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We propose a quantum optical method to do the subwavelength lithography. Our method is similar to
the traditional lithography but adding a critical step before dissociating the chemical bound of the
photoresist. The subwavelength pattern is achieved by inducing the multi-Rabi oscillation between the
two atomic levels. The proposed method does not require multiphoton absorption and the entanglement of
photons. It is expected to be realizable using current technology.
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It is well known that the diffraction effects limit the
feature size in optical lithography to half the wavelength
of the light according to the Rayleigh criterion [1]. There is
therefore interest in switching to a shorter wavelength to
etch smaller patterns. However, when it comes to ultravio-
let and x ray, the air and the traditional mirror begin to
absorb light significantly [2]. Because of these and other
problems, there is great interest in devising optical lithog-
raphy schemes that can overcome the Rayleigh criterion.

Recently, several schemes [3-9] have been proposed to
improve the spatial resolution of interferometric lithogra-
phy beyond the diffraction limit. The approach based on
quantum entanglement [3] requires entangled photon num-
ber states that are experimentally difficult to generate and
sustain. In order to overcome this difficulty, several ap-
proaches have been developed to achieve the same level of
resolution that are based on using classical light pulses
[5,6]. These approaches, however, suffer from reduced
visibility of generated structures. In an improved imple-
mentation of quantum lithography with classical light
[8,9], subwavelength resolution was accomplished by cor-
relating wave vector and frequency in a narrow band multi-
photon detection process. These schemes are based on an
N-photon absorption process and achieve a spatial resolu-
tion of A/(2N), where A is the wavelength of the light. The
indispensable requirement of a multiphoton transition,
however, is accompanied by the need for high light field
intensities, which makes an experimental realization of
these schemes impractical. In [10], a novel method based
on dark state physics was proposed to achieve the same
spatial resolution A/(2N) as previous schemes, but without
requiring an N-photon absorption process. This scheme
relies on the preparation of the system in a position depen-
dent trapping state via phase shifted standing wave patterns
and employs resonant atom-field interactions only. This
method, however, requires multibeams and multilambda
systems.

In this Letter, we propose a simple method to do sub-
wavelength lithography which involves essentially two
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atomic levels and does not require multiphoton absorption
and/or the entanglement of the photons.

First, we briefly illustrate our method. We simplify
the molecule as a three-level system (Fig. 1). Initially the
molecules are in the ground state |h). Then we sequentially
turn on two laser pulses with different frequencies.
The first laser pulse, whose frequency is resonant with
the energy difference between states |b) and |a), will
induce Rabi oscillations between these two states. After
that we turn on the second laser pulse, and it will only
dissociate the molecules that are in the excited states but
not those in the ground states. The molecules that are
dissociated will change their chemical properties, espe-
cially the solubility. The resulting patterns of the photore-
sist will thus depend on the spatial distribution of the
excited state induced by the first laser pulse.

To achieve the subwavelength pattern, the first step is
critical. Here we show how to prepare the molecules in a
subwavelength position dependent state via coherent Rabi
oscillations. Two beams of Gaussian pulses with the same
frequency v, same maximal amplitude E(, and same full
width at half maximum of the intensity fpwyy = 2vIn20
are incident on the photoresist from opposite directions
making an angle # with the horizontal. They then form a
standing electric field described by

2
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FIG. 1 (color online). Schematics for the proposed litho-

graphic scheme.
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where ¢ is the phase difference between these two pulses
and v, is resonant with the |a) = |b) transition. The asso-
ciated Rabi frequency is Qx(x, 1) = 2|, Ey exp(— %) X
cos(kx cosf + ¢)/h, where p,, is the electric dipole mo-
ment between levels |a) and |b) [11]. According to the area
theorem, the upper-level probability after the pulse is

1 — cos [%, Qr(x, 1)dt
P = LS 2 O
1 = cos[Qp1y cos(kxcosf + ¢)]

> 2

where Qg = 2|¢,,|Eo/h is the maximal Rabi frequency

and 1y = /7/2 In2fpwy. From the equation, we see that
the pattern is a double cosine function which depends on
the pulse strength and pulse time.

We now look at the spatial pattern in more detail. For
simplicity, we choose § =0 and ¢ = 0. Then we have
P,(x) = (1 — cos[Qqtycos(kx)])/2, from which we can
calculate the positions of the valleys and the peaks. First,
we note that the usual Rayleigh limit is obtained in the
linear approximation corresponding to )7y < 1. In this
case P,(x) = a[l + cos(2kx)] with a = Q313/8 leading
to a resolution of A/2. Next we look at the situation where
we are not restricted by the linear approximation and a
number of Rabi oscillations during the pulse duration are
allowed. When ¢, = 47, we have two Rabi cycles
leading to a subwavelength pattern with a resolution of
about A/8 [Fig. 2(b)]. Therefore it is, in principle, possible
to achieve arbitrarily smaller subwavelength patterns using
stronger field or increasing the pulse duration.

In a real system, decoherence time is an important
factor. In Fig. 2, we numerically simulate the case when
to = 7/2, where 7 is the decoherence time. We can see that
while the visibility is reduced to about 85%, the resolution
does not change. If the decoherence time decreases, we
need to use shorter pulse and larger laser power to achieve
the same resolution and the same visibility. However, in a
practical situation, there is a limitation on the pulse dura-
tion and the pulse power. The contrast would be usually
less than 100%.
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FIG. 2 (color online). (a) The Gaussian pulse. The red dashed
line is the amplitude profile and the thick dark line is the
intensity profile. (b) The pattern produced by the Gaussian pulse
when Qgty = 47r. The solid line is the result without the
decoherence while the green dashed line shows the results
with 7y = 7/2.

In general the patterns are nonperiodic [9,12,13]. We
next discuss how the periodic patterns with a controllable
harmonicity can be obtained. For the one-dimensional
case, any functions in the range L can be expanded as a
Fourier series:

flx) = % + i[an cos(anmC) + b, sin(anﬂ-x)]. 3)

n=1

For the components with periods L/n larger than optical
wavelength A, we just use the traditional techniques. For
the components with L/n < A, we apply our subwave-
length scheme. We shine two phase locked pulses with
amplitude E, from angle 6 to form a standing wave and the
third one with amplitude E; from the right angle to form
a constant background. The resulting electric field is
E(x, 1) = [2E,cos(kxcost + ¢) + El]exp(—z’—;z) cos(v;1).
When ¢ = 7/2 and nm — € = kxcosf = na + € (nisan
integer and € is a small number),

2

E(x, t) = [2Eykx cos + El]exp<— %) cos(vit). (4)
g

The gradient of intensity is approximately a constant in the
regions (n7m — €)/kcosd = x = (n7 + €)/kcosf. This
condition places restrictions on the choice of #. For
example, to generate a sine pattern in a region 10A, with
n =0 and € = 7/4, we have cosf = 1/40. The pattern
produced in the linear region is

— cos(Ax + B)

1
P,(x) = 5 , (5)

where A = Qgtykcosd and B = Qf, with Q, =
|9 »E1/R|. The coefficients A and B can be controlled by
the field strengths and the pulse time. The effective wave-
length Ay = A/(Qgty cosf) can be made arbitrarily small
by using stronger field or longer pulse duration. For
cosf = 1/40, Ay = 401/ Qty. To reach a resolution of
A/10, Qo = 400. If we ignore the constant background
1/2, when B = 0, the pattern is a cosine function; when
B = /2, the pattern is a sine function.

We now discuss a possible system to implement our
scheme. In the organic molecular photochemistry, the typi-
cal state energy diagram for the chemical bound is shown
in Fig. 3 [14]. Here S, and S, are the ground singlet state
and the first excited singlet state, respectively, and T is the
first excited triplet state. As the transition between singlet
state and the triplet state is dipole forbidden, the system is
equivalent to a two-level system discussed above. In the
figure, K is the fluorescence decay rate from S; to Sy, Kp
is the phosphorescence decay rate from 7 to Sy, while K¢r
is the intersystem crossing rate from S; to 7. To induce
Rabi oscillations, the system should stay coherent. The
typical decoherence time 7 is about 1-5 ps at room
temperature due to the interactions between neighboring
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FIG. 3 (color online). The schematics for the state energy
diagram for molecular organic photochemistry.

molecules [15]. To realize our subwavelength scheme, the
requirements for these parameters are 7, ~ 7 and K¢y >
Kr > Kp.For Kg; > Kp, intersystem crossing from S, to
T, dominates, which means that most of the molecules at
S, transfer to 7 instead of decaying to S,. As the transition
from T to S is spin forbidden, the lifetime (or phosphor-
escence time) of 7' is long. Within the phosphorescence
time, we shine the second pulse to dissociate the molecules
in state 7. These requirements can be satisfied in some
real systems. Usually, the time scale for K is 105-10° Hz,
for K¢r is 10°—10'"! Hz, and for Kpis 1072~10° Hz. The
Rabi frequency can be chosen as 10'2-10'* Hz. One ex-
ample is 1-bromonaphthalene [14] for which K ~ 10° Hz,
Kg¢p ~ 10° Hz, Kp ~ 30 Hz. To generate a pattern with
A/10 within the 10X region, we can choose #, = 5 ps and
Q, = 8 X 103 Hz. The corresponding peak power for the
field E, is 2.17 GW/cm? (with |p,,| = 10 D [16]), which
is smaller than 4.7 GW/cm? used in [17] and 3 orders of
magnitude less than that used for two-photon fluorescence
microscopy [18]. The lifetime of the intermediate state 7', is
about 30 ms, which is long enough for us to shine the
dissociation pulse. If the decoherence time of the system
is 5 ps, the visibility is about 73%.

It is worthwhile to mention that dipole-dipole interaction
or exchange interaction may induce energy transfer be-
tween neighboring molecules, which will limit the resolu-
tion in our scheme [14]. However, these effects can be
ignored for the following reasons. The dipole-dipole
energy transfer rate is of the order of fluorescence rate
when the distance between two molecules is in the range of
1-5 nm. However, as we require Kg7 to be much larger
than K, the intersystem crossing to 7'y will occur in times
shorter than that required for the dipole-dipole energy
transfer to the neighboring molecules. Also, when the
molecules are in the triplet state the dipole-dipole energy
transfer between the two molecules is forbidden. Therefore
the energy transfer due to the dipole-dipole interaction can
be ignored in our scheme. While the triplet-triplet energy
transfer is allowed by the electron exchange interaction, it
can only happen at a distance within 1 nm, which is about
the size of the molecules. Usually we cannot reach such
small patterns in the photoresist lithography.
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FIG. 4 (color online). A pictorial sketch for printing a sine
pattern in an arbitrarily large region.

It is clear that a larger peak intensity would be required if
the region over which the pattern is etched increases. For
example, if we want to produce a sine pattern in the 100
region, the peak intensity requirement in the above
example will be 217 GW/cm?, which may be very large
and impractical. For large patterns (say, in the 1000A
region), we propose a scheme as shown in Fig. 4. This
scheme allows large patterns with the same peak intensity
requirements as above. If we want to produce a sine pattern
in a large region, we can do it in two steps. First, we shine
the pulses from angle # and the period of the standing wave
Agw is A/ cosf. For example, if cos§ = 1/40, we have
Asw = 40A. The linear regions are distributed according to
(20n — 5)A = x = (20n + 5)A (with € = 7/4) and the
width of each linear region is 10A. We shine the second
pulse through the mask with 10A holes to dissociate the
molecules in these linear regions [Fig. 4(a)]. In the next
step we shift the standing wave through a phase /2 such
that the linear region also shifts a distance of 10A. This
allows us to write the sine pattern in the remaining region
[Fig. 4(b)]. After these two steps the resulting sine pattern
can be formed [Fig. 4(c)]. The power requirement remains
the same: to reach A/10 resolution, the peak power for
the field E, is about 2.17 GW/cm? (with |p,,| = 10 D,
to = 5 ps) and the peak power for the field E; is about
0.13 MW /cm?.
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FIG. 5 (color online). A 2D pattern “TAMU-KACST” printed
within one wavelength using the present method. Parameters are
M= N=15,0=280°.
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A novel feature of our scheme is that it may also be
used to generate a nanopattern using a microwave field.
For example, if two sublevels of a system have energy
difference of about 3 GHz and the coherence time is of the
order of 1 s, we can use a microwave pulse with wave-
length 10 cm and pulse duration 0.1 s to induce the Rabi

oscillations between these two levels. If 0z = 0.1 GHz,
the resolution could be of the order 10 nm.

We can also generalize our method to two-dimensional
patterns. A function in the region A X A can be simulated
by the truncated Fourier series:

PSOR 3o} [N [ S0 PP - S0 PR . RS BN S S |

m=0n=0

A

+ —

A A

= f i{amn Cos[ e cos[zwcosw) (mx + 1Y) 7Tj|j| + b, cos[ m cos[zwcos(e) (mx — ) + 77]]

0s(0)

m=0n=0

+ Coun sin[

cos(0) A JmZ+az 2

From the first equation to the second, we have chosen 6
to be near 90°. Then cos[zmTos(a) (mrtny) 4 T~ Z”CTOS((’) X
(mxim) In a practical application We 'should realize each
m?+.n? ’

éourier component one by one. For the first and third
components in Eq. (6) we shine the pulses from directions
(m% + n$)/~m? + n? while for the other two components
we shine the pulses from directions (mx — ny)/~m? + n?
and Qoty = Vm? + n?/ cos(#). In addition, due to the fact
that the constant 1/2 appears in Eq. (3), there is an addi-
tional penalty deposition Q which depends on the Fourier
coefficients. For example, applying the numerical simula-
tion we print characters “TAMU-KACST” within one
wavelength (Fig. 5). In the simulation, we take 6 = 80°
and M = N = 15. Q = 0.24h, where h is the height of the
pattern. We have a total of 15 X 15X 4 =900 compo-
nents, and each component needs four pulses (three for
standing wave and one for dissociation). Therefore, we
need 3600 pulses in total. Each component takes about
1 ms, and the whole process takes about 1 s. In our example,
with the region A X A, the required maximal power is about
200 MW /cm? for a pulse duration of t, = 5 ps.

In conclusion, we have discussed a new quantum optical
method to do subwavelength lithography which is realiz-
able using current technology. This method makes use of
Rabi oscillations between the two atomic levels. Our
method relies on the nonlinearity of the atom-field inter-
action but does not require multiphoton absorption and/or
photon entanglement.
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