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Introduction 
Micro-grating structures can play important roles in high power 
laser experiments. They may be the primary target in, for 
example, ion acceleration experiments or they may be used as 
diagnostic devices[1]. 
 
The grating dimensions may vary from a few microns in pitch 
down to line or space dimensions of less than 0.2 microns and 
there are a range of different fabrication techniques to produce 
these structures. 
 
This paper will initially describe the various fabrication 
techniques and give examples for two methods. It will then 
focus on a third example (a 50mm x 50mm area of CH polymer 
grating) and describe in greater detail how it was fabricated 
before a backing of aluminium was applied prior to it being 
diced into individual target–sized squares pieces, mounted and 
shot. 
Fabrication Techniques 
Manufacture of micro-grating structures requires a different 
approach to the production techniques usually seen in 
conventional laser target fabrication. The micro-electro-
mechanical system (MEMS) fabrication technologies developed 
from the semiconductor manufacturing industry offer the 
opportunity to fabricate such targets. Unless requested 
otherwise, the substrates for MEMS-based fabrications are 
normally silicon wafers which are typically 100mm in diameter, 
have a thickness of 300-500 microns and are flat from edge to 
edge in the micron scale.  
 
MEMS microfabrication techniques are based upon three basic 
processes: deposition, patterning and etching, and are described 
briefly below. 
 
Deposition. 
Generally this capability includes sputter-coating, thermal 
evaporation, chemical vapour deposition, thermal oxide growth 
and spin/dip coating. Consequently it is possible to deposit 
precisely controlled films of metals, dielectrics and polymers. 
 
Etching. 
The process may be either dry etching or wet etching. In the 
former, a plasma containing highly reactive species (e.g. 
fluorine, chlorine) is generated which etches the substrate 
and/or previously deposited thin films. In the latter, the 
substrate and its coatings are immersed in a solution which is 
selected to etch the required layer. 
 
Patterning. 
The key process and uses either optical tools or e-beams to 
pattern a thin film of photo- or e-beam sensitive layer of resist 
applied to the substrate by spin or dip coating. The exposed and 
developed resist film is then used as a protective stencil through 

which deposition or etching can take place, thereby transferring 
the pattern into the substrate or its coatings. 
Optical lithography uses photomasks to define the patterns. 
Masks usually comprise of an extremely flat quartz plate with 
the pattern defined on one side of that plate in a 100nm layer of 
chromium. In cases where only low resolution is required a 
photomask defined on an acetate sheet by high resolution inkjet 
printing may be used to reduce costs, but are prone to greater 
wear and tear with repeated use and can suffer from excessive 
thermal expansion in poorly controlled processing 
environments. 
 
Electron beam lithography uses an e-beam tool which takes the 
device CAD files (converted into an appropriate format) and 
uses them to steer the e-beam on the surface of the resist and 
hence to directly write the required pattern which is then 
developed prior to use in the next process step. 
 
In many cases e-beam lithography is also used to create the 
chrome-on-quartz photomasks used in optical lithography. 
Example 1 – all metal transmission grating. 
In this example, the grating typically have line/space 
dimensions below 0.5 microns, be freestanding and have the 
grating slots completely through the metal layer, thereby 
allowing it to be used as a transmission grating. If the grating 
lines are adjusted in width and formed into concentric rings 
rather than linear patterns the same process can also be used to 
create Fresnel zone plates. 

There are two possible approaches to microfabricate this grating 
type; (a) lift-off process or (b) electrodeposition. 

In the former method, the silicon wafer is initially coated with 
e-beam resist. The resist is patterned to create a negative image 
of the grating. Following this, the metal (e.g. gold) is deposited 
by thermal evaporation. The substrate is then immersed in a 
suitable solvent and the resist washed away, taking the 
unwanted metal with it. Finally, the silicon wafer is etched 
away from the underside until the metallic grating is 
freestanding but supported by precisely defined parts of the 
silicon wafer.  

In the latter method, the silicon wafer initially has a conductive 
seed layer deposited on one side. The e-beam resist is then 
coated and patterned as above. The metal is then laid down by 
electrodeposition until just below the top of the resist. The 
silicon wafer is then etched in a similar way to method (a).  

Example 2 – surface grating in a hard substrate  
This example produces a grating in the surface of the substrate. 
If the substrate is, for example, lithium niobate, the grating 
structure can be used as an ultrafast THz-pulse generator by 
optical rectification[2,3]. 

If the e-beam or optical resist is suitably etch resistant compared 
to the substrate material, the grating can be simply defined in a 
resist film and then transferred to the substrate by the 
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appropriate etch chemistry. However, in many cases, the resist 
film cannot withstand the etch process and the grating pattern 
must be transferred from the resist film into a metallic hard 
mask layer before then being finally transferred into the 
substrate. A test grating etched in lithium niobate is shown in 
Figure 1. 

 

Figure 1. Test structures etched into lithium niobate. Linewidths 
are 1 micron and 2 microns. The grating lines are visible at the 

top and bottom of the image. Platinum has been deposited and a 
trench etched by focused ion beam across the centre to reveal 

the cross-section of the etched grating.  

 
Example 3 – surface grating in a polymer substrate. 
The following method was used to produce laser targets with a 
period of 5 microns (2 micron lines with 3 micron spaces) in a 
CH film which was then coated on the flat side with a thin film 
of aluminium. Furthermore, the grating did not have a simple 
rectilinear cross-section but comprised of a flat surface with 
approximately parabolic recessed lines (see Figure 2). Several 
silicon wafers, each with an area measuring 50mm x 50mm 
were created, which was then diced to provide a large number 
of targets. 

 
Figure 2. The desired cross-section of the grating structure in 

CH film. Pitch, P = 5 microns comprising of 2 micron lines and 
3 micron spaces with an amplitude of 1 micron. 

To achieve the desired cross-section, a phenomenon known as 
resist reflow was used. When heated above its glass transition 
temperature (Tg), a patterned resist film will soften and begin to 
flow. The footprint of the resist remains unchanged (i.e. the 
lines do not spread or shrink) but the surface tension of the 
resist attempts to minimize the surface area of the resist and a 
rounded grating structure is created. By varying the height-to-
width ratio of the original rectilinear resist grating, it is possible 
to vary the height and curvature of the final structure. The basic 
processes are shown in Figure 3. A scanning electron 
microscope image of a typical reflowed resist profile is shown 
in Figure 4. 

 

 

 

 

Figure 3. Basic process steps to produce the polymer grating. 
(a) bare substrate, (b) coat with resist, (c) optical patterning, (d) 
reflow, (e) polymer coating, (f) lift-off, (g) metallization. Dicing 

and mounting are not shown here. 

 
Figure 4. Reflowed resist film. The rounded sidewalls and top 
can be seen. Before reflow, the sidewalls were vertical and the 

top flat. 

After the reflowed resist layer was created, it was used as a 
mould for the final polymer film which was simply coated over 
the top. Immersion in solvent released it from the silicon wafer 
substrate and washed away the remaining resist. Following this 
the flat side of the polymer was then coated with aluminium 
before dicing and mounting.  

Conclusions 
This article has described some of the wide range of fabrication 
techniques which can be used to create grating structures and 
given examples of their applications. 

Further developments to improve resolution and also to 
integrate the targets onto their assemblies will allow MEMS 
produced structures to be an integral part of a laser target. 
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Introduction 
The Target Fabrication Group in the Central Laser Facility 
delivers target support for the Vulcan and Gemini high power 
laser facilities. Statistics and trend analysis of experiments at 
RAL has seen a large demand in recent years for carbon and 
metallic foils with no backing foil with thicknesses of 10’s of 
nanometers and below [1]. There has been varying success 
producing metals at these thicknesses, for example, free-
standing gold mounted by a skilled fabricator across an array of 
500 micron diameter holes typically shows around a 10% 
survival rate at 10nm and at 5nm this decreases to less than 5%. 
This is typical with the exception of dip coated Vinylec® 
(polyvinyl formal). However Vinylec dip coating methods used 
at RAL have shown that the film suffers from variable thickness 
over the large area needed to cover an array.  

A common target requirement for recent and upcoming 
experiments is carbon due to its favourable Bragg peak (GTA 
LIBRA 0512). Previously delivered amorphous carbon foils are 
weak at low thicknesses and denature very quickly with 
moisture absorption. An investment was made into a capability 
to produce Diamond-Like Carbon (DLC) by Plasma Enhanced 
Chemical Vapour Deposition (PECVD). In house experience 
has shown DLC survives at low thicknesses and is rarely 
destroyed by the laser pre-pulse.  

DLC has become a popular material in manufacturing and 
technology due to its unique ability to provide the 
characteristics of diamond coated onto the surface of almost any 
material. It gains its advantageous properties from the so called 
sp3 diamond-like bonding; the sp3 content alone dictates much 
of the mechanical properties. For the purposes of this 
discussion; only sp3, sp2 bonds and hydrogen content are 
relevant as the coating method discussed introduces no other 
species. The notation “sp” refers to a linear combination of the s 
and p wave functions, or orbitals, known as a hybrid orbital. An 
sp3 bond is one in which an atom has an overlap of 25% with 
the s-orbital and a total of 75% overlap with the p orbital. The 
sp3 hybridisation is the solitary bonding found in diamond and 
sp2 is the covalent structure of graphite. Diamond (sp3) 
possesses only single sigma bonds whereas  sp2 bonding carbon 
possesses both sigma and π bonds. The π bond in graphite is 
due to the free delocalized electron that exists between the 
covalent layers. The bonding difference between sp2 and sp3 
hybridised carbon is useful in Raman Spectroscopy where 
bonding structure is probed by laser interactions and a measure 
of sp3 content can be deduced. 

Coating DLC 
Diamond-Like Carbon deposits were produced in the Target 
Fabrication Laboratory by Plasma Enhanced Chemical Vapour 
Deposition (figure 1)  using a modified plasma etching system. 
This process utilises a mixture of methane (CH4) and argon 
plasma to create enough energy and pressure to make diamond 
bonds form in an amorphous carbon film. The plasma is created 

by RF frequency discharge between two electrodes across the 
gas mixture. The following customisable parameters are 
available: RF power is varied by use of a RF 600 Watt 
maximum at 13.56MHz generator. Gas flow rate is controlled 
via an automatic pressure control valve at the side of the 
chamber and mass flow controllers constrain the incoming 
gases. The ratio of inflowing methane to argon is the primary 
variable discussed for changing the bonding nature. All 
substrates were oxygen plasma cleaned before processing to 
remove residual contaminants.  
 

 
Figure 1 The modified RIE80 etch system 

Mounting for experimental delivery 
A release layer is coated onto the substrate by physical vapour 
deposition before coating with DLC to provide a means of 
removing the coating from the substrate. When lowered with 
care into de-ionised water the release layer dissolves and the 
DLC film floats on top of the water and can be lifted onto a 
mount to allow for laser irradiation. It was found that the film 
quality is very sensitive to the release layer thickness and 
quality and it is essential to produce a low roughness, evenly 
distributed layer in order to minimise any undesirable surface 
structure effect on the DLC coating. 
Mounting of DLC coatings is done manually by a skilled 
fabricator. Although this introduces inherent inconsistencies it 
is superior to automated efforts that are less adaptable, slower 
and do little to mitigate issues encountered with surface tension. 
It has been observed that the majority of thin film window 
targets rupture during the drying stage. 
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Batch processing of multiple foils of different compositions 
with the same thickness were floated onto a standard 5x5 
aperture array mount (figure 2) and relative survivability was 
observed and recorded in figure 3. 
 

 
Figure 2 Standard 5 x 5 array mounts 

 Aluminium Copper Vinylec DLC 

100nm 85% 90% 99%+ 99%+ 

50nm 59% 64% 99% 99% 

25nm 22% 25% 92% 91% 

10nm <10% <10% 34% 41% 

5nm <5% <5% 10% 15% 

Figure 3 Average Foil Survivability (500 micron holes) 

Although survivability was still low DLC shows a greater 
survivability compared to other materials including at ultra-low 
thicknesses. 
Characterisation  

Characterisation of the Diamond-Like Carbon bonding nature 
was achieved by Raman Spectroscopy using a Renishaw 514nm 
Laser excitation source. Raman spectroscopy is a technique that 
utilises the inelastic scattering of laser light. Laser light loses 
energy in interactions with vibrational modes of the material 
and the change in wavenumber is collected by a detector and 
plotted against relative intensity to give a spectrum. Change of 
wavenumber is dependent on bonding in the material such that 
each bond type exhibits a unique wavenumber. 

Using visible Raman spectroscopy of Diamond-Like Carbon sp3 
bonding prominence cannot be probed directly as sp2 sites are 
resonant and therefore dominate the spectrum. However it has 
been shown that the relative intensities of the so called D and G 
peaks is indicative of sp3 content [2]. There are two prominent 
peaks. One at around 1355cm-1 the so called D peak, is due to 
the so called “breathing” of graphitic like-rings. Breathing of a 
graphitic ring is the stretching of the ring away from the centre.  
The other prominent peak is the G peak which is around 
1516cm-1 which does not require the presence of 6-fold graphite 
rings and so occurs at all sp2 sites. Broadly speaking the 
intensity of the D peak increases with ordered hexagonal 
graphitic bonding and the intensity of the G peak increases with 
increased disorder and the creation of sp3 clusters. The ratio of 
I(D)/I(G) and the position of the G peak are the most 
informative factors in analysing the relative sp3/sp2 ratio as 
shown in figure 4. 

 
Figure 4 Raman data fit for DLC 

Figure 4 shows an example of a Raman data fit for DLC. The 
smaller peak on the left is a secondary silicon peak and is 
present from the silicon substrate coated with DLC. For 
demonstration purposes this graph was plotted in Excel but for 
data analysis Gaussians fits were performed in Origin Pro 8. 
The ratio of the intensity of D/G peaks can give an indication of 
the bonding and it has been shown that variation of the G 
position and I(D)/I(G) ratio are related to the proportion of sp3 

bonding present [2].  
 
Using Origin Pro 8 a Gaussian fit was applied to various 
different Raman data obtained from a range of coatings. 
Preliminary results show that when the gas mixture is altered in 
the coating process by increasing argon percentage; I(D)/I/(G) 
decreases. This is indicative of a higher proportion of diamond 
bonding.  

Conclusions and future work 

DLC has been successfully coated, mounted and characterised 
by the Target Fabrication Group and is being delivered to 
current and upcoming experiments.  

Initial results show that DLC has strong potential to survive 
across a target array at thicknesses of 10’s of nanometers thick. 
Coating parameters are having a measurable effect on the 
bonding ratio of the DLC and future work is aimed at 
understanding how methane/argon mix, amongst other coating 
parameters, can affect foil strength and target suitability.  
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Introduction 
 
Droplet generators have applications as liquid laser 
targets and the project described in this paper provides a 
starting point for future work to produce targets of 
cryogenic hydrogen droplets.  
 
Many challenges have been encountered with the droplet 
generator and this report aims to make the reader aware 
of the key issues and give practical advice on how they 
can be resolved. 
 
The droplet generator and its constituent parts 
 
The droplet generator consists of simple, easily 
fabricated parts allowing it to be quickly disassembled, 
reassembled and modified many times. 
 

         
Figure 1: Droplet generator 

 
The droplet generator is composed of an atomiser body 
with two piezoelectric elements attached on either side, 
an end-cap (containing the pinhole disc and the pinhole 
plate) and a protective sleeve. 
 
The protective sleeve allows pressure to be applied to the 
piezoelectric elements using screws inserted into the 
holes that can be seen in the left hand picture of figure 1. 
 
The atomiser body’s central tube contains the fluid when 
the droplet generator is operational and allows the 
piezoelectric elements to transmit vibrational energy to 
the fluid stream resulting in droplet formation. The 
aluminium body is indented (as can be seen in figure 1) 
to allow a flat surface for the piezoelectric blocks to be 
bonded using conductive epoxy glue. The indentation 
also improves the transmission of vibrational energy by 
reducing the wall thickness. The use of two piezoelectric 
blocks on opposing sides increases the vibrational  
 

amplitude imparted to the fluid. The piezoelectric blocks 
are made of PZT-4 which was chosen for its availability 
and durability [1]. 
 
The end-cap holds both the pinhole disc and the pinhole 
plate and is made from brass that was selected to reduce 
electrochemical reactions [2]. The pinhole plate sits just 
above the pinhole disc in an indentation in the end-cap. 
The design of the pinhole plate can be seen in figure 2. It 
holds the pinhole disc securely as well as tapering the 
diameter of the tube towards the pinhole reducing 
turbulent flow and focusing the flow into the pinhole 
disc. Having a pinhole plate also reduces the possibility 
of pinhole deformation at high pressure [3] which is 
known to have a large effect on the direction of the 
stream and stream laminarity [4]. The pinhole disc can 
also be changed easily if damage has occurred or a 
different size of pinhole is required. 
 

 
Figure 2: Pinhole plate 

 
A rubber o-ring, placed between the atomiser body and 
the end-cap, is used to seal the system against fluid 
leakage. On the entry to the droplet generator there is a 
quick release valve that allows the entire droplet 
generator to be removed easily from the system and is 
screwed into the screw thread, that can be seen at the top 
of figure 1, using PTFE tape to prevent leakages. 
 
Basic set-up 
 
The basic set-up describes the equipment required to 
accurately set-up and use the droplet generator. 

 

 
Figure 3: Experimental set-up (red: pressure vessel set-
up, orange: piezoelectric set-up, blue: stages controlled 

by the XPS) 
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Figure 6: 

Theoretical 
surface of 
the stream 

                     

 

 

 

 

For the purpose of the project ethanol was chosen as the 
fluid in the development stage partly because it has a 
lower surface tension than deionised water [5].  This 
enables smaller droplets to form and is safe to use.  
 
Pressure vessel set-up 
 
The pressure vessel is pressurised using a nitrogen line 
allowing pressures of up to 7bar, however, the system 
can be easily adapted for use with a higher pressure 
supply for use with very small pinhole sizes. Accurate 
values for the pressure can be obtained simply using a 
pressure regulator on the gas input into the vessel. The 
fluid leaves the pressure vessel through an output line 
that is then attached to the droplet generator. The output 
line is clear to permit viewing of the fluid as it 
approaches the droplet generator. 
 
Piezoelectric set-up 
 
The piezoelectric blocks require a ±20V peak to peak 
square wave signal. A square wave was chosen because 
it is reported that it leads to better operation of the 
droplet generator as opposed to other wave forms [3]. To 
provide the signal a frequency generator is used 
producing a 0-5V 50:50 mark-space waveform. The 
waveform is then input into an amplifier that introduces 
an offset, to produce a square wave, which is then 
amplified to the required ±20V peak to peak.  
 
The atomiser body and sleeve are electrically grounded 
to align the vibration of the piezoelectric crystals when a 
signal is applied to the opposing side of the piezoelectric 
block.  To provide pressure to the blocks whilst 
preventing short circuits plastic stoppers were used to 
insulate the metal screws. 
 
XPS motion controller and stages 
 
The XPS controller is connected to 8 stages which give a 
minimum incremental movement of 0.5µm [6] in the 
x,y,z directions and a 0.001° vertical roll function for 
both left and right controller. The range of the controller 
is ±50mm on the x and y axis and ±25mm on the z axis 
and the vertical roll function has a range set at ±8 
degrees.  
 
The XPS movement control system is very intuitive and 
easy to use as can be seen in figure 4. It gives the ability 
to jog at a chosen speed and direction, move to an 
absolute location (useful for set-up), and relative 
movement. The XPS system can also be programmed to 
move the stages to the required position using the 
terminal function or external programming can be used 
to input more complicated routines. 
 

 
Figure 4: Control panel of XPS movement control 

 
 
 

Removing dust contamination and assembly  
 
Dust affects the transmission of the vibration wave and 
can also cause pinhole partial blockages that cause 
turbulent flow and reduced flow rate (see figure 5). 
 

     
Figure 5: Left clear pinhole, right partially blocked 

pinhole 
 
To reduce dust the fluid was filtered with Whatman 
grade 1 filters to remove dust greater than 11µm [7]. 
Considerable care was also taken in the preparation and 
assembly of the component to reduce dust contamination. 
 
Velocity measurement 
 
Velocity of the stream was determined from the rate of 
flow and was calculated as 2.43 ms-1 for a 100µm 
diameter pinhole on the lowest flow rate possible. The 
velocity was qualitatively demonstrated by measuring the 
height of the stream when aimed vertically upwards 
corresponding to around 0.3m which was expected. 
 
Theory of droplet formation 
 
A fluid system will always minimise its surface energy 
by reverting to its lowest energy state which will be the 
case for droplet formation. Thus, based on equation 1, 
surface energy (E) is proportional to surface area (A) and 
surface area will minimise to reduce surface energy. The 
stream needs to be disturbed sufficiently to make it 
energetically favourable to be in the droplet non-stream 
state. 
 
Equation 1:  
 
The piezoelectric blocks vibrate driving 
the natural frequencies of the stream [2] 
that then cause the disintegration of the 
stream into droplets. Theoretically the 
disturbance necessary to form droplets 
can be calculated using the simplified 
assumption that the frequencies appear to 
form a sine wave on the surface of the 
stream (as represented in figure 6). The 
area of the disturbed stream is greater 
than that of a similar undisturbed stream. 
When the surface amplitudes are 
sufficient it is energetically favourable 
for droplet formation. 
 
To calculate the surface area of the 
stream an iterative method is used by 
splitting the surface into cylinders. The 
result is then compared with the same 
volume spherical drop. The calculated 
theoretical amplitude of the wave is 
39.2µm for a 100µm pinhole.  This is a 



large displacement and corresponds to changes in the 
diameter of the stream from ~180µm to ~20µm in quick 
succession. 
 
Due to the stream’s small size, airflow can affect the 
stream disturbing the surface by greater than 39.2µm 
forming droplets. In order to minimise airflow the room 
fans must be turned off. In an ideal system the 
experiment would be conducted in a vacuum chamber. 
 
Imaging the droplets 
 
Macroscopically droplets are easily imaged using the 
flash from a commercially available camera.  In this 
experiment, however, imaging is extremely difficult due 
to the large velocity of the stream compared with the size 
of the droplets. 
 
The length of time of the flash required to image the 
droplets is of the order of microseconds because the 
velocity of the droplets that we are investigating is  
>1ms-1  and the resolution needed has a magnitude of 
micrometres.  
 

 
Figure 7: Macroscopic droplet imagery 

 
For an effective image to be taken there needs to be good 
synchronisation between the following components; the 
illumination of the stream, the shutter on the camera and 
the frame rate of the camera. This is due to the 
microsecond timing required.  
 
Use of strobe light to image the stream 
 
The strobe effect works by matching the frequency of the 
strobe to the frequency of droplet formation.  This allows 
the droplet to be illuminated only at a particular part of 
the path and successive droplets appear as a stationary 
droplet. 
 
Using a Newport shutter system [8] with white light LED 
illumination the strobe effect was tested and was found 
to exhibit a large amount of image blur due to the 2.3ms 
minimum opening time of the shutter [8].  Despite the 
strobe's high maximum frequency of 150Hz this was not 
high enough to give the resolution required. The strobe, 
however, was very effective for droplets of the order of 
millimetres in diameter as shown in figure 7. 
 
Recommended imaging technique 
 
A recommended set-up to image a 100 µm droplet stream 
is based on the work of Hector Pergamalis [2]. It requires 
the use of a high speed camera with an electronic shutter 
that operates with a microsecond pulse opening. The 

Newport shutter strobe system can be used in 
conjunction with the high speed camera to illuminate the 
stream and avoid over-exposure that could be the case 
with a continuous light. 
 
Conclusion 
 
This project demonstrated the principle of a droplet 
generator system at RAL and has successfully provided 
the starting point for further work.  
 
An overview of the droplet generator design was given 
and a simple set-up was explained. The importance of 
removing dust contamination and careful assembly was 
emphasised. The XPS motion controller and stages have 
the required accuracy (0.5µm) to position a droplet 
stream.  
 
The theoretical predictions estimate a realistic result and 
have identified the correct mechanism of droplet 
formation through reduction of the stream surface area. 
Imaging the droplets is difficult and requires a high 
speed camera as well as an electronic shutter and good 
synchronisation between illumination, camera and 
droplet frequency.  
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