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Abstract A variety of different photo resists are used for

the fabrication of polymer and metal high aspect ratio

structures. Among them SU-8, a chemically amplified neg-

ative tone photoresist is the mostly used. However, after

processing the finished resist pattern (SU-8) is hardly

removed from the substrate. In the present work the formu-

lation and process optimization of a negative tone chemically

amplified photoresist (TADEP) is presented. TADEP resist

owns two advantages: the dissolution of the uncrosslinked

areas in IC standard aqueous developers and the easy strip-

ping in acetone by the assistance of ultrasonic bath. The

TADEP resist is successfully applied for the fabrication of

polymer and metal structures, after electroplating and

stripping and also in the case of Proton Beam Writing.

1 Introduction

Polymer structures with high thickness and at the same

time small lateral critical dimensions (High Aspect Ratio,

HAR) have gained significant attention during the last

15 years. Such structures are traditionally fabricated by

photolithography (e.g., Chan-Park et al. 2004; Liu et al.

2005) and X-ray lithography (e.g., Mappes et al. 2007). In

addition to these classical lithographic technologies, Proton

Beam Writing (PBW) has been proposed (Watt et al. 2007)

and successfully applied for the fabrication of high aspect

ratio structures with critical dimensions either in the

micron scale or in some cases in the sub 100 nm regime

(Ansari et al. 2004). Due to its unique features, PBW is

considered as the best solution for rapid prototyping for the

fabrication of high aspect ratio micro/nano structures. In

several cases the complementary of the resist pattern is

transferred to a thick metallic film (e.g., Au, Ni) by elec-

troplating. The photo and/or radiation sensitive resists used

for these patterning technologies should fulfil certain

requirements, like dimensional control over the entire

height, adequate sensitivity, easy and repeatable coating,

and easy stripping. In addition to these specifications, a

great advantage could be the processing in compatible to

semiconductor fabrication conditions for further integration

with ICs.

X-ray LIGA (Rai-Choudhury 1997) process with

PMMA (positive tone resist) is a widely used technique for

the fabrication of molds for subsequent electroplating and

although gives very good results, it needs development in

organic solvents (not compatible with IC fabrication), and

its cost is very high (synchrotron sources). Alternatively,

SU-8 (Lee et al. 1995), a negative epoxy based photoresist,

has been applied in both X-ray and I-line lithography (e.g.,

Tian et al. 2005) with very good lithographic performance

in terms of resolution and aspect ratio values. This pho-

toresist comprise of eight epoxy rings in its polymer chain

and owes its good lithographic performance to the dense

crosslinking of the epoxy upon irradiation in the presence
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of a suitable PhotoAcid Generator (PAG). During the dis-

solution step, the unirradiated areas are dissolved in

organic solvents. Its high crosslink density provides the

ability to fabricate very high aspect ratio (HAR) structures,

but the crosslinked areas can not be stripped via conven-

tional stripping chemistries, e.g., after an electroplating

step.

To overcome the SU-8 limitations several formulations

have been proposed in the last years. In one case (Flack

et al. 2000) an aqueous base developable photoresist

comprised of a phenolic resin, a crosslinker, and PAG has

been examined for UV-LIGA process. In another chemi-

cally amplified approach (Schirmer et al. 2007) the cross-

linking is based not in epoxy but in amino group in the

presence of acids. This process is enhanced by aromatic

conjugated compounds. In the last few years a negative

chemically amplified photoresist platform consisting of

epoxy (EP), partially hydrogenated poly(hydroxystyrene)

(PHS) components and suitable PAG has been proposed

and developed by our group (Chatzichristidi et al. 2002a, b)

where the crosslink density is moderate compared to the

SU-8 and the development of unexposed areas is carried

out in IC standard tetramethyl ammonium hydroxide

(TMAH) 0.26N solutions.

In the present work the resist formulation (Thick

Aqueous Developable Epoxy resist: TADEP resist) and

particular processing steps have been optimized for both

thick film UV and PBW lithography. Finally, thick metal

structures after Ni electroplating and resist stripping are

presented.

2 Experimental

The evaluation of the negative chemically amplified resist

TADEP for optical lithography and proton beam writing is

presented in this study. TADEP consists of a specific grade

epoxy novolac (EP) polymer (Shell) after fractionation, a

partially hydrogenated poly-4-hydroxy styrene (PHS)

polymer (Maruzen Petrochemicals Co), and an onium salt

as PAG. The formulation for both optical and PBW con-

sists of 40% (w/w) total polymer concentration in ethyl(s)-

lactate. The polymer was a mix of 78% (w/w) PHS with

12% degree of hydrogenation and 22% (w/w) EP. All

optical lithography exposures were carried at broad-band

contact mask aligner (Karl-Suss MJB3) either through a

broad I-line filter or without filter.

The proton beam exposures were performed on the

nuclear microprobe facility at ATOMKI, Debrecen, Hun-

gary (Rajta et al. 1996). The proton energy used for all

exposures was 2 MeV. The proton beam was focussed

down to *3 lm spot size and the beam current used was in

the 5–60 pA range. The scan size was typically 1,000 lm

and the beam step size was 1 lm. The fluence was 300 nC/

mm2.

The thermal processing steps (Post Apply Bake (PAB),

Post Exposure Bake (PEB)) were carried out on a levelled

hot plate. The development was performed in AZ726 MIF

(0.26N TMAH) at room temperature in stirring mode.

Before the nitrogen drying, the samples were rinsed in

deionized water.

The absorbance tests were carried out by a PerkinElmer

Lamda40 UV-Vis spectrometer. The effect of the PAB

processing conditions on the film properties was carried out

with a home made apparatus based on Single Wavelength

Interferometry (SWI) (Raptis 2001). The resist dissolution

rate studies were performed with an experimental set-up

based on White Light Reflectance Spectroscopy (WLRS)

(Kokkinis et al. 2005). Both characterization methodolo-

gies are based on the interference due to the optical path

difference of the light travelling in the resist film and

reflected at the Si substrate.

The electroplating was carried out at a temperature

controlled bath at 50�C by using a solution consisting of

nickel sulfate, nickel chloride, boric acid, ferrous sulfate

and saccharin and a constant current density of 40 mA/

cm2. Stripping of the crosslinked regions was performed

using acetone in an ultrasonic bath (Branson 2200, fre-

quency of 47 kHz ± 6%).

The evaluation of the final structures was performed in

the Institute of Microelectronics, NCSR ‘‘Demokritos’’ on

a LEO 440 SEM and in the Department of Solid State

Physics (University of Debrecen––Atomki Electronmicro-

scope Laboratory) in Debrecen on a Hitachi S-4300CFE

SEM.

3 Results

3.1 Formulation and processing optimization

In order to optimize the resist formulation towards the

lithographic performance, significant research effort should

be devoted to the optimization of the chemical components

and the processing steps. In the present study several PAGs

have been examined in terms of absorbance but also in

terms of dissolution properties. The latter study is of par-

amount importance given that the development should be

carried out in a controlled way in order to allow patterning

with moderate crosslinking density which at the end pro-

vides the stripping capability. The most promising PAGs

proved to be a) the TPS-Antimonate (triphenyl sulfonium

antimonate) and b) o-Cs Triflate (1-(4-hydroxy-3-methyl-

phenyl) tetrahydrothiophenium triflate). The amount of

TPS-Antimonate added in the resist solution was 5% w/w,

whereas the amount of o-Cs- triflate added was 3.4% w/w

1424 Microsyst Technol (2008) 14:1423–1428

123



of the polymer. These percentages were calculated in order

to have equal number of PAG molecules in the resist

solutions in both cases. In addition, a mixture of these two

PAGs consisting of TPS-Antimonate 3.4% and o-Cs

Triflate 1.1% was also evaluated. Again, the total number

of PAG molecules is the same with the first two cases.

The absorbance spectra of the resist formulations with

the above PAGs have been extrapolated for 1 lm film

thickness and are illustrated in Fig. 1. The absorbance of

the pure polymer blend (without PAG), shown also if

Fig. 1, is small in the targeted spectrum range (around

365 nm). The addition of TPS antimonate causes no sig-

nificant increase in the absorption of the polymer whereas

the addition of the o-Cs triflate shows an increase in the

absorption below 320 nm. The limited absorbance in the

desired wavelength is a promising parameter in order to

achieve almost uniformly exposure throughout the thick-

ness of the resist, avoiding in this way the formation of

T-shaped structures.

In Fig. 2 the dissolution properties of unirradiated films

with thickness *2.2 lm are illustrated. Results obtained in

this thickness can be scaled to larger thicknesses, since the

TADEP resist is negative and only the unirradiated areas

are dissolved during the development step. In all cases,

except for the UVI, the dissolution proceeds smoothly

without any inhibition periods. This controlled dissolution,

totally different from the SU-8 case, is a pre-requirement

for the stripping capability. In particular, it appears that the

polymer blend (without PAG) dissolves rather fast

(*42 nm/s) while most of the PAGs studied proved to

decelerate the dissolution process most probably due to

their hydrophobic nature. In particular the dissolution rate

was *6 nm/s for the TPS-Antimonate 5%, *13 nm/s for

the TPS-Antimonate 2% and *10.5 nm/s for the PAGS

blend consisting of TPS-Antimonate 3.4% and o-Cs

Triflate 1.1%. Only when pure o-Cs Triflate is added as

PAG the dissolution rate increases, and for the 3% w/w

PAG relative concentration becomes *58 nm/s. Therefore

a dissolution rate enhancement of 38% over the dissolution

rate of the polymer blend without PAG is obtained. For that

reason o-Cs Triflate is the most suitable PAG for the

TADEP resist formulation.

For the resist thicknesses used in the HAR applications,

i.e., several tens of microns, the resist film is post apply

baked for a long time after the spin coating. The PAB

conditions have been proved (Zhang et al. 1999) critical for

the film quality, and significant effort has been applied for

the optimization of this processing step and in particular for

the SU-8. In Fig. 3 the solvent evaporation during the PAB

in the case of a *11 lm thick TADEP film is illustrated.

The PAB starts from room temperature and reaches the

desired temperature, optimized in previous studies (Rajta

et al. 2005), after *6 min. The solvent evaporation could

be divided in three phases. In the first phase, the heating-up

period, the solvent evaporates very fast, and then the

evaporation rate decreases significantly to a mean value of

*35 nm/min for the second phase (6–30 min). In the last

phase (30–240 min) the evaporation rate decreases further

reaching a mean rate of *2 nm/min. The above evapora-

tion rates were calculated by assuming a refractive index of

the resist film 1.56 for the wavelength, 650 nm, used in the

SWI. This result shows that at this film thickness the PAB

time should be at least 60 min for that PAB temperature.

3.2 Optical lithography

Based on the previous studies it was possible to optimize

the PAG and the processing conditions of the TADEP

Fig. 1 Absorbance spectra in the lithographically useful range (300–

400 nm) for the examined PAGs. The PAG percentages were

calculated in order to have equal number of PAG molecules in the

resist solutions

Fig. 2 Effect of PAG on the dissolution rate. The more hydrophobic

PAG cause a reduced dissolution rate while the hydrophilic o-Cs

triflate leads to an enhanced dissolution rate
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formulation. The processing conditions for the I-line

lithography are listed in Table 1. Further improvement of

the sensitivity could be achieved through increase of PAG

concentration in the resist’s solution.

Three optical lithography exposure strategies were

explored: (a) exposure at 310 nm, (b) broad-band expo-

sure from the mask aligner and (c) exposure through a

broad-band pass I-line filter. Resist structures resolved

with the first approach had the poorest resolution and thus

aspect ratio. The broad-band exposure (without filter)

gave good results, however the optimum lithographic

performance, in terms of resolution and aspect ratio, were

achieved by the exposure through the band–pass 365 nm

filter.

In Fig. 4, typical results (optical microscope images)

from optical lithography on the TADEP resist spin coated

on a 3 in. Si wafer covered with an electroplating base of

5 nm Cr/100 nm Au deposited by sputtering, are shown.

By applying the process described in Table 1 it was pos-

sible to resolve 10 mm long lines with 2.0 lm (1:5

line:space distance) and 1.5 lm linewidth (1:2 line: space

distance) while the film thickness was *11 lm thus

achieving an aspect ratio of 7. Similar results were

obtained for Si substrate also. Further increase of the aspect

ratio could be achieved by the use of an exposure tool with

narrower exposure spectrum.

3.3 Electroplating

The samples with the electroplating base (2 9 2 cm2) after

the development and rinsing are placed in the electroplat-

ing bath, described in the Sect. 2, for a period of 48 min

giving a metal thickness of 9 lm (the thickness of the resist

structures is *11 lm). After the electroplating the samples

are placed in acetone in an ultrasonic bath for the stripping

of the resist structures. In Fig. 5 top down SEM images

from the metallic structures after the electroplating and

resist stripping are shown. In Fig. 5a the trench, produced

due to the stripping of the resist structure, has 1.5 lm width

and in Fig. 5b the trench has 2.0 lm width. From those two

figures, it is clear that the resist structures are totally

removed, despite the fact the width of the polymer struc-

tures was very small compared to the width of the

complementary metallic ones.

3.4 Proton beam writing

Single pixel pillars and lines of one pixel width were

exposed by PBW in order to optimize the processing

conditions and examine the aspect ratio of the resulted

pillars. The processing conditions for the PBW are listed

in Table 1. In Fig. 6 typical SEM images of these expo-

sures are shown. The achieved smallest diameter for the

pillars, in a 20 lm thick resist film, was 2.5 lm corre-

sponds to aspect ratio of 8. A series of lines show some

uneven wall thickness due to beam intensity instabilities,

and can be reduced with a more stable proton beam. The

simulation of the energy deposition vs. depth for the PBW

Fig. 3 In situ monitoring of the PAB processing step. Only a very

limited amount of casting solvent evaporates after 60 min for a final

film thickness of *10 lm

Table 1 The processing conditions for UV lithography and PBW

Process step UV lithography PBW

Resist coat 3,000 rpm for 30 s

(film thickness

*11 lm)

800 rpm for 30 s

(film thickness

*20 lm)

PAB 95�C for 60 min and

subsequent cooling

at a slow rate

95�C for 120 min

and subsequent

cooling at a

slow rate

Exposure 365 nm

(1,100 mJ/cm2)

through a

broad I-line filter

2 MeV protons,

beam currents

5–60 pA, 2–3 lm

spot size,

1,000 lm scan size,

300 nC/mm2 fluence

PEB 110�C for 6 min on

a hotplate and

subsequent cooling

110�C for 8 min

on a hotplate

and subsequent

cooling

Development AZ726 MIF at 22�C

for 8 min

AZ726 MIF at 22�C

for 25 min

Rinsing DI water for 30 s,

then gently air dry

DI water for 30 s,

then gently air dry

Stripping Acetone in

ultrasonic bath

for 10 min

Acetone

in ultrasonic

bath for 30 min
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samples is illustrated in Fig. 7. In the first 20 lm of the

ion path (resist layer) the energy deposition is nearly

constant resulting in smooth vertical walls shown in

Fig. 6. The rest of the ion energy is deposited in the

substrate. All the structures mentioned above are fully

developed. Preliminary studies shown that in the PBW

case, it is possible to bypass the PEB step and resolve the

layout at the expense of a higher exposure dose. The

achieved aspect ratio is most probably limited by the

rather large beam diameter used.

Fig. 4 Optical microscope

images of the resist patterns

prepared by I-line lithography.

Very long lines (10 mm) with

1.5 lm width resolved

Fig. 5 SEM images of metal

patterns (complementary to the

resist layout shown in Fig. 4)

after Ni electroplating and lift-

off in acetone in ultrasonic bath

Fig. 6 SEM images of the

resist features produced by

PBW
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4 Conclusions

A variety of different photo resists, both positive and

negative tone, are used for fabrication of polymer and their

complementary metal high aspect ratio structures. Among

them SU-8, a chemically amplified negative tone photo-

resist based on epoxy polymer is the mostly used.

However, after processing the finished resist pattern (SU-8)

is hardly removed from the substrate.

In the present work the formulation and process opti-

mization of a novel negative tone chemically amplified

photoresist (TADEP) is presented. TADEP resist consists

of epoxy (EP), partially hydrogenated poly(hydroxysty-

rene) (PHS) components and 1-(4-hydroxy-3-

methylphenyl) tetrahydrothiophenium triflate as PAG. In

particular the component relative concentration and the

PAG molecule have been optimized towards the optimum

absorption in the exposure spectrum as also the dissolution

rate of the uncrosslinked regions. In addition the PAB step

has been studied towards the optimum conditions in terms

of resist adhesion.

The TADEP resist owns two significant advantages over

the SU-8: the dissolution of the uncrosslinked areas in IC

standard aqueous developers and the easy stripping in

acetone by the assistance of ultrasonic bath. By using the

TADEP resist 1.5 lm wide very long lines were printed, by

UV lithography, in an 11 lm thick film, providing an

aspect ratio of 7. These structures were transferred, by

electroplating followed by resist stripping, into thick Ni

film. In addition first experiments with PBW showed an

aspect ratio of 8, most probably limited by the rather large

beam diameter used.
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