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Current chemicals used in electron beam (e-beam) lithography generate safety and waste management

issues. To replace them, chitosan, a natural and abundant polymer soluble in water based solutions,

was assessed as a positive and water developable resist for a two-layer e-beam lithography and as a

mask for transfer by etching in silica. Fifty nanometer line patterns were successfully obtained in a chi-

tosan film by e-beam lithography at doses between 160 and 300 lC cm�2, then, transferred into a silica

layer by CHF3 plasma reactive ion etching with respect of the feature dimensions. Published by the
AVS. https://doi.org/10.1116/1.4996870

I. INTRODUCTION

Today, using green technology has become imperative in

most competitive industrial domains. It is particularly the

case in the semiconductors industry since the International

Technology Roadmap for Semiconductors1 did such recom-

mendation in 2011. It is also of prime importance in order to

anticipate future regulations, in particular, in Europe registra-

tion, evaluation, authorization and restriction of chemicals and

in the United States the Pollution Act. Herein, we focus on

lithography techniques for which the top surface of a substrate

is coated with a resist layer (generally a polymer). This layer

is then irradiated with UV light, electron beam (e-beam), or

ion beam and developed in a specific solution (developer) in

order to generate micron or nanoscale features. Generally, it

does necessitate oil derived products such as resists and sol-

vents. Furthermore, developers can be hazardous. Today, the

tetramethylammonium hydroxide is the developer that is most

used in the industry of the semiconductor; it is toxic and a

lethal product for the experimentator. For e-beam lithography,

poly(methyl methacrylate) (PMMA) has been widely used as

resist since 1968.2 It is commercially available in anisole3 and

developable in a mix of methyl isobutylketone and isopropa-

nol (1:3).4 Although PMMA is not hazardous, the syntheses of

its methyl methacrylate monomer, its solvent, and its develop-

ers require toxic, irritating, lethal, corrosive, and highly flam-

mable chemicals.5–7 Consequently, it generates safety, waste

management and related costs issues. Nowadays, researchers

are looking for alternative chemicals that open the era for a

safer and more ecofriendly lithography.

For a few years, biosourced polymers derived from bio-

mass, which are nontoxic, renewable, and biodegradable nat-

ural materials, have been studied for water-developable high

resolution lithography and have demonstrated their potential

on commonly used pattern transfer techniques.8–14

Through these studies, it was demonstrated that “green”

e-beam lithography can be carried out in an organic-free pro-

cess with high resolution. Kim et al.11 have produced 30 nm

holes spaced of 100 nm with silk as a positive tone resist but

did not transfer the features into the sublaying substrate. The

solubility of silk can also be locally modified, thanks to its

amorphous to beta sheet thermal transition using a laser.15

Takei et al.10 have obtained 50 nm lines spaced of 450 nm

with saccharide based negative tone resist material. Transfer

of the features into the subjacent layer by CF4 plasma etching

was then realized.8–10,16 However, due to the low selectivity

of their saccharide layer to etching conditions, they did use a

trilayer stack process: (1) saccharide based e-beam resist

(200 nm), (2) a hard mask silicone-based polymer (50 nm),

and (3) a thick polymer based etching transfer layer (800 nm).

Although the process could be completely done in water, the

polymers for the two last layers had to be synthesized. In addi-

tion, the saccharide based resist must be functionalized with

acryloyl groups in order to be electrosensitive and to crosslink

under an e-beam. These syntheses involved chemical synthetic

reactions and the use of organic compounds and solvents.

In this work, we propose to use chitosan as positive water

developable resist for e-beam lithography and mask for trans-

fer by etching. The resulting features are transferred into the

silicon substrate by etching using a classical two-layer process

(resist> silica hard mask> silicon). Chitosan is a natural poly-

saccharide present in the cell wall of some fungi.17 It consists
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in a polysaccharide of two monomers units, D-glucosamine

and N-acetyl-D-glucosamine, linked by a b-(1!4)-glycosidic

bond (Fig. 1). The number of N-acetyl-D-glucosamine units

in a chain corresponds to the degree of acetylation (DA),

characteristic of the polymer. Chitosan is industrially prepared

by the deacetylation of chitin in alkaline media.18–21 Chitin

is a natural polysaccharide and one of the most abundant

biopolymers on Earth, mainly present in the exoskeleton

of arthropods and in the cell walls of many fungi. It is industri-

ally extracted from crabs and shrimps, from fishing waste.

Moreover, chitin and chitosan are nontoxic, biocompatible, and

biodegradable. Chitosan is soluble in slightly acidic aqueous

media. Chitosan is well-known to form films, as a result of the

b-(1!4)-glycosidic bond.18 High molar mass chitosan can form

thin films which have been used in biomedical applications.18–21

Fernandez et al.22 and Park et al.23 have produced nanoscale fea-

tures with chitosan thin films by soft or nanoimprint lithography

for bioapplications (cell growth, cell interactions, biosensors, tis-

sue engineering, etc.). Voznesenskiy et al.12,13 have studied

chitosan and chitosan-metal nanofilms for the formation of sub-

micron structures by e-beam lithography on glass substrates

without transferring the features. Their results without transfer

made them affirm that chitosan is not suitable as resist for

microelectronics.

We aimed at demonstrating that chitosan is not only suit-

able for e-beam lithography but that it can also withstand

CHF3 plasma etching step. Consequently, nanopatterns can

be obtained with a high resolution into a silica substrate

using organic solvent-free water-developable biosourced

chitosan resist by a conventional e-beam lithography/etching

process (Fig. 2).

II. EXPERIMENT

A. Materials

To circumvent the batch to batch variability, highly deace-

tylated chitosan was used. Chitosan was provided by Mahtani

Chitosan Pvt., Ltd. (India), from squid pens and further puri-

fied according to the procedure of Rinaudo.18 Its molar mass

of 570 kg mol�1 was measured by size exclusion chromatog-

raphy. Chitosans of DA of 2%, 8%, and 35% were prepared.

DA was quantified by 1H NMR using an AVANCE III

400 MHz spectrometer. Deionized water (ultrapure, 18 MX)

and acetic acid (Fluka Analytical, glacial acetic acid) were

used to prepare chitosan solutions and developers. Chitosan

films were deposited on silicon substrates with a 90 nm-thick

hardmask layer of PECVD-deposited silica.

B. Methods for chitosan film preparation
and characterizations

Solid chitosan was dissolved overnight at concentration

of 0.7% (w/v) in acetic acid deionized water solution. Acetic

acid was stoichiometrically added with respect to the free

amine of the glucosamine residues. Chitosan films were pre-

pared by spin-coating at 5000 rad min�1 and 3000 rad s�2

for 30 s followed by a softbake at 100 �C for 1 min on hot-

plate on silica/silicon substrates. It is well known that chito-

san through hydrogen bonds have a strong adhesion on silica

and silicon surfaces, thanks to SiOH groups.24

Film thickness was measured by ellipsometry with a spec-

troscopic ellipsometer UVISELTM from Horiba using the

classical formula dispersion as model in the Horiba software

adapted to chitosan by adjusting the refractive index between

1.5 and 1.6 and the extinction coefficient to 0 for 630 nm.25

Thermal stability of chitosan films was assessed by tem-

perature program desorption–mass spectroscopy (TPD-MS)

with a heating rate of 5 �C min�1 at 10�3 Pa in pressure.

Positive ions generated by electron impact with an energy of

70 eV on desorbed products were collected by a quadripole

and analyzed by a MX7304 A Selmi mass spectroscopy

device.

FIG. 1. Structure of chitosan. DA, degree of acetylation.

FIG. 2. (Color online) Scheme of the applied lithography-etching process.
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C. E-beam lithography and etching process

E-beam lithography was performed on a RAITH Elphy

Quantum modified scanning electron microscope (SEM, FEI

Inspect F) at 30 kV and 10 pA for a working distance at

6.9 mm.

Etching selectivity study of chitosan films was carried out

in a reactive ion etcher (RIE) Corial 200S using CHF3 gas

reactant (usually used for silica etching) during 2 min under

100 sccm of CHF3 at a pressure of 50 mTorr at 20 �C for a

power of 140 W (corresponding to a bias voltage of 590 V).

Chitosan was, then, selectively removed by O2 plasma for

1 min under 100 sccm of O2 at 100 mTorr, 20 �C, 100 W, and

bias voltage of 460 V.

D. Features characterizations

Feature observations were realized by SEM on a scanning

electron microscope JEOL JSM 7401F at 2 kV, 5 lA, and a

working distance of 4 mm. The IMAGE J software was used

for the analysis of the SEM images to measure the size of

the features.

The depth of the features was measured with a profilome-

ter Alpha-Step
VR

500 Surface Profiler from KLA Tencor.

III. RESULTS AND DISCUSSION

A. Thermal stability of the film

Spin-coating is generally followed by a softbake to

remove the solvent staying in the film. For chitosan films,

the softbake is at 100 �C during 1 min in order to be compati-

ble with standard microelectronic technology. We checked

by TPD-MS if this step does not generate the thermal degra-

dation of chitosan.

The TPD-MS spectrum in Fig. 3 shows a similar behavior

of the solid chitosan than in thin film. From 30 to 250 �C,

desorption of residual water (m/z¼18, with fragments at m/z
¼ 17) and desorption and degradation of CO or CO2 contam-

inants (m/z¼ 28 and 44) occur. From 250 to 375 �C, several

products are generated by thermal degradation, particularly

water (m/z¼18), ammonia (m/z¼ 17), and carbon monoxide

(m/z¼ 28). Other products are fragments of heterocycles.

From 400 �C, we can clearly see the beginning of a second

step of thermal degradation. Our observations are in accor-

dance with those of Corazzari et al.26 who have studied the

thermal degradation of chitosan powder. They observed that

degradation occurred in two steps. A first step between 250

and 350 �C generated mainly water, ammonia, carbon mon-

oxide, and carbon dioxide. The second step took place

between 450 and 750 �C with the formation of methane and

a graphite-like product. During these two steps, water and

several heterocycles as pyrazine, pyridine were generated by

the breaking of the glycosidic bond.

Therefore, the thermal stability of chitosan thin films is

similar to the one of chitosan powder allowing for a softbake

at 100 �C without degradation of the chitosan films.

In addition, we can see that the film does not contain ace-

tic acid after spin-coating and softbake given that any prod-

uct with m/z¼ 45, characteristic of acetic acid, is generated

during the desorption step from 30 to 250 �C.

B. Assessment of an appropriate developer

In order to choose an appropriate developer, the stability

of the film was studied by measuring the film thickness by

ellipsometry before and after immersion in deionized water,

0.5%, 1%, and 5% acetic acid solutions (Fig. 4). From the

difference between these two thicknesses for the time of

immersion, we could calculate the dissolution rate of chito-

san films for each solvent. In acetic acid solutions, the disso-

lution rate was above 6 nm s�1 for all tested chitosan. On the

contrary, in water, the chitosan films remain intact even after

90 s immersion duration. This is consistent with the fact that

deionized water is not a solvent of chitosan because its pH is

not acidic enough (pH> 6). However, it seems that for DA

35% the dissolution rate was not zero.

However, exposed area may be soluble in water. Indeed,

according to Gryczka et al.,27 e-beam would generate the

break of the glycosidic bond between units without affecting

the amino groups leading to a decrease in molecular weight.

Choi et al.28 demonstrated that chitosan degraded by gamma

irradiation has a better solubility in water. In addition, the

FIG. 3. (Color online) TPD-MS spectrum of a film of chitosan of DA 2%

after spin-coating and after a softbake at 100 �C during 1 min. Each curve

represents a ratio m/z.

FIG. 4. (Color online) Dissolution rate after immersion of 100 nm-thick chi-

tosan films for different DA in deionized water and in acetic acid solutions.
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D-glucosamine monomer of chitosan has a pKa of 7.9,29

higher than chitosan pKa [6.0 (Ref. 18)]. During the devel-

opment in water, we can expect that deionized water will

dissolve the shortened chains whose pKa should be between

6.0 and 7.9. So, deionized water was chosen as our developer

in order to maximize the difference in solubility between the

chitosan degraded by the e-beam exposition and the nonex-

posed chitosan.

C. Selectivity

For the transfer of features into silica by CHF3 plasma

etching, chitosans selectivity was assessed. The selectivity

of PMMA (950 PMMA A4, Microchem) films (70 nm) under

our plasma etching conditions was used as a reference.

Figure 5 displays the selectivity of chitosan for three DA in

comparison with PMMA. The selectivity was calculated as fol-

lows. Chitosan film and silica layer thicknesses were measured

by ellipsometry before plasma etching. Etching was performed

on samples made of a substrate of silicon with a chitosan film

(90 nm) on a silica layer (200 nm). Etching was followed by

laser interferometry giving the time of etching for each layer.

From the time of etching and the layer thickness, etching rate

is calculated for chitosan and silica. Selectivity corresponds to

the ratio between silica etching rate and chitosan etching rate.

For these three DA, chitosan had a slightly higher selectivity

(4.35 for DA 2%) compared to PMMA measured at 4.20.

D. Chitosan electrosensitivity

Chitosan electrosensitivity was studied on 99 nm 6 7 nm

thick chitosan (RMS 3 nm) with DA 2% films by applying a

dose screening from 20 to 1000 lC cm�2. Test patterns were

5� 5 lm2 squares. The dose effect on pattern depth for dif-

ferent times of deionized water development (5, 25, and

60 s) is shown in Fig. 6.

Whatever the water development time, features started to

be revealed at a minimum dose of 40 lC cm�2. Above

160 lC cm�2, the exposed chitosan resist was completely

dissolved allowing to reach the silica layer. From these

results, we can estimate the e-beam degraded chitosan disso-

lution rate. It corresponds to the ratio of the depth on the

time of development. For 5 s of development, from around

160 lC cm�2, the dissolution rate of e-beam degraded chito-

san is of 16 nm s�1 in deionized water at room temperature.

We can note that the depth of development depends only on

the dose. The low dependence on the developing time is use-

ful in fabrication of multilevel structures.

The deviation of the developed features from the expected

5 lm squares as a function of the dose is given in Fig. 7. It

was obtained by comparing the squares’ size measured from

SEM images and the expected 5 lm size. We note that over-

sizing of the patterns occurred for doses above 200 lC cm�2.

For lower doses, the obtained size deviated by less than

3.6%. Underexposure was obtained for doses lower than

100 lC cm�2. Between 300 and 700 lC cm�2, the size devia-

tion ranged from 11.6% to 18.4%. Above 800 lC cm�2, the

chitosan film was clearly overexposed, proximity effects

were significant and generated an enlargement of the size by

a factor of 2. Taking into account the size and depth of the

obtained features, the best range of doses was comprised

FIG. 5. (Color online) Selectivity of chitosan compared to PMMA for 2%,

8% and 35% DA for CHF3 plasma. Dashed line corresponds to PMMA

selectivity. Chitosan and PMMA were filmed on 200 nm thick PECVD-

deposited SiO2. Chitosan (or PMMA) selectivity corresponds to the ratio of

SiO2 etching rate on chitosan (or PMMA) etching rate.

FIG. 6. (Color online) Effect of dose on the depth of the patterns for 100 nm

thick resists developed in deionized water for 5, 25, and 60 s.

FIG. 7. (Color online) Effect of the dose on the size of a pattern of 5 lm. Red

line corresponds to the aim of 5 lm in size.
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between 160 and 300 lC cm�2 with an optimal dose around

200 lC cm�2.

E. Resolution

On the basis of these results, we increased the resolution

until patterning lines of 50 nm spaced by 500, 300, and

100 nm. Scanning electronic microscopy (SEM) top views of

chitosan DA 2% films after 30 s of deionized water develop-

ments are displayed in Fig. 8.

As displayed on the SEM images of Fig. 8, lines with a

width near 50 nm for different spacings could be written in a

chitosan film as positive resist. According to SEM images,

features are well defined for high resolution without apply-

ing any proximity effect correction during exposure.

A 50 nm lines spaced of 300 nm pattern of chitosan was

transferred in SiO2 hardmask layer by a RIE plasma etching

of CHF3 followed by the selective removal by O2 plasma of

the chitosan layer.

The SEM image in Fig. 9 shows the patterns after transfer

and stripping of the resist. The size is well respected for

50 nm lines spaced of 300 nm for the lines. We can note that,

even after RIE, the features dimensions were of the same

order. RIE did not modify significantly feature dimensions

and enables a transfer of high quality. In addition, feature

dimensions on chitosan resists appear reproducible.

IV. SUMMARY AND CONCLUSIONS

In summary, we demonstrated chitosan film is a bio-

sourced, chemically unmodified, water-developable, positive

tone, and plasma resistant resist for a complete green e-beam

lithography/etching process. No hazardous or ecotoxic

chemicals (resins, solvents, and developers) were required

during the process nor during the resist lifetime cycle.

Indeed, chitosan, a natural polysaccharide prepared from

fishing waste, can be chosen as a positive e-beam resist with

success, thanks to its pH-dependent solubility in aqueous

solutions and its resistance to etching. For doses between

160 and 300 lC cm�2 with an optimal dose around

200 lC cm�2, a complete process of e-beam lithography and

plasma transfer in SiO2 layer was achieved with high resolu-

tion, 50 nm line patterns are well defined, with respected

dimensions and few line edge roughness given that the reso-

lution limit of the lithography device. Future development

will focuse on the development of a negative tone chitosan

resist.

FIG. 8. SEM images of nanopatterns obtained by EB lithography at 30 kV

and 10 pA in a chitosan positive resist at an optimal dose range between 180

and 220 lC cm�2. Average feature sizes on 50 measures are (a) 65 nm line

and 505 nm space, (b) 70 nm line and 288 nm space, and (c) 59 nm line and

97 nm space.

FIG. 9. SEM image of patterns obtained by EB lithography at 180 lC cm�2

on chitosan after transfer by CHF3 plasma etching and stripping of chitosan

47 nm line and 332 nm space on the average of 50 measures.
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15K. Maximova, X. Wang, A. Balčytis, L. Fan, J. Li, and S. Juodkazis,

Biomicrofluidics 10, 54101 (2016).
16S. Takei, A. Oshima, T. G. Oyama, K. Ito, K. Sugahara, M. Kashiwakura, T.

Kozawa, S. Tagawa, and M. Hanabata, Jpn. J. Appl. Phys. 53, 116505 (2014).
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