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The continuous development of ultra-fast high-power lasers (HPL) technology with the 

ability of working at unprecedented repetition rates, between 1 and 10 Hz, is raising 

the target needs for experiments in the different areas of interest to the HPL 

community. Many target designs can be conceived according to specific scientific 

issues, however to guarantee manufacturing abilities that enable large number 

production and still allow for versatility in the design is the main barrier in the 

exploitation of these high repetition rate facilities. Here, we have applied MEMS based 

manufacturing processes for this purpose. In particular, we have focused on the 

fabrication and characterization of submicrometric conductive membranes embedded 

in a silicon frame. These kinds of solid targets are used for laser-driven particle 

acceleration through the so-called Target Normal Sheath Acceleration mechanism 

(TNSA). They were obtained by top-down fabrication alternating pattern transfer, 

atomic layer deposition, and selective material etching. The adaptability of the 

approach is then analyzed and discussed by evaluating different properties of targets 
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for use in laser-driven particle acceleration experiments. These characteristics include 

the surface properties of membranes after fabrication and the high density of the 

target array. Finally, we were able to show their efficiency for laser-driven proton 

acceleration in a series of experiments with a 3 TW table-top laser facility, achieving 

stable proton acceleration up to 2 MeV.     

Introduction 

Modern lasers can deliver an enormous amount of energy (0.1-100 J) in a pulse of 

ultra-short duration (≈50 fs) focused on a very tiny target area, typically of a few 

microns diameter [1]. These extremely high intensities (1018-1020 W/cm2) allow for the 

study of novel plasma physics effects emerging from the exotic matter states created 

by laser-matter interaction and which are of interest to many areas of physical science, 

including laser and particle beam physics, material science, laboratory astrophysics, 

and high energy particle physics. The range of applications within these subjects is 

even wider and extends to the fast ignition approach for inertial confinement fusion 

[2], plasma density diagnostics [3], new sources of radiation through laser-particle 

driven acceleration schemes [4] with the potential to develop a new generation of 

particle injectors that may be suitable for isotope production [5], medical proton 

therapy [6]. The growing interest in ultra-intense laser-matter interactions and the 

increasing number of facilities available at national and international laboratories, 

prompt forward the research on target designs useful to achieve laser-plasma coupling 

regimes proper to the study of the different phenomena. Several target designs can be 

conceived according to each case study, ranging from gaseous to solid. The increasing 

repetition rate of HPL installations which could imply between hundreds and 

thousands of consumable samples per hour, urges the development of high-

throughput, customizable, and cost-effective strategies to fully exploit the inherent 

possibilities [7]. 

MEMS based fabrication processes such as lithography, wet, dry, surface, bulk, and 

silicon micromachining, and thin film techniques could be used to fabricate from 

simple to complex target designs versatile either for low and high repetition rate 

experiments, given the scalability of these processes to large size production. Thin solid 

targets with thicknesses ranging between 1-30 µm, such as plain foils of different 

materials, have been involved in laser-particle acceleration through TNSA since early 



experiments in the field [8]. In this laser-matter interaction regime, which is the 

dominating one at laser intensities of 1018-1019 W/cm2 [9], particle acceleration is 

produced by charge field separation and an intense electric field on the rear target 

surface arising from the generation of relativistic electrons by the laser pulse focused 

on the front side. The production of stable particle beams for applications in 

radiobiology, medicine, or material science requires high repetition rate working 

regimes, so mass production of targets for laser-driven particle acceleration with 

limited costs is essential to the development of the field. In this regard, the suitability 

of MEMS based manufacturing strategies for the production of simple and also 

complex targets for TNSA has been addressed previously. Picciotto et al. [10], [11] 

applied microfabrication techniques to optimize the structure and geometry of 

hydrogenated silicon membrane targets with a thickness of (17 ± 1) µm which allowed 

for multi-MeV proton beam acceleration at the PALS facility in Prague. Methods from 

micro and nano-fabrication have been used to enhance the surface properties of 

standard plan foil targets. For example, in [12], [13] a monolayer of polystyrene beads 

of 400 nm diameter was assembled on the laser-irradiated side of a 500 nm Mylar foil 

resulting in increase of the proton beam homogeneity compared to flat targets, 

whereas when assembled on the rear target surface this resulted also in enhancement 

of the proton beam divergence which could be useful for some applications such as 

proton radiography. Here, we have explored top-down based fabrication in order to 

obtain aluminum, and gold-based, membranes with thicknesses below 1 µm in a silicon 

frame which were then used as targets for laser driven particles acceleration 

experiments through the TNSA mechanism.   

2. Experiment preparation and setup 

2.1 Target fabrication 

To obtain metallic membranes made of aluminum or gold with variable thicknesses we 

made use of the top-down fabrication approach according to the process flow 

schematized in Fig. 1 which includes the following principal steps: photolithography to 

transfer the mask pattern on the front side of double polished <100> Si 4” wafers, 

followed by metallization of the wafers back side, and silicon micromachining on the 

front side to obtain free-standing membranes. Before mask pattern transfer through 



UV lithography, wafers were submitted to thermal oxidation for the growth of a 

variable thickness of SiO2, and to LPCVD for the deposition of a Si3N4 layer of (1810±24) 

Å. Both are thereafter used as mask during Si etching. Back side metallization was 

achieved by sputtering aluminum, or in case of gold-based membranes by evaporating 

first an adhesion bi-layer composed of 20 nm Ti and 30 nm Ni followed by the desired 

thickness of gold. Before proceeding with silicon micromachining on the wafer’s front 

side, we spread out on the backside a generous wax layer (cured at 100°C during 1 h) 

which can be easily removed after short soaking in toluene. This was done in order to 

protect the metallized side during next fabrication steps involving the use of two very 

strong acidic solutions which could threaten the membranes integrity. The wax layer 

resulted effective also to protect membranes during transport and further 

manipulations until their use in experiments. The intrinsic fragility of ultra-thin 

membranes has been, in fact, pointed out [7] as the main limitation to their use for 

laser-driven acceleration, however this simple trick drastically increases the number of 

useful membranes per wafer. Thereafter, silicon micromachining was accomplished by 

wet etching using a 40% KOH solution at 80°C. The etching rate of <100> Si for this bath 

concentration and temperature is (60±5) µm/h and it took between 8 and 9 hours of 

processing to complete. This is followed by etching the underlying SiO2 by rapidly 

exposing the wafer to HF (dip HF). Both procedures are followed by abundant washing 

with cold water. 

 

Fig. 1 Cross section of the process flow to fabricate a single membrane. 

 



Bulk Si micromachining has been largely applied in integrated microsystems and MEMS 

processing to achieve deep Si features that, as in our case, can extend through the 

entire wafer thickness. Wet, anisotropic etching of Si is extremely dependent on the 

crystallographic structure of the material. It relies, in fact, on the etching rates of the 

bath along planes with different orientations. KOH attacks preferentially in the <100> 

direction giving rise to characteristic V shaped walls forming an angle of 54.7° with the 

surface [14]. 

The design of membrane arrays for high power laser experiments has to fulfill several 

requirements. Arrays with high density of membranes are sought after because they 

allow for performing reliable experiments with reduced time and cost. The need for 

high array density though has to be balanced with those imposed by laser alignment 

and focusing, debris, and target fratricide. Below 1 J pulse energy, as in our case, 

neither debris contamination nor target fratricide are expected to impose major 

difficulties, so that the main constraint for our design was represented by the 

prerequisite for precise laser focusing and alignment. Whereas the laser spot has an 

area of 5 x 11 µm2 [15], membranes have been fabricated with a larger area of 1 mm2. 

This was the minimum area on which we could perform laser alignment and focusing 

according to the results of a preliminary test performed by using membranes with 

areas down to 0,01 mm2. Improvements in our alignment procedure to overcome this 

limitation are presently under study. Regarding this point, it should be also considered 

that damage propagation uses to extend beyond the size of the laser spot, as we could 

appreciate after analysis of shot targets that we will comment later. 

Results of the fabrication are shown in Fig.2 (a)-(b) where the mask layout for one 

target cell is displayed together with its realization.   

 



 

Fig.2 (a) Mask layout, (b) a target cell after fabrication, (c) Commercial foil and (d) 

MEMS membranes targets mounted on respective holder.  

After fabrication the membranes surface shows several folds that are results of 

compressive stress in the film. These are unfavorable for laser alignment and focusing, 

being such operations much easier to realize in case of a flat (although rough) target 

surface, like in membranes characterized by tensile stress which are however more 

fragile.  Also it should be mentioned that TNSA ions, as the acronym suggests, are 

released from the surface normal to the charge separation field, thus the membrane 

flatness is critical to control the beam direction. Residual stress is a common issue in 

the micro-fabrication of large area thin membranes on silicon substrates, and it has 

been deeply studied for its importance on the functionality of semiconductor based 

devices. Handling of strain in membranes fabricated on silicon substrates has received 

a lot of attention since early research [16]. Membranes are, in fact, largely used in 

MEMS and microelectronic devices and their role is often essential for the correct 

functioning of such equipments. Strain can be, indeed, used to tune material 

properties in membranes with nanometric thicknesses according to specific 

applications, as for example in case of silicon nitride membranes which have been 

recently used as nanomechanical resonators [17]. Balancing the stress of one material 

layer with the opposite one from another material layer has been widely explored in 

this field. In our case, this kind of strategy appears inadequate because it would result 

in the addition of a layer that should then be etched away thus increasing fabrication 



time. For this reason, in order to reduce compressive stress in membranes tethered on 

SiO2, we exposed membranes to a rapid annealing procedure (40 s, 400°C) after that 

we could observe total release from compressive stress to tensile one. Alternatively, we 

could observe compressive stress release also in case of free-standing membranes 

after dip HF of SiO2. Lastly, from Fig. 2(c)-(d) it is possible to appreciate the high density 

of MEMS based membranes (12:1) which are available for laser interactions in the 

same space (1 cm2) occupied by a commercial foil mounted in the corresponding 

holder. This constitutes a clear advantage featured by MEMS based membranes with 

respect to the standard foils used as targets for HPL experiments, not only in regard of 

increasing the agility of tests but especially in view of the development of applications 

based on the TNSA mechanism for which a high repetition rate working regime is 

mandatory.  

The fabrication process of membranes such as described here is a standard one which 

is well-known in the field of MEMS since early times. The last steps, KOH etching and 

dip HF, are the most critical ones and the overall yield of the process depends from 

their successful execution. In fact, we estimated that the production yield for 

aluminum membranes, calculated as the number of unbroken membranes out of all 

target cells, drops from 1 to 0.7 after KOH etching and to 0.5 after dip HF. In the case of 

gold-based membranes the yield at the end of the fabrication increases to 0.8 due to 

the higher strength of gold against chemical attack. For this reason, whenever there are 

not strict prescriptions to follow for the choice of membranes materials, it would be 

appropriate to consider a (nanometric) gold plating as a means to protect membranes 

and to increase production yields.      

2.2 Laser-proton acceleration experiments   

 

All the experiments were carried out on a table-top, 3 TW Ti:Sa laser system based on 

Chirped Pulsed Amplification (CPA) developed by Proton Laser Applications, S.L. In the 

present series this system centered on 800 nm delivered 280 mJ pulses (175 mJ on 

target) with pulse duration of 55 fs. A He-Ne laser coupled into the same optical path 

of the Ti:Sa was used to monitor the transverse position of the target. Laser focusing 

on thin membranes was achieved by a 60° off axis parabolic (OAP) mirror coated with 



gold. Pulses were focused at an incident angle of 30° to avoid damage to the laser and 

detectors. Two kinds of detection methods were used for the characterization of 

accelerated particles. CR-39 plates, a passive material particularly useful for [18] the 

discrimination of protons and ions from electrons, were placed 100 cm behind the 

target holder, and a time-of-flight (TOF) detector based on a fast plastic scintillator, 227 

cm behind the target, was used to give a prompt readout of experimental results[19]. 

Both detectors were mounted inside a vacuum tube (for further details of the 

experimental setup see [15]).   

Laser driven proton acceleration experiments have been performed at low repetition 

rate between 0.1 Hz and 0.5 Hz exploiting the set-up described in [15]. Briefly, this can 

be considered as a three-stage system constituted by an injection (laser and 

compression chamber) followed by acceleration (interaction chamber) and particle 

characterization sections. Here, we restrict our attention to the interaction chamber 

where protons are accelerated from laser interaction with the target. Inside the 

chamber, a motorized target holder allows for movement in the three spatial directions 

with a precision of 2.5 µm. It is precisely aligned in order to assure that the horizontal 

displacement (from one target cell to the next) implies only negligible displacement 

along the laser axis. It can load up to 16 individual target cells for a total of 256 

membranes available for experiments within one vacuum cycle. Laser alignment and 

focusing were operated as explained in [15] for one membrane of each individual 

target cell. Along the laser propagation direction the focal position was identified using 

the back-reflection pattern of a visible control laser, with a precision of ±25 µm. For 

subsequent membranes the longitudinal position with respect to the laser focus was 

varied within a range of ±100 µm to study the effects of proton energy variation. Our 

data analysis indicates that the maximum proton energy suffers only weak variations, 

accounting for less than 10% of the maximum, within ±50 µm around the focus 

position. We could clearly detect proton tracks for all the membrane thicknesses used 

without appreciating systematic differences between the maximum protons energy 

averaged over several shots. Results obtained by using the same experimental setup 

with MEMS based metallic membranes and plain foils are compared in Fig. 3. Target 

thicknesses refer to the principal, metallic layer (aluminum or gold). Shots on 

membranes with or without residual SiO2 layer are summarized into the same data 



points. The maximum proton energy observed from plain foils is 1.8 MeV at 0.65 µm. 

For thicknesses above 1 µm proton energies are lower, in agreement with previous 

experiments on the same setup [15]. With MEMS manufactured targets between 70 

nm and 1 µm similar values have been observed. The fact that, in this interval, proton 

energies do not increase towards thinner targets has been observed previously [20].  

 

 

Fig. 3 Comparison between maximum proton energy achieved with standard, plain foils 

versus MEMS manufactured targets. Some data points, corresponding to different 

series of laser shots, have been slightly shifted horizontally for better visualization. 

 

Finally, we would like to comment on the damage propagation observed on targets 

after the laser shots. Depending on the target material and focal position, circular or 

elliptic holes with several hundred µm diameters were formed, two orders of 

magnitude bigger than the laser focus, and some membranes were entirely destroyed. 

Nevertheless, the damage did not spread beyond the individual structures defined by 

the wafer. This result is particularly important in view of further miniaturization of our 

membranes (0.2 µm lateral size) and the corresponding increase in array density. We 

are planning to corroborate these findings with smaller membranes. 

Conclusions.  

We made use of standard MEMS fabrication manufacturing to achieve wafer-scale 

fabrication of ultra-thin films used as targets for laser-driven particle acceleration. Thin 

film membranes were obtained by applying the common top-down fabrication 

approach and they were successfully used for laser-driven particle acceleration with a 



table-top, high-power laser. While their performance was found to be similar to 

standard, plain foils in terms of maximum proton energies, other advantages like the 

number of individual targets per area have become manifest. MEMS based fabrication 

techniques thus provide an efficient route for the high throughput production of 

targets for HPL experiments and applications.  
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