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This paper reports on the development of a novel single-step approach for the formation of 

patterned metal deposits from metal salt solution using an x-ray lithography technique. 

Electrodeposition assisted X-ray lithography (EAXL) is based on simultaneously exposing the 

substrate to masked x-rays within an electric field, utilizing radiolysis and potentiostatic 

electrodeposition. The EAXL results demonstrate patterned silver deposition from the salt 

solution without the use of resist-substrate material and confirm that simultaneous exposure to x-

rays with the application of an electric filed was required in obtaining the patterned metal 

deposits. The results are promising for MEMS and NEMS manufacturing and also demonstrate 

the fundamental phenomena of synergetic effect of x-rays and electric field. 

 

Introduction 

The microelectromechanical systems (MEMS) can have high aspect ratios with dimensions 

that often exceed the limits of traditional fabrication methods. As technologies incorporate the 

nanoscale (NEMS) this limitation will continue to grow. The resolutions of extreme ultraviolet 

and visible light lithography have diffraction and beam focusing limitations. An x-ray 

wavelength is on the order of the atomic scale thus providing few limitations related to their 

resolving power. LIGA (x-ray lithography, or Lithographie, Galvanoformung, and Abformung) 

has been recognized and developed as a unique technique that provides high precision, spatial 

resolution, and high aspect ratio [1]. In a typical LIGA process, a thick photo resist (PMMA or 
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EPON SU-8) is exposed to a masked x-ray beam (deep x-ray lithography or DXRL step). The 

developed-processed resist is then used as an electroplating template. After overplating, a mold 

is stripped from the polymer substrate, and employed in a mass production scheme such as 

injection molding or hot embossing. Despite all the technical advantages LIGA is still a niche 

technology with a rather limited spectrum of commercial applications.  The major drawbacks to 

LIGA are cost and slow production rates.  

Being a multistep, sequential process, LIGA relies on many process variables, and its ability 

to produce consistently acceptable structures is proportional to the amount of time and effort 

invested in each of the manufacturing steps. The physical exposure time for DXRL structures 

typically run between 4 and 8 hours (PMMA) of synchrotron beam time, which is an extremely 

expensive proposition from a “cost of exposure time vs. production” point of view.  

Minimization of as many processing steps as possible would make the x-ray lithography 

process a much more efficient and cost effective manufacturing technique. Therefore the 

traditional template molding and electroplating steps were targeted for elimination in our proof 

of concept experiment. The novel method that is presented in this work forgoes 4 of the 

traditional processing steps involved in fabricating high aspect ratio metallic structures, 

providing the proof of principle for single step patterning with x-ray lithography. 

Synchrotron radiation was used because of its advantageous ability to penetrate the metal salt 

solution within the experimental cell, while maintaining a high degree of collimation, and the 

availability of a wide (~10 cm) beam from a bending magnet source. Any other exposure source 

(ultraviolet or soft x-ray) would either dissipate before patterning occurred, or could not be 

masked (γ-ray) within the regimes of DXRL.  

 

Experimental 

The experimental cell (Fig. 1) consisted of two graphite plates that served as x-ray bulkhead 

windows and as the working and counter electrodes sandwiched between three Teflon plates. A 

silver-silver chloride (Ag/AgCl) electrode was used as a reference electrode. An electrolyte 



 

solution (0.1 M AgNO3 in DI water) was circulated in a closed loop by a peristaltic pump at flow 

rates 100-300 ml/min. Electrodeposition was conducted in a potentiostatic regime at low 

overpotentials  (150 mV negative of Nernst equilibrium potential, or 0.35 V vs. Ag/AgCl) in 

order to provide homogeneous growth of the deposits.  

The lithography mask was attached to the upstream face of the cell, and the entire assembly 

was vertically scanned through the incident x-ray beam (size vert. 2 mm x hor. 62 mm) using an 

Aerotech UNIDEX 500 lithography scanner (machine resolution .0001 mm). The 879.50 mm 

long Pt coated mirror of beam line 10-BM-A at the Advanced Photon Source was employed as a 

low bandpass filter whose cutoff energy was determined by the angle between the incident beam 

and mirror. The mirror angle was set to 2.25 mRad, which was calculated to produce an energy 

spectrum with an x-ray absorption length of approximately one cell thickness (2.5 cm) and 

accounted for all optically active components of the cell.  

 

Results and Discussion 

Irradiation of aqueous solution of metal ions leads to the radiolysis of water resulting in the 

formation of radicals, among which solvated electrons (e−
aq) are strong reducing agents for the 

metal ions [2]. Their induced reduction leads to the formation of atoms, which aggregate and 

form metallic clusters. This technique has been successfully used in micro- and nano- fabrication 

either with a γ-ray source [3-4], laser or electron beam [5] or more recently with x-rays [6-8]. 

Our EAXL approach to form a metallic object of controlled size and shape relies on the 

superposition of the radiolytic reduction of metal ions into atoms with the controlled 

potentiostatic deposition from metal salt solution. No pattern was formed on the substrate during 

the exposure to masked x-rays at open cell circuit. The electrodeposition potential is maintained 

at the value where the deposition rate is just slightly higher than the metal dissolution rate. The 

electrodeposition process promotes nucleation and growth of crystals under the influence of an 

electric field. Competition between growth and nucleation determines the granularity, structure 

and properties of the metallic deposits [9]. The hypothesis tested in our series of experiments is 



 

that simultaneous exposure to the masked x-ray beam and a low electrochemical overpotential 

induces patterned nucleation sites at the electrode through the radiolysis mechanism [6] while the 

electrochemically controlled growth of those nuclei produces a patterned metal deposit. This 

technique allows metal deposition only in the areas exposed to patterned x-rays, while 

minimizing the random nucleation outside the exposed areas.   

Figure 2 illustrates the results of simultaneous exposure of graphite electrode in 0.1 M AgNO3 

solution. Continuous shapes of interconnected metal crystallites (Fig. 2b) formed in the areas 

where the mask (Fig. 2a) allowed penetration of x-rays. The pattern is composed of nearly 

spherical single crystal grains 10-40 m in diameter.  The width of the deposit is very close to 

the feature size of the mask. The deviations from the pattern (±10 m or ~20%) observed and are 

most likely due to the non-selective 3D growth of sites nucleated within the x-ray pattern.   

The topography of the deposits has been reconstructed using z-stack extended focus optical 

3D imaging (Fig. 3a). The image profile shows (Fig. 3b) that the deposits have an approximate 

aspect ratio of ~ 1:1 confirming the non-selective growth of nucleated sites. The roughness of the 

initial surface was quite high, indicating a wide range of surface energies - a potential obstacle 

towards obtaining homogeneous nucleation.  To improve the quality and aspect ratio of the 

pattern the use of a more homogeneous electrode substrate and/or creating conditions for a 

selective growth in one crystal plane is suggested.  

 

Conclusions 

     In this paper we demonstrated the formation of a patterned silver deposit from salt solution 

on porous graphite plates without the use of any resist-substrate material. The superposition of 

masked x-rays and an electric field was used to obtain the patterns. The silver deposits are 

polycrystalline continuous structures with less than 20% deviation from the mask features. Due 

to a non-selective growth of nucleation centers formed in the x-ray path the current aspect ratio is 

nearly 1:1, but could be significantly improved by using a more homogeneous electrode surface 

and controlling the selective growth in one crystal plane.  Further work in this direction will 



 

allow this technique to establish itself as a candidate for future micro- and nanomanufacturing 

development. Besides the results clearly demonstrate the synergetic effect of x-rays and electric 

field that should be accounted for when electrochemical systems are characterized with x-ray 

techniques. 
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Figure Captions: 

Figure 1. Experimental cell for simultaneous exposure to X-rays and electric field: R.E. – 

Ag/AgCl reference; W.E. – working; C.E.  – counter electrode. 

Figure 2. Optical microscopy images of (a) the lithography mask – inverse pattern of gold deposited onto 

the silicon wafer; (b) silver pattern formed on the graphite electrode.  

Figure 3. (a) 3D topographical image of Ag deposit and (b) estimation of the aspect ratio from the 

profile. 
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