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Abstract 

In this paper, we demonstrate the possibility of generating arbitrary polymer microstructures 

covalently linked to a first polymer layer by laser direct writing. At the molecular scale, the process 

relies on nitroxide-mediated photopolymerization (NMP2) triggered by a light-sensitive alkoxyamine. 

In addition to the proof-of-concept and examples of achievable structures, including multichemistry 

patterns and 3D structures, this paper aims at investigating the physicochemical phenomena involved 

under such conditions. In particular, the parameters influencing the repolymerization process are 

considered, and special attention is paid to the study of the impact of oxygen on the spatial control of 

the polymerization. Such work opens many possibilities towards the fabrication of on-demand high-

resolution (multi)functional polymer micro- and nanostructures. 
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Laser direct writing (LDW), also called maskless lithography, has attracted renewed interest in recent 

years due to the progress in high-resolution writing or applications to 3D printing. [1] Laser irradiation 

has specific properties, such as a high power density, coherence and a low divergence, such that the 

light pattern can be controlled with high accuracy at the submicron level over a wide range of 

wavelengths, from deep-UV to near-IR wavelengths, on a wide range of materials, including 

polymers. [2,3,4,5,6] In laser direct writing, arbitrary patterns can be generated on demand without the 

need for special design of specific masks. Moreover, the possibility of delivering a high quantity of 

energy in a limited space and time makes it possible to initiate specific photoinduced physical, 

physicochemical or chemical transformations triggered by one or multiphoton absorption that can 

hardly be achieved by UV lamps. For these reasons, lasers were recently particularly used in practical 

applications for patterning polymers, such as ablation, melting, marking, welding, surface 

modification or 3D printing. [7,8] 

In polymer additive manufacturing, laser direct writing has mostly been applied to free radical and 

epoxy resists. To extend the range of materials used in this context, several routes have been proposed 

to post-functionalize the microstructures. The first studies were based on post-functionalization using 

the unreacted polymerizing groups on the polymer surface. Either acrylate or epoxide groups could be 

reacted with nucleophiles
 
[9,10,11,12], allowing the grafting of various coating layers. However, the 

low amount of available reacting groups and the non-spatially resolved functionalization are the main 

limitations of these techniques. Yang et al. [13] went a step further by introducing a vinyl-terminated 

ATRP initiator into a UV curable resin to allow surface-initiated atom transfer radical polymerization 

(SI-ATRP). PEG- and perfluoro-based methacrylates could be grown from the surface of the object. 

Grubbs and Greer [14] also proposed to pre-functionalize a part of the resin by performing thiol-

Michael addition on one function of the multifunctional acrylate. In this case, the degree of 

functionalization was higher, but no example of localized functionalization was shown. Spatial control 

of repolymerization could also be shown for the photo-ATRP technique under excitation with a laser 

in the visible range (532 nm). [15] 

More recently, methods based on the post-modification of surfaces or 3D structures by coating with 

substances bearing reactive moieties that can be addressed by efficient ligation methods have been 
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proposed by the groups of Wegener and Barner-Kowollik. [16,17] Various surface functionalization 

methods in combination with effective light-triggered transformations enable the formation of well-

defined surface patterns with spatiotemporal control. The same teams also prepared a new resin 

combining a multifunctional acrylate with two methacrylate derivatives containing orthogonal 

photoreactive groups that could lead to a dual functionalization pattern. [18] Other recent works 

demonstrated the possibility of functionalizing gels by visible light photoredox catalysis using end-

linked polymer gels embedded with trithiocarbonate iniferters. [19] 

Among all these methods, those based on reversible deactivation radical polymerization (RDRP) have 

the important advantage to allow the reactivation of the polymer chains, as targeted in this paper. 

[20,21,22,23] They include photoATRP and photoRAFT that have been successfully applied to 

modification of 2D surfaces and 3D printed pieces. [24,25,26] They are compatible with UV lamp, 

laser and LED irradiation, with recent development of systems photosensitive from UV to the visible 

range. 

In a previous study, we demonstrated the possibility of applying reversible deactivation radical 

polymerization (RDRP) (formerly known as controlled radical polymerization (CRP)) to graft polymer 

layers on polymer surfaces by light. Using light-sensitive alkoxyamines, it was possible to obtain good 

spatial control of the polymerized volume at the microscale by using a nitroxide-mediated 

photopolymerization (NMP2) process. Most of the previous works were carried out by using UV 

lamps and binary masks. [27] One of the drawbacks of this approach is that the generated pattern is a 

replica of the pattern written on the mask. Production of any other pattern requires the use of another 

mask. The proof of concept of using laser irradiation in the UV for NMP2 has been briefly reported, 

but no systematic study has been reported thus far. [28] By increasing the laser power, an increase in 

the line height was observed. Remarkably, the pattern height could be tuned from nm to microns with 

very good accuracy. 

In this study, we show that we can extend the local reactivation by NMP2 by using laser direct 

writing. One of the advantages of this method is that the polymer structures are directly generated 

from the dormant species present at the surface. Arbitrary microstructures can thus be generated in a 

single step, unlike most of other processes proposed before. Special attention is then paid to the spatial 
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control of the repolymerization reaction. It should be emphasized that the irradiation conditions are 

quite different for both configurations. The shift from mask lithography to laser direct writing is thus 

not trivial, which justifies a separate complete parametric study.  

The irradiation parameters are given in Table 1.  

 

Table 1. Comparison between experimental conditions for thermal and light-assisted nitroxide-

mediated polymerization in the case of lamp and laser irradiation. 

 

Thermal UV Lamp * Laser (0.235 µW)** 

Reaction Time Few hours 10 s 10 ms 

Power (mW/cm
2
)  / 22 1200 

Dose (mJ/cm
2
)  / 220 12 

Medium Solvent Bulk monomer Bulk monomer 

* Typical values from ref [27, 28] 

** This work 

 

In Table 1, we can note that the ratio of the irradiation times is 1000, and that of the energies is 20, 

which may lead to very different physicochemical conditions for the repolymerization reaction on the 

surface. The repolymerization reaction is expected to be dependent not only on the light dose (total 

amount of photons irradiating the surface) but also on the dynamic parameters driven by the light 

power density (proportional to the flux of photons). Moreover, unlike the UV lamp irradiation carried 

out in previous studies, the laser irradiation is performed at the microscale, which implies that the 

diffusion timescale of reactive species (photoinitiator, monomer, inhibitors) is different from that 

observed for macroscale irradiation. 

The objective of this paper is thus to better investigate and understand the specific phenomena that 

occur during repolymerization triggered by laser irradiation. In particular, using laser direct writing, it 

is possible to reach high in-plane resolution, which extends the possibilities of this technique to high-

resolution (multi)functional polymer micro- and nanostructures. 
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Experimental 

Chemicals. All monomers were used as received. Ebecryl 605 (E605) was purchased from Allnex. It 

is composed of 75 wt % bisphenol A epoxy diacrylate and 25 wt % tripropylene glycol diacrylate. 

Trimethylolpropane triacrylate (TMPTA) and 2-hydroxyethyl acrylate (HEA) were purchased from 

Sigma-Aldrich. The synthesis of the alkoxyamine (AA) used in this work is described in [28]. The 

formulation typically contained 1 wt% AA in Ebecryl 605. 

Sample preparation. The fabrication process is depicted in Figure 1. In the first step, a uniform film 

was prepared by photopolymerization. For this, a drop of the formulation was deposited on a glass 

slide and covered by a microscope cover slip before UV irradiation. UV curing was performed with a 

Hg−Xe UV lamp (Hamamatsu) equipped with a 365 nm bandpass filter at room temperature. Typical 

conditions were 50 s at 22 mW/cm
2
.  

The glass slide cover layer was then removed for repolymerization. A drop of a second monomer was 

deposited on the polymer surface. A microscope coverslip was placed on top of the monomer. The 

sample was then irradiated by the laser using the system described below. The laser was focused at the 

polymer/monomer interface to initiate the repolymerization. After irradiation, the sample was washed 

with isopropanol to remove the unreacted monomer at the surface of the sample. 
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Figure 1: Schematic of the laser direct writing process by NMP2  

 

The system for laser direct writing is based on a laser diode emitting at 375 nm (Cube from Coherent, 

15 mW). A spatial filter was used to circularize the beam and generate a Gaussian profile. The beam 

was then injected into a Zeiss Axio Observer DA microscope. Two types of microscope objectives 

were used to fabricate the microstructures: x40 (NA=0.65, air) and x100 (NA=1.25, oil). The sample 

was placed on a (x,y,z) piezoelectric translation stage that could control the movement of the sample 

within a 300x300x300 µm
3
 volume. The translation stage was controlled by software provided by 

TeemPhotonics. The writing parameters were tuned by the software. The microstructures could be 

visualized during their fabrication by a camera installed on the microscope. 

Sample characterization. The structures generated at the surface of the film were visualized by a 

Zeiss Axio Observer D1 optical microscope. Their topology was also characterized by a PicoPlus 

AFM in contact mode (force constant of 0.2 N/m). In particular, AFM was used to measure the height 

and width of laser-written microstructures. The height is measured from AFM profiles, between the 
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first polymer surface and the top of the polymer structures. Nine measurements each time were made 

from which we calculated the average value and the standard deviation. The detection of very thin 

polymer structures (height < 10 nm) was possible because of the very low roughness of the initial 

polymer film (estimated by AFM to 3-4 nm) that corresponds to the roughness of the glass coverslip 

used to polymerize the first polymer layer. 

 

Results and discussion 

The selectivity of N-O vs. C-O photocleavage is a key parameter for efficient nitroxide radicals 

formation (only C-O cleavage must occur for NMP2 process). The selected AA was selected from [27] 

with a good selectivity for such a cleavage process leading to a potential use for surface patterning. 

The first proof of concept of laser writing based on these systems is provided by writing polymer 

patterns with TMPTA monomer on a first polymer film prepared with E605/AA. For 

repolymerization, the laser beam (375 nm) was set to 3 μW. Microstructures were formed using the 

x100 magnification objective. The structures produced were grids with 20 μm steps between each line. 

They were created by writing in a first step parallel lines in x direction and then another set of parallel 

line in y direction. Exposure times from 10 to 80 ms were used for each grid. These exposure times 

correspond to the exposure time needed to write the pixels that compose the line. The structures 

observed by optical microscopy and AFM are shown in Figure 2. 
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Figure 2: a) Optical microscopy images of the poly(TMPTA) microstructures written by NMP2 on an 

E605/AA film with a 375 nm laser (3 μW). b) Same structures characterized by AFM. c) 

Representative profile of a line obtained by AFM (10 ms irradiation, along the red line). d) Evolution 

of the height of the structures with laser irradiation time (3 μW). The height is measured from AFM 

profiles, between the first polymer surface and the top of the polymer structures. 

 

Optical microscopy and AFM images (Figure 2.a and 2.b, respectively) show that this approach can 

be used to accurately produce microstructures on the surface of the sample. Control experiments have 

been carried out using the same monomers with commercial UV photoinitiator (0.5 wt% of Irgacure 

819 from Ciba). Using the same laser irradiation conditions, no polymer was formed at the surface. 

With the alkoxyamine, for the shortest writing times, the width of the structures is approximately 2 μm 

(Figure 2.c), showing that microscale lateral resolution can be obtained. The evolution of the line 

heights (∆h) versus exposure time is shown in Figure 2.d. ∆h increases as a function of irradiation 

time, from 400 nm to 2000 nm. For irradiation times under 50 ms, the height linearly increases with 
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irradiation time, which shows that good control of the microstructure height can be achieved by tuning 

a simple parameter such as the irradiation time. 

For longer irradiation times, the growth slows down, indicating some limitations in the vertical 

propagation of the polymerization reaction. This can be explained by irreversible reactions such as 

inhibition by oxygen. This point will be further discussed below. However, the maximum height (2 

µm) is remarkable for a reaction initiated on the surface of the first film. 

It is interesting to observe in Figure 2.b that for short irradiation times, the thickness in the crossing 

areas of the lines is double that of the single lines for short irradiation times. In contrast, for the 

longest irradiation times, the second laser pass did not increase the thickness. This result is in 

accordance with the preservation of the living character of the polymer for moderate irradiation times, 

which makes it possible to increase the polymerized thickness by an identical value during a second 

pass. This property opens the door towards the fabrication of 3D structures, if the irradiation 

conditions are well-chosen as shown below (see Fig. 4). In contrast, when the line is written with a 

dose corresponding to the saturation regime (80 ms), a second pass does not increase the thickness, 

which confirms the loss of reactivable species under such conditions.  

We observed in previous studies that the irradiation power is an important parameter influencing the 

final result by conditioning the production kinetics of reactive species [27]. The power of the laser 

beam was therefore varied to investigate its influence on the spatial extent of the repolymerization. 

Lines were prepared with three laser powers: 0.550, 0.340 and 0.235 μW, corresponding to 2800, 1750 

and 1200 mW/cm
2
, respectively (value estimated for a circular beam with a diameter of 5 μm). This 

power range is far below the power values chosen previously for the experiments in Fig 2.a because 

we are targeting here thin structures. Note that no structure was observed for powers below 0.235 μW, 

so this gave the minimum limit of the power that could be used for repolymerization.  
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Figure 3. a) Effect of laser power on the height (h) of laser-written structures with TMPTA as 

second monomer. Results are plotted here versus dose (mJ/cm
2
), defined as the power density 

(mW/cm
2
) multiplied by irradiation time. b) Effect of the dilution of the second monomer on the 

height (h) of laser-written structures with an objective to obtain ultrathin layers (pure TMPTA and 

TMPTA diluted in acetonitrile with 10 and 5 wt. %). Power density was chosen as 0.55 μW. 

 

For a given power, the lines were written at different exposure times (from 5 to 30 ms). The 

polymerization was carried out as before on an E605/AA film with TMPTA as the second monomer in 

all cases. The changes in the heights of polymer lines are shown in Figure 3.a as a function of dose so 

that the series can be compared with each other.  
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In all cases, we observed, as expected, an increase in height with dose. For powers of 2800 and 1750 

mW/cm
2
, the increase in Δh was linear. with good control over the structure height. 

For the lowest power (1200 mW/cm
2
), an induction period was observed at low dose. Indeed, there is 

no polymerization for doses below 15 mJ/cm
2
. The line heights could range from 200 to 1200 nm for 

doses greater than 20 mJ/cm
2
. The heights were thus found slightly lower for the lowest writing 

power. This difference can be explained the influence of oxygen acting as an inhibitor of the free 

radical polymerization. Oxygen is indeed present in the acrylate resin before irradiation and its effect 

on the free radical polymerization kinetic is more important when the power is low. 

The first results presented above show that it is possible to control the polymerized thickness but that 

it is difficult to obtain thicknesses below 150 nm. Obtaining thin layers is important if a change in 

surface chemistry is targeted, without a change in dimensions. To obtain thinner structures, we 

proposed the use of a diluted solution of the monomer in an inert solvent (acetonitrile). The same laser 

conditions were then used (TMPTA as the second monomer on the E605/AA film polymerized for 50 

s at 22 mW/cm
2
). Figure 3.b shows the evolution of the height vs exposure time in the case of a 

polymerization reaction reactivated by pure TMPTA and TMPTA diluted to 10% and 5% by weight in 

acetonitrile. Solutions of TMPTA were used as pure monomer, as schematized in Figure 1. Under 

such conditions, the heights could be tuned from a few nanometers to a few micrometers. As expected, 

the more diluted monomer generates a lower ∆h.  

It is thus possible to very finely control the polymerized thickness. For example, for a short exposure 

time (5 ms), the heights are 200 nm for pure TMPTA, 35 nm for TMPTA diluted at 10% and 7 nm for 

TMPTA diluted at 5%. This confirms that dilution of the monomer can be efficiently used to generate 

ultrathin layers through a combination of two phenomena: on the one hand, there is less monomer 

available at the reactivable surface for grafting reactions, and on the other hand, diluted conditions 

favor the recombination of radicals and thus limit the thickness. 

The advantage of finely controlling the polymerized thickness is to be able to achieve, by this 

technique, either local chemical surface functionalization by conducting repolymerization with a 

monomer different from the first film, guaranteeing thicknesses of less than 5 nm, or surface 
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topography patterns with the same chemistry or a different chemistry between the polymer film and 

the microstructures. 

Other examples of the high versatility of this approach are given in Figure 4. Figure 4.a shows the 

possibility of combining different chemistries. The two monomers chosen here are HEA and TMPTA, 

but this can be applied to any other acrylate monomer. These two monomers were chosen for their 

different hydrophilicities (contact angles with water are 70° for TMPTA and 55° for HEA). 

Polymerization is carried out in two stages. First, a first monomer (TMPTA) is deposited on an 

E605/AA film polymerized under normal conditions. The laser is used to initiate a polymerization 

reaction. Parallel lines are thus made, and the sample is rinsed with ethanol and then dried.  

 Then, a second monomer (HEA) is deposited on the E605/AA film, and the laser is used to initiate 

another polymerization reaction. Lines are produced, perpendicular to those previously made. Finally, 

the sample is rinsed with ethanol. At the end, the sample consists of a grid with lines made from the 2 

different polymers covalently grafted to a first polymer surface. 

 

 

Figure 4. a) Schematic of the process for preparing multichemistry structures, and AFM analysis of a 

poly(HEA)/poly(TMPTA) grid, with analysis of the structure height by AFM for both chemistries. b) 

3D object made by successive writing imaged by AFM (right : section profile).  
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At a given power of 2.9 μW and an exposure time of 10 ms, the heights of the lines formed with 

poly(HEA) are the same as those formed with poly(TMPTA), as shown in Figure 4.a. This can of 

course be applied to more monomers to generate multichemistry microstructures. 

The possibility of tuning the repolymerized thickness and sequentially growing several layers enables 

the generation of 3D structures (Figure 4.b). In this example, on an E605/AA film irradiated under 

usual conditions (50 s to 22 mW/cm
2
), square structures were sequentially written. The dimensions of 

the squares at each level are 50, 30 and 15 μm. For each level, the laser exposure time was adjusted to 

generate an identical height for each stage. There is no washing step between the fabrication of each 

layer but only when the 3 layers were prepared. In a first step, the 50 μm square was written at the 

surface of the polymer layer prepared as in Figure 1. The square is written by as lines with overlap. 

Then the 30 μm was written in the middle of the first square and finally, the last square was written. 

Figure 4.b shows that for a fixed power and variable exposure times of 1 ms, 4 ms and 20 ms, the 

polymerized thicknesses are of the same order of magnitude. Indeed, the heights are 132 nm, 118 nm 

and 143 nm. This example demonstrates the potential of this technique to generate 3D shapes but 

shows that a significant loss of reactivity is observed for each level. As already mentioned, this 

behavior was attributed to side reactions of radical species with oxygen. The objective of the last part 

of this paper is to illustrate the role of oxygen in this context. 

Oxygen is known to be a strong inhibitor of free radical polymerization (Figure 5.a). For bulk free 

radical polymerization, oxygen is thus usually minimized in the medium to optimize the 

polymerization rate and final conversion. Many strategies have been developed to maintain the 

performance of photopolymerization under the presence of oxygen, including in the context of 

controlled/living radical polymerization.[29] However, when spatial control of polymerization at the 

micro- and even nanoscale is desired, the presence of an inhibitor is needed. [30,31,32] Here, we 

would like to discuss the role of oxygen and answer the question of whether the z-containment of the 

polymerization is essentially ensured by the NMP2 mechanism or whether oxygen inhibition plays an 

important role. We already mentioned that some results of the repolymerization by NMP2 on the 
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surface may be explained by reactivity of the system to oxygen (results at low power in Figure 3.a, 

low thickness of the polymerized layer in the sequential fabrication process in Figure 4.b). 

The repolymerization was begun by sweeping the sample with a flow of N2, which eliminated oxygen 

from the atmosphere around the polymer film and in the monomer. Other conditions were kept 

identical to the previous ones, except that for practical reasons, the sample was irradiated through the 

substrate and E605/AA film in this configuration. Preliminary tests were carried out to show that 10 

min under nitrogen flow before polymerization was sufficient to remove the oxygen in the TMPTA 

monomer. 

 

Figure 5. a) Illustration of the competition between repolymerization by NMP2 and quenching of 

radicals by O2, leading to inactive radicals. b) AFM images of the lines prepared with different laser 

powers under nitrogen after development with ethanol. c) Schematic of the structure of the polymer 

lines after laser writing, accounting for the shape of the lines after development.  

 

Lines were prepared at different exposure times ranging from 1 to 15 ms and variable powers from 

0.31 to 0.92 μW (measured at the output of the x100 microscope objective). After polymerization by 

the laser beam, the sample was rinsed with ethanol as before. We would first like to emphasize that 

under air, equivalent thicknesses were obtained for exposure times between 10 and 80 ms at 3 μW. We 

note that there are no lines formed for an exposure time of 1 ms, regardless of the power used, and that 

there is no polymerization at 0.31 μW. Therefore, experiments conducted under N2 show that the 

system is approximately 50 times more efficient under N2 than under air. The microscopy images 
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obtained after rinsing reveal different structures than the smooth lines obtained under air. Indeed, the 

lines show significant roughness, which is accentuated when the laser exposure time is high. The 

structures were observed by AFM, and the most relevant images are shown in Figure 5.b. 

At a power of 0.41 μW, the lines do not have a regular appearance, and polymer "filaments" are 

observed between them. The amount of these filaments appears to increase with exposure time. Note 

that at 0.72 μW, the fiber structure observed perpendicular to the written lines may result from the 

collapsing of bigger filament structures. 

These structures were systematically obtained for all experiments carried out in the absence of oxygen. 

The filaments seem to have fallen in a given direction, which was ascribed to the sample rinsing 

direction during development, as schematically depicted in Figure 5.c. This was also supported by 

optical microscopy observations prior to development, showing well defined lines before 

development, which means that the filament structures were perpendicular to the observation direction 

(perpendicular to the substrate). 

These filamentary structures can be explained by the absence of the inhibitor in the medium, leading 

to uncontrolled spatial propagation of free radical polymerization. This means that the spatial control 

of the polymerization reaction is not achieved only by the recombination of radicals, as expected in the 

NMP2 molecular pathway, but that oxygen is also needed to confine the reaction under laser 

irradiation conditions. 

This unique behavior may be explained on the basis of the very specific regime of laser irradiation. 

The high-power density generated implies a high concentration of photoinduced reactive species, 

which does not permit sufficient polymer/nitroxide recombination reactions to occur. In the end, this 

series of experiments shows the ambivalent role of oxygen: On the one hand, oxygen has a negative 

role in the polymerization process by inducing irreversible termination reactions, which limits the 

possible extension of the polymerization. On the other hand, oxygen also plays a positive role in the 

context of microstructuring by limiting the spatial extent of the free radical polymerization. It is 

therefore preferential to work in the presence of oxygen in this laser writing configuration. 

 

Conclusion 
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In conclusion, NMP2 by direct laser writing has made it possible to produce polymer microstructures 

with variable architectures. The laser beam was used in different configurations. It has been shown 

that laser irradiation can be used to fabricate microstructures on a polymer film or to directly fabricate 

laser structures that can be functionalized by NMP2. 

Conditions allowing control of the polymerized thickness could be defined. Although the power 

densities are much higher than in the case of UV lamp irradiation, thicknesses as thin as a few tens of 

nanometers can be reproducibly obtained using monomers diluted in a solvent and a low power. 

Spatial control of polymerization is also directly related to the inhibitory effect of oxygen. Although 

the presence of oxygen in the polymerization medium is a negative factor for the sensitivity of the 

system (the system is 50 times less reactive under air than under nitrogen), its presence is essential to 

obtain well-defined structures. 

These conditions have made it possible to fabricate complex multilayer microstructures with fine z-

control. It has also been shown that it is possible to combine different chemistries in the same 

structure. These results can lead to different applications in the field of biomaterials or sensors. 
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