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T he performance of computers
continues to improve at an expo-
nential rate: according to Moore's

law, every eighteen months the number of
transistors on a microchip doubles. The
computer industry achieves this remark-
able growth in part because of the contin-
uing miniaturization of the components
on chips. However, there must eventually
be a limit to the size of semiconductor
transistors. This limit is initially deter-
mined by the production process, and ul-
timately by the atomic scale.

The microchip industry uses optical li-
thography to etch patterns on silicon
wafers. But the projection of light patterns
has a limited precision. When the size of
the features in the pattern becomes com-
parable to the wavelength of the light, the
edges start to blur. This effect prevents the
achievement of any serious subwavelength
resolution in the process. Since the wave-
length is much larger than the size of the
molecules in the photoresist, the miniatur-
ization process is limited by the wave-
length of the light.

The blurring of the edges in optical li-
thography is an inherent property of the
wave nature of light. According to the
19th century physicist Lord Rayleigh, the
size of the smallest features one can re-
solve with light of a particular wavelength
is given by the distance between a peak
and the adjacent trough in an interference
pattern. Under ideal circumstances, the
Rayleigh limit is a quarter of the wave-
length. Today, optical lithography oper-
ates at the Rayleigh limit.

Pioneering work by Yablonovich and
Vrijen in 19991 showed that it is possible
to double the resolution of optical lithog-
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Optical lithography is used in the
manufacture of microchips to
etch patterns on silicon wafers.
Because of diffraction, the size 
of these patterns is limited by
the wavelength of the light used.
The authors present a new 
lithographic protocol that uses
the quantum properties of light.
With this new technique, it is
possible to beat the diffraction
limit and, in principle, continue
the miniaturization process until
the atomic scale is reached.

Figure 1.The principle of quantum lithography: (a) single-photon interference in a double-slit experiment
leads to a typical interference pattern. (b) When the same experiment is performed with two independ-
ent photons, only the intensity of the pattern changes, not its shape. (c) When the two photons are forced
to travel together in a nonlocal, correlated manner as a biphoton, the interference pattern becomes twice
as narrow, given a suitable two-photon resist.
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raphy by using two-photon absorption.
This is accomplished by coherently super-
posing light fields of different frequencies
and using photoresists that are only sensi-
tive to two-photon excitations. The use of
the two-photon substrate represents a de-
parture from classical physics, where light
is purely a wave phenomenon. The quan-
tum description of light in terms of pho-
tons allows for a whole new way of consid-
ering the origin of the Rayleigh limit, as
well as ways to circumvent it. In January
2000, we presented a method to beat the
Rayleigh limit in order to gain (in princi-
ple) arbitrary precision in lithography.2

We call this method quantum lithography.

Here is how it works
Suppose that, instead of using classical
waves to understand the interference on a
photosensitive substrate, we employ quan-
tum optics. We can then describe classical
interference, heuristically, in terms of sin-
gle particle-like photons traveling along all
possible paths. If there are only two possi-
ble paths for the photon (for example, in
the double-slit experiment), the interfer-
ence pattern caused by single-photon ab-
sorption at the surface of recombination

exhibits fringes with a characteristic width
that is proportional to the wavelength of
the light (see Fig. 1). We can now ask the
following question: What happens if we
have two photons taking all possible
paths? 

The answer is that we obtain the same
interference pattern, but with twice the in-
tensity. In the case of the double-slit exper-
iment, both photons travel through the
left or right slit together, or they travel
through different slits. It is not surprising
that we see the same interference pattern,
because the interference pattern should be
independent of the intensity. For example,
laser light contains many photons (ap-
proximately 1016 photons per second for a
laser pointer), and the interference pattern
does not change when the power is varied.
The reason is that every photon travels in-
dependently through either the left or the
right slit. The total interference pattern is
therefore the sum of all single-photon in-
terference intensity patterns.

The picture changes drastically when
the photons are no longer independent.
Consider, for example, the case of two
photons: it is possible to make them travel
only together, either both through the left

slit, or both through the right slit, but nev-
er through different slits. These photons
clearly would not be independent of each
other; they would be path-entangled.
Whichever path one photon takes gives
you full information about the path of the
second photon.

However, if the two photons always
travel together, they behave essentially like
a particle with twice the energy of the in-
dividual photons. Their two-mode quan-
tum state is given by |2,0�ab +|0,2�ab , where
a and b are the different paths. Such a
pseudo-particle must have its own de
Broglie wave function. A single photon has
momentum p = h/�, where h is Planck's
constant and � the wavelength of the light.
The momentum of the pseudo-particle is
then 2p, and the de Broglie wavelength is
�� = h/(2p). This wavelength is half as long
as the wavelength of the light: � = 2��. The
fringes of the interference pattern are
therefore also half as narrow. To see this ef-
fect, the surface must have a suitable resist
that is sensitive to two-photon absorption.

Conceptually, it is now a small step to
find an interference pattern that is N times
as narrow as a single-photon pattern. Sup-
pose we create a pseudo-particle consist-
ing of N photons, that is, a quantum state
|N,0�ab +|0,N �ab. The total momentum is
then given by Np, and the effective de
Broglie wavelength is �/N . This leads to an
interference pattern where the minimal
distance from a peak to the adjacent
trough is proportional to �/N . This effect
shows that if you use quantum mechanics
to create correlated many-photon states,
you can beat the classical limit set by
Rayleigh.

The distance on the substrate can be
represented by a length parameter x that is
directly related to a phase: � = 2� x/�.
Thus, the minimal unambiguous phase
shift we can measure corresponds to a shift
�x from a bright spot to a dark spot on the
interference pattern, a criterion analogous
to Rayleigh's. Thus, both physically and
mathematically, quantum lithography is
closely related to quantum-limited meas-
urements of phase.

When photons behave like independ-
ent particles, for example in laser light, the
minimal phase precision is given by the
so-called shot-noise limit 1/√�n� � 1/√I.
Here, �n� is the average number of pho-
tons in a coherent state, proportional to
the classical intensity I . This precision is
very much a classical limit, just like the
Rayleigh limit turned out to be. When we
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Figure 2.Tailoring a square-well intensity pattern with different methods:The black line rep-
resents the intensity due to a superposition of different path-entangled photon states |N-m,
m� + |m, N-m�.The grey line represents the intensity due to a Fourier approximation of the
square well.The background exposure is clearly visible.The total photon number is N = 10.
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use the path-entanglement of N-photon
pseudo-particles, as in quantum lithogra-
phy, we can boost the precision in phase
measurements to the fundamental
Heisenberg limit of 1/N, instead of �n�.
These two values can be compared when
we consider fields with equal energy 
E = �n� hc/� = N hc/�, where c is the speed
of light in vacuum. The use of optimal
quantum states thus yields a quadratic im-
provement in the precision of phase meas-
urements. In lithography, however, exotic
quantum states allow us to surpass the
classical limits entirely.

Intensity patterns
So far, we have only considered the etching
of closely spaced lines with multiphoton
pseudo-particles. Lithographic applica-
tions require more interesting patterns.
For simplicity, consider only one dimen-
sion. Any intensity pattern, as a function
of the displacement on the substrate, can
be decomposed into its Fourier compo-
nents. These components are trigonomet-
ric functions of x : cosNx and sinNx. Ex-
cept for an easily implemented phase shift,
the intensity patterns obtained with quan-
tum lithography are exactly these Fourier
components. As a consequence, by succes-
sive exposure of a suitable multiphoton re-
sist with cosNx and sinNx intensity pat-
terns, quantum lithography can, in princi-
ple, approximate any pattern in one di-
mension.

There is a catch, however. Since this
procedure involves subsequent illumina-
tion of the substrate with patterns of dif-
ferent line spacing, once a region is ex-
posed, the effect on the substrate cannot
be undone. The result is an intensity pat-
tern that matches the required pattern up
to a constant background exposure. De-
pending on the application, this might or
might not be an impediment.

Alternatively, to create more interesting
patterns, we can use more exotic quan-
tum states than the so-called noon states 
(|N,0� +|0,N �). By turning interference to
our advantage, it is possible to remove the
constant background exposure from the
final pattern. One way to achieve this is to
generalize the concept of the pseudo-par-
ticle. Instead of N photons traveling along
path a (or path b) and nothing traveling
along path b (or path a), we can split off m
photons from one path, and send them
along the other. The corresponding state is
then |N-m, m�ab + |m, N-m�ab . This will in-

crease the spacing in the interference pat-
tern. If the total number of photons N is
fixed, we can make a whole family of states
that are labeled by m, the number of pho-
tons that are split off. Since N is fixed, all
these states interfere with each other on
the substrate when they are used in a su-
perposition. Hence, such exotic superposi-
tion states may reduce the exposure in un-
wanted regions to zero.

By introducing this extra degree of
freedom, we have gained the relative quan-
tum amplitudes of the different states 
|N-m, m � + |m, N-m � to play with. We
have shown numerically that with this in-
terference method, it is possible to approx-
imate a square-well intensity pattern with-
out the uniform background exposure (see
Fig. 2). The drawback is that to do so, we
require quantum states that are quite com-
plicated, and there is no straightforward
formula to relate the required patterns to
the relative amplitudes of the states.

A third method for creating nontrivial,
subwavelength patterns with quantum li-
thography was proposed by Björk and co-
workers in 2001.3 They used the extra de-
grees of freedom of the relative amplitudes
in these multiphoton states to tailor a sub-
wavelength pixel. The advantage over our
method is that Björk et al. do not need an
algorithm relating the desired pattern to a

photonic quantum state. Pixellation of
large areas, however, might take a very
long time.4,5 In addition, the state that is
required to write a single pixel is highly
non-classical, and at least as difficult to
make as the multiphoton superposition
states described above.

These are not the only problems that
implementation of quantum lithography
has to overcome. Until now, we have im-
plicitly assumed that we have photoresists
that are sensitive to N photons. However,
while two-photon resists are under devel-
opment, little research has been done for
N-photon resists, with N greater than two.

Another difficulty is the creation of the
necessary quantum states. It is well known
that the state |2,0 � + |0,2 � can be made
with a beam splitter.6 When two identical
photons enter a beam splitter, one from
each side, both photons will emerge to-
gether from one side of the beam splitter
or the other. Because of destructive inter-
ference, they will never emerge from dif-
ferent sides, which means that we have ef-
fectively created a two-photon pseudo-
particle. For noon states, the process is not
that simple. When we are restricted to lin-
ear optics, Lee et al. have shown that one
must employ projective measurements via
post-selection to produce more compli-
cated states.7 Such a restriction would lead
to an exponential deterioration in the
probability of preparing the desired states.

Hypothetically, let's suppose that we
eventually overcome all these difficulties
and that the lithographic procedure is no
longer the limiting factor in the miniatur-
ization of microchips. On that happy day,
the feature size will only be limited by the
atomistic nature of matter. At those scales,
however, electrons no longer behave like
classical currents, and various quantum
effects will add noise to classical comput-
ers this small. As we approach the funda-
mental limits in our ability to manipulate
matter and to process information, these
quantum effects may in turn be harnessed
into quantum computers.
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If you use 
quantum mechanics
to create correlated

many-photon states,
you can beat the 
classical limit set 

by Rayleigh.


