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Abstract. Diamond-like carbon (DLC) thin films have emerged as highly reliable ultra-thin targets for 

relativistic laser–matter interaction studies owing to their exceptional mechanical resilience, high sp³ 

bonding fraction, and low impurity content. These properties allow DLC membranes only tens of 

nanometers thick to maintain structural integrity under the extreme thermal and mechanical conditions 

imposed by high-intensity, ultrashort laser pulses. In this work, we investigate free-standing DLC films 

fabricated by plasma-enhanced chemical vapor deposition (PECVD) and released through a controlled 

copper back-etching process. The structural, chemical, and morphological characteristics of the films 

are examined using X-ray photoelectron spectroscopy (XPS) and optical microscopy. Analysis of 

sp²/sp³ hybridisation, surface oxygen functionality, and membrane uniformity demonstrates that the 

films meet the stringent requirements of petawatt-class laser facilities. These results confirm that 

PECVD-grown free-standing DLC membranes provide robust, reproducible, and high-quality targets 

suitable for advanced ion-acceleration regimes including TNSA, RPA, BOA, and relativistic 

transparency. 
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1. INTRODUCTION 

Diamond-like carbon (DLC) ultra-thin foils have emerged as some of the most robust and reliable target 

materials for high-intensity laser–matter interaction experiments, owing to their unique combination of 

exceptional mechanical strength, high sp³ hybridisation, low intrinsic impurity levels, and the ability to 

reproducibly control thickness down to the few-nanometre regime. These attributes give DLC membranes a 

decisive advantage over polymeric or metallic foils, which often suffer from premature deformation, melting, 

or structural failure under the extreme thermodynamic conditions characteristic of petawatt (PW) laser 

systems. At intensities approaching or exceeding 1021 W/cm2, where sub-30 fs pulses interact with ultra-thin 

foils on femtosecond timescales, the leading edge of the pulse can induce rapid pre-expansion and pre-plasma 

formation in conventional materials, severely compromising the ensuing acceleration dynamics. In contrast, 

hydrogenated DLC films with high sp³ content exhibit exceptional resilience to ultrafast heating, maintaining 

structural integrity during the rising edge of high-contrast pulses and thereby supporting the stringent 

requirements of advanced relativistic acceleration regimes [8, 9]. 

This intrinsic robustness has made DLC foils a versatile platform for a broad range of ion-acceleration 

mechanisms. Their stability under intense irradiation enables reliable operation in target-normal-sheath 

acceleration (TNSA), radiation-pressure acceleration (RPA), breakout afterburner (BOA), and transparency-

driven acceleration, where maintaining uniformity, suppressing contamination, and tightly controlling target 

areal density are critical [2–5, 15]. As a result, DLC targets have been adopted across major PW laser facilities 

and have demonstrated consistent performance across diverse experimental geometries, highlighting their 

importance as a foundational platform for next-generation relativistic plasma physics. 

A key limitation of ultra-thin targets lies in their susceptibility to pre-pulse effects. Even in advanced 

PW systems employing plasma mirrors, cross-polarised wave (XPW) generation, or OPCPA architectures, 

temporal contrast remains finite, with pre-pulse intensities commonly in the 109 – 1011 W/cm² range [16, 17]. 
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CH-polymer foils, widely used in earlier studies, undergo rapid thermal softening, rarefaction, and partial 

ablation at these levels, long before the arrival of the main pulse. Such pre-expansion disrupts density profiles 

required for RPA, shifts transparency thresholds, and suppresses electron reflux essential for strong TNSA 

sheaths. By contrast, the cross-linked sp³-rich structure of hydrogenated DLC provides far superior resistance 

to sub-ablative heating, ensuring that the foil remains near solid density throughout the pre-pulse window [8,9]. 

This superior resilience explains the transition toward DLC membranes in modern relativistic-plasma 

experiments. 

Equally essential is the requirement that these films be truly free-standing. Supported ultra thin foils 

experience hydrodynamic and thermal disturbances transmitted from their substrates, including shock fronts, 

thermal waves, and parasitic plasma plumes that compromise interaction reproducibility [9, 16]. Substrates 

also inhibit electron reflux – multiple recirculation cycles of hot electrons that critically enhance sheath 

formation in TNSA and influence ion-energy scaling. Free-standing DLC membranes eliminate these 

complications entirely, ensuring pristine density gradients, unimpeded electron recirculation, and a 

contamination-free interaction volume. This becomes especially critical in PW facilities operating with tight-

focus optics (f/1–f/3), where even micron-scale support structures distort the focal spot or generate unwanted 

plasma. 

Numerous studies have demonstrated the performance of DLC targets across relativistic regimes. Steinke 

et al. reported efficient carbon-ion acceleration from few-nanometre DLC membranes during relativistic 

transparency [18]. Henig et al. demonstrated phase-stable RPA using circularly polarised pulses interacting 

with nanometre-scale DLC foils [5]. At LMU Munich, DLC combined with CNT foams enhanced pulse 

steepening and self-focusing, yielding higher-energy carbon ions [19]. Earlier work by Liechtenstein et al. 

established DLC as a reliable material for self-supported ultra-thin accelerator targets [20], while more recent 

high-repetition-rate platforms leveraged DLC’s reproducibility for consistent TNSA performance [12]. 

Additional experiments confirmed DLC’s suitability for relativistic-transparency regimes, producing narrow-

band ion bunches [4], multi-MeV carbon ions [2], and superponderomotive electrons relevant for multi-PW 

facilities [15]. 

At ELI-NP, the development of free-standing DLC targets fabricated by plasma-enhanced chemical 

vapour deposition (PECVD) followed by copper back-etching has become central to PW-class target 

production. Dincă et al. demonstrated a reproducible PECVD process for generating 50–180 nm free-standing 

membranes across millimetre-scale apertures, optimised specifically for PW interaction geometries [1]. These 

PECVD-grown ta-C:H films, characterised by high sp³ content and excellent uniformity, have already 

supported several experimental campaigns, demonstrating both mechanical stability under irradiation and 

reliable microstructural quality [10, 11]. 

While PECVD remains a highly effective method for producing hydrogenated, high-sp³ DLC films, a 

key objective of ongoing work is to broaden the accessible fabrication parameter space. A promising direction 

involves magnetron-sputtered DLC deposited onto dissolvable NaCl sacrificial layers, which, once removed, 

yield contamination-free free-standing foils. Magnetron sputtering enables lower intrinsic stress, improved 

large-area uniformity, tunable bonding configuration, and the possibility of producing non-hydrogenated, 

high-density tetrahedral carbon films. These sputtered membranes will complement PECVD-grown targets, 

allowing systematic studies of ultra-thin-foil behaviour across TNSA, RPA, BOA, and transparency regimes, 

while providing researchers with a broader and more versatile suite of free-standing DLC target properties for 

next-generation PW laser systems. 

2. EXPERIMENTAL METHODS 

DLC films were first deposited directly onto polished copper substrates using the plasma-enhanced 

chemical vapor deposition (PECVD) procedure described in [1]. Prior to deposition, the copper substrates were 

prepared using a multilayer polishing protocol designed to produce a mirror-quality surface suitable for 

uniform thin-film growth. Following substrate cleaning and dehydration, PECVD was carried out at a pressure 

of approximately 10−3 mbar using hydrocarbon precursors activated by a 13.56 MHz, 100 W RF discharge, 

consistent with established protocols for growing hydrogenated tetrahedral amorphous carbon (ta-C:H) [8]. 

Film thicknesses obtained under these conditions ranged from 53.6 nm to 178 nm. 
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After PECVD deposition, the DLC-coated copper substrates underwent the photolithographic back-

etching sequence described in [1] to release the films as free-standing membranes. In this process, the 

photoresist was applied by spray coating, ensuring a uniform layer across the DLC surface without imposing 

shear forces that could damage the thin films. The coated substrates were then exposed through a UV mask, 

developed in NaOH solution, and subsequently subjected to copper dissolution in FeCl3. Such back-etching 

techniques are widely used for fabricating ultra-thin self-supported foils for PW-class laser experiments, as 

they preserve the structural continuity and thickness uniformity of the deposited films [9–11]. The etching 

process produced circular apertures of approximately 1 mm diameter, across which the DLC films remained 

suspended as intact, free-standing membranes. 

Only after the membranes were completely released from the copper substrate were they carefully 

transferred and affixed to custom 3D-printed supports. These supports were designed to provide mechanical 

stability and compatibility with high-power laser target-delivery systems while minimising contact with the 

free-standing region. The DLC films were secured to the frames using a controlled micro-adhesion process, 

ensuring firm attachment without introducing mechanical stress, deformation, or contamination that could 

compromise the integrity of the ultra-thin free-standing membranes. (See Figures 6, (a), (b), (c)) 

X-ray photoelectron spectroscopy (XPS) measurements were carried out after mounting, using a Mg Kα 

radiation source and following established protocols for diamond-like carbon analysis. Prior to spectral 

acquisition, the samples were gently heated to remove physisorbed contaminants. High-resolution C 1s spectra 

were deconvolve into sp², sp³, C–O–C, C–O=C, and C=O–OH contributions using standard fitting models for 

amorphous carbon films [8]. 

2. RESULTS AND DISCUSSION 

Survey XPS spectra confirm that carbon is the predominant elemental constituent of all samples, with 

only minor oxygen contamination and trace-metal residues, the latter likely introduced during the wet-etching 

process. Quantitative analysis indicates that these oxygen functionalities are confined to the uppermost 

nanometres of the films, consistent with prior observations for PECVD-grown ta‑C:H [8, 9]. This surface 

oxidation does not significantly perturb the underlying bulk structure, preserving the intrinsic tetrahedral 

hybridisation network and ensuring that the mechanical and optical properties are dominated by the sp³-rich 

carbon matrix rather than surface contaminants. 

High-resolution C 1s spectra (Table 1) allow deconvolution of the sp³, sp², and C–O bonding 

contributions, revealing sp³ fractions ranging from 51.8% to 70.7%. These values are in excellent agreement 

with canonical PECVD ta‑C:H growth behaviour, where ion-assisted deposition under energetic plasma 

conditions promotes tetrahedral coordination [8, 9]. Such sp³ fractions correspond to hydrogenated tetrahedral 

amorphous carbon structures with high cross-link densities, and they align closely with previously 

characterised sp³-rich DLC materials used as targets in petawatt-class laser experiments [1, 5, 15]. These 

hybridisation ratios are directly correlated with mechanical stiffness, intrinsic compressive stress, and the 

ability of the film to withstand ultrafast laser irradiation without significant pre-expansion or ablation. 

Table 1 

XPS data on hybridization ratios determined in the C 1s peak for DLC films 

XPS analyzed sample 
Sample signal of + 

Traces of  
C 1s - sp2/sp3 ratio sp3 (%) 

DLC (178 nm) Cu + Fe, Cl, Ni 0,22 ± 0,02 (70,4 ± 3,5) 

DLC (163 nm) Cu + Fe, N 0.36 ± 0.02 (70,7 ± 3,5) 

DLC (120 nm) Cu + Fe 0.81 ± 0.11 (51,8 ± 2,6) 

DLC (100 nm) Cu + Fe, Na 0.27 ± 0.02 (65,1 ± 3,26) 

DLC (53,6 nm) Cu + Fe, Na, N 0.16 ± 0.01 (70,4 ± 3,5) 

 



54 Cosmin JALBĂ, Nikolay DJOURELOV 4 

The 178 nm and 163 nm films (Figs. 1a and 2a) display the highest sp³ fractions (70.4% and 70.7%), 

consistent with earlier reports that thicker PECVD layers favour tetrahedral bonding due to the stabilising 

effect of prolonged energetic ion bombardment. The resulting dense tetrahedral networks generate strong 

intrinsic compressive stresses and enhance thermal stability, both critical for maintaining solid-density 

conditions during the interaction with ultrahigh-intensity laser pulses [10, 15]. 

 

 
a) 

       
                                             b)            c)                    d) 

Fig. 1 - a) C 1s spectra for 178 nm DLC free-standing film and Optical Microscopy – (b), (c), (d). 

 

 
a) 

       
                                             b)            c)                      d) 

Fig. 2 – a) C 1s spectra for 163 nm DLC free-standing film and Optical Microscopy – (b), (c), (d). 
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The sp³ content in these films is approximately 36% higher than in the thinnest 120 nm film, supporting 

minimal pre-expansion, which is essential for optimal radiation pressure acceleration (RPA) and relativistic 

transparency regimes (Fig. 3a). 

Conversely, the 120 nm film exhibits the lowest sp³ fraction (51.8%), reflecting the typical reduction in 

tetrahedral bonding and concurrent increase in sp² clustering observed in lower-density PECVD DLC films 

[8]. The increased sp² content and reduced cross-link density correlate with lower mechanical stiffness, higher 

thermal conductivity, and enhanced susceptibility to pre-pulse heating, which may compromise structural 

integrity under ultrafast irradiation. The 100 nm film (65.1% sp³) demonstrates intermediate mechanical and 

thermal behaviour, consistent with previous reports indicating that mid-range sp³ fractions offer an optimal 

balance of rigidity and flexibility for high-repetition laser operation in the TNSA regime (Fig. 4a) [11]. 
 

 
a) 

       
                                              b)            c)                     d) 

Fig. 3 – a) C 1s spectra for 120 nm DLC free-standing film and Optical Microscopy – (b), (c), (d). 
 

Interestingly, the 53.6 nm film (Fig. 5a) achieves a high sp³ fraction of 70.4%, comparable to the thickest 

samples. This can be attributed to enhanced tetrahedral incorporation during the early stages of PECVD 

growth, where energetic subsurface ion bombardment preferentially stabilises sp³ bonding, even in ultra thin 

layers [8]. This results in a highly cross-linked, mechanically stiff network despite minimal thickness. The 

high sp³ content minimizes the absorption of background illumination and ensures reliable performance in 

transparency-driven acceleration, corroborating prior findings from studies on ultra-thin DLC membranes 

under relativistic transparency conditions [15, 17]. 
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a) 

       
                                            b)             c)                         d) 

Fig. 4 – a) C 1s spectra for 100 nm DLC free-standing film and Optical Microscopy – (b), (c), (d). 

 

 
a) 

       
                                            b)            c)                        d) 

Fig. 5 – a) C 1s spectra for 53,6 nm DLC free-standing film and Optical Microscopy – (b), (c), (d). 

 

Optical microscopy (Figs. 1–5, (b), (c), (d)) confirms the presence of continuous free-standing regions 

in all films. Observed thickness-dependent wrinkle patterns are consistent with standard stress-relief 

mechanisms in thin films and occur on length scales much larger than the laser focal spot. Consequently, these 

morphological features do not affect relativistic coupling, ensuring uniform interaction conditions across the 

target area. 
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                                       a)     b)                   c) 

Fig. 6 – Example of a prepared batch of free-standing DLC targets with thicknesses of (a) 53 nm, (b) 100 nm,  

and (c) 120 nm, assembled and mounted for deployment in high-power laser experiments. 

4. CONCLUSIONS 

PECVD-grown DLC films released through copper back-etching exhibit the structural integrity, 

chemical stability, and mechanical uniformity required for deployment as free-standing ultra-thin targets in 

petawatt-class laser–matter interaction experiments. Their high sp³ fractions, shallow and well-confined 

surface oxidation, and minimal residual contamination ensure predictable behaviour under extreme irradiation, 

consistent with performance trends reported in earlier DLC-based high-intensity studies [3, 4, 13, 15]. Optical 

microscopy confirms continuous, defect-free free-standing regions on the millimetre scale, with thickness-

dependent wrinkling that remains irrelevant to relativistic laser coupling. Collectively, these results 

demonstrate that PECVD-grown DLC membranes provide a robust and reproducible target platform for 

advanced ion-acceleration investigations at facilities such as ELI-NP [1, 10]. 

Future developments will extend this capability through the fabrication of magnetron-sputtered DLC 

membranes released from NaCl sacrificial layers, a method previously demonstrated for accelerator-grade 

films [19, 20]. This complementary approach is expected to offer improved stress management, enhanced 

thickness uniformity, and expanded control over carbon hybridisation, thereby broadening the accessible 

parameter space for next-generation free-standing ultra-thin targets in relativistic laser–plasma experiments. 
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