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A variety of unconventional materials, including biological nanostructures, organic and hybrid 

semiconductors, as well as monolayer and other low-dimensional systems, are actively 
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explored. They are usually incompatible with standard lithographic techniques due to the 

utilization of harsh organic solvents and detrimental processing. Here, we develop a new class 

of green and gentle lithographic resists compatible with delicate matter and capable of both top-

down and bottom-up fabrication routines. To demonstrate the excellence of this approach, we 

have fabricated devices with sub-micron features on organic semiconductor crystals and 

individual animal’s brain microtubules. These structures were created for the first time thanks 

to genuinely water-based lithography, which opens an avenue for the thorough research of the 

unconventional delicate materials at the nanoscale. 

1. Introduction 

Electron beam and deep ultraviolet lithographies (e-beam and DUV, respectively) are 

among the most reliable micro- and nano-fabrication techniques, delivering device patterning 

at a high resolution, with a precise match between the design and obtained patterns. However, 

the conventional implementation of these methods does not permit the fabrication of metal 

contacts, or any other modification directly on the surface of a wide range of delicate materials. 

Conjugated organic polymers[1], small-molecule organic semiconductors (OS)[2], biological 

materials and nanostructures, such as bacterial[3] and artificial peptide[4] nanowires, hybrid 

perovskites[5], metal-organic frameworks (MOFs)[6], organic self-assembled monolayers 

(SAMs)[7] and others cannot withstand the chemicals and treatments involved in conventional 

resist processing protocols. At the same time, existing solvent-less patterning methods, 

including imprint nanolithography, hard shadow masks and focused ion beam assisted 

deposition of metals[12], impose stringent limitations on resolution, lift-off feasibility and/or 

require sophisticated fabrication protocols.  

 There have been several attempts to design e-beam or photoresists based on polyvinyl 

alcohol (PVA)[8] and CYTOPTM, including combinations of the latter with commercial resists[9, 

10], which were partially suitable for organic semiconductors. These techniques, however, 

require baking of the resist films at 150°C and additional post-development treatments, such as 
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an oxygen plasma etching, that significantly limit the range of materials compatible with these 

approaches. Another delicate way was to utilize water-soluble protective layers, such as dextran 

or polyacrylic acid, combined with conventional photo lithographic techniques[11]. 

Unfortunately, these methods provide poor resolution, and more importantly they are not able 

to deliver residue-free development, which is the major requirement for further successful 

processing. In addition, these techniques cannot be extended to e-beam or DUV lithography 

(because of the detrimental crosslinking of protective layers occurring under exposure), and 

thus they cannot be used in nanofabrication. One of the first suggested approaches for water-

based e-beam and DUV lithographies was to employ a resist made out of fibroin, a protein in a 

natural silk[13–15]. However, its processing as a resist relies on strong organic solvents and a 

complex preparation protocol[16]. Further attempts to develop water-based nanolithography 

used bio-inspired materials, such as a natural linear polysaccharide pullulan (negative tone)[17], 

chicken egg albumin (both tones)[18], lysozyme mixture with tris(2-carboxyethyl)phosphine 

(positive tone)[19] and chitosan (positive tone)[20, 21]. Nevertheless, all of these attempts suffered 

from a common set of problems: (a) the surface of the material of interest within the developed 

areas of the resist was significantly contaminated with residues and/or (b) the intact resist 

removal was impossible without the use of strong acids, plasma etching, or ionic liquids. 

Therefore, to the best of our knowledge, there is no genuinely water-based lithography method 

capable of residue-free development and a bottom-up fabrication (e.g. the lift-off), necessary 

for working with delicate materials.  
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Figure 1. Chitosan based lithography. a and b, A step-by-step procedure for using a chitosan 
derivative (CD) as a positive-tone resist for lithography. First, an aqueous solution of CD (Mi - 
initial molecular weight (MW)) is spin-coated onto the target substrate/material (I). The film is 
then exposed to either e-beam or DUV radiation, which results in molecule scissoring and 
decrease of MW (Mf - final MW) (II). The development process consists of a treatment with an 
aqueous solution of one or two transition metal salts (developer solutions). Areas of a CD film 
with MW higher than M0 (defines boundary for solubility, see Figure 2a) (intact film) is 
protected from dissolution via chelation reaction, while low MW film (M < M0) (irradiated) 
starts to dissolve (III). This process ends with completely dissolved CD film in the exposed 
areas. Non-irradiated areas are chelated throughout the entire film’s thickness (IV). Subsequent 
rinsing in water (V), necessary to wash away by-products, slightly reduces Ni content near the 
surface of the CD film. After the air-drying step, the resist mask is complete. Thus obtained 
patterned resist film can be utilized in either bottom-up (VIa-VIIa, lift-off application is 
sketched) or top-down (VIb-VIIb, etching application is sketched) fabrication routines. Film 
removal is performed in 0.01-0.1 % aqueous solution of formic acid (VIIa, VIIb). c, An optical 
microscope image of a logo patterned in a film of chitosan formate (165 kDa) by an excimer 
248 nm laser through an Al mask. d, An atomic-force microscopy image (topography) of a logo 
patterned in chitosan acetate (65 kDa) film by e-beam. 
 
 The strategy developed in this work is based on chitosan derivatives (CDs), e.g. chitosan 

salts or covalently modified chitosan, serving as the first water soluble, positive-tone resist 

capable of delivering a reproducible lift-off (bottom-up) and allowing etching (top-down) high-

resolution micro- and nano-scale patterns on target substrates. Following the conventional steps 

of spin-coating and radiation exposure, films of a CD resist are developed in a nearly neutral or 

moderately acidic aqueous solution of salts of transition metal (d-block) elements (see Figure 

1). During the development, non-irradiated (high molecular weight) areas are protected from 

dissolution in water by the chelation reaction, while exposed to radiation (low molecular weight 

due to the scissoring) ones are dissolved and completely removed. Detailed phenomenological 

model for competing chelation-dissolution development is presented in Experimental section 
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(see Figure 2a). Chelation is a type of bonding between (typically organic) ligands and a metal 

ion[22]. We emphasize that for the lithographic principle discussed here, it is not really important 

which particular irradiation source, transition metal salt or chitosan derivative are used. 

 

Figure 2. Development of chitosan-based resists. a, Characteristic rates of two competing 
processes, chelation (orange curve) and dissolution (blue curve) vs molar mass of CD, define 
the outcome of the development process, where either chelation (faint orange) or dissolution 
(faint blue) dominates (see Experimental section for a phenomenological model) . Ni 2p (b) 
and N 1s (c) core level XPS spectra of unexposed chitosan acetate film processed in NiCl2 
solution. d, The dependence of sensitivity (D0, the minimal radiation dose required for a 
complete removal of the exposed region) on the pH of developer. e, Height-dose curves 
obtained by developing with 5 mM (red curve) and 1,250 mM (green curve) NiCl2 solutions. 
Steepness of these curves is improved with the increase of concentration. Inset: AFM image of 
the dose-test pixel array sample with exponentially increasing dose of irradiation corresponding 
to the green curve (particular doses are indicated by arrows). f, Critical modulation transfer 
function (CMTF=(D100-D0)/(D100+D0), red line) decreases with increasing concentration, 
reaching values typical of conventional resists. The sensitivity (black line), on the other hand, 
is almost independent of concentration. Inset: individual Ti/Pd line obtained via lift-off using 
high concentration developer. 
 
2. Resist development principle 

Onwards we focus on the physical and chemical principles of the e-beam lithography using a 

chitosan acetate based resist, an aqueous solution of nickel salts used as a model developer and 

highly diluted formic acid used as a remover (for technical details please refer to Experimental 
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section). These data can be used by researchers as a starting point for formulating their own 

custom made developers, resists or removers that would meet the requirements of a particular 

application of interest. As well these results can be extended to the use in DUV (Figure 1c) or 

X-ray lithography. The type of anion (Figure S1) and the initial molecular weight of chitosan 

salts (Figure S2) mostly affect the hydrodynamic properties of the solution and therefore 

influence spin coating conditions needed to obtain the required thickness, but they do not affect 

the development process. We have chosen a chitosan acetate with M = 700 kDa as a 

representative resist material for electron beam exposure processing. Below we only discuss 

aqueous solutions of nearly neutral or moderately acidic nickel chloride and sulphate employed 

as model developers. However, these can be replaced[22] by other transition metal salts (Figure 

S3). 

 The formation of chelate complexes is supported by X-ray photoelectron spectroscopy 

(XPS) of an unexposed resist film subjected to a 400 mM NiCl2 solution[23]. The Ni 2p (Figure 

2b) spectrum is characterized by a spin-orbit doublet (Ni 2p3/2-2p1/2 at 855/872 eV) with satellite 

structure typical for divalent Ni. A primary Ni 2p3/2 line at 854.2 eV, followed by a broad 

satellite peak at 860.2 eV, indicates the formation of Ni-NH2
[24] bonds. Ni-OH bonds are 

associated with a pronounced shoulder at 855.6 eV and satellite maxima due to multielectron 

excitation distanced by ca. 6.2 eV[25]. Deconvolution of the N 1s spectrum (Figure 2c) reveals 

two bands with maxima at 398.1 and 400.1 eV, stemming from C-N[26] and Ni-N[24,27] bonds, 

respectively. The additional nitrogen peak in XPS spectra at approximately 400 eV for exposed 

chitosan was observed after reaction with Ni; it might also be attributed to protonated NH3
+ - 

Cl-  interaction[27]. 

The dissolution of irradiated[28] and non-irradiated29] chitosan strongly depends on pH 

of the developer solution, while the chelation rate of Ni[30] is only slightly sensitive to pH. 

Increasing pH was found to lower the sensitivity D0, the minimal radiation dose required for a 

complete removal of the exposed region, as shown in Figure 2d. At a fixed concentration of 
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NiCl2 solution (400 mM) and a set processing time (10 min) chelation reaction dominates for 

pH > 7.5, preventing the irradiated areas from dissolving for up to the doses of ~105 μC/cm2 

(which is already sufficient for carbonisation of the resist[31]), while at pH < 5.0, the entire film 

can be completely dissolved at a given concentration due to the boost in the polymer 

disentanglement process (see Experimental section and Figure S4). 

 Optimization of the transition metal ion concentration in the developer solution 

improves the overall height-dose curve steepness, which is demonstrated by the difference 

between 5 mM (red line) and 1,250 mM (green line) NiCl2 solution used at fixed pH = 5.5 and 

processing time of 5 min (Figure 2e). The steepness of this curve influences the profile of the 

developed structures (the wall angle of the resist), which is of critical importance for the 

subsequent lift-off of the resist. The general trend for the steepness of the height-dose curve to 

improve is illustrated in Figure 2f in the form of a critical modulation transfer function 

(CMTF, red line)[32, 33] that depends on the developer concentration, while D0 is practically 

insensitive to the Ni ion concentration (Figure 2f, black line). Comparison of the 

development procedures using CMTF =(D100-D0)/(D100+D0), where D100 is the maximum dose 

leading to no changes in the relative height, is more applicable in our case than conventional 

contrast γ=-d(h/h0)/dln(D)|D=D0
[34, 35], due to the high nonlinearity of the height-dose 

curves in a wide range of concentrations (Figure S5).  Such a nonlinearity, i.e. the induction 

effect[34–36], can be rationalized by the influence of water rinsing stage (see Figure 1b, stage 

V), during which, a fraction of metal ions escape from the surface, and the near-surface region 

of the resist partially dissolves, resulting in an inhomogeneous distribution of Ni throughout 

the film thickness captured by XPS (Figure S6). In the case of high NiCl2 concentrations, the 

Ni content in the top layer of the resist is greater, which compensates the loss of Ni ions 

during rinsing and, respectively, blocks further film dissolution (see Figure S4).  
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We found that for a fixed development time of 5 min and pH = 5.5, NiCl2 concentration 

greater than 1 M, (i.e. CMTF less than 0.7, see Figure 2f) the development yields a reproducible 

and reliable lift-off with the resolution down to 100 nm. 

Figure 3. The effect of developer anion. a, The height-dose curves for one-step (red symbols) 
and two-step (green symbols) development procedures. The inset shows optical microscope 
images illustrating the difference in the lift-off of the patterned structures. b, Representative 
AFM profiles of developed lines. The two-step development process results in a smaller angle 
of developed resist walls. c, d, A 3D rendering of AFM topography of the lines developed via 
one-step and two-step development processes, respectively. For all presented structures, resist 
thickness was approximately 100 nm.  
 

The effect of development salt anion is examined by using a NiSO4-based developer. 

The solutions containing SO4
2- ions yield a development profile suitable for lift-off at 

concentrations lower than 200 mM, even though a clean surface in a μm-scale range is harder 

to optimize for this developer (Figure S7). The concentration of Ni ions within the thickness 

of the film is notably greater when compared to the chloride solution, as seen from the XPS 

measurements (Figure S6), consistent with the earlier report of the chitosan’s sorption 

capacity[37]. Based on these observations, we formulate one more approach, a two-step 
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development (green line, Figure 3a), consisting of consecutive application of NiCl2 and NiSO4 

solutions, i.e. salts with low and high sorption efficiency. We suggest that the nickel chloride 

solution impacts mostly the resist residues removal, while high Ni content throughout the resist 

thickness, ensured through the use of the nickel sulphate, has a major impact on the 

development profile (see Figure 3) due to decrease of the induction effect (see Figure 3a).  

The discussed model solutions reveal that the developer concentration and the type of 

the anion affect the lift-off process through the improvement of the developed resist wall angle, 

while the pH of the solution determines the sensitivity. The detailed specific recipes are given 

in Experimental section, and their performance is shown in Figure S8. 

3. Patterning of delicate materials 

Figure 4. Lithographic patterning directly on the surface of organic semiconductors. a, An 
AFM image of the developed area in the resist on the surface of a TCNQ crystal. b, An AFM 
image of a similarly processed region of TCNQ crystal after the deposition and lift-off of a Pd 
film. c, d, AFM topography and phase images of the surface of TCNQ single crystals exposed 
to the same doses as in a and b and processed by developer solution. e, f, SEM images of lifted-
off Pd (e) structures and oxygen plasma etched pattern (f) fabricated on the surface of a rubrene 
thin film. For all presented patterns, ~100 nm resist film and  irradiation dose of ~2000 μC/cm2 

were used. 
 

To show the extended applicability of the proposed technology, we have employed an 

e-beam lithographic patterning on the surface of several prototype organic semiconductors. 
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These materials, typically van der Waals molecular crystals, are characterized by delicate 

surfaces prone to thermal or chemical degradation via formation of defects either due to 

sublimation of surface molecules, their fast dissolution in organic solvents or as a result of their 

interaction with the ambient environment. Such sensitivity makes many organic 

semiconductors largely incompatible with conventional lithographic processing. For this 

reason, contact structures are usually first prepared on Si/SiO2 wafers or other substrates, 

followed by deposition of organic semiconductor films. This approach, however, has a number 

of limitations, and direct deposition of high-resolution (lithographically defined) contacts on 

the surface of organic semiconductor is highly desirable. We have successfully carried out 

development and lift-off directly on the surface of single-crystalline organic semiconductor 

tetracyanoquinodimethane (TCNQ)[38] using chitosan based resists (Figure 4a and b). Well-

defined molecular steps, characteristic of organic single-crystal surfaces, can be observed in the 

developed regions of the resist and under the subsequently evaporated palladium (Pd, see 

Figure S9) layer. Exposure of a bare surface of TCNQ crystals to e-beam at the same dose and 

the subsequent processing in NiCl2 aqueous solution does not lead to any significant 

degradation of morphology (Figure 4c), with only a slight modification of the exposed regions 

visible in AFM phase scans (Figure 4d). We have also performed a successful lift-off 

patterning of metallic contacts and oxygen plasma etching on the surface of highly crystalline 

and compact ultra-thin (~20 nm) rubrene films that have macroscopic grain size of up to ~ 0.5 

mm grown on polyimide substrates[39, 40](Figure 4e and f). Both organic semiconductors used 

in this study, as well as many others, are stable[41, 42] under the processing conditions during the 

treatment by the developer and remover solutions (see Experimental Section). 
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Figure 5. FET devices fabricated directly on delicate materials by means of water-based 
chitosan lithography. a, b, Transconductance characteristics of individual SWCNT FETs 
demonstrating semiconducting (a) and metallic/semi-metallic (b) behaviour. The insets are 
AFM images of the corresponding structures with SWCNTs indicated by arrows. c, ISD(VSD) at 
VG = 0 of a polycrystalline rubrene OFET with a 2 µm-long channel, exhibiting a diode-like 
behavior. Inset: SEM image of the source-drain contact structure. d, The transfer ISD(VG) 
characteristics of the same OFET in the linear regime. The inset shows a transfer characteristic 
of the device in the saturation regime. All devices were fabricated using 100 nm chitosan acetate 
film and ~2000 μC/cm2 dose. 
 

4. Electrical devices 

In order to demonstrate lithographic contact fabrication directly on the surface of 

delicate materials, we used our water-based lithographic technique and fabricated top-contact 

field effect transistors (FETs) on very delicate materials (see Figure S10 for devices schemes): 

individual single-wall carbon nanotubes and rubrene thin films. In the case of SWCNTs[43], 

their small diameter makes this system highly sensitive to resist residue, which makes the 

lithography process challenging[44] in terms of the cleanliness of the developed areas. On the 

other hand, organic semiconductors are very sensitive to solvents used in standard 

semiconductor processing.  
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For the FET fabrication, we have synthesised SWCNTs by an aerosol (floating catalyst) 

CVD method[45] and deposited them onto thermally oxidised (300 nm-thick SiO2) Si wafers 

(Figure 5a and b). By performing chitosan-based e-beam lithography, we have obtained 24 

individual SWCNT FETs exhibiting as-fabricated transconductance characteristics similar to 

those reported previously[46] (Figure 5a and b). More than 60% of the fabricated devices 

exhibited the ON-state source-drain resistance in the range 10 - 100 kΩ, which is comparable 

to the ON resistance of devices fabricated with the standard lithographic approaches[47] but has 

never been reported for a water-based lithography. 

Next, we have successfully fabricated several top-contact/bottom-gate organic FETs 

(OFETs) using the rubrene thin films grown on polyimide substrates[39]. We have intentionally 

chosen very small channel lengths in the range L = 0.6 - 2.2 μm and very narrow metallic 

electrodes with the width of 0.2 μm in order to demonstrate the potential of this chitosan-based 

lithography in nano- and microstructure fabrication (inset in Figure 5c). The resultant devices 

with Pd source and drain contacts show typical diode-like I-V characteristics at zero gate bias 

(Figure 5c) and exhibit FET characteristics with linear and saturation carrier mobilities[48] in 

the range of μ = (2 – 3)×10-3 cm2V-1s-1 (Figure 5d). These mobilities are comparable to the 

case of staggered geometry (see Figure S10) FETs on thin-film rubrene[39, 40]. Such top-

contact/bottom-gate (staggered) geometry leads to the accumulation channel formed at the 

bottom of the rubrene film, right at the interface with a 5 nm-thick amorphous tris[4-(5-

phenylthiophen-2-yl)-phenyl]amine (TPTPA) seeding underlayer used in these devices for 

better crystallinity of polycrystalline rubrene films[39]. Additionally, the staggered geometry and 

Schottky barriers at the Pd/rubrene interface likely lead to a high contact resistance resulting in 

contact-dominated devices, - a problem that is especially severe in the short-channel FETs 

fabricated here. Nevertheless, we have achieved our current goal of successfully demonstrating 

a lithographic fabrication of submicron size channels directly on the surface of organic 

semiconductors utilising our novel chitosan-based lithographic approach. 
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Figure 6. The electric field transmission through an individual porcine brain microtubule. 
a, A false-color AFM image showing a four-probe structure lithographically patterned directly 
(through 100 nm chitosan acetate film) on top of the microtubule. b, The parameters S12 and 
S21 of the scattering matrix defining the transmission of electric field through the microtubule. 
Measurements were carried out at 38 °C. Only the high-frequency range, containing one of the 
resonances relevant to the microtubule, is shown for simplicity. The sample with the 
microtubule (the orange line) is compared to the signal of its substrate (the grey line).  
 

Finally, we have lithographically defined four-probe contact structures directly on 

porcine brain microtubules (see Figure 6a and Figure S10). These contacts are made of 

chromium (1 nm) and palladium (24 nm) and are separated by 50-100 nm-wide gaps. Thanks 

to the delicate nature of our genuinely water-based lithographic approach, there is no damage 

of the microtubules discernible in AFM imaging, and the devices remain reproducibly 

electrically active. We have performed electrical measurements of these brain microtubules in 

the frequency range 0-8.5 GHz by using an impedance and vector network analysers (VNA). 

Figure 6b shows the electric-field transmission spectra region of 7-8.5 GHz, where the 

microtubule shows one of its characteristic resonances[49], and the signal can be confidently 

distinguished from the substrate (see Figure 6 and Figure S11). We have observed a narrow 

(~ 0.1 GHz) Lorentzian-like electric field absorbance line at 7.2-7.8 GHz in three different 

samples (see Figure S11) that appeared to be sensitive to the external conditions, such as the 

relative humidity varied between 22% and 95% and temperature varied between from 22°C and 

~ 38°C . The observed narrow absorption line[49] can be attributed to the propagation of a kink 

soliton wave of dipole polarization travelling along the microtubule[50, 51], as theoretically 

predicted earlier by Penrose et al.[52] . The role of the microscopic surrounding of the 

microtubule, including water at its surface, as well as the effect of temperature, can be described 
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by various models of propagation of such waves[50]. Broadband dielectric response (including 

GHz range) of biological macromolecules is generally highly sensitive to the level of hydration 

and temperature. Usually, increasing temperature and elevated level of hydration both lead to a 

blue-shift in the observed relaxations[53, 54]. In many protein systems, high-temperature charge 

dynamics is governed by the fundamental frequency-temperature superposition principle 

clearly demonstrated by corresponding scaling curves[55]. Here, thanks to the proposed 

lithographic approach, we demonstrate the possibility of fabrication of damage-free, electrically 

active devices, which opens the pathways for further detailed investigation of such biological 

micro- and nano-objects.  

5. Conclusion 

To conclude, we have developed here a genuinely water-based positive-tone e-beam and 

DUV lithographic technique capable of bottom-up (lift-off) approach, where the resist is made 

out of chitosan derivatives. The proposed technology employs specific chelation chemistry of 

chitosan and yields a competitive quality of resist development, both in terms of the negligible 

surface contamination and the developed resist wall’s angle. This fact is most clearly confirmed 

by the competitive quality of the obtained SWCNT-based devices. Furthermore, this method is 

shown to be compatible with the surface of delicate materials, where it results in reliable 

fabrication of nano- and micro-scale contacts to organic semiconductors, such as rubrene and 

TCNQ, as well as small biological objects - brain microtubules all of which are completely 

incompatible with the conventional lithography techniques. The demonstrated water-based 

lithography opens further opportunities in research, development and applications of micro- 

and nanostructures based on delicate organic semiconductors, monolayer materials, metal-

organic frameworks, biological objects (proteins, DNA, etc.), as well as conjugated polymers. 

It is a major leap forward in the evolution of water-based lithography techniques due to the high 

quality development, the possibility of both the bottom-up (lift-off) and the top-down (etching) 

fabrication at 100 nm resolution, and compatibility with a wide range of emergent materials, all 
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demonstrated here for the first time. The employed resist materials and processes are extremely 

cheap, free from any harsh or toxic chemicals, severe temperature treatments or other 

aggressive conditions, which makes this technology applicable to a much wider range of 

materials compared to the modern commercial resists. 

6. Experimental Section/Methods 

Chitosan derivatives: (Chitosan salts of organic acids) 

We have analyzed the performance of various salts of chitosan, including chitosan 

acetate (CA), formate (CF), lactate (CL), glycolate (CG) and succinate (CS). The best lift-off 

performance was observed with chitosan acetate, formate and glycolate. We also tested 

carboxymethyl chitosan (CMC)[56] and chitosan phthaloyl[57] (not shown) , which provided a 

lift-off capable patterning as well as salts following the same development protocol. All of them 

exhibited merely similar behavior; the best results are presented in Figure S1.  

The method of the derivative synthesis did not affect the final result. The tested methods can 

be classified into two main groups depending on the need in the amount of the final product: 

    • Industrially feasible method: in a round bottom glass flask the solution consisting of 29 ml 

of H2O and 480 ml of ethanol was prepared. Afterwards the subsequent 75 ml of organic acid 

in the concentration of roughly 60% was added. The mixture was stirred for one minute. Then 

100 g of pure chitosan was added and heated to 50 ℃. The obtained blend was stirred for 3 

hours and cooled down to room temperature. The sediment was filtered and transferred back to 

the flask with 400 ml of ethanol. Then the mixture was stirred at room temperature for 10 min. 

The sediment was again filtered and washed two times on the filter by using 40 ml of ethanol 

followed by drying for 12 hours at ambient conditions. Then the sediment was transferred to a 

round bottom flask and dried on a rotary evaporator for 6 hours at the residual pressure of 15 

mbar and the heating temperature of 50 ℃. By this method we obtained: chitosan acetate, 

formate, glycolate, succinate, lactate, chloride and citrate with a molecular weight of ca. 165 

kDa. 
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    • Lab scale method: Chitosan acetate of 20 and 65 kDa samples were obtained by chemical 

hydrolysis in a nitric acid[58]. To get the samples with the weight of 80 kDa we applied a 

fermentative hydrolysis[59] and for the samples with molecular weight of 200 and 700 kDa we 

processed a precipitation purification. For this, 1% solution of chitosan in 1% acetic acid was 

prepared, and then this solution was centrifuged at 5,000 rpm for 10 min to separate undissolved 

precipitate followed by adding of 12% solution of NH4OH to tune the pH value to 8.5. The 

solution was centrifuged at 6,000 rpm for 15 min. The precipitate was washed twice with 

distilled water, dialyzed for 3 days and freeze-dried. Each sample (100 mg) was suspended in 

25 ml of distilled water and transferred to acetate form by titration in 1 % acetic acid under 

rigorous stirring until pH reached 4.0 and complete dissolution of the sample (complete 

protonation of chitosan amino-groups). The solution was dialyzed for 3 days and freeze-dried 

Radiation exposure: For DUV experiments we used CL7100 (Optosystems Ltd.) KrF excimer 

laser with 248 nm wavelength and the laser pulse duration of 20 ns. The energy of the pulse 

was controlled using LabMax-TOP Laser Power/Energy meter with energy sensor J-50MUV-

248. The irradiation was performed at a fluence of 20 mJ/cm2 per pulse at a repetition rate of 

11 Hz for a fixed number of pulses. To form a pattern Al mask on UV-transparent fused quartz 

was fabricated by the means of e-beam lithography and ICP chlorine etching. Mask was fixed 

on top of the substrate by a 3D micro-mechanical manipulator for exposure. The approximate 

dose required for complete development of the exposed region was 1,000 pulses. E-beam 

lithography was done on Crestec CABL 9000C lithography system. The accelerating voltage 

was kept constant at 50 kV value. Probe currents varied in range from 50 pA to 10 nA, which 

led to covered dose range from 25 to 150,000 µC/cm2. 

Microscopy: Leica DM4500 P LED optical microscope combined with a digital camera was 

used to analyse the results of the development or lift-off. For more detailed studies of chitosan 

films morphology, thickness, exposed areas shape, residues quantity, mechanical film 

properties after various treatments, we used Bruker Multimode V8 Atomic Force Microscope 
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in ScanAsyst-Air, PeakForce-HR and Quantitative NanoMechanical mapping modes. We also 

utilized Cypher ES microscope (Asylum Research, CA) in tapping mode. Usually soft tips with 

a spring constant of 0.4 N/m were used. SEM images were obtained at Jeol JSM-7001F at 

acceleration voltages from 10 to 30 kV. 

X-ray Photoelectron spectroscopy: XPS spectra were collected by XPS spectrometer Kratos 

Axis Ultra DLD with spherical sector analyser, ion gun, ultraviolet and x-ray sources. 

Experiments were conducted under ultra-high vacuum 5·10-10 - 3·10-9 Torr utilizing the 

irradiation of AlKα(mono) 1,486.69 eV (energy resolution 0.48 eV, binding energy calibration 

on Ag 3d5/2 line and C 1s). 

Chelation-dissolution development concept: For the classical resist development[36] dissolution 

rates of the irradiated and pristine resist Ri and Rp are governed by Ri/Rp = (Mp/Mi)β, where β 

is the solubility factor and Mi and Mp are the molecular weights of the irradiated and pristine 

sample, respectively. The solvent, used as a developer, is chosen to increase the solubility factor 

β, but, at the same time, it is chosen as a weak solvent of a corresponding intact polymer. In 

order to obtain residue free development we propose to utilize strong solvent for the chitosan 

derivatives considered in this work — water. This requires an unconventional positive 

developer that would inhibit dissolution of the unexposed parts of the film in an aqueous 

developer solution, and to do so, we employ a reaction of chelation of the CD with transition 

metal ions[22, 60]. The resulting CD chelate complexes are much less soluble in water compared 

to its pristine form. Irradiation of chitosan and its derivatives with either UV light, x-ray, or 

electron beam leads to a decrease in molecular weight that depends on the irradiation dose,[61–

64] D: 1/Mi-1/Mp∝D. This process is accompanied by a local heating and liberation of gaseous 

H2 and NH3
[64] that results in a noticeable thinning of the resist film (Figure S12). The rate of 

both processes, the dissolution in water and chelation with transition metal ions, depends on the 

CD molecular weight. The diffusion lag time[65] τ, of these two reactions can be used to 

qualitatively distinguish the characteristic time scale of disentanglement responsible for 
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dissolution, τdis, and the time scale of chelation, τchel. We consider the processes occurring at 

the length scale of the polymer's gyration radius, rg ∝M1/2 , and thus τ∝rg
2/Ddiff, where Ddiff is a 

diffusion coefficient for the particular process. For dissolution, according to the scaling model 

of polymer disentanglement[66], the coefficient of self-diffusion of a polymer with molecular 

weight M is Dself∝1/M2, which gives τdis∝M3. In the case of chelation, the model of membrane 

ion mobility[67] predicts the diffusion coefficient to be Dchel∝exp(-1/M2) and therefore τchel ∝M 

exp(1/M2). Both of these time constants, τdis and τchel, and therefore the respective diffusion 

rates, R∝1/τ, depend on the characteristics of the developer solution that can be tuned to reach 

the situation depicted in Figure 2a. Two M-dependent characteristic process rates cross at a 

value M0, corresponding to the molecular weight below which the dissolution process is faster 

than the formation of the chelate complex, while for heavier molecules chelation dominates, 

preserving the high-M regions of the resist. For a particular transition metal salt developer 

solution the sharpness of the rate dependencies on M, and the position of M0 can be varied by 

the solution pH, concentration of the transition metal ion or the type of anion.  

Developer and remover constituents: NiCl2 (99.9%) and NiSO4 (99.9%) were purchased from 

RusHim company (Moscow, Russia) and used without any additional purification. Fresh 

developer solution was prepared before each experiment. NiCl2 and NiSO4 salts were dissolved 

in MQ water at a concentration of 5-5,000 mM and their pH was adjusted by HCl and H2SO4 to 

reach the desired value. All developments were carried out in dishes/six-well plates fixed on 

the orbital shaker working at 200 rpm under 22 °C and RH from 25 to 45 %. For one-step 

development, the sample was firstly transferred into nickel chloride solution for 5-10 min, 

afterwards moved to the MQ water on the same orbital shaker for 30 s and finally air dried. For 

two-step development the first step is 5 min treatment in 200-400 mM NiCl2 water solution 

with pH = 5.5. Then the chip is transferred into 200-400 mM NiSO4 water solution with pH = 

5.5 for additional 5 min. Finally, the chip is rinsed in MQ water for 30 s. As a remover mainly 

we used highly diluted (0.01-0.1% vol.) formic acid, an eco-friendly food additive, which 
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resulted in fast (ca. 1 min) lift-off and low residues on substrate surface. The NiCl2 solution 

used in the presented research is a Ni2+ salt formed by interaction of the weak base Ni(OH)2 

(solubility constant of 6x10-18 in water) with a strong acid HCl. Until reaching high 

concentration values of an order of several M, the resulting solution has a slightly acidic pH, 

close to neutral in the range 5-7. For the case of highly concentrated solutions this value can be 

as low as 4. In general, it is also valid for the case of other transition element ions presented in 

our study. Co and Ag also produce merely neutral solutions. In any way the solution’s pH can 

and should be tuned by addition of the corresponding base or acid in order to facilitate the 

sweet-point of the two competing reactions: dissolution and chelation. Ni2+ cation is neither a 

strong oxidizing nor a strong reducing agent with the standard potential of E0 = -0.25 V for the 

half-reaction Ni2+ + 2e = Ni0. We had tested several metals in terms of compatibility with the 

suggested protocol, including reactive Al and rather unstable Ti, which were not affected by 

our lift-off protocol in 0.1% formic acid. Most widely used substrates (like Si, SiO2, Si3N4, 

GaAs…) as well as typical metals (like Ti, Al, Au, Cr…) were not damaged following our 

protocol. 

Optimized lift-off lithography and its performance: To study the development process, a 

chitosan acetate solution was spin-coated onto commercially available Si wafers with a 300 

nm-thick thermal SiO2. The films were then exposed to a matrix of rectangular test structures 

(inset in Figure 2e) with gradually increasing radiation dose (denoted throughout the text as 

dose-test pixels). The developed dose-test pixels were studied by an atomic force microscope 

(AFM), and the height-dose curves were obtained after the processing. We have investigated 

the dependence of sensitivity, D0, as well as the shape of the height-dose curves on the pH, the 

concentration and anion type of the transition metal salt developer solution (see Figure 2 and 

Figure S5).  

We can formulate two major approaches that can deliver a lift-off capable development (Table 

S1). The first approach is to utilize a high-concentration developer based on NiCl2 (1 – 5 M 
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solution, at pH 3 – 5, and processing time from 5 to 10 min, followed by 30 s water rinsing), 

which provides a clean development of the exposed regions (Figure S8a and S7), a 

reproducible lift-off (Figure S8b), an outstanding 100 nm resolution (Figure S8c and d), and 

high sensitivity of ca. 130 μC/cm2. The second recipe targets to lower the chemical reactivity 

of the developer solution by combining two nickel salts. This approach enables lowering of the 

developer concentration down to hundreds of mM at pH 5.5 (the same processing and rinsing 

time), while keeping the sensitivity at the order of 2,000 μC/cm2. Developed and lifted-off 

structures obtained by the two-step approach are shown in Figure S8e and f. However, the 

narrowest metal line obtained by two-step development and lift-off is limited to 250 nm (an 

array of such lines with a 1 µm period is shown in Figure S8g and h).  

Successful realization of the lift-off process also requires a proper solvent to remove the non-

exposed film after the deposition of desired material (for instance, metal for contacts). The 

water itself can be used as a remover, but it might take up to several days to complete the 

process after chelation. We found that aqueous solutions of weak organic acids, specifically a 

0.01-0.1% formic acid solution, is an effective remover, because it provides a rapid film 

dissolution, clean substrate in the regions previously covered by unexposed film, and it is 

compatible with a wide range of materials including organic and biological substances, carbon-

based nanomaterials and metals. Polymethylmethacrylate (PMMA), one of the most established 

resist in e-beam lithography, outperforms the proposed here CD based technology in terms of 

CMTF, contrast and resolution (narrowest individual line obtained via lift-off) when used in 

accordance with the standard recommended protocol. However, we are able to obtain residue 

free development, high sensitivity and an outstanding resolution without applying any organic 

solvents, post development treatments and resist film baking , when compared to earlier 

reported methods.  

Deposition and etching: For deposition of metal films, two evaporation systems were utilized: 

thermal evaporator Tecuum AG with a base pressure of 1-5·10-6 Torr and electron beam 
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evaporator Angstrom with base pressure of 1-5·10-7 Torr. Plasma etching of OS was performed 

in Diener Nano plasma generator under 0.3 mbar of oxygen and 200 W source power. We tested 

Ag, Ti, Cr, Au, Sn, Au, Al, Pd thermal and e-beam deposition on tetracyanoquinodimethane 

(TCNQ) to examine the adhesion to the surface, needed to withstand the removal of the non-

exposed chitosan acetate film during the lift-off. The best results are illustrated in Figure S9. 

All other metals listed above but not shown in the figure demonstrated worse adhesion and 

detachment of the metallic pattern during resist removal. Palladium (Pd) was a metal of choice 

for its good adhesion to rubrene and TCNQ.  

OS synthesis: Single crystals of rubrene and TCNQ[67] were grown by physical vapor transport 

in a stream of ultra-high-purity helium gas. The materials were purchased at Sigma Aldrich. 

Temperatures in the sublimation zone during the crystal growth were kept around 320 and 

280 °C for rubrene and TCNQ, respectively. The temperature gradient along the growth tube 

was ~ 5 °Ccm-1, and the helium flow rate was 150 sccm. For the fabrication of polycrystalline 

rubrene thin films, Si/polyimide substrates coated with ITO, aluminum oxide (100 nm) and 

tris[4-(5-phenylthiophen-2-yl)-phenyl]amine (TPTPA) (5 nm) were prepared by following the 

previously published procedure[39]. Rubrene (sublimed grade, Nichem, USA) was deposited by 

thermal evaporation (20 nm), followed by annealing on a hot plate at 140 °C for 6 min in a 

nitrogen atmosphere. 

OS stability: Rubrene is a relatively inert aromatic compound. It oxidizes and reduces reversibly 

at 0.95 V and −1.37 V, respectively vs. saturated calomel electrode (SCE).[41] Thus, it cannot 

react with common aldehydes and carboxylic acids like formic acid directly without preliminary 

formation of radical anion or cation of rubrene while interacting with the reagents. In turn NiCl2 

is often utilized as a catalyst for chloride transfer and/or a source of chloride anion. The 

formation of coordinative compounds with Ni2+ is defined by nucleophilic properties of a ligand 

and can be observed in the case of molecules, which exhibit high nucleophilicity like 

acetylacetone, dimethoxyethane, ammonia, etc. Rubrene can be hardly considered as a 
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nucleophile owing to strong delocalization of an electron density in the π-system. Such an 

interaction can be suggested only with rubrene anions. However, the latter can be formed only 

in the presence of strong reducers in the system, which was excluded in our experiments. 

Concerning tetracyanoquinodimethane (TCNQ) there is a possibility[42] of the coordination 

complex formation with Ni ions. However, our experiments revealed no morphological change 

of the crystal surface after a radiation exposure and NiCl2 solution treatment (see Figure 4). 

Since TCNQ used in our research is a molecular crystal, formation of the complex compound 

would ha2ve inevitably resulted in the materials loss. As far as the interaction of the crystal 

surface occurs only during the development, one would have been able to detect the 

morphological change with the help of AFM. Finally, the experimental conditions significantly 

differ from the conditions in the published evidence of the TCNQ - Ni complex compound 

formation. 

FET Fabrication: Several individual SWCNTs and their small bundles were identified and 

located using an AFM relative to markers. The rest of the tubes were etched away by oxygen 

plasma, keeping chosen SWCNTs covered by the resist. We have then spin-coated chitosan 

acetate and performed e-beam lithography followed by the two-step development, with the 

subsequent deposition of Ti (5 Å) and Pd (15 nm) contacts via e-beam evaporation. For the case 

of OFETs we similarly performed two-step development chitosan-based lithography with 

subsequent deposition of 12 nm Pd layer and lift-off. For all cases lift-off was performed by 

0.1 % formic acid aqueous solution. 

Brain microtubule patterning: 99% pure porcine brain pre-formed microtubules MT-002-A 

(Cytoskeleton, USA) were resuspended according to the protocol in 15 mM HEPES buffer (pH 

= 7.0) with 1 mM MgCl2 and 30 µl of 2 mM paclitaxel solution in DMSO. Afterwards, Si/SiO2 

(300 nm SiO2 thickness) substrate with landmarks was processed in oxygen plasma and covered 

with the solution containing the microtubules, left for 15 minutes, thoroughly washed with MQ 

water and air dried. Microtubules were localized relative to the landmarks with the help of an 
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AFM operating in PeakForce tapping regime with a fixed load at 1-2.5 nN. Chitosan acetate 

resist based e-beam lithography was performed, utilizing two-step development approach. Cr 

(1 nm)/Pd (24 nm) contacts were thermally evaporated, and the chip was subjected to the lift-

off procedure in 0.1% formic acid solution. 

Electrical measurements: Measurements of OFETs’ characteristics were performed under 

ambient conditions with a Keysight B1500A Semiconductor Analyser equipped with two high 

rate source-measure units and a probe station. For measurements in vacuum (below 4x10-5 

Torr), the sample holders were wire-bonded with Al wire on a home-built chipholder system 

connected to a BNC output. SWCNT-FETs were measured with the help of MFLI lock-in and 

108 A/V transimpedance amplifier connected to Bruker Nanoscope V controller ADC. Four-

probe microtubule devices were investigated with the help of B1500A Semiconductor Analyser 

(DC measurements), MFIA Impedance analyser (frequency range from 1 Hz to 5 MHz) and 

NI-5632 Vector Network Analyser (frequency range from 300 kHz to 8.5 GHz). For all data 

obtained with VNA, 0 dBm input power was used. 
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