





ABSTRACT

SUBMICRON PATTERNING USING
LASER INTERFERENCE LITHOGRAPHY

Luigi Poll:Za Verdoni

In this thesis, the theory, fabrication protocol, and initial results of an alternative nano-
patterning technique called Interferometric Lithography (IL) are presented. Comprised
of the identical process attributes of traditional projection photolithography, IL mirrors
the wafer preparation and development procedures of our existing clean room
capabilities. The main departure is solely in means of pattern delineation. IL is a “mask
less” technique that employs the interference fringe pattern of two coherent beams, and
can therefore be generated with a commercial laser. Due to its simplicity,
Interferometric Lithography provides an attractive supplement to existing methods of
nano-patterning.

Utilizing a 325 nm HeCd laser and a wavefront division interferometer, a grating
with a period resolution of 600 nm was achieved. An effective protocol was evaluated
for quantifying the exposure characteristics of Shipley 1805 positive photoresist. In
addition, an optical diagnostic was developed to interrogate the integrity of the grating
structure, providing a qualitative assessment prior to investigation under the electron

microscope.
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CHAPTER 1

INTRODUCTION

1.1 Research Motivation and Scope

The insatiable consumer demand for sophisticated computing applications has led to the
widespread proliferation of digital media. Advances in processing, data storage, and
internet communications have necessitated the rapid evolution of the contemporary
microprocessor. The vast strides in processor performance speeds can be proportionally
linked to the progress in reducing the size of the microprocessor. Advancement over the
previous four decades has led to the reduction of feature sizes by a factor of two virtually
every 18 months[1].

The semiconductor industry has met this challenge and is poised to attain 45-nm
features by 2010. However, future progression for device miniaturization will push
conventional patterning techniques to their theoretical limits and require the employment
of complementary fabrication methods. Modern nanotechnologists continue to draw upon
theories and practices from both traditional solid state physics and more recent chemical
and bio-inspired arenas. This departure from the standard demarcation between traditional
VLSI (Very Large Scale Integration), and “Wet” chemical techniques is most evident in
the field of nanopatterning, where the merging of “Top-Down” [2-5] and “Bottom-up”
[6-8] paradigms have literally allowed the fabrication of custom materials one molecule at
a time. Though largely motivated by the semiconductor industry, the techniques employed
for obtaining nanometer digital device structures have facilitated substantial breakthroughs

in multiple disciplines. VLSI patterning methods have become invaluable to a broad



spectrum of technologies including, field emission displays [9], nanofluidic devices [10],
block copolymers [11], and template induced growth of nano-structures [12].
Advancements in the conventional photolithographic system continue to form the
infrastructure for high resolution nanopatterning, enabling extensive progress in a variety

of applications beyond semiconductor electronics.

1.2 Conventional Photolithography
The inception of the integrated circuit was a seminal event that heralded not only the dawn
of computers, but the standard manufacturing processes that have culminated to what we
refer to today as VLSI or very-large-scale-integration. This term denotes electronic chips
with 10°-10° transistors on the board. VLSI primarily employs the standard device
fabrication and integration technique of Photolithography (Figure 1.1). A semiconductor
wafer is decontaminated and placed in an oven where a protective oxide layer is grown,
this layer is integral to future device architecture, and aids in the demarcation of subsequent
patterning. A photo-sensitive polymer, or photoresist containing photoinitiators,
photosensitive resin, and additives, are applied via spin coating. An intermediary heat
treatment ensures the uniformity and integrity of the layer upon the oxide/wafer stack, and
the removal of excess solvent. The desired mask pattern, containing the intricate board
layout, is transferred to the resist coated wafer through sufficient exposure to optical
radiation. The photosensitive resin can be either polymerized/crosslinked, or decomposed
via the generation of radicals or cations. This results in a solubility change from the initial

medium. Subsequent chemical development effectively removes the soluble areas of the









(b) Perhaps the main enabler in reducing feature size has been the implementation
of shorter wavelengths of illumination, A, (Figure 1.3). Unfortunately, one cannot
indiscriminately select shorter wavelengths of radiation without meeting the
necessary requirements that include both sufficient source power, and optical
transparency of the transmission components. The push into the “extreme” ultra
violet regime (<200 nm) has yielded a litany of technical obstacles including
scarcity of high quality material and the transition to more expensive and
complex reflective components.

Year Linewidth (nm) Wavelength (nm)

1986 12300 436 g-line mercury lamp
1988 800 436/365

199} 300 365 i-line mercury lamp
1994 350 365/248

1997 250 248 KrF excimer laser
1999 180 248

2001 130 248

2002 90 248/193

2005 65 193 ArF excimer laser
2007 45 193/157

Figure 1.3 History of radiation sources for photolithography.

(c) The final variable in the resolution equation that can be manipulated is an
increase in the Numerical Aperture, NA, of the projection lens delivery system.
For a given imaging system, NA = n sinf, with n the index of refraction and
0 being the half angle of incidence upon the wafer. With a fixed angle of
convergence, researchers have successfully increased the NA by increasing the
refractive index of the medium between the projection system (Figure 1.4) and
substrate. The use of higher index fluids has spawned the field of Liquid-
Immersion Lithography [14], which is poised to supplant existing exposure
schemes in order to keep pace with industry milestones.












1.4 Organization of Thesis

In this thesis, the theory, fabrication protocol, and initial results of an alternative
nano-patterning technique called Interferometric Lithography (IL) are presented.
Comprised of the identical process attributes of traditional projection photolithography, IL
mirrors the wafer preparation and development procedures of our existing clean room
capabilities. The main departure is solely in means of pattern delineation. Interference
Lithography is a “mask less” technique that employs the interference fringe pattern of two
coherent beams, and can therefore, be generated with a commercial laser. Due to its
simplicity, Interferometric Lithography provides an attractive supplement to existing
methods of nano-patterning.

In the second chapter, the derivation of the interference equation and the resultant
resolutions are provided. The contrast and coherence constraints are elucidated and a
viable metric of visibility is determined for a specified exposure configurations. Later
chapters encompass the fabrication of a Lloyd’s Interferometer, initial experimental
exposures, and quantification of dosage conditions. Finally, preliminary results are

evaluated and conclusions are drawn to facilitate an effective protocol for future exposures.
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between the individual waves. Under specific conditions the phase argument dictates a
subsequent intensity of periodic, spatially bright fringes due to constructive interference,
and dark fringes due to destructive interference.

Analogous to traditional photolithography, the metric for successful patterning is
intimately related to the transfer of the mask pattern. The efficacy of Interferometric
Lithography is associated with the coherence of the interference pattern formed, and
warrants a closer inspection to the factors that contribute to its integrity. Two waves are
defined with respective phases, propagation and position vectors. The resultant irradiance
is the modulus of the sum of the individual amplitudes. By substitution of the individual
wave functions, their respective complex conjugates, and utilizing a trigonometric identity

the total irradiance yields Equation 2.1, which is referred to as the Interference Equation.

i(kl'r—a)t+51) k1 = k(sin 01£+cos 4912)
i=9¢ ky = k(—sin 92)2 +cos 022)
vy =age 2T == i1

k=2r/2
2
Itotal - le +V/2I
2 2 * *
:|"’1| +"”2' T, T Y,
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It can be inferred from Equation 2.1, that the two factors which govern the total irradiance
are the initial irradiance of each individual wave and the phase difference between them.
The interference term will provide a positive or negative contribution, via constructive or
destructive interference, depending on the sign of the phase argument, this occurs at integer
values of 7.

Determining the fringe spacing of the interference pattern provides the limit for the
minimum attainable feature size. This is dependent upon the position vector and can be
calculated by setting the resultant phase difference equal to a value of 2n. The fringe
spacing, Equation 2.2, or minimum feature size, reduces to a function of A, the wavelength

of exposure and the sine of the angle, 0, between the two beams.

Ap=9¢,~4¢,
=[(k, =k, )ox](x, —x,) = (k, -k, )exA,
=[ksin@ —(—ksin6,)]A,
= k[sing, +sin G, A

Ap=2xn

27 =2x/Alsinf, +sinb,]

A=[sin6 +sinb, A,
A, =A/sinf, +sinb,

A =A/2sin6 (2.2)

The capacity to attain sub micron features, with even visible wavelengths, makes

Interference Lithography a very attractive technique for nano patterning. Figure 2.2
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The metric used to represent the measure of interference strength, that occurs
between two beams is the, fringe visibility. The visibility or contrast, Equation 2.4,
encapsulates any variation between the intensities of the two beams and the resultant
intensity that arises from their interference. In addition, the phase variations or coherence

will contribute to the overall contrast as well.

R A @4)
VlSlblllty = T_-:I——,—Re[yu (T)]

max min

A

Visibility = 7——1—Re[ 712(7)]

1 2

The visibility or fringe contrast determines the efficacy of the pattern transfer
during the exposure process. Since the interference fringes serve as a mask to delineate the
grating structure, it is imperative that the fringes have the highest contrast possible. The
ideal case results from equal individual intensities and complete coherence. A high contrast
exposure results in the photoresist receiving a uniform dose of the fringe pattern irradiance.
This is a prerequisite to achieve a structure of high integrity. For completely coherent
beams, the visibility reduces to a function of the individual intensities, and decreases as
these values begin to differ.

It can be seen that the visibility remains high as a function of relative intensities,
even when there is a rather large disparity in the individual values (Figure 2.5). Therefore
discrepancies in the relative power do not have as large an effect on the contrast of the
pattern. Even a relative intensity of .5 still yields a visibility of almost 90%, assuming the
system is void of any other influences that may affect the individual beams. Despite

additional restrictions, this forgiving attribute allows relatively high fringe contrasts for
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It is well understood that interference results from the spatial overlap of two beams
emitted from the same source. The difference in distances that each path takes before
recombining sets a limit for the geometry of the interferometer. This path distance
difference must be less than the coherence length of the laser. Therefore, the length over
which the beam is classified as coherent dictates the length of each individual arm of the
interferometer. Since it is necessary to maintain high fringe contrast, a relationship
between visibility and coherence length can be elucidated.

In amplitude division interferometers, the arms are mechanically independent of
each other and path differences can be monitored and adjusted without affecting the
complementary beam. This necessitates the need for the ability to monitor the contrast
fringes of the system and adjust the overall visibility. Researchers have utilized this
technique for delivering variable exposures in order to characterize resist kinetics and
process latitudes [19]. Despite this geometric independence, the lack of mechanical
stability of each arms in relation to one another warrants a means for locking the individual
phases. This is not the case when using wavefront division interferometers for interference
lithography. Since each arm is mechanically fixed in the interferometer, the system serves
to stabilize any vibration or environmental induced distortion to the beam. However, the
gain in mechanical stability comes with a cost in the path length of each arm. The optical
path difference is only zero at the point of intersection between mirror and substrate. The
points of exposure at distances greater than at the point of intersection, the path difference
between the beams increases and the contrast degrades (Figure 2.7). The geometry of the
interferometer, in relation to the coherence length of the source, sets the overall area of

€Xposure.
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The fringe contrast is also dictated by the degree of coherence between the two
beams. When the individual intensities are equal in magnitude then the resultant
interference intensity becomes solely a function of the normalized correlation function.
The dominant term of the interference term is a function of the time interval, T, and
therefore the location of interference. It is known that the time difference between paths,
relative to the average coherence time of the source, is crucial to the degree of coherence
achieved. At some difference in interference point, the accompanying time interval will be
greater than the coherence time dictated by the source. This will result in some coherence
being lost. Therefore, the normalized correlation function reduces to a function of the time
interval and the intrinsic coherence time (Equation 2.7). The resultant fringe contrast will
therefore be a function of the degree of coherence between the two individual beams. The
variation in degree of coherence can be directly related to the difference in the location of
the point of interference. Since it is known that the coherence time and coherence length
scale by factor of the speed of light, ¢, and then the correlation function can be written as a

function of optical path difference and intrinsic coherence length of the source (Equation

2.8).
T
V(D) =1-—
l 12 I 7, 2.7
A
|712 (T)| =1-— (2.8)

/

t
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2.3 Line Edge Roughness

The smallest feature discernable in a given patterning process is referred to as the
resolution. The resolution of a patterning process can be defined as the photoresist’s
response to a given modulation or MTF. In lithographic applications the patterning process
is composed of two components; exposure and development. The efficacy of the patterning
process is dictated by the resolution of the exposure pattern, termed the visibility, and the
resolution of the photoresist itself. As discussed earlier, the resolution or visibility of the
exposure pattern is dictated by the factors that contribute to the interference equation. The
resolution of the photoresist is closely related to both the physicochemical response to the
optical radiation during exposure, and the subsequent effects during the development
process. Post exposure influences, that degrade the overall structural integrity of the
desired resist pattern, are a result of the chemical composition of constituent components
of the development process. Factors include developer concentration, temperature,
agitation, and degree of saturation. The resultant effects due to variation of these
components manifest themselves greatly when patterning smaller and smaller features. A
tolerance can be established that dictates an acceptable structural defect that may arise
during the patterning process. The magnitude of these defects establishes a pass/fail
criterion for a given result.

The effectiveness of using the periodic fringe pattern of an optical interferometer
for pattern delineation is intimately related to the contrast between the fringes, or visibility.
Variations in the incident pattern intensity, resulting from a loss in visibility, lead to an
inhomogeneous exposure. This gives rise to a stochastic response by the photoresist, with

multiple chemical variables determining the overall performance and mechanical integrity















CHAPTER 3

IMPLEMENTATION OF INTERFERENCE LITHOGRAPHY

3.1 Experimental Setup

The initial effort at implementing interference lithography sought to utilize an amplitude
division interferometer. The intrinsic attributes of the system include the ability to scan the
wafer across an extremely flat surface, i.e. the optics table, and conserve optical power by
keeping the beams close to collimated. By keeping the geometric loss to a minimum, the
exposure times can be kept relatively short, therefore reducing any environmental effect on
the beam quality. It is imperative that disturbances are minimized so that any aberrations in
the incident beam will not manifest themselves in the final relief structure. Despite initial
implementation attempts, the system required additional components which increased both
the complexity, and geometric foot print. In addition, methods to improve stability proved
cost prohibitive and the amplitude division interferometer was abandoned.

A hybrid optical configuration (Figure 3.1) was constructed that aimed to
incorporate the attributes of the amplitude division interferometer, while negating the need
for any additional components. A scanning wavefront division interferometer was
developed that sampled the same portion of the wavefront, as in traditional configurations,
but illuminated the sample from a vertical position. This enabled the arms of the
interferometer to be fixed while allowing for the wafer to be displaced. The optical
configuration utilized a 325 nm, HeCd source from Kimmon Electric Ltd. This single
mode laser offers a robust package with a coherence length of 30 cm and an output power

of 25 milliwatts. A pair of dielectric mirrors was used to steer the beam to a keplerian beam
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3.2 Dose Quantification
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The substrate samples were prepared using standard photolithography cleaning (DI water

& isopropyl) and photoresist deposition methods. After the P-clean bath the wafers were

placed on the spin coater and Shipley 1805 positive photoresist was deposited at a

revolution speed of 5000 rpm for 60 seconds. Following a post bake for 60 seconds at

115°C, a uniform coating of 500 nm was verified using a Rudolph ellipsometer.

Determining the optimum exposure time was a complex issue that was confounded

by the fact that Shipley 1805 series resist, is designed to be most responsive to radiation in

the range between 350 nm to 450 nm. The manufacturer’s data, Figure 3.5, calls out a

sizing energy of 150 mJ/cm? (milliwatts*seconds/cm?), for a given resist thickness of 1.23

um, and exposure at a wavelength 365 nm. The exposure time (seconds) is derived by

dividing the sizing energy by the available power (watts) at the substrate.

Process Parameters
(Refer to Figures 5 and 6)

MICROPOSIT $1813 PHOTO RESIST
with MICROPOSIT MF-321 DEVELOPER
Table 2. Functional Lithographic Summary Data

Substrate
Coat
Softbake
Expose
Measure

Quartz

12.300A

115°C/60 seconds Hotplate
Oriel Scanning Wedge
Hewlett Packard 84504
Spectrophotometer

Sizing Energy 150 mJdicm” (1.3 Eq)
Resolution 0.48 ym
Masking Linearity (x10% CD) 0.50 ym

1.0um LS | 0.80 um LS
Exposure Latitude (£10% CD) 65% 45%
Focus Latitude (+10% CD} 2.25 ym 1.25 ym
= 856" Wall Angle

Figure 3.5 Shipley 1800 series positive photoresist process and exposure parameters.

The system in this research utilized 325 nm exposure and a resist thickness of 500

nm. Initial exposures attempted to determine exposure times by simply extrapolating the
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resist response at 325 nm using Shipley data. In addition, a linear relationship was assumed
for the exposure time versus resist thickness. Both assumptions proved to be inaccurate as
the response of the resist is highly nonlinear, and an alternative method utilizing empirical

results, was used to determine viable exposure times.

185
: n, = 1,535 =
1 n, = 1,8854¢°
- 2
180 n, - 412119
»
8 175‘: Rlan!-ﬂai2+n3,4
F 4 .
‘g )
é 170 -5
ﬁ ]
!651
‘.50'~’vl‘!'|‘1‘l'f'
2000 3000 4000 S0C0 6000 7000 800C 5000
WAVELENGTH (A)

Figure 3.6 Dispersion curve for Shipley 1800 series positive photoresist.

In order to accurately determine the optimum exposure time, the actual intensity
that the photoresist receives must be determined. Whenever optical radiation encounters an
interface of a different index of refraction a Fresnel reflection, or loss, ensues that detracts
from the incident intensity. Using the correct index of refraction of the Shipley 1805 resist,
Figure 3.6, the amount of light transmitted into the film can be calculated for a given
incident angle. Snell’s law was utilized in order to determine the angle of the transmitted
radiation into the resist. The transmitted angle can then be incorporated into the Fresnel

equation, and the amount of radiation that couples into the resist can be determined as a
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intensity, I, for any variation in resist thickness and any given initial intensity, Io. The
initial intensity is determined by the available power at the substrate including the Fresnel
loss. The exposure time, Equation 3.2, is then the sizing energy, provided by the

manufacturer, divided by the absorbed intensity and a value in seconds is determined.

Ix)=1,e™
IAbs - IO -IOG-Otx

— Io(l_e-ux (3.1

Sizing Energy (milli Joules/cm?)

Exposure Time (secs) = (3.2)

I, (micro Watts/cm?)

The exposure time derived through the Beer-Lambert equation is then used as a
starting point for initial dose experiments. In conjunction with the method described
previously, an empirical approach can be used as well [24]. In chapter 2, a derivation for
the resultant intensity was performed relating the individual intensities I;, I, and an
interference term I,. If it is assumed that the two beams have equal intensities and are
completely in phase, that is the interference term reduces to a value of 1, then the resultant
intensity will yield a value of 41. By utilizing this relation, an optimum exposure time can
be empirically determined for a specific period, or angle of incidence, by conducting
multiple exposures with only one beam for varying times (figure 3.9). Following
development, the amount of photoresist removed can be measured using the ellipsometer

and a correlation found between exposure times and post development resist thickness.



























CHAPTER 4

CONCLUSION AND FUTURE WORK

In summary, this thesis presents the derivation, fabrication, and initial results of a
nanopatterning technique called Interference Lithography. After several iterations that
sought to enlist the attributes of an amplitude division interferometer, a wavefront division
interferometer was employed to generate a fringe pattern with variable resolution
capabilities. Utilizing a 325 nm HeCd laser, and conventional semiconductor wafer
preparation techniques, optimum exposure conditions were determined through both
conventional calculations and empirical assessment. Initial exposures yielded structure
with sub 600 nm resolution, but suffered from structural imperfections. A cost effective,
non-destructive, novel optical grating measurement was employed to provide a qualitative
assessment of the integrity of the underlying structure. Upon sufficiently high grating
efficiency the samples were later inspected under the SEM.

Despite the initial success and simplicity of the Lloyd’s wavefront division
interferometer, several limitations of the system warrant the eventual evolution to an
amplitude division. The wavefront division interferometer will always be constrained by
the geometry of the interferometer. Therefore, the area of exposure will be fixed to a small
value depending on the coherence length of the source. However, even if the source has a
sufficiently long coherence length the beam must be allowed to diverge over a great
enough distance to ensure uniformity and plane wave approximation. This is a fairly
significant drawback considering that the available power is considerably low due to the

almost 50% loss from the spatial filter, and further decreases due to the gaussian beam
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