength light are also characterized by three individual laser 

light sources (5 mW/cm2), i.e., 459 nm, 532 nm, and 630 nm, respectively. Calculated from the 

I-V characteristics of the molecular device, PPA30/CuPc (3 nm)/C60 (3 nm)/Au tube, in the dark 

and under illumination (Supplementary Figure 8), the EQE values at -1 V with wavelengths of 

459 nm, 532 nm, and 630 nm are 21124%, 29051%, and 79241%, respectively. For 

PPA30/CuPc (3 nm)/C60 (3 nm)/Au tube under 630 nm laser illumination, the calculated EQE 

can exceed 100% at only -0.1 V (Supplementary Figure 9a), which means that the applied 

voltage for photomultiplication is greatly decreased due to the ultrathin organic heterojunction. 

The time-dependent photoresponses are measured, as shown in Supplementary Figure 9b with 

a 630 nm laser light source (5 mW/cm2). Both the response and recovery processes take on a 

time scale of seconds (Supplementary Figure 9), much slower than traditional photodiodes (in 

a range of nanoseconds to milliseconds), which come from the intrinsic feature of electric-field-

driven trapping/detrapping. The photocurrent is mainly generated by trapped holes in the C60 

layer near the Au tube electrode (cathode), which assists electron injection. The accumulation 

of an adequate number of trapped holes to trigger extensive band bending at the active 

layer/cathode interface and facilitate electron injection requires a relatively long time, resulting 

in a relatively long rise time. The slow decay process for the photocurrent is attributed to the 

slow recombination process for the trapped holes in C60 near the cathode.  

 

Supplementary Figure 8 | Photoresponses of PPA30/CuPc (3 nm)/C60 (3 nm)/Au tube to 

single-wavelength light. a, Under illumination of 459 nm laser light sources (5 mW/cm2). b, 

Under illumination of 532 nm laser light sources (5 mW/cm2). c, Under illumination of 630 nm 

laser light sources (5 mW/cm2). 
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Supplementary Figure 9 | Photoresponse of PPA30/CuPc (3 nm)/C60 (3 nm)/Au tube by a 

630 nm laser light source (5 mW/cm2). a, Voltage-dependent EQE. At -0.1 V, the calculated 

EQE already exceeds 100%. b, Time-dependent photoresponse at -0.5 V.  
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Supplementary Note 8. Transition voltage spectroscopy 

Transition voltage spectroscopy (TVS) is a useful tool to gain insights into the energy alignment 

in molecular junctions by providing an indirect measure of the position between the electrode 

Fermi level (EF) and the frontier orbital level (HOMO or LUMO) of molecules36. It is of great 

significance to investigate the charge transport mechanisms and realize the functions of 

molecular junctions. With TVS analysis, an inflection point (transition voltage VT) can be 

extracted from a plot of In (I/V2) vs. 1/V, which is proportional to the effective charge injection 

barrier height (Φ)  and is consistent with a transition from direct tunnelling (DT) to field 

emission (also known as Fowler-Nordheim tunnelling (FNT))37.  

At a low-bias region, direct tunnelling dominates where the relationship between current (I) 

and voltage (V) can be described as follows38: 

𝐼 ∝ 𝑉𝑒𝑥𝑝 [−
2𝑑√2𝑚𝑒Φ

ℏ
] 

where 𝑑 is the thickness of the molecular layer; 𝑚𝑒 is the electron effective mass; and ℏ is 

the Planck constant. Therefore, 1/V is logarithmically scaled with In (I/V2), i.e., In (I/V2) ∝ In 

(1/V). At a high-bias region, for the applied bias exceeding the transition voltage VT, I-V follows 

the Fowler-Nordheim tunnelling relation38: 

𝐼 ∝ 𝑉2𝑒𝑥𝑝 [−
4𝑑√2𝑚𝑒Φ3

3ℏ𝑞𝑉
] 

where q is the electronic charge. From the above equation, it can be deduced that In (I/V2) 

against 1/V has a linear relationship with a negative slope. 

Returning to our work, in order to investigate the thickness-dependent charge transport 

mechanism of photomultiplication photodiodes under dark and illumination conditions, TVS is 

applied to fit the data at reverse bias (i.e., the bottom electrode is positively biased), as shown 

in Supplementary Figure 10. We observe controllable thickness and light dependences of VT in 

the molecular junction, which can be well explained by trap-assisted injection. Specifically, 

without illumination, only the device based on PPA30/CuPc (3 nm)/C60 (3 nm)/Au tube exhibits 
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two distinct regions with the transition voltage point located at 0.8 V. This phenomenon 

indicates that, on the one hand, field emission occurs within PPA30/CuPc (3 nm)/C60 (3 nm)/Au 

tube, and on the other hand, CuPc (5 nm)/C60 (5 nm) and CuPc (20 nm)/C60 (20 nm) are too 

thick to trigger Fowler-Nordheim tunnelling due to the relatively low electric field at the C60/Au 

interface with an applied voltage ranging from 0 to -1.2 V. Under illumination, the 

photogenerated excitons will be dissociated into charge carriers (electrons and holes) at the 

CuPc/C60 interface, and the photogenerated electrons will be transported through CuPc and then 

collected by the PPA30 electrode at reverse bias. While the photogenerated holes will be 

trapped in C60 due to 1 eV of the highest occupied molecular orbital (HOMO) difference 

between CuPc and C60. According to the working principle of photomultiplication photodiodes, 

only sufficient holes trapped in C60 near the Au electrode can generate a strong Coulomb field 

to cause interfacial band bending for efficient electron tunneling injection from the external 

circuit, thus resulting in a high photocurrent. Therefore, the hole-trapping layer C60 should be 

thin enough; otherwise, the induced local electric field cannot reach the Au electrode and cannot 

obviously improve the electron injection from the Au electrode to C60, which is consistent with 

the fitting results shown in Supplementary Figure 10. For the case based on CuPc (3 nm)/C60 

(3 nm), the transition voltage VT decreases from 0.8 V to 0.5 V after switching on the light 

(Supplementary Figure 10a). Moreover, an inflection point at 0.9 V of the device based on CuPc 

(5 nm)/C60 (5 nm) is observed under illumination (Supplementary Figure 10b). These two 

phenomena imply that the trapped holes within 3 nm/5 nm C60 can effectively make the 

Schottky barrier (between C60 and Au) thinner, resulting in the decrease in transition voltage 

and the consequent photomultiplication effect. On the contrary, the trap-induced band bending 

in 20 nm C60 is negligible so that there is still no transition under illumination (Supplementary 

Figure 10c) as well as no improved electron injection.  
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Supplementary Figure 10 | Fowler-Nordheim fitting of the I-V data at reverse bias. a, The 

1/V ~ ln (I/V2) plot of the device based on CuPc (3 nm)/C60 (3 nm). b, The 1/V ~ ln (I/V2) plot 

of the device based on CuPc (5 nm)/C60 (5 nm). c, The 1/V ~ ln (I/V2) plot of the device based 

on CuPc (20 nm)/C60 (20 nm). The thickness-dependent fitting proves that the trap-assisted 

injection only works when the molecular ensemble is thin enough.  
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Supplementary Note 9. Statistics 

Statistics of the molecular devices are shown in Supplementary Figure 11. As extracted from 

Supplementary Figure 11a-c, the yields of the molecular devices based on CuPc(3 nm)/C60(3 

nm), CuPc(5 nm)/C60(5 nm), and CuPc(20 nm)/C60(20 nm) are 39.7% (=27/68), 48.5% (=33/68), 

and 63.2% (=43/68), respectively. This trend in yield versus thickness originates from the fact 

that the thinner the molecular layer, the more likely the device becomes shorted, because the 

roughness (~ 2nm) of the top tubular and bottom finger electrodes is in the same range of the 

molecular film thickness, which can shrink the effective gap between the two electrodes. 

Statistics of the device performance are also provided in terms of the rectification ratio, 

ON/OFF ratio, ON-state current, and switching voltage, as shown in Supplementary Figure 

11d-g. Since the hysteretic behaviour of PPA60/CuPc(20 nm)/C60(20 nm)/Au is not remarkable, 

only the parameters of molecular devices based on CuPc(3 nm)/C60(3 nm) and CuPc(5 

nm)/C60(5 nm) are presented. 

 

Supplementary Figure 11 | Statistics. a-c, Distribution maps of the molecular devices based 

on CuPc(3 nm)/C60(3 nm), CuPc(5 nm)/C60(5 nm), and CuPc(20 nm)/C60(20 nm), respectively. 
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The green and gray squares represent successful and failed devices on the sample substrates, 

where a “successful device” refers to a device that exhibits I-V hysteresis behaviour and a 

“failed device” refers to a shorted or open device. d-g, Average values of the rectification ratio 

at ±0.5 V (d), ON/OFF ratio at ±0.5 V (e), ON-state current at ±0.5 V (f), and the switching 

voltage (g). Error bars represent the standard deviation for each parameter of the working 

devices. “3/3” and “5/5” denote the molecular devices based on CuPc(3 nm)/C60(3 nm) and 

CuPc(5 nm)/C60(5 nm), respectively. All data are obtained with the bottom finger electrodes 

grounded. “Forward” and “Reverse” in d indicate the forward diode and reverse diode, 

respectively. “Forward” and “Reverse” in e-g indicate the positive and negative voltage regions, 

respectively. 
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Supplementary Note 10. Memristive mechanism 

SN 10.1 Filamentary vs. barrier modulation 

To elucidate the working mechanism, we first compare the I-V hysteresis features of our 

memristors to those of conventional filamentary memristors, as shown in in Supplementary 

Figure 12. We fabricated a stacked structure of Ni/SiO2(1 nm)/Al2O3(1 nm)/NiFe, which 

exhibits a typical filamentation-type hysteresis behavior39, 40 (Supplementary Figure 12a) owing 

to the formation and rupture of conductive filaments. In this situation the sequence of the I-V 

hysteresis follows HRS→LRS→LRS→HRS, where HRS and LRS are the abbreviations of the 

high resistance state (i.e., OFF state) and low resistance state (i.e., ON state), respectively. 

Therefore, the memristor can maintain the ON/OFF state when the bias polarity is switched. 

However, for the molecular devices in our work (as shown in Supplementary Figure 12d), the 

I-V hysteresis follows the order HRS→LRS→HRS→LRS; i.e., the resistance state changes 

whenever the bias polarity switches, which is consistent with the behaviour of memristors that 

rely on a Schottky barrier modulation in perovskite-based devices, such as BiFeO3 (BFO)41, 

BaTiO (BTO)42, CH3NH3PbI3 (MAPbI3)43, and so on. For this kind of perovskite memristors, 

the observed hysteresis is generally accepted to be caused by ion migration-induced barrier 

modulation, which is supported by experimental results42, 43, 44 and numerical simulations45. 

Under an electric field, mobile ions drift in the perovskite layer and accumulate near the 

electrode surfaces, leading to p-doping in the perovskite near the anode and n-doping near the 

cathode. Similarly, a reverse bias can flip the doping configuration by forcing positive and 

negative ions to drift in the opposite direction. The self-doping effect can influence the 

electrode/perovskite barrier width and therefore increase or decrease the carrier injection 

capability, resulting in memristive hysteresis. In perovskite materials, the mobile ions originate 

from lattice defects at the grain boundaries, for example, positively charged I vacancies and 

negatively charged Pb and MA vacancies in MAPbI3
43.  

Additional evidence for clarifying the mechanism is provided by fitting the double logarithmic 

I-V plot with a power law46, as shown in Supplementary Figure 12. For filamentation-type 

memristors, the ON state is attributed to the formation of conductive filaments between the two 
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electrodes, which causes a “short circuit”. Therefore, the charge transport of the On-state is 

governed by Ohmic conduction, and the corresponding I-V plots of the LRS for both negative 

and positive voltages are characterized by Ohmic behavior (I ~ V)47, 48, i.e., the slope is close to 

1 (as shown in Supplementary Figure 12b and 12c). However, for the molecular devices in our 

work (as shown in Supplementary Figure 12e and 12f) the slopes of the On-state I-V plots at 

negative and positive voltages are calculated to be 2.1 and 3.2, respectively, which deviate 

significantly from Ohmic behavior. Instead, the linear fitting matches well with perovskite-

based memristive switching42. 

 

Supplementary Figure 12 | Two types of bipolar memristors according to the I-V 

hysteresis sequence. a, I-V hysteresis follows the order of HRS→LRS→LRS→HRS. The 

example shown here is based on a stacked structure of Ni/SiO2(1 nm)/Al2O3(1 nm)/NiFe. HRS 

and LRS are the abbreviations of the high resistance state (i.e., OFF state) and low resistance 

state (i.e., ON state), respectively. b and c, Double logarithmic fittings of the negative part (b) 

and positive part (c) of the I-V plot shown in a. d, I-V hysteresis follows the order of 

HRS→LRS→HRS→LRS. The example shown here is based on our PPA60/CuPc(3 nm)/C60(3 

nm)/Au. e and f, Double logarithmic fittings of the negative part (e) and positive part (f) of the 

I-V plot shown in d. 
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SN 10.2 Switchable diode effect 

The switchable diode effect that usually appears in interface-type perovskite memristors41, 49 is 

also observed in our molecular devices (as shown in Supplementary Figure 13), which has not 

yet been reported in filamentation-type memristors as far as we know. For the virgin state, the 

current is very small and nearly symmetric over a small bias range (Supplementary Figure 13a); 

however, when the sweep starts from a higher negative voltage (-1.2 V here), the current 

increases rapidly in the negative voltage region but increase slowly in the positive voltage 

region, indicating a reverse diode behavior (Supplementary Figure 13b); whereas, when the 

sweep starts from a higher positive voltage (+1.2 V here), the current shows a forward diode 

(Supplementary Figure 13c). Moreover, this switchable diode effect also happened in single-

direction sweeping. For example, when sweeping from -1.2 V to 1.2 V alone (Supplementary Figure 

13d), the rectification ratio I (-0.5 V)/I (0.5 V) = 800, while sweeping from 1.2 V to -1.2 V generates 

a ratio I (0.5 V)/I (-0.5 V) = 100 (Supplementary Figure 13e). The mechanism of the switchable 

diode effect in perovskite devices is still under debate: some researchers claim that it originates 

from the polarization of mobile ions43, 44, 50; while some others claim that it is governed by the 

polarization of ferroelectric domains41, 51. However, both of them agree that the polarized 

charges (ions or charged centres) under the applied electric field can modify the 

electrode/perovskite Schottky barriers, leading to switchable diode behavior. It should be 

pointed out that in our case both CuPc and C60 are not ferroelectric materials. 
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Supplementary Figure 13 | Voltage-polarity-dependent rectifying behavior. a, Virgin state 

extracted from Figure 4a in the manuscript. b and c, Reverse diode (b) and forward diode (c) 

behaviors extracted from Figure 4b in the manuscript. The black symbols represent diodes. d, 

Single sweep from PPA60 bottom electrode to Au tubular top electrode, resulting in a diode-

like rectifying behavior with negative voltage as the forward bias. e, Single sweep from Au 

tubular top electrode to PPA30 bottom electrode, resulting in a diode-like rectifying behavior 

with positive voltage as the forward bias. The bottomPPA60 electrode is grounded. 

SN 10.3 Photoresponse of the molecular memristors with I-V hysteresis 

As shown in Supplementary Figure 14, compared to the dark condition, the I-V hysteresis 

almost disappears under illumination. The shrinkage of the I-V hysteresis under illumination 

has also been reported in perovskite-based solar cells and photodetectors due to ion-involved 

phenomena51, 52. Most of the mobile ions drift toward the contacts under a high external electric 

field, and in turn, the ion accumulation impacts the electron and hole distributions (i.e., ion 

accumulation-induced doping effect), which is deleterious to the performance of the devices in 
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the photovoltaic and light detection fields. Owing to the presence of a very large electron/hole 

concentration at the interface (where photogenerated holes/electrons would be extracted), these 

accumulated ions at the electrode interfaces can act as electron-hole recombination centers (i.e., 

traps) to enhance the interfacial charge recombination during the collection of photogenerated 

carriers53. As a consequence, the barrier modulation effect induced by ion accumulation is 

weakened, hence, the photocurrent is reduced54 and the I-V hysteresis reduces under 

illumination after polarization. Furthermore, the presence of ions at the interfaces can lead to 

chemical reactions at the contacts, which could also modify the extraction properties. Back to 

our case, it is supposed that both the enhanced surface recombination and chemical reaction 

contribute to the shrinkage of the I-V hysteresis. Because after turning off the light, the I-V 

hysteresis in the dark is severely reduced, especially for the negative part, which is possibly 

ascribed to the lack of Ag ions owing to the photoreduction of Ag ions with the help of 

photogenerated electrons. 

 

Supplementary Figure 14 | Photoresponse of the molecular device based on PPA60/CuPc 

(5 nm)/C60 (5 nm)/Au tube. a, I-V characteristics in dark. b, I-V characteristics under 

illumination. c, I-V characteristics in the dark again. 

Supplementary Note 11. Ion doping-assisted injection 

In addition to trap-induced band bending under illumination, the junction barrier at the 

electrode/organic semiconductor interface can also be effectively modulated by ion polarization 

under an electric field55, 56, 57, as depicted in Supplementary Figure 15. After applying an 

external bias, the first step involves a redistribution of the ions in the active layer. Driven by 

the electric field, anions and cations migrate to the respective electrode interfaces and 
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accumulate to form thin sheets (ranging from 1 to 6 nm55, 58) of uncompensated charge referred 

to as electric double layers (EDLs). Then, holes and electrons are injected to compensate the 

accumulated ions of opposite sign (i.e., anions and cations, respectively) present at the electrode 

interfaces, which are identical to electrochemical doping. Consequently, anion- and cation-

accumulated regions are p- and n-doped, respectively59. If the ion supply is not limited and/or 

the active channel is thin enough, the p- and n-doped zones can continue to grow with operating 

time until they eventually make contact, i.e., evolve from p-i-n junction to p-n junction43. At 

the same time, the compensating holes (electrons) give rise to strong downward (upward) band 

bending in the semiconductor near the cathode (anode) due to the doping effect, resulting in a 

narrowed barrier width and enhanced hole (electron) tunneling injection55.  

The electrochemical doping process is the working principle of light-emitting electrochemical 

cells60 and ferroelectric memristors43. Normally, the active materials contain mobile ions that 

originate either from the electrolyte within the polymer matrixes or from the undercoordinated 

ionic defects (such as oxygen vacancies) of perovskites44, which is the prerequisite for ion 

polarization. Briefly, for light-emitting electrochemical cells (LECs), the injected holes and 

electrons migrate through the electrochemically doped regions and recombine within, or in 

close proximity to, the undoped junction, causing the emission of light. As one of the simplest 

kinds of electroluminescent devices, LECs usually operate with low voltages and in turn allow 

for high power efficiencies and air stable electrodes, which simplify the encapsulation 

requirements. While for ferroelectric memristors, they depend on switchable Schottky-to-

Ohmic interfacial contacts. Because the ionic polarization related electrochemical doping can 

modify the interfacial barrier and influence the electric transport property, e.g., changing the 

contact from Schottky to ohmic-like and vice versa. On the other hand, this polarization as well 

as the electric modulation can be reversed by the application of an external electric field in the 

opposite direction, therefore, the doping-induced p-n (or p-i-n) junction is likely to be inverted 

into a n-p (or n-i-p) junction, resulting in a switchable diode effect in ferroelectric memristors. 
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Supplementary Figure 15 | Schematic diagrams of ionic polarization-induced 

electrochemical doping. After polarization under external electric field (i.e., poling), cations 

are accumulated in the organic semiconductor near the anode to support p-type doping, 

resulting in downward band bending and consequent improved hole tunneling (left side in 

Supplementary Figure 15). At the same time, anions are accumulated in the organic 

semiconductor near the cathode to support n-type doping, resulting in upward band bending 

and consequent improved electron tunneling (right side in Supplementary Figure 15). The red 

round, red circular ring, red round with “+”, and purple round with “-” represent electron, hole, 

cation, and anion, respectively. 

Supplementary Note 12. Ion source  

SN 12.1 Determining the source of the mobile ions 

All the abovementioned phenomena indicate that our memristive switching performance stems 

from the ion migration-induced barrier modulation rather than the formation/rupture of 

filaments. Usually, interface-type memristors have been widely reported for perovskite-based 

materials, in which the mobile ions originate from lattice defects. However, in our work, a series 

of experiments point out that the mobile ions are provided by the etched PEDOT:PSS:Ag NWs, 

i.e., they are not from the organic hybrid layer CuPc/C60. As shown in Supplementary Figure 

16a and 16b, when the etched PEDOT:PSS:Ag NWs electrode is replaced by an ITO or Ag film, 

the I-V hysteresis is negligible. However, when the Ag film electrode is etched for a short time 
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(~2 s) with the same etching solution, the hysteretic behavior occurs again, but it is very 

unstable (Supplementary Figure 16c). This result directly implies that the etched Ag film can 

provide ions but cannot control the ions as effectively as etched PEDOT:PSS:Ag NWs during 

the repeated sweeping. Moreover, when CuPc is replaced by H2PC, a similar I-V hysteresis is 

also observed (Supplementary Figure 16d), which not only indicates that the coordinated 

metallic ions Cu(II) in CuPc do not contribute to the hysteretic phenomenon but also 

demonstrates that the etched PEDOT:PSS:Ag NWs electrode indeed matters. We also prepared 

PPA60-based devices with a single CuPc or C60 layer as the active material (Supplementary 

Figure 16e and 16f), and find that both PPA60/CuPc(3 nm)/Au and PPA60/C60(3 nm)/Au 

exhibit I-V hysteresis. However, the hysteresis loops are much weaker than that of 

PPA60/CuPc(3 nm)/C60(3 nm)/Au. This observation emphasizes that the ultrathin CuPc/C60 

hybrid layer is very important to achieve excellent resistance switching performance, and also 

implies that the inserted molecules are not the core factor causing the hysteresis, but instead the 

etched PEDOT:PSS:Ag NWs electrode. 

 

Supplementary Figure 16 | Determining the origin of the mobile ions. a, I-V characteristics 

of the molecular device based on ITO/CuPc (3 nm)/C60 (3 nm)/Au tube. b and c, I-V 
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characteristics of the molecular devices based on Ag (40 nm)/CuPc (3 nm)/C60 (3 nm)/Au tube 

without etching the Ag film (b) and with etching the Ag film for a short time (c). d-f, I-V 

characteristics of the molecular devices based on PPA60/H2Pc (3 nm)/C60 (3 nm)/Au tube (d), 

PPA60/CuPc (3 nm)/Au tube (e), and PPA60/C60 (3 nm)/Au tube (f), respectively.  

SN 12.2 Transition between photomultiplication photodiodes and bipolar memristors 

Another experimental evidence is that when increasing the water washing time (from 10 s to 

10 min) of PPA60 after wet etching (i.e., before molecule deposition), the corresponding 

molecular devices act as photomultiplication photodiodes again, and the hysteresis behavior is 

suppressed (Supplementary Figure 17). This is because the longer washing procedure partly 

removes the mobile ions, leading to a decrease in ion concentration and a reduction of the 

PPA60/CuPc barrier height, both of which make ion transport difficult. This phenomenon 

further supports the fact that the etched PEDOT:PSS:AgNWs film is the source of mobile ions. 

In fact, PEDOT:PSS has been extensively used as an “ion reservoir” to store ions. We use the 

Raman spectrum and light absorption coefficient profile to characterize the 

PEDOT:PSS:AgNWs film before and after etching, and find that after etching there are no 

metallic Ag related signals (see Figure 2h and g in the manuscript). However, the XPS spectrum 

exhibits a clear Ag signal (see Figure 2j in the manuscript), and the relative atomic content 

increases with the etching time. If the Ag signal comes from metallic Ag, then the content 

should decrease as the etching time is prolonged. Obviously, this did not happen. Based on 

these results, we conclude that Ag nanowires are completely gone after etching and the Ag ions 

are adsorbed on the etched PEDOT:PSS. Moreover, N is also detected, and the relative atomic 

content increases with the etching time, which stems from the etching component HNO3. The 

mixed etching solution was H3PO4 (3):HNO3 (3):CH3COOH (23): H2O (1). In fact, both Ag3PO4 

and CH3COOAg exist in solid forms, which may be the reason why element P is not detected.  
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Supplementary Figure 17 | Transition between photomultiplication photodiodes and 

bipolar memristors. a, I-V characteristics of the molecular device based on 

PEDOT:PSS:AgNWs film wet-etched for 30 s and washed with water for 10 s. b, I-V 

characteristics of the molecular device based on PEDOT:PSS:AgNWs film wet-etched for 60 s 

and washed with water for 10 s. c, I-V characteristics of molecular device based on 

PEDOT:PSS:AgNWs film wet-etched for 60 s and washed with water for 10 min. 

In summary, we have clarified that our memristive switching performance is attributed to ion 

migration-induced barrier modulation (instead of the formation/rupture of filaments), and we 

have provided evidence that the mobile ions originate from the etched PEDOT:PSS film (rather 

than the organic hybrid layer CuPc/C60). 

Supplementary Note 13. Comparison of the memristive performance with 

previously reported memristors 

Here, we focus on bipolar memristors and divide them into two categories according to the 

sequence of the I-V hysteresis loops (Supplementary Figure 12): following the order of (1) 

HRS→LRS→LRS→HRS (HLLH) or (2) HRS→LRS→HRS→LRS (HLHL), where HRS and 

LRS are the abbreviations of high resistance state (i.e., OFF state) and low resistance state (i.e., 

ON state), respectively. 

Most HLHL switching phenomena are found in perovskite-based memristors, in which 

switching is ascribed to the barrier modulation induced by the polarization of the mobile ions 

in the perovskites or the polarization of the ferroelectric domains. This kind of memristors also 
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exhibits the “switchable diode effect”. Therefore, they can work as both forward and reverse 

diodes, which depend on the polarization direction. Such HLHL behaviour and switchable 

diode effect are rarely reported in molecular/organic memristors but they occur in our devices. 

Compared with previously reported perovskite-based memristors the performance of our 

devices is comparable in terms of the rectification ratio, ON/OFF ratio, switching voltage, and 

retention stability. On the other hand, the ON-state current density of our devices is higher than 

that of most perovskite-based memristors. Moreover, there is no need to conduct a poling 

process to activate the memristive switching behaviour in the molecular devices in our work. 

Poling refers to applying a higher voltage over a period of time to create polarization in 

perovskite materials. For the molecular devices in our work, it is supposed that the ultrahigh 

electric field (for example, the average electric field is about 1.67 MV/cm at 1 V) immediately 

polarizes the mobile ions through the ultrathin molecular hybrid layer. However, compared to 

the HLLH memristors listed in Supplementary Table 3, the endurance capability of our devices 

still needs to be enhanced. 
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Supplementary Table 3 | Comparison of the memristive performance with previously reported memristors 

Device structurea 
Thickness 

(nm) 

Hysteresis 

orderb 

Forward 

RR@±Vc 

Reverse 

RR@±V 

ON/OFF 

ratio@V 

Switching 

voltage (V) 

ON-state current 

density (A/cm2) 

Forming 

required?d 

Retention 

(s) 

Endurance 

(cycles) 
Ref. 

Ag/SAM/GaOx/EGaIn ~2 HLLH － 
2.5×104 

@1.0 V
e
 

6.7×103 

@-0.3 V 
-0.89 

~10-2             

@-0.5 V 
No 1.2×104 106 61 

ITO/Au NPs/ 

[Ru(L)3](PF6)2/ITO 
10-100 HLLH － － 

~105 

@0.3 V 
~0.52 

~103           

@0.3 
No >106 ~1012 62 

Pt/PA-TsOH/Pt 90 HLLH － － 
>105       

@0.1 V 
~7.0 － No 105 >103 63 

ITO/Poly-14+/Al 100 HLLH － － 
~2.0×102 

@1.0 V 
3.4 

~10-2          

@1.0 
No 1.2×104 500 64 

Ag/MoS2/MoOx/Ag 50-100 HLLH － － 
~106  

@~0 V 
0.1-0.2 

~10       

@0.01 
No ~104 3.0×104 65 

ITO/CsPbBr3 

ODs/PMMA/Ag 
~800 HLLH － － 

~103 

@0.5 V 
~1.0 － 

Electro-

forming 
105 104 66 

Pt/BCZT/HAO/Au 50 HLHL 
~104  

@0.1 V 

~104  

@0.1 V 

~104       

@-0.1 V 
~0.2 

~10-5             

@-0.1 V 

Not 

specified 
104 60 67 

FTO/BiFeO3/C-AFM 250 HLHL 
~104  

@2.0 V 

~7    

@4.0 V 

~7.0×103 

@2.0 V 
~1.0 

~10-2          

@2.0 V 

Poling 

@±9V 
103 － 68 

STO/BiFeO3/C-AFM 240 HLHL － 
~100 

@1.0 V 

~103       

@-2.0 V 
~-1.0 

~10-2             

@-2.0 V 

Poling 

@±10V 
106 － 49 

STO/SRO/BiFeO3/  

C-AFM 
40 HLHL 

~500 

@0.6 V 

~200 

@0.6 V 

∼753 

@0.5 V 
~2.0 － 

Poling 

@±3.5V 
103 － 41 

mailto:~10-2@-0.5
mailto:~10-2@-0.5
mailto:25@0.5
mailto:25@0.5
mailto:25@0.5
mailto:25@0.5
mailto:25@0.5
mailto:25@0.5
mailto:25@0.5
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(Continued Supplementary Table 3) 

Device structurea 
Thickness 

(nm) 

Hysteresis 

orderb 

Forward 

RR@±Vc 

Reverse 

RR@±V 

ON/OFF 

ratio@V 

Switching 

voltage (V) 

ON-state current 

density (A/cm2) 

Forming 

required?d 

Retention 

(s) 

Endurance 

(cycles) 
Ref. 

ITO/PEDOT:PSS/ 

MAPbI3/Au 
300 HLHL 

~200 

@1.0 V 

~300 

@1.0 V 

>103       

@-1.0 V 
~-1.0 

~10-2             

@-1.0 V 

Poling 

@±2.5V 
－ － 43 

SRO/BiFeO3(Ca)/    

C-AFM 
100 HLHL － 

~103  

@10 V 

~103       

@-2.0 V 
~-5.0 － 

Poling 

@±12V 
－ － 44 

PPA60/CuPc/C60/Au 6 HLHL 
~400 

@0.5 V 

~900 

@0.5 V 

~3×103 

@0.5 V 
~0.8 

>10        

@0.5 V 
No 2×103 100 

This 

work 

a, The Red part indicates the storage medium. 

b, According to the direction of the I-V hysteresis loops, bipolar memristors are simply divided into two categories: following the order of (1) 

HRS→LRS→LRS→HRS (HLLH) or (2) HRS→LRS→HRS→LRS (HLHL), where HRS and LRS are the abbreviations of high resistance state (i.e., OFF 

state) and low resistance state (i.e., ON state), respectively.  

c, RR= Rectification Ratio. 

d, The “forming” in filamentary memristors refers to “electroforming”, while in ferroelectric-type memristors it means “poling”.  

e, In this work, the rectifying behavior arises from the extremely asymmetrical I-V hysteresis loops, rather than the “switchable diode effect” that usually occurs 

in ferroelectric-type memristors. 

mailto:25@0.5
mailto:25@0.5
mailto:25@0.5
mailto:25@0.5
mailto:25@0.5
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