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Abstract In this work, we investigate the influence of ion

fluence on the development of microstructures produced by

2.2 MeV H? impinging on 12-lm-thick poly(ethylene

terephthalate) (PET, Mylar�) foils. Several lines of

1 9 100 pixels corresponding to approximately

2.5 9 101.5 lm2 were patterned on PET foils using dif-

ferent ion fluences (from 1012 to 1017 H?/cm2) and etching

times (from 1 to 60 min). We observe the presence of three

different behaviors according to the ion fluence. Long

etching times are necessary to open the structure in the low

fluence regime, while moderate fluences require shorter

etching times. In the high fluence regime, a more complex

scenario emerges where short etching times lead to struc-

tures either fully or partially developed.

1 Introduction

Proton beam writing (PBW) is a direct lithographic tech-

nique that has gained attention in recent years due to the

possibility of producing 3-D structures with high aspect

ratio and spatial resolution without the use of lithographic

masks [1–9]. In a recent review on this subject, van Kan

et al. [10] have shown that regardless of the nature of the

resist (positive or negative), parameters like ion fluence and

etching procedure play a key role in the quality of the

structures obtained through PWB. Among those materials

used for micromachining purposes by PBW [10, 11] are

SU-8 [4, 5, 7, 9], PMMA [1, 2, 6, 12–15], silicon [16], CR-

39 [17] and silsesquioxane [18, 19]. The results presented

by these reports show the importance of careful choice of

ion fluence and etching procedure for each material under

study [1, 2, 4–7, 9, 13, 14, 20–24].

Among several polymers, poly(ethylene terephthalate),

better known as simply PET, finds several applications in

membrane technology and biosensors [25]. Similarly to

other polymers discussed above, patterning of PET

through the PBW technique is expected to be strongly

dependent on the type of ion, beam energy and ion flu-

ence [26]. Indeed, the physical and chemical changes

induced by the beam and the subsequent chemical etching

of the exposed areas are directly linked to those param-

eters [22–24, 27–30]. In respect of the chemical treat-

ment, the kinetics is highly complex and includes steps

such as the transport and adsorption of etchant molecules

by the polymer surface, chemical reactions of these

molecules with the weaker bonds of the structure, the

diffusion of reactional products and the final elimination

of end-products of the reactions.

In this work we investigated the influence of the local

fluence on the development of micropatterns produced by

2.2 MeV protons on poly(ethylene terephthalate) (PET,

Mylar�) foils. The effects of ion fluence on the minimum

time required for the removal of the exposed material and

on the final dimensions and morphology of the patterned

lines were evaluated. Possible mechanisms behind these

effects were discussed.
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2 Experimental

The irradiations were performed with a 3 MV Tandetron

accelerator equipped with an Oxford microprobe system

operating in triplet mode. Poly(ethylene terephthalate)

(PET, Mylar�) foils of 1 cm2 and 12 lm thick were irra-

diated at room temperature with 2.2 MeV H?. Such high

energetic protons are transmitted through the foils since

their penetration in Mylar is about 60 lm according to

simulations carried out using the SRIM software [31].

Therefore, the polymer will be modified by the proton

beam along its entire thickness. Finally, typical proton

currents were in the range of 100–200 pA during the pat-

terning of the foils.

The beam spot size was estimated using the profile of

the beam across the edges of a 2000 mesh copper grid and

was approximately 2.5 9 2.5 lm2. Asymmetries of about

30 % in the Y direction (see definition of the coordinate

system in Fig. 1) occurred in some irradiations. Lines of

1 9 100 pixels were patterned on the samples in steps of

1 lm using different number Ni of ions per pixel. Ni was

varied from 1.25 9 105 H?/pixel up to 4.7 9 109 H?/

pixel. The average fluences / used to structure the lines

were estimated as / = 100 Ni/A, where A is the area of the

irradiated line covering 100 pixels. The effective irradiated

area was about 2.5 9 101.5 lm2, which takes into account

the beam spot size and neglects the tail of the beam profile

where a small fraction of the ions is located. Thus, the

estimated average fluences / varied from 4.9 9 1012 H?/

cm2 up to 1.8 9 1017 H?/cm2. However, as the beam spot

was larger than the steps the ion probe moves from one

pixel to the next, the writing procedure results in a non-

uniform fluence profile along the line due to the superpo-

sition of the beam at particular positions. Figure 1 depicts a

gross estimation of the fluence profile along a patterned

line assuming an idealized squared beam spot of

2.5 9 2.5 lm2 with sharp edges. The beam spot would

exceed the pixel length by 0.75 lm at all sides. At the

beginning and the end of the line, there is a region where

the beam hits the polymer just once (labeled as region S)

and no beam overlapping takes place. In the regions

labeled D and T, the beam hits the polymer twice and three

times, respectively. Overall, this effect gives rise to an

indented fluence profile along the line (panel B of Fig. 1).

The local fluences at regions S, D and T would be

approximately 0.4, 0.8 and 1.2 /, respectively.
In the estimations shown above, the actual shape of the

microbeam (resembling a Gaussian curve with a somewhat

flat peak) was not taken into account. Despite the number

of ions in the tail of the beam profile peak is relatively

small (about 15 %), they will also contribute to the fluence

at neighboring pixels. Moreover, further spreading of the

beam occurs due to lateral straggling of the ions. Accord-

ing to TRIM simulations [31], 2.2 MeV protons contribute

with a lateral spreading of about 1 lm at the end of the

12-lm-thick PET foil. All these factors combined together

(including the beam asymmetry in the Y direction) could

lead to a smoothing of the idealized fluence profile shown

in Fig. 1 and will contribute to the enlargement of the

region modified by the beam.

Fig. 1 a Schematic drawing of the patterning process of 1 line with a

pixel size equal to 1 9 1 lm2 (dark squares) with a beam of

2.5 9 2.5 lm2 (red squares). At the beginning and the end of the

structure, there is no overlap of the beam (region S). Regions

characterized by one and two overlaps of the beam are labeled as

D and T, respectively. b Number of times the beam hits the sample as

function of the beam position
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Although the proton irradiation modifies the chemical

structure of PET, it removes very little material as sput-

tering is very inefficient for protons of this energy.

Therefore, there is no formation of holes in the polymer

through the direct action of the beam. In order to develop

the patterned lines into holes, the samples were submitted

to a chemical attack. In short, the irradiated samples were

etched with a 6 M NaOH solution in a thermal bath at

(60 ± 1) �C with continuous magnetic agitation. The

etching time varied from 2 up to 60 min for each fluence.

Imaging of the samples was carried out using a scanning

electron microscope model EVO MA-10 ZEISS� in the

secondary electron mode and with an acceleration voltage

of 12 kV. All samples were coated with gold in order to

avoid charge buildup during the measurements. The images

were obtained in plane-view mode and analyzed using the

ImageJ� software. The width and length of the patterned

lines were measured from profiles drawn across both hor-

izontal directions. The edges of the profiles were fitted with

error functions in order to obtain the desired dimensions

[32].

3 Results and discussions

Once the irradiated polymer is immersed in the chemical

solution for the etching procedure, both irradiated and non-

irradiated portions of the polymer interact with the etchant.

Non-irradiated areas take much longer to be corroded by

the etchant. The thickness of the non-irradiated PET foil

decreases at a rate of approximately 0.10 lm per min of

chemical attack [33, 34]. Once the structure is developed

by the chemical attack, the etchant interacts with the inner

walls of the structure, thus affecting their roughness.

Angled SEM images [32] revealed that etching times up to

20 min yield relatively smooth walls. As the etching time

increases, the roughness of the walls degrades

progressively.

During selective etching, the removal process does not

start immediately after the immersion of the polymer into

the etching solution but only after a certain induction time.

The opening time is defined as the shortest etching time

required to remove all the material modified by the proton

beam. Figure 2 shows the opening times as a function of

the average fluence of the proton beam. The uncertainties

shown in this figure represent the time difference between

the opening time and the maximum etching time tested for

which the opening does not occur. The data can be sorted

out in three distinct regions labeled as I, II and III

according to the different behavior found for the

micropatterning process.

For fluences smaller than *5 9 1015 H?/cm2 (Region

I), relatively long opening times were found. Etching times

of the order of 60 min are required to remove the activated

area by the beam for fluences around 1 9 1015 H?/cm2.

Below that level of fluence (tested from 3.1 9 1014 H?/

cm2 down to 4.9 9 1012 H?/cm2), full opening was not

achieved even at the longest etching time used in this work.

This is expected because to develop the patterned structure,

the reaction rate in the irradiated zone has to be larger then

the etching rate of the unmodified material [35]. At very

low fluences, the small number of scissions induced by the

beam in the PET chains makes preferential etching in the

bombarded areas less efficient [36]. Figure 3 shows the

SEM images obtained for the lines irradiated with low

fluences (1.8 9 1015 and 3.1 9 1015 H?/cm2) after 60 min

of etching, thus corresponding to Region I of Fig. 2. The

lines are characterized by an irregular shape with indented

borders. Moreover, it can be observed signs of corrosion

even in the non-irradiated portion of the polymer, which

reflects the relatively long time the polymer has been

exposed to the etchant.

Fig. 2 Opening time of the structures as a function of the ion fluence.

Regions I, II and III refer to low, medium and high fluences. See text

for further details

Fig. 3 SEM images of PET foils depicting lines patterned with low

fluences (corresponding to Region I of Fig. 2) and etched during

60 min
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It is also interesting to see the morphology of the pat-

terned lines for etching times smaller than the opening

time. Figure 4 depicts microstructures obtained after

45 min of chemical attack and fluences ranging from

3.1 9 1013 H?/cm2 up to 1.8 9 1015 H?/cm2. At the

lowest fluences (panels A and B), the SEM images reveal

faint spots corresponding to the region scanned by the

proton beam. On the other hand, at slightly larger fluences

(panels C and D), a clear pattern of rectangular cavities

along the line can be observed. This pattern indicates a

complex fluence profile during the irradiations. Effects like

those discussed in Fig. 1 could be responsible for the

observed structures. Fluctuations in the beam intensity

during the irradiations could play a role as well. In this

regime, it seems that the etching rate is very sensitive to the

ion fluence, and a non-uniform irradiation would be enough

to change substantially the etching rate and result in a non-

uniform pattern. Moreover, fully developed regions start to

show up in panels C and D.

Much shorter etching times are required in order to fully

develop the structures when moderate-to-high fluences

(corresponding to Region II of Fig. 2) are employed. In this

case, at most 2 min of etching is sufficient for the complete

removal of material from the interior of the structure.

Moreover, the lines have a well-defined rectangular shape

with smooth borders. This is seen in Fig. 5 which shows

SEM images for lines structured with fluences of

1.8 9 1016, 6.1 9 1016 and 1.2 9 1017 H?/cm2. There-

fore, fluences in the range of those shown in Region II of

Fig. 2 coupled to shorter etching times correspond to the

optimum conditions for the PBW technique as far as thin

PET foils are concerned.

At even higher fluences (corresponding to Region III of

Fig. 2), a different behavior was found. Etched lines were

expected to be well defined for etching times close to the

opening time found for structures located in Region II of

Fig. 2, i.e., 2 min. Indeed, panel A of Fig. 6 proves that

that is the case. While 6 min of etching time still yields

quite reasonable results (panel B of Fig. 6), longer etching

times tend to deteriorate the structure (panel C of Fig. 6).

However, the opening times for such high fluence, i.e.,

1.8 9 1017 H?/cm2, were not always reproducible. For

some samples irradiated with the same fluence, large por-

tions of wormlike-shaped material were still attached to the

PET substrate (panels D, E and F of Fig. 6) for etching

times as long as 45 min. The irradiated areas were not

dissolved by the etchant, but only detached along different

portions of the line wall. One can also observe that for very

long etching times (panels C and F), the walls are porous,

showing a high degree of degradation, most probably due

to defects in the foils that are amplified by the etching

procedure.

The formation of such etching-resistant blocks can be

explained by the extensive rearrangement and crosslinking

of the PET chains induced by the proton beam. Although

ion irradiation of PET induces both scission and

crosslinking events [37, 38], different authors have repor-

ted the predominance of crosslinking in PET and other

polymeric substrates at high ion fluences [36, 39]. The

reduction in solubility of the modified material occurs due

to the increase in the molecular weight of the chains or the

formation of a carbon-rich crosslinked network. This kind

of behavior allows PET to change from a positive to a

negative resist [10, 40].

Fig. 4 SEM images of PET foils depicting lines patterned with

different fluences and etched during 45 min. Panel A 3.1 9 1013 H?/

cm2; panel B 1.8 9 1014 H?/cm2; panel C 3.1 9 1014 H?/cm2; and

panel D 1.8 9 1015 H?/cm2

Fig. 5 SEM images of PET foils depicting lines patterned with

moderate fluences (corresponding to Region II of Fig. 2) and etched

during 2 min
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The edges of the irradiated lines are characterized by an

interface region of decreasing fluence from inside to out-

side the structure, probably due to the Gaussian shape of

the ion beam. At this interface, scission is still predomi-

nant, facilitating the removal of the irradiated material by

detachment. The variability of the etching time needed to

fully detach the blocks formed inside the structure can be

attributed to the random distribution of connecting points

where the irradiated area is kept chemically bound to the

non-irradiated material.

4 Concluding remarks

In this work we investigated the influence of ion fluence on

the development of micropatterns produced by 2.2 MeV H?

impinging on PET foils.We identified three different fluence

regimes associated with the micropatterning process. At low

fluences, long etching times are required for the structures to

be developed. Moreover, the lines produced in this regime

are quite irregular. In this regime, the removal process is

hampered by the low level of scissions induced by the proton

beam in the polymer. At moderate fluences, short etching

times are required and high-quality patterning is produced.

At high fluences, crosslinking plays an important role with

severe consequences for the chemical attack. As a result, the

removal of material was neither always efficient nor repro-

ducible, leading to relatively poor quality structures. The

randomness of this process was attributed to the existence of

connecting points where the irradiated area is kept chemi-

cally bound to the non-radiated material. Finally, it is worth

mentioning that the boundaries set for the ion fluences dis-

cussed here may change if different etching conditions are

employed such as temperature and concentration of the

etchant. However, the general trend seen here is expected to

be the same, namely regimes of low, medium and high flu-

ences with different kinetics ofmaterial removal and specific

morphologies for the patterned lines.

As far as PBW is concerned, the size of the beam spot

and the pixel size must be considered in the patterning of

polymers like PET. If a perfect match between these two

dimensions is not achieved, then overlaps or gaps may lead

to an uneven fluence across the irradiated region, thus

impacting on the characteristics of the final structure.

The results obtained here will certainly contribute to

foster the use of PET in the technology where

microstructures are needed. For instance, electroactive

polymers have attracted a lot of attention in the past years.

Electroactive polymers patterned into precise microstruc-

tures can control the migration of ions in different ways.

The present study shed some light on what are the best

parameters for micropatterning such polymer.
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