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VLSI devices consist of highly complicated and dense circuit patterns. Lithography is the 

process by which the circuit patterns are transferred on to the semiconductor wafer, and current 
techniques can offer resolutions of around 100nm. However, as demand increases for smaller 
devices, the resolution offered by current techniques will not be satisfactory. We will look at 
current techniques, the theory behind them and how they can be improved. We will also consider 
the other options open to the industry as we move into the 21st century. The systems under 
development will lead, in around 2014, to nanometer-scale devices for which we must consider 
quantum effects. 



 
5.1 Introduction 
 

Lithography is the process by which the components of semiconductor devices are 
manufactured. Advances in lithography have played a key role in the increase in the integration 
density of silicon chips in modern technology, roughly in accordance with Moore's Law, as 
explained in section 6.5 of this report. The advances in lithographic techniques have lead to an 
increase in chip yield and a reduction in the cost per chip. In this section, the basic principles of 
optical lithography, the most common technique in use today, will be outlined, as well as the 
limitations of this technique. We will also look at how improvements to optical lithography can 
be made to help sustain the rate of miniaturization for several years to come, as well as looking at 
alternative lithographic techniques under development, which may be able to take the industry 
beyond the limitations of optical lithography. 

The term lithography stems from the art world. It is a kind of art made by impressing, in 
turn, several flat embossed slabs, each covered with a greasy ink of some colour, on to a piece of 
paper. The various colours, or layers, must be accurately aligned to each other to within some 
registration tolerance. Therefore, many originals can be made from the same set of slabs, as long 
as the quality remains high enough. This is the basic principle in semiconductor lithography. The 
process allows mass production of components, which are approximately identical to within 
required accuracy. The circuit pattern is projected or directly written on to the semiconductor 
wafer, or resist, with the aid of a mask. This mask can be used over and over to produce near-
identical components. The properties of the resists were described in section 2.0 of this report. 

Several methods can be used to project the circuit pattern on to the wafer. Here, we will 
outline the most popular within the industry and some of the methods under development - 
optical, X-Ray, Extreme Ultra-Violet, electron beam and ion beam lithographies. 
 
5.2  Optical Lithographic Techniques and Theory 
 
5.2.1 Basic Overview 
 

 Over the past three decades, the length-scales of the component devices have decreased 
from around 15µm to around 180nm. However, the means by which the components are 
manufactured, optical lithography, remains principally the same. Optical lithography comprises 
the formation of images with visible radiation in a photo resist using proximity or projection 
printing. These methods rely upon a mask to form the beam for the necessary image to be formed 
on the resist. The basic setup for optical lithography is shown in figure 5.1. The masks are 
produced by electron beam lithography, to be discussed in section 5.3. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1 - Basic outline of optical lithography processes1. The diagram shows the optical 
radiation entering the system, which is then filtered by the chromium mask. The image is then 
projected on to the resist, and any non-exposed material removed during development. 
 

Optical lithography, in its current form, is bound by some key parameters - numerical 
aperture, depth of field, and resolution. The unexposed parts of the resist gradually receive 
radiation because of diffraction in the system and scattering in the resist and substrate layers, and 
hence, this affects the resolution of the system, as we will see later. 
 
5.2.2  Diffraction, Resolution and Depth of Field 
 

 One of the key factors in optical lithography is resolution. Because the mask essentially 
acts as a set of slits, we get diffraction within the optical lithography system. Firstly, we must 
determine which type of diffraction we see in the lithographic systems. Waves from the light 
source are emitted spherically. Therefore, we also get spherical waves from the aperture. If the 
screen (or in this case, the resist) is close to the aperture (or mask), then the curvature of the 
spherical wave is important. This results in an image which will be similar to the aperture, and is 
known as Fresnel diffraction. As the distance between the aperture and the screen is increased, 
the image will look less like the aperture. Beyond a certain distance, known as the Rayleigh 
distance (RD), there will be little change in the shape of the image, only its size will change. This 
is due to the curvature of the spherical wave becoming negligible, and is this diffraction regime is 
known as Fraunhofer diffraction. The Rayleigh distance, RD is given by2:  
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To explain this, we look at waves coming from two different apertures (or gaps in the 

mask in the lithographic case). The waves diffract, producing Airy’s rings on the resist surface, as 
shown in figure 5.2 (a). If we decrease the spacing of the gaps on the mask, we bring the Airy’s 
rings closer together. For the integrated circuit pattern produced by this process to be useful, the 
rings must be distinguishable, or resolvable. This case is shown in Figure 5.2 (b). 
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Figure 5.2- Airy’s Rings resulting from diffraction of a parallel beam of light passing through a 
pair of apertures, as in an optical lithography system3.  
 

Now, let us consider how far apart two of these spots must be in order to be 
distinguishable. The two images are distinguishable when the maximum intensity of one set of 
Airy's Rings coincides with the first minima of the second set of Airy's Rings. This is illustrated 
in Figure 5.3. 
 

 
 
 
Figure 5.3 - The intensity of Airy’s Rings from two neighbouring apertures4. The combined 
profile is shown as a dotted line. This figure shows the Rayleigh resolution limit, equal to a 
distance of D1/2 on the screen (a resist in the case of lithography). 
 

 From figure 5.3, we can see that in order for the two points to be resolved, a distance of 
D1/2 must separate the peaks of intensity. The apertures subtend a semi-angle α at the resist 
surface. Now, by manipulating the basic properties of the system, we can derive an equation for 
the minimum resolvable separation (D1/2). 

 To achieve this, we consider light diffracting from a single circular aperture, as shown in 
Figure 5.4. 
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Figure 5.4 - Diffraction from a single circular aperture with diameter a. The intensity maximum 
(P) and the first minimum (P') are separated by D1/2 on a screen at a distance X from the 
aperture. 
 

From basic optics 2, we have that  
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We now consider the case of projection optical lithography, where a lens is placed 

between the mask and resist (aperture and screen). Now the distance X becomes the focal length 
of the lens, f. Therefore, equation 5.2 becomes 
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We can eliminate the width of the aperture from this equation by considering the angle it 

subtends from the resist, as shown in Figure 5.5. 
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Figure 5.5 - The aperture subtends a semi-angle α at the screen. We use this to replace 
the width of the aperture with it's semi-angle in our mathematical model for resolution. 
 

From Figure 5.5, we can derive an equation for the width of the aperture in terms of its 
distance from the screen and its semi-angle. We find that 
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We can then replace a in equation 5.3, to give us an equation for minimum resolvable 

separation in terms of the focal length of the lens and the semi-angle of the aperture. 
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We note at this point that the focal length has a refractive index dependence. If we wrap 

up the other constant features of the focal length with the 0.61 factor, we can re-write the 
equation as 
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Here, R is the minimum resolvable separation (D1/2), k1 is a constant dependent on the 

absorbing properties of the resist, and the type of radiation used in the system, λ is the 
wavelength of the exposing radiation and µ is the refractive index of the resist. The quantity 
µsinα is usually referred to the Numerical Aperture (NA). Therefore, equation 5.6 becomes 
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We can now move on to consider the depth of field of the system. The image formed in 

an optical system is only brought to focus in the appropriate plane (or more accurately, a sphere). 
The depth of field is the distance over which the image retains an acceptable focus, and is 
illustrated in Figure 5.6. 
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Figure 5.6 – The depth of field of an optical system, represented here as h, is the distance either 
side of the plane of optimum focus over which the image retains an acceptable focus4.  
 

As with resolution, we find that the depth of field is related to D1. By simple geometry, 
we find 5 
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By considering equations 5.7 and 5.8, we see that resolution and depth of field are in 

conflict. Depth of field is improved (increased) by increasing the wavelength of the radiation and 
by decreasing the numerical aperture. However, decreasing the wavelength and increasing the 
numerical aperture improve resolution. Therefore, a compromise is needed between resolution 
and depth of field. With today's equipment, the positioning of the resist within the lithographical 
system can be accurately controlled, and depth of field becomes less of an issue. We also must 
note that as the wavelength decreases, the photon energy increases6, and therefore the photons 
will penetrate further in the resist polymer. Therefore, the industry can concentrate on improving 
resolution in lithographic systems, as the depth of field is a minor factor. Obviously, the industry 
cannot neglect the depth of field of the system, but resolution is the primary factor. 

 
 
 



5.2.3    Optical Lithography Methods 
 
5.2.3.1 Proximity Optical Lithography 
 

Proximity optical lithography is relatively simple, as it requires no image formation 
between the mask and the resist. The proximity system is essentially made up of a light source, a 
condenser, a mirror, a shutter, a filter (the mask) and the stage on to which the resist is positioned 
(Figure 5.7). 
  

 
 
Figure 5.7 - Proximity optical lithography beam formation setup 7. The beam then enters the 
mask and resist section of the system, as shown in Figure 5.1. 
 

In proximity lithography, the mask-resist separation is usually around 20 to 50µm, and 
leads to an acceptable resolution for today's devices of around 500nm. However, diffraction 
occurs between the mask and the resist, and so we can increase resolution by narrowing the mask-
resist separation. Indeed, a much better resolution would be achieved if the resist and the mask 
were in contact. 
 
5.2.3.2  Contact Optical Lithography 
 

If we bring the mask into contact with the resist, we remove any diffraction that may 
occur between the mask and the resist. By doing this, the resolution of the system is increased 
without having to change the exposing wavelength or the numerical aperture of the system. 

In contact lithography, the mask is pressed against the resist with a pressure of typically 
around 0.3atm. The system is then exposed using light with a wavelength of around 400nm. This 
makes resolution of around 0.5µm possible, but the very nature of contact between surfaces 
means that resolution will vary across the resist. The contact also results in deformity of both the 
resist and the mask, and therefore the mask can only be used for a short time (compared to 
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proximity lithography). However, provided the masks are relatively inexpensive to produce, and 
the deformity to the resist is acceptably small, contact lithography is a better method to use than 
proximity lithography as it produces an improved resolution. 

We can help to overcome the issue of non-uniform resolution across the resist by 
introducing flexible masks, which help to obtain better contact with the resist material, and result 
in a more uniform resolution. Typical materials include PMMA (Poly-methyl methacrylate), 
Quartz and Al2O3

1.  
 
5.2.3.3  Projection Optical Lithography 
  

Projection optical lithography offers higher resolution than proximity and contact 
printing, and resolutions of 0.35µm have been reported 1. Projection printing relies on an image 
formation system between the mask and the resist. 
 

 
 
Figure 5.8 - Schematic view of the exposure system in proximity optical lithography. Resolution 
enhancements can be applied at various stages, as indicated on the left of the figure 5. This gives 
several methods by which optical lithography can be improved. 
 

 Because the beam is focused between the mask and the resist (wafer in Figure 5.8), the 
resolution of the system is good compared to techniques discussed earlier. We can also see that 
the projection system consists of several sub-systems, each of which can be manipulated to 
improve the overall resolution of the system. The numerical apertures of the lenses can be 
increased up to around 1.6, the practical limit (sinα term has a maximum of 1, µ typically 1.5 to 
1.71). However, we can see from equation 5.7 that a greater improvement in resolution will be 
given by decreasing the wavelength of the exposing radiation (as we want to make R as small as 
possible). Therefore, we must look at going beyond optical wavelengths with a view to using 
ultra-violet and X-ray radiation in lithographical systems. However, in the short term, sufficient 
improvements to optical lithography can be made to ensure it remains the primary LSI production 
technique for approximately five years. Phase-shifting masks 1,5,8 are under development within 



the industry, and lasers are being used within the industry to give more coherent light sources, 
which in turn results in a more uniform resolution across the resist. 

 At present, most LSI circuits have a critical dimension of 180nm for each section of the 
circuit pattern. This is achieved by using partially coherent light from a KrF laser (λ=248nm) in 
combination with some resolution enhancement techniques including phase-shifting masks 8 and 
advanced resists. Lasers with yet shorter wavelengths are being developed using ArF (λ=193nm) 
and F2 (λ=157nm). The development of these lasers will further enhance the resolution achieved 
in optical lithography. It has been found 9 that the best resolution for λ=193 nm is 150nm, whilst 
for λ=157nm, the best resolution is 125nm. 
 The microelectronic industry is constantly striving for reductions in component sizes. 
Therefore, at some point in the future a resolution better than 125nm will be required. To achieve 
this, the lithographic industry either has to improve optical lithography by using phase-shifting 
masks, or look to shorter wavelength radiation to improve resolution. 
 
 
5.2.2.4  Phase-Shifting Masks 
 

One possible method for improving the current optical lithography system is to introduce 
phase-shifting masks. These masks shift the phase of certain parts of the transmitted beam by π. 
This has the effect of eliminating the radiation received by the resist between two adjacent parts 
of the circuit pattern, as shown in Figure 5.9. 

 

 
 

Figure 5.9 - The principle of phase-shifting masks1. The intensity received by the resist in the 
region between the two intensity peaks becomes negligible. Therefore, we can bring the peaks 
closer together, and therefore improve the resolution of the system (N.B. I is proportional to E2). 
 
 Phase-Shifting masks are a relatively new introduction into the optical lithography 
system. It is expected 8 that these masks will reduce the resolution of the optical lithography 
systems below 100nm. 
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5.3  Alternative Lithographies Using Electromagnetic Radiation 
 
5.3.1  Ultra-Violet Lithography 
 

Shortening the wavelength from optical to ultra-violet offers a viable alternative to 
optical lithography as the requirement for smaller circuit patterns increases beyond the present 
capabilities of optical lithography. Extreme Ultra-Violet (EUV) lithography 10 uses the same 
principle as the projection optical system. Rayleigh's equation still holds, as does the expression 
for the depth of field (equations 5.7 and 5.8 respectively). Using ultra-violet wavelengths of 11-
13nm gives a resolution which is significantly better than the optical system. However, this 
introduces its own problems. 

The absorption of radiation at this short wavelength is very strong. Therefore, lens-based 
refractive optics cannot be used in this lithographic system. Instead, a reflective optical system 
must be used. However, at these wavelengths conventional mirror surfaces cannot be used as they 
are transparent, so multi-layer devices which rely on interference for reflection, must be used. In 
the U-V region, these devices usually have a reflectivity of only 60-70%, and hence the number 
of "mirrors" in the system must be kept to a minimum or the intensity level reaching the resist 
will be insufficient. The requirement for fewer optical components means that asymmetric 
mirrors may have to be introduced. Such mirrors need to be extremely precise, with errors of the 
order of 0.1nm. Therefore, an extremely precise mirror manufacturing technique would need to 
be developed first. The multi-layer reflectors consist of a large number of alternating layers of 
materials having dissimilar optical properties. They provide a constant reflectivity when the 
thickness of each layer is λ/2. Obviously, the nature of these reflectors make manufacturing 
difficult, but without them EUVL would be impossible. However, the system gives a resolution 
of less than 100 nm, justifying the development of this system in the future11. 

The source of the U-V radiation is another problem. Radiation of this wavelength is more 
energetic than visible light, and therefore we must have higher-powered energy sources to 
produce the U-V radiation. The best candidate at present is a laser-produced plasma of xenon gas, 
although several other sources, including synchrotrons, are under development10.  

We also face problems with the resists. Resists which strongly absorb EUV radiation 
need to be developed before the technique can be fully utilized. In development are resists which 
consist of fewer layers (to enable miniaturization), which also strongly absorb EUV radiation. As 
the features printed on the resist have become smaller, the rough edges of the printed lines have 
become a problem. The problem stems from diffraction, as well as using normal transverse waves 
to try and print straight lines. This is a problem for all lithographic techniques, but a successful 
EUV resist would be required to solve this problem in the case of EUVL. 

The technique is not expected to have to be implemented until 200511, so many years 
remain to address the practical issues of using this lithographic technique. The obtainable 
resolution of this system (70nm9), with a numerical aperture of 0.1 and depth of field of 1.1µm, 
will be good enough (at the present rate of miniaturization), to see the industry through to around 
2008. 
 
5.3.2  X-Ray Lithography 
 

We can continue to decrease the wavelength to X-Ray wavelengths (~0.1nm). This still 
improves the resolution of the beam, but with the very nature of X-Ray radiation the majority of 
absorbing materials at optical wavelengths (e.g. Chromium) become transparent at X-Ray 
wavelengths2. 

In X-Ray lithography, an X-Ray source 1 illuminates a mask which casts a shadow on the 
resist. Overlaying the pattern, made out of X-Ray absorbing material, on to a transmitting 
material, produces the mask used in X-Ray lithography. Any materials to be used in the absorbing 
part of the mask must have high absorption coefficients in the X-Ray region 1. 



 

 
 
Figure 5.10 - Typical mask structure in X-Ray proximity lithography contrasted with optical 
lithography (left hand side of figure). Before the X-Rays reach the mask, they are collimated by a 
silicon carbide mirror, and passed through a Beryllium glass window. We note that the patterns 
on the X-Ray lithography masks, as well as the optical lithography masks, are produced by 
electron beam lithography. 
 

The absorption coefficient of any elementary material of atomic number Z and density ρ 
is proportional to ρZ4λ3  1 over a wide range of wavelengths. However, the proportionality 
constant drops in a step function fashion at the absorption edge. This is a wavelength which 
corresponds to the ionization energies of inner K-shell electrons. 

X-Ray lithography uses the proximity method as shown in optical lithography previously. 
The mask casts shadows of the pattern on to the wafer below, and we can neglect any diffraction 
that may occur because the wavelength of the exposing radiation is so short compared to the 
optical case. However, the pattern cast by the radiation is not perfectly sharp as the X-Ray source 
has a finite size, and is not small enough to be considered as a point source at the mask. We must 
also take into consideration the fact that no material is entirely transmissive or absorptive, and 
therefore the intensity of the X-Rays will drop whilst passing through the mask. 

Whilst proximity lithography is the preferred technique when using X-Rays, the 
projection technique could also be used. However, the difficulties with using this technique are 
even more of a problem at X-Ray wavelengths than at ultra-violet wavelengths. The materials 
which form the multi-layer mirrors have to be strong absorbers at short wavelengths, and the 
layers themselves must be only a few nanometers in thickness, hence being more difficult to 
produce than their ultra-violet lithography counterparts. We must consider projection X-Ray 
lithography as very much a technique under development, and one that may become a useful tool 
in the future. We know from optical lithography that the resolution will be better than the 
proximity technique, but the manufacturing technique for the mirrors needs to be enhanced before 
projection can become a viable alternative in the X-Ray region. 

Because of the problems with the projection technique in the X-Ray region, the proximity 
technique is most commonly used. Due to the shortening of the wavelength, pattern resolutions of 
less than 50nm are possible with X-Ray radiation (with the theoretical limit9 lying at 30nm), 
ensuring that the industry has a lithographic technique of sufficient quality in terms of resolution 
until around 200811. 
 
5.4  Light-Matter Interaction 
 

To understand how lithography works (in terms of the actual printing of the patterns) 
more deeply, we need to understand the interactions between photons of light and the matter in 
the resists. The interactions lead to the production of the patterns on the resist by changing the 
solubility of the exposed region. 

In optical lithography, there are two types of resist - positive and negative. Negative 



resists become less soluble on exposure to photons, whilst positive resists become more soluble. 
The change in solubility is due to a set of chemical reactions which occur as the photon scatters 
and loses energy in the resist polymer material. The photon gives up its energy by breaking bonds 
in the resist polymer, thus causing the reactions. 

Negative resists generally consist of a chemically inert film-forming component along 
with a photoactive agent. The photoactive agent releases nitrogen gas on exposure to light and the 
radicals generated in this reaction react with the C=C and C=O double bonds within the polymer 
to form cross-links between the polymer molecules1,7. This results in the exposed region of the 
polymer becoming less soluble in the developing solvent. We must also note that the free radicals 
can react with oxygen in air and then not form cross-links in the polymer, therefore becoming 
detrimental to the process. As a result, the resist is usually exposed in a vacuum or an inert 
atmosphere. The developer solvent then dissolves the unexposed regions of the resist. During this 
process, the cross-linked polymer molecules tend to swell as they now have a lower molecular 
weight, and therefore distort the pattern on the resist. This can limit the overall resolution of the 
pattern. 

Positive resists have two components - a resin and a photoactive compound. When the 
photoactive compound is exposed, it is effectively dissolved from the surface of the resin. Bonds 
are then broken within the resin itself, therefore increasing its solubility. Therefore, with positive 
resists, we expose the section of the resist which is not required for the final integrated circuit 
pattern. This is known as shadow printing. The unexposed parts of the resist polymer have their 
original molecular weight, and therefore swell less than in the case of the negative resist. This 
will improve the resolution of the pattern, but only by a small amount. 
 
5.5    Particle-Based Lithography 
 
5.5.1 Electron Beam Lithography 
 

So far, we have discussed only lithographic techniques which use electromagnetic 
radiation to produce the features on the resist. These techniques can get the resolution down to 
30nm at X-Ray wavelengths. However, as shorter resolutions are demanded by the technological 
industry, we must use shorter wavelengths. Gamma rays cannot be used, as neither the mask nor 
the resist will absorb them. From the quantum mechanical principle of wave-particle duality6 and 
the de Broglie equation (equation 5.9), we find that an electron with energy of 10keV has a 
wavelength of around 12pm. This obviously represents a huge reduction in wavelength compared 
to X-Ray radiation, and therefore electron beam lithography has the possibility of better 
resolution than any of the electromagnetic methods previously considered. 
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Electron beam lithography replaces the photons with an electron beam, and utilizes a 

different optical system with image formation between the source and the resist with no mask in 
the system. 

 



 
 

Figure 5.11 - Basic electron optical column in which the beam is formed1. The image is formed 
on the resist, and the deflectors control the position of the beam on the resist.  
 

 Because we are using a beam of electrons, whose direction can be controlled by a 
magnetic field, there is no need for a mask in the lithographic system. A computer controls the 
strength of the magnetic field, whilst there is very little diffraction from the electrons, so the 
patterns produced on the resist are extremely accurate, even though we get an element of 
scattering in the resist. Indeed, the patterns are so accurate that electron beam lithography is used 
to fabricate the masks for the electromagnetic radiation techniques1. 

 Whilst electron beam lithography offers a more accurate technique and higher resolution, 
there are some problems. The system has a very low throughput, and writing very fine patterns on 
the resist is a slow process as only one point on the resist can be exposed at any given time. This 
also has an implication in mask fabrication. As the patterns have become more dense (roughly in 
accordance to Moore's Law12), the fabrication of the masks has become increasingly slow, and 
this has become prohibitive to the industry. Therefore, there has been considerable interest in 
improving the throughput in electron beam lithography, generally concentrating on shaping and 
enlarging the size of the beam. For example, the ability to vary the size and shape of the 
(rectangular) electron beam means that the writing process is more or less independent of the 
minimum feature size. However, to further decrease the time to complete the process, we need to 
develop systems capable of parallel exposure. When these systems have been developed, many 
parts of the pattern could be written simultaneously, hence overcoming the problem of slow 
production. Three candidates for parallel exposure have so far emerged - cell projection, 
SCALPEL5 (resolution at present = 24nm) and PREVAIL5. It should be noted that these systems 
are still under development, and not yet in use in mass-production of integrated circuit patterns. 
With the continued improvements to electron-beam lithography systems, it is expected that this 
technique will carry the industry beyond 22nm resolution, and will serve the industry until at least 
201411. 
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5.5.2  Electron-Matter Interaction 
 

Despite the fact that we consider electrons to be waves in the lithographic system, they do 
not interact with matter in the same way as electromagnetic waves. Indeed, when electrons 
interact with matter, we consider them to be charged particles and not waves. 

Electron exposure of resists occurs through bond breaking or the formation of bonds 
between polymer chains. The incident electrons have energies far greater than the bond energies 
of the molecules in the resist, so the exposing beam of electrons can directly cause molecular 
reactions. Both bond formation (due to the electrons being captured) and bond breaking (due to 
the energies of the electrons) occur simultaneously, the dominant process being determined by the 
nature of the resist (positive or negative). 

In negative resists, bond formation dominates and the electron-induced crosslinks 
between molecules make the resist polymer less soluble in the developer solution. Indeed one 
crosslink per molecule is sufficient to make the polymer insoluble, therefore allowing us to 
remove the remainder of the resist, leaving just the pattern made from the insoluble polymer 
behind. If larger molecules are used, then we require less crosslinks per unit volume to make the 
polymer insoluble. 

In a positive resist, the bond breaking process dominates. Exposure to the electron beam 
results in a reduction of molecular weight as molecules in the polymer are broken up. This leads 
to greater solubility than the unexposed parts of the resist, allowing us to remove the exposed part 
and leave the rest of the resist material. 

One of the major factors limiting electron beam lithography is electron scattering. When 
electrons are incident on the resist, they enter the material and lose energy by a series of 
collisions. This process is known as electron scattering, and produces secondary electrons, X-
Rays and heat (N.B. some electrons may also be backscattered). This characteristic of electrons 
interacting with matter limits the resolution of the system. 

 

 
 
Figure 5.12 - Electron scattering volume in a material13. Here, we see the depths from which 
different types of scattering occur. Decreasing the beam voltage decreases the volume, but this is 
not advantageous to throughput. Therefore, a compromise must be reached. 
 



5.5.3  Ion Beam Lithography 
 

 In electron beam lithography we get an element of backscattering from the resist, and 
removing or reducing this factor will improve the resolution of the system. This is one advantage 
of using ions instead of electrons, as the ions are more massive. From the de Broglie equation 
(equation 5.9), we notice that the more massive ions will have a shorter wavelength than 
electrons, also leading to an improvement in resolution. We must also consider the fact that the 
resists are more sensitive to ions than electrons1. Increasing the energy of the ions increases the 
yield up to a point, but then this becomes a problem when the ions start penetrating too deeply 
into the resist. However, we need to put enough energy into the system to produce the ions. 
 Ion Projection lithography (IPL) systems are of two types - focused beam system and a 
mask-beam system. We have met these methods previously - focused beam in electron beam 
lithography, and the mask-beam system in electromagnetic lithographic techniques.  
 Hydrogen or Helium gas is used as the source for IPL14. The H+, H2

+, H3
+ or He ions are 

extracted from a source at around 10 keV, and sent through a set of initial lenses. The ions then 
pass through a patterned stencil (a silicon membrane), and enter a multi-electrode electrostatic 
lens system which projects a magnified image of the mask on to the resist. Whilst passing through 
the electrostatic lens system, the ions are accelerated up to 200keV to ensure absorption in the 
resist. This technique, along with several others5, is in the very early stages of development. IPL 
could eventually yield a resolution of the order of a nanometer, with present resolutions around 
45nm9. 
 
5.6  Comparison of Methods 
 
 We have now looked at the main current lithographic methods either in use or under 
development. We need to compare the different methods (Figure 5.13), to see which gives us the 
best resolution whilst still be physically and financially viable. 
 

Parameter 193nm 
Optical 

126nm 
Optical U-V X-Ray Electron 

Beam Ion Beam 

Effective 
Wavelength 193nm 126nm 11nm 0.1nm 12pm 0.1pm 

Exposing 
Particle photons photons photons photons electrons ions (protons) 

Type of 
Optics transmission Reflective Reflective Reflective Electromagnetic Electromagnetic 

Mask Type transmission Reflective Reflective 
(multilayer) Transmission None Transmission 

Resolution 
Limit 100nm 100nm 45nm 30nm 22nm 2nm 

Typical 
D.O.F. 400nm 500nm 1100nm large large 

(scattering) 
large 

(scattering) 
Year until 
technique 
gives good 

enough 
resolution 

2005 2005 2008 2011 at least 2014 at least 2014 

 
Figure 5.13 - A comparison of the characteristics of the lithographic systems considered in this 
report9. Here, we can see the benefits, in terms of resolution, in reducing the effective wavelength 
of the exposing waves (or particles behaving as waves). By changing from optical methods to ion 
beam lithography, the resolution limit improves by a factor of 50. 



 
 From figure 5.13, we can see that Ion Beam lithography gives us the best overall 
resolution. The ions have smaller wavelengths than X-Rays or electrons, and by equation 5.7, this 
must give us the best resolution, neglecting scattering and other factors. However, with electron 
beam systems already in use to produce optical lithography masks, it is most likely that the 
industry will turn to electrons before ions. There is a long way to go before the industry demands 
the resolution given by electron beam lithography. In the meantime, improvements may be made 
to optical lithography, as well as possibly moving to ultra-violet and X-ray wavelengths.  
 
5.7  Summary 
 

• In this section, we have seen how the basic optical lithography systems work, and that in 
around four years the industry will be demanding better resolutions than those offered by 
optical lithography. 

 
• We have seen that one possible improvement to the resolution offered by optical systems 

involves bringing phase-shifting masks into the system. 
 

• We have also seen that shortening the exposing wavelength to ultra-violet and x-ray 
wavelengths can offer improved resolutions, but problems with the systems can occur as 
the photons become more energetic at these wavelengths. 

 
• In its quest for shorter wavelengths, the industry can turn to electrons. Many electron 

beam systems are in use today to manufacture optical lithography masks. These systems 
are highly accurate, but at present do not allow parallel exposure, and are therefore too 
slow for mass production of integrated circuits. 

 
• We have also seen that the integrated circuit patterns are created by bond breakage or 

bond formation within the resists. The remaining patterns are then etched on to the 
semiconductor wafer 1 to produce the transistor itself. 

 
• As the industry goes into the 21st century, the demand for smaller integrated circuits will 

increase. The circuits have smaller travel-times, and are therefore quicker than larger 
circuits. They also require less material, and hence they are cheaper to produce. In around 
thirteen years11, the industry will demand circuits with components small enough for 
quantum effects to come into play (dealt with in section 6.0), but to get there the 
lithographic industry must develop new techniques which offer improved resolution and 
smaller integrated circuit pattern sizes. 
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