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Abstract

Pulsed lasers are investigated as possible radiation sources for deep-UV lithography.

A KrF excimer laser (248.4nm) is used to test longterm transmission stability of deep-UV

optical materials. A quintupled Nd-YAG laser (212.8nm) is used to investigate problems

associated with using ahighly coherent pulsed laser asa lithographic radiation source.

Pellicles and fluids are two important classes ofmaterials used in lithography systems.

The large photon energyand high peakpower of the KrF excimerlaser degrades most pelli

cle materials and optical fluids. An exposure system with in situ transmission and optical

thickness monitoring is usedto test candidate materials. A flouropolymer pellicle material is

shownto have a stable transmission lifetimeup to exposures of 10,000J/cm2. Several candi

date optical fluids are described with long transmission lifetimes and suitable refractive

index values; including Dupont Krytox (n=1.319), deionized water (n=1.374), Dow 200

(n=1.467), and ethylene glycol (n=1.484).

The relevant characteristics of an 0.25W, 10Hz quintupled Nd-YAG laser, such as

energystability, spectral Iinewidth, and coherence length, are described. This laserexhibits

a spectral Iinewidth of0.035pm, wellwithin the requirements ofthe all-fused silica deep-UV

lenses. The narrow Iinewidth, combined with single transverse mode operation, causes

high-contrast speckle intensity variations, severely degrading illumination uniformity.



Two novel speckle reduction schemes are employed. One scheme uses two closely

spaced counter-rotating diffusers. A diffuser-speckle model is developed to determine the

speckle reduction capabilities of a given diffuser. Significant speckle reduction is produced

during a single 4.2ns laser pulse with rotation speeds less than 30,000RPM. A second

speckle reduction scheme that uses no moving parts nor employs any special optics is

demonstrated. This scheme produces several sub-pulses from a single'incident pulse, each

delayed by an amount greater than the coherence length. The delayed sub-pulses do not

interfere, thus reducing speckle contrast by lW(N). where Nis the numberofsub-pulses.

An all-refractive 20:1 reduction lens, designed foruse at 212.8nm, is used in combina

tion with the speckle reduction schemes to print speckle-free 0.2um line/space patterns in

PMMA. These line/space patterns represent 0.56^ features for this 0.6NA objective.
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Chapter 1

Introduction

1.1 Excimer Lithography

Deep-UV lithography using pulsed laser sourceshas enjoyed a brief history with rapid

advancement during the past decade (1980's). Initial work to produce images in photoresist

using a deep-UV laser source was done by Hawryluk and Smith in 1982.1*2 This work con

sisted of forming interference fringes from two incident laser beams. The photoresist pat

terns formed using this method were line/space gratings. This method is limited to

line/space patterns and thus can not be used to print the arbitrary patterns needed for IC fab

rication.

The first work to print arbitrary patterns using a pulsed laser source was done by Jain

et alin 1982.3 Contact printing was demonstrated using both a XeCl excimer laser (308nm)

and a KrF excimer laser (248nm). Resolution of l^m line/space patterns was achieved. The

drawbacks of contact printing, IX masks and mask damage caused by wafer contact, prevent

this method from becoming a high volume low cost method ofdeep-UV microlithography.

The mask damage problem is eliminated by projection lithography systems. Jain et al.

modified a Perkin-Elmer projectionprinter for use with a XeCl excimer laser source and suc

ceeded in obtaining 1/zm line/space resolution.4*5,6»7 Since the Perkin-Elmer projection

printer is an all-reflective system, there was no need to reduce the spectralwidth of the XeCl

laser source. Though eliminating the mask/wafer contact problem, 1:1 lithography systems

still require a IX mask. The requirement for IX masks can only be avoided with the use of

reduction optics.

Full field projection printing using reduction optics and a pulsed laser source was first

demonstrated by Pol et. al. in 1986.8,9 The projection lens used in this system was an all-
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fused silica refractive optic with 5:1 reduction ratio. Fused silica is the only optical glass

with sufficient transparencyin the deep-UV. The lack of alternativeoptical glasses with dis

persion properties complementary to fused silica force deep-UV lens designs to be nearly

monochromatic. The KrF excimer laser used in this first demonstration system was line-

narrowed to 5pm spectral Iinewidth. The greatest difficulty encountered in this work was

poor control of the spectral content and line center stability of the line-narrowed KrF

excimer laser.

Great improvements in line-narrowed excimer laser design and fabrication have been

achieved since the first work by Pol. Numerous systems have been proposed and described

in the literature.10* n*12»13 The excimer laser installed in the Berkeley Microfabrication

facility and used in the experiments described in this thesis is a Cymer Laser Technologies

Model CX-2LS line-narrowed KrFlaser. This laserhas proven to be highly reliableand rou

tinely produces 3W of248nm power with a spectral Iinewidth less than 3pm.

Deep-UV lens design and fabrication have also advanced since the first deep-UV lens

in 1986. Today (1991) there are five manufacturers of deep-UV lithography systems using

248nm radiation: ASM Lithography, Canon, GCA/Troppel, Nikon, and SVG Lithography.

All of these systems except for the SVG system use aline-narrowed KrFexcimer laseras the

radiation source. The SVG system uses a filtered mercury-arc lamp at 250nm. These sys

tems are gainingacceptance in the IC industry as production-worthy lithographic tools.

248nm deep-UV lithography will be continuously advanced in incremental steps and

focus on extending the lifetimes and reliabilities of each component in a deep-UV stepper

system. Chapters 2 and 3 of this thesis describe work on lifetime testing for pellicles and

fluids foruse in 248nmexcimerlithography. Using pellicles and fluids in a deep-UV stepper

canimprove performance by protecting reticles, reducing unwanted reflections, and improv

ing lens performance. These materials must be thoroughly tested to ensure that they do not

degrade after accumulating large doses of deep-UV radiation, else their degradation will



effect the performance of a deep-UV stepper.

1.2 Quintupled Nd-YAG Lithography

Now that KrF excimer lithography has been established as apractical technology, step

per manufacturers are looking for adeep-UV source with ashorter wavelength than the KrF

excimer laser. Two laser sources are currently available: ArF excimer (193nm) and Quintu

pled Nd-YAG (213nm). The ArF excimer laser would be the logical next step after the KrF

excimer laser except for the safety and high periodic maintenance of excimer lasers. The

quintupled Nd-YAG laser, with its small size, solid state lasing medium, and low mainte

nance level, is aviable altemative to the ArF excimer laser. An additional point in favor of

the Quintupled Nd-YAG is the potential extension to even higher harmonics. The only

remaining excimer line after ArF is F2 at 157nm. The F2 line is weak and offers little hope

of generating high enough average power needed for microlithography. In contrast, the

higher harmonics ofthe Nd-YAG laser can be produced by means of four wave mixing in

nonlinear gasses, producing the needed amounts of average power. Stepping downward

along the harmonics ofthe Nd-YAG laser represents apossible technological road map to

0.1/zm lithography.

Chapters 4through 7ofthis thesis investigate the problems involved in using the Quin

tupled Nd-YAG laser in microlithography. High average power 213nm radiation has only

recently become available through the use of frequency quintupling in beta Barium Borate

crystal.14-15«16-17 The problems involved with producing 213nm radiation include thermal

effects in the BBO crystal, BBO crystal damage, and damage to other optical components

due the high peak power and short wavelength of213nm radiation. These problems can be

overcome witha properly designed laser system.

The greatest impediment to using the quintupled Nd-YAG laser for microlithography is

the high speckle contrast owing to the highly coherent nature of this laser source. Several



methods of speckle reduction havebeeninvestigated with two promising methods described

in chapters 5 and 6. High quality, speckle-free images have been obtained using a 213nm

version of the BOLD family of small field projection lenses.18 The performance of this lens

is nearly diffraction limited, producing high contrast aerial images of 0.2/on line/space pat

terns over a 950/zm field. Chapter 7 describes the optical system consisting of the 213nm

source and the BOLD projection lens.
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Chapter 2
Transmission Lifetime Measurements of

Pellicles for Deep-UV Lithography

Abstract-Candidate deep-UV pellicle materials have been tested for transmission sta

bility under deep-UV exposure. Measurements were made with an exposure apparatus using

a KrF excimer laser and alight pipe illuminator. Increased absorption and thickness reduc

tion caused by deep-UV exposure have been found in polyvinyl butyral(PVB)-based pelli

cles. The thickness of the PVB pellicles hasbeen monitored in situ and a "darkreaction** is

found to occur long after thedeep-UV exposure is complete. Pellicles made from asecond,

fluoropolymer, material have also been tested and found to be stable up to exposures of

10,000J/cm2.

2.1 Introduction

The beneficial effects of pellicles on manufacturing yield inthe semiconductor industry

have been well demonstrated.1'2 Ideally, apellicle is an invisible, zero thickness membrane

placed above the surface of amask used in photolithography. This membrane prevents any

airborne particles from landing on the patterned surface of the mask. The pellicle is sus

pended far enough above the mask surface so that the particles are held well outside the

depth of focus. This required standoff distance depends on the depth of focus at the mask

plane for a given lithography system. A 1:1 projection system would require less standoff

than a reduction system because of the inherently higher numerical aperture(NA) at the

mask.3*4 The thickness ofthe quartz mask is usually enough to "pelliclize" the back side of

the reticle used ina 1:1 system, where as apellicle isoften required for both sides of amask

used in a reduction system.



A key propertyof pellicles is uniformity of transmission, lest the nonuniformity affect

the linewidth-control error-budget. It is straightforward to show that any agingof transmis

sionwould lead to pattern dependent exposure dose variations; thus candidate pellicle mate

rials must be carefully testedto verify negligible aging during the intended pellicle life. Few

materialsare stable under deep-UV exposure, and severalmechanisms can lead to transmis

sion changes.

2.2 Theory

A pellicle that interacts with the laser beamwill have a nonzero absorption coefficient.

If the pellicle surfaces possess perfect anti-reflective(AR) coatings, then its transmission is

given simply by:

Ti=e"** (1)

where a is the absorption coefficient and h is the pellicle thickness. Most pellicles have

either imperfect AR-coatings or no AR-coatings at all and thus have a transmission that

depends on the thickness in a complex periodic fashion. The pellicle functions as an etalon

because of the constructive or destructive interference of radiation reflected from the two

surfaces of thepellicle membrane. If the absorption coefficient is small thepellicle transmis

sion is given by:

T = T!T2 (2)

with T! from Eqn. (1) andT2 givenby:

1
,_._ 4Rwrf . 2/2>rna)hN (3)

where Rsurf isthesingle surface reflection. For apellicle with outAR-coatings, R^f is



given by:

(nq)-l)2
^"(11(^+1)2 W

and:

n(A) film refractive index

h film thickness

X wavelength oflight

Equation (3) ignores film absorption and a more rigorous derivation is straightforward.

Howeverthe simple formula in (3) is preferred in this application since it differs from the

more rigorous result by atmost 2% overthe full range of parameters studied.

The reduction of R^f with AR-coatings reduces the amplitude of the transmission

variation caused by the etaloneffect, and thus goodAR-coatings will make the pellicletrans

mission less sensitive to variations in physical thickness and refractive index.5 There are four

physical parameters that can affect the pellicle transmission: absorption coefficient {a), sin

gle surface reflection (R^), refractive index (n), and thickness (h). In this study, pellicle

performance is shown to degrade with 248nm exposure owing to significant changes in all

these parametersexcept refractive index.

2.3 Experimental Apparatus

Sincemany pellicles were to be examined, a semiautomated exposure and insitu trans

mission measurement apparatus wasconstructed. A schematic is shownin Fig. 1. Higheffi

ciencyis required to permit large doses to be accumulated in reasonable time and good expo

sure uniformity is essential fordata integrity. Both are obtained by usinga quartz lightpipe

as the main illuminator element Radiation from a line-narrowed KrF excimer laser

(Iinewidth = 3pm) is concentrated onto a diffuser plate placed against the entrance of the

light pipe. The scattered rays from the diffuser create many virtual sources at the entrance

9



plane of the light pipe that combine at the exit to form a uniform plane of illumination. The

system produces an exposure uniformity of+/-5% over an area0.5cm by 1.0cm (see Figs. 2

and 3).

The uniformity of exposure is improved as the number of internal reflections is

increased. The numberof virtual sources created by the lightpipe is directly related to the

number of internalreflectionssuffered by the light rays as they travel the length of the light-

pipe. To increase the number of internal reflections, one could use a diffuser with a large

scattering angle or one could use a light pipe with a large length to width ratio. The first

method has a drawback in that a large NA lens must be used to collectthe light traveling at

highangles from the exit plane. High NA lenses made from the simple quartz elements used

in this systemare highlyaberrated and produce poor uniformity. Using along narrow light-

pipecombined with a weakdiffuser produces excellent uniformity while allowing the use of

lowerNA optics. This exposure system usesa lightpipe witha length to widthratio of70:1

and a length to height ratio of 35:1.

The exit plane of the light pipe is imaged onto a rectangular mask constructed from

four knife edges. Theuseof aknife edge mask instead of astandard quartz mask is needed

because volatile material leaving apellicle under test might deposit on the quartz mask, per

manently altering the system transmission. A small portion of the incident light is split off

by a beamsplitter and passes through a mask identical to the first to provide a reference

beam. Afterpassing through the exposure mask and the pellicle under test, another beam

splitter deflects some ofthe radiation into the transmitted energy detector. Both optical paths

in this system (incident and transmitted) were constructed as identical as possible. In this

way any intensity dependent effects onthedetectors oroptical components would beratioed

thusimproving thelinearity of thetransmitted energy measurement

Both the incident and transmitted energy detectors are large area silicon photodiodes

with quartz window packaging. The large are of the diodes helps to sample from all points

10



in the exposure area and not limiting the transmission measurement to a small area on the

pellicle. The detector electronics consist of a current to voltage converter with an RC time

constant of 0.5 seconds. Since the laser has a pulse rate of 200pps, this RC time constant

gives an output voltage that is the average energy reading of several hundred pulses. This

pulse averaging smooths the +/-20% pulse to pulse energy variation from the excimer laser.

Fig. 4 shows the system transmission stability, it is a graph of transmission versus dose with

no pellicle in place. This exposure system demonstrates a long term exposure stability of

+/-1%.

The data is processed and stored on a IBM PC using the same software written for the

Berkeley large area exposure station.6 The incident energy and pellicle transmission are then

stored to a text file for easy manipulation.

2.4 Nitrocellulose Test Results

A nitrocellulose pellicle was tested even though this material is highly absorbing at

248nm. The transmission versus wavelength for a nitrocellulose pellicle is shown in Fig. 5.

The failure mechanisms of this pellicle give insight into those of the deep-UV pellicle mate

rials. Fig. 6. shows the transmission of this pellicle versus dose. The initial transmission is

low and varies sinusoidally with dose. This sinusoidal behavior is evidence of a change in

thickness during exposure. The pelliclechanges thickness so quickly in the beginning of the

exposure that the sine wave varies too rapidly for the system sample rate to fully resolve.

Near a dose of 250 J/cm2 the rate of thickness change slows so that the sinusoid can be

resolved. The pellicle finally breaks at 800 J/cm2 as evidenced bythe sharp change intrans

mission. The erratic transmission variations between 800 and 1500 J/cm2 are the result of

further pellicle breakage. Visual inspection of the pellicleafter exposure shows wrinkles in

the unexposed pellicle film near the exposure area. This wrinkling is evidence of stress in

the film created during the exposure.

11



2.5 Polyvinyl Butyral Test Results

Polyvinyl butyral(PVB)-based resin has been advanced as a candidate deep-UV pelli

cle material.7* 8,9,10,11 p|g j& shows the transmission versus wavelength for a typical

2.3/nn thick uncoated PVB pellicle. The oscillations with wavelength agree with Eqns.

(l)-(4). For wavelengths shorter than 300nm absorption is evident The material has excel

lent transmission at 248nm, about 98%.

This pellicle transmission versus dose is displayed in Fig. 8. The transmission of this

pellicle begins to change immediately on exposure and forms a sinusoidal pattern superim

posed on a gradual decrease in transmission. The gradual reduction in the "DC" transmis

sion of the pellicle is caused by an increase in absorption of the bulk material. The sinu

soidal shape may be ascribed to a change in the optical thickness during exposure. In mis

instance, the effect on transmission owing to optical thickness change is much more pro

nounced than that caused by absorption. (In Fig. 8,1000J/cm2 would correspond to about

250,000 equivalent exposures, assuming a 5X reduction stepper and 100mJ/cm2 sensitive

resist. This numberis reduced by a factor of 25 for aunitymagnification system.)

A change in optical thickness can be caused by either a physical thickness change or a

change in refractive index. To determine the mechanism, a measurement of transmission

versuswavelength is made before and aftera deep-UVexposure. A fit is then made to these

two curves usingEqns. (3) and (4). To find the best fit, boththe pellicle physical thickness,

h, and refractive index, n(A), are allowed to vary. The form for the real part of therefractive

indexwaschosen asthe simpleCauchy equation:

n(A)=no+̂ (5)

where no is thelongwavelength index and ni is the strength of thepole at X=0. Thus, three

parameters areallowed to vary while searching forthe best fit: h, no, andni. Oncethis best

fit is found, the transmission values ateach peak in the curve are used to find the absorption
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coefficient versus wavelength of the bulk material These values of the absorption coeffi

cient are then used in Eqn. (2) to find a new fit forno,nt, andh. This process is iterated until

the best fit for all the variables is found. Oncethe best fit is obtained, the absorption coeffi

cient is calculated from the imaginary partof the refractive index, k(X),by the relation:

4*Xa{X)

kU) nUT* (6)

Figs. 7a and7b show the measured transmission versuswavelength data and the theoretical

fit before and after the deep-UV exposure.

Fig.9 is a plot of the real andimaginary parts of the film refractive index versus wave

lengthbefore and afterexposure. The imaginary part of the refractive index showsa signifi

cant increase in absorption forallwavelengths below300nm. L little change in the real part

of the refractive index occurs during deep-UV exposure. We must conclude that the sinu

soidal variation in transmission during exposure arises from a change in the physical thick

ness of the pellicle. This interpretation is further supported by the theoretical fit for the

physical thickness change. The theoretical fit for the pellicle thickness, h, gives a pre

exposure thicknessof 229pm anda post-exposure thickness of 2.09pm. A 02pm thickness

change is about five quarter-wavelengths (divided by the film refractive index) at 248nm,

which should lead to 5 transmission maxima-minima (minima-maxima) shifts. Fig. 8 shows

the five shiftsthat indeedoccurwithinthisexposure dose.

The application of an AR-coating to the surfaces of the pellicle film can greatly reduce

the amplitude of the sinusoidal variation in transmission during exposure. Tests on pellicles

with several proprietary organic and inorganic AR-coatings have been performed. The

organic AR-coatings that we tested tested failed after only a small exposure dose, less than

100J/cm2. After testing many pellicles, examples were found of stable AR-coatings, all

were inorganic according to the pellicle vendors. A measurement of transmission versus

wavelength for a PVB pellicle with an inorganic AR-coating (Fig. 10) demonstrates the

13



effectiveness of anAR-coating in reducing the dependence of transmission on optical thick

ness. The sinusoidal variation in transmission near248nm hasbeen reduced from a range of

14% to less than 2%. This graph is for different wavelengths, but according to eqn. (3)

changes in thickness and wavelength have the same effect

Fig. 11 showsthe transmission versus dose forthis pellicle. Clearly the periodic varia

tion in transmission has been greatly reduced from that of Fig. 8. For pellicles with such

AR-coatings, the dominant aging mechanism is a simple increase in the bulk absorption, and

the useful life is much improved. Finally, to show that the AR-coating did survive the

1500J/cm exposure. Fig. 12 is a graph of transmission versus wavelength for this pellicle

after the exposure. The periodic variations near 248nm are still greatly damped while the

bulk absorption has markedly increased from that shown in Fig. 10.

2.6 Reciprocity Tests on Polyvinyl Butyral

In a production environment, a pellicle would notbe exposed to continuous deep-UV

radiation, since wafer loading and alignment interrupt the exposure step. A rough idea of

production exposure conditions may be obtained by assuming the following manufacturing

environment:

exposures per wafer
wafers per hour
hours per week

100

25

100

total exposures per week 250,000

weekly dose at wafer

for 100mJ/cm2 resist 25,000J/cm2

weekly dose at mask
for 100mJ/cm2 resist
and 5X stepper

1000J/cm2

Our pellicle exposure system can deliver this equivalent dose in about 2 hours. The expo

sure time is reduced, compared to a stepper, both because of alarger energy per pulse and a

higher duty cycle. If one assumes areasonable intensity of 1.0mJ/cm2 per pulse atthe wafer
14



plane of a5X stepper, this corresponds to 0.04mJ/cm2 per pulse at the pellicle plane. Our

exposure system uses a 1.0mJ/cm2 intensity at the pellicle. This 25 times increase leads to

questions about peak-power reciprocity. Do the results at our high fluence conditions carry

overto thelow intensity exposure conditions found in production?

Tbtest for failure of peak-power reciprocity, weexposed twoidentical pellicles, one to

1.0mJ/cm2 at 20 pulses per second (pps) and the other to O.lmJ/cm2 at 200pps. Each expo

sure produces the same average power, but the first uses 10 times the peak intensity of the

second. The resultant aging rates showed only a small difference between the two pulse

energies, less than 2%. This small difference may even be due in part to some nonlinearity

inthe detection system. Because most reciprocity failure mechanisms are highly nonlinear,

such as ablation, this small difference is most likely not caused by a failure of peak power

reciprocity. It is also reasonable to assume than even lower peak powers will have the same

effect since the peakpowers currently used are belowthe ablation threshold ofPVB.

The second difference between our test conditions and those experienced inaproduc

tion environment is the exposure duty cycle. A production stepper exposes for ashort dura

tion then pauses while moving to the next field. Our test system performs a continuous

exposure. To test for duty cycle effects, two identical pellicles were exposed with identical

pulse power, but this time with different pulse frequency. The first pellicle received

200mW/cm2 average power while the second received 20mW/cm2 average power. Both pel
licles were exposed using a200hz pulse rate. This 10 times reduction in average exposure

rate leads to a 10 times increase inthe time needed to accumulate agiven dose. The trans

mission measurements for these two experiments is shown in Fig. 13. The pellicle tested

with the lower average exposure rate aged significantly more at a given dose than did the

film exposed at thehigher average rate.

lb gain greater insight into the source ofthis failure ofaverage power reciprocity, the

thickness of the pellicle was monitored during exposure and for atime after the exposure
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wascomplete. This insitu thickness monitoring wasperformed by the systemshownin Fig.

14. A HeNe laser beam is reflected off the back sideof the pellicle undertest The ratio of

the reflected to incident 633nm energy varies sinusoidally with changes in the thickness of

the pellicle. This technique is much like that used in resist development-rate monitoring

systems.12 This sinusoidal variation can be derived from eqn. (3), the reflectance ofthe pelli

cle is given by I*,*^ = 1-T^:

4R"rf :in2(2gn(A)h)
Ktotti 75

1+ 4R"rf,sm2(g^)'
(l-IUf)2 l A ;

which can be approximated by:

(7)

R - 4R™rf ...2/2^n(^)nx /Cx

The thickness ofthe pellicleis then given by:

2/mU) 1 \ 4Rfttfh ~ zr^rrr arcsinl A /v* .?""' Ru>ui (9)

l aThis equation is periodic with period ±̂ -. As each period of the reflectance in repeated, an

additional - — of thickness must be added or subtracted. Eqns. (7) through (9) make the

assumption of a constant refractive index at the wavelength used for thickness monitoring.

This assumption is valid for the PVB pellicle material as was shown in the previous section,

sincethe indexofPVB does notchange atthe HeNe wavelength, 633nm.

The experiment performed was to expose the pellicle under the two different average

powers shown in Fig. 13while monitoring the pellicle thickness. The monitoring continued

for 2 hours after completion of the exposure. The results of these measurements are shown

in Figs. 15 and 16. Fig. 15 shows thepellicle thickness during exposure for thetwodifferent

average exposure powers. The lower average powershows a greater loss of thickness versus

16



dose than does the higher average power. Fig. 16 shows the pellicle thickness versus time

after the exposure has been completed atthe twodifferent exposure rates. In both cases the

pellicle continues to lose thickness after the exposure is complete, but the pellicle that

received the exposure using the higher average power exhibits a greater thickness change

during the dark period. This suggests that agreater potential thickness change is built upin

the pellicle during theexposure athigher average power.

dearly, a "dark reaction- occurs, and is the source of average power reciprocity fail

ure. We may speculate about the mechanism leading to the dark reaction. Because of the

long time constants, diffusion-limited processes are suggested. For example, out-diffusion

of destructed polymer by-products, orin-diffusion of an atmospheric reactant are possible

mechanisms. In-diffusion isunlikely since that would lead to swelling and is contrary tothe

loss in thickness measured in the previous section. During the deep-UV exposure, the con

centration of these diffusing components reach asteady state inside the pellicle. This steady

state concentration depends onthe diffusion rate of the components involved and the deep-

UV exposure rate. Higher exposure rates lead to higher steady state concentrations and thus

reciprocity fails. Since the time constant of this dark reaction is solong (several hours), and

the exposure rate inaproduction stepper isstill an 10 times slower than these experiments, it

would be prudent to further reduce the estimated useful lifetime for PVB pellicles from the

value suggested in Figs. 11,15, and 16. Without agreater understanding of the reciprocity

failure mechanism, we can notgive aquantitative value for theamount of reduction inuseful

lifetime beyond our presentestimate.

2.7 Huoropolymer Pellicle Material Test Results

A proprietary deep-UV pellicle material was also made available to us for testing. This

material is manufacmrcd by Dupont Semiconductor Products andis described asaTfeflon AF

amorphous fluoropolymer. Fig. 17 shows the transmission versus wavelength of this mate

rial with no AR-coating. The thickness has been well tuned to achieve maximum
17



transmissionat 248nm as evidenced by the 98% transmission peak at 248nm. Fig. 18 shows

the result of transmission versus dose measurements for an uncoated sample and Fig. 19

shows the results for an AR-coated sample. The AR-coated pellicle has a slightly lower

transmission at 248nm apparently owing to some absorption in the AR-coating, but neither

typeshowed any evidence of aging upto 1500J/cm2.

Because of the high stability of this pellicle material, an experiment was performed

with a much higher exposure dose. The AR-coated pelliclewas exposed to an integrated flu-

ence of 10,OOOJ/cm2, corresponding to some 2,500,000 equivalent 5X stepper exposures, or

10 weeks of use in our simple manufacturing model. Within the +/-1% stability of our mea

surement system, the pellicle material and the AR-coating remained stable after this large

exposure dose (Fig. 20).

2.8 Conclusions

Forcomparison, the results for 10 uncoated and AR-coated pellicles suppliedby 6 dif

ferent vendors are shown in Figs. 21 and22. As thesegraphs show,the performance of each

pellicle within a given material class is similar. Great variations exist among the AR-

coatings, with the inorganic coatings performing far superior to the organic coatings.

The PVB based pellicle material shows a fundamental thickness loss during exposure,

which continues even after the exposure is complete. This "dark reaction" leads to an aver

age power reciprocity failure. Consequently our high exposure rates give lifetime results

that are optimistic when extrapolatedto production test conditions. A deratingof the useful

PVB pelliclelifetime presented here would be prudent Unfortunately, our present analysis

cannot give a quantitativevalue for the amountofderating.

All lifetime tests performed on the DupontTeflon AF material,both uncoated and AR-

coated, showed no degradation with exposure. Large doses equivalent to 2,500,000 die

exposures have been applied to this material with no observable increase in absorption or

18



optical thickness change.
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Chapter 3

Transmission Lifetime and Refractive Index

Measurements of Fluids for Deep-UV Lithography

Abstract- Candidate optical fluids for use in deep-UVlithographic systems havebeen

tested for transmission lifetime and refractive index value. Examples of fluids found with

stable, hightransmission at248nm are: Dupont Krytox, deionized water, Dow200, and ethy

lene glycol

Two methods for measuring the refractive index of a fluid have been developed. A

simple fringe countingmethod gives quick but inaccurate measurements. A more accurate

but more difficult prism methodpossesses anaccuracy of+/-0.001. The refractive index val

ues obtained for the above mentioned fluids are: Dupont Krytox (1.319), deionized water

(1.374), Dow 200(1.467), and ethylene glycol (1.484). These fluids cover a widerange of

refractive index values and are useful for mask coverplate systems, reducing lens figuring

tolerances, antireflective coatings, and increasing projection lens numerical apertures.

3.1 Introduction

The classic use of optical fluids is in the construction of lens systems using individual

elements of differing optical properties. For use in visible wavelength systems the fluids are

designed to harden like a cement between the lens elements. A crown element is cemented

to its corresponding flint element to form acolor corrected doublet The glue used to cement

the two elements together is chosen so that it has the same index of refraction as one ele

ment, assume the flint element In this configuration, the gluewill mold itself to the surface

of the flint element making this surface "disappear- optically. The glue willalso mold itself

to the surface of thecrown element and thus there willbe onlyoneoptical surface, theinter

face betweenthe crown element and theoptical glue.
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This methodofcementing greatly reduces the requirements on the surface figure of the

flint element Because the opticalgluehas the samerefractive index as the flintelement and

forms to the surface of the crown, there are no wavefront aberrations introduced by die flint

surface. For typical optical materials the surface finish on both elements will be of high

quality and the improvement in wavefront aberration will be no more than a factor of two. If

oneelement is fabricated from a material that is difficult to polish, the improvement wave-

front aberration canbe large. Fig. 1 shows the cemented doublet configuration with fused

silica and lithium fluoride (LiF) as the two materials. Lithium fluoride is oneoptical mate

rial besides fused silica with adequate transparency in the deep-UV. Lithium fluoride is diffi

cult to polish because it is a soft crystalline material. Fused silica is both hard and amor

phous. Fused silica can be figured to A/200 with present technology while LiFcan only be

figured to A/4.1 Use of an optical fluid with the same refractive index as LiF will greatly

reduce the wavefront aberrations introduced by the LiFelement

The second example of auseof optical fluids indeep-UV lithography is inamask cov

erplate system. Chapter 2 discussed theproblems associated withusing apeUiclized mask in

deep-UV lithography, such as the fragile nature of pellicles and their aging with exposure to

deep-UV radiation. In place of a pellicle, a fused silica coverplate is placed overthechrome

side of amask. The coverplate ismade thick enough tohold off any dust particles that might

land on the mask.2

The optical performance of such coverplates can be improved by placing a fluid

between themask and the coverplate. This arrangement is shown in Fig. 2. The fluid would

have arefractive index equal to the fused silica mask and coverplate. This fluid would elimi

nate the surface reflections that occur in the small gap between the masksubstrate and the

coverplate. These surface reflections can create a low finesse etalon that would vary in

transmission as the gap distance changed byone quarter of the exposure wavelength. Main

taining a constant gap distance is difficult and would require optically flat mask substrates

and coverplates. Use of an optical fluid inthe gap reduces the required tolerance onthe gap
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distance and the flatness of the mask and coverplate. An additional advantage of using an

optical fluid is an increase in the optical throughput by removing the two inside surface

reflections and thus increasing thetransmission of themaskcoverplate system.

A final example ofoptical fluid usein deep-UV lithography is shownin Fig. 3. This is

a diagram of the Half-Field Dyson lithography system. It is a unity magnification high

numerical aperture projection system employing a reflective mask. The gap between the

final lens element and themaskwould require an optical fluid because of surface figure con

siderations. The gap between the mask and the wafer would also require anoptical fluid for

an additional reason besides surface figure and reflective losses. As designed, this lens sys

tem forms the best image at the surface of the mask just above the wafer. The transition

from the fused silica mask to air for light rays incident onthewafer causes spherical aberra

tion and degrades image quality. If a fluid with die same index as fused silica were placed in

the gap between the mask and the wafer, this spherical aberration wouldbe rfiminpted lead

ing to improved image quality.

3.2 Fluid Properties

There are many desired properties of optical fluids. Some of the desired nonoptical

properties include chemical stability, lowthermal expansion, easy handling, lowornotoxic

ity, and compatibility with materials incontact with the fluid. This last property isextremely

important when using fluids with optical materials like LiF since it is soluble in water and

thus woulddissolve in any waterbased fluid.

The most critical optical properties that a fluid must satisfy are stable deep-UV trans

mission and proper refractive index. Since these fluids are used as a thin film, some deep-

UV absorption may beacceptable since it would lead to small losses only. If the amount of

absorption changes with time though, the overall transmission of the optical system will be

affected and have detrimental effects on exposure control. The fluid refractive index need
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not be exact Correct index matching to three or four decimal places will produce all the

desired positive effects described intheprevious paragraphs.1

3.3 Measurement Techniques

A system used to measure the transmission stability of a material was described in Hg.

1of chapter 2. Instead of placing a pellicle attheexposure plane, a sample holder filled with

the fluid under test can be placed at the exposure plane. The fluid holder can be a simple

UV-quartz cubette. In our case a 1cm thick cubette is used. This large thickness helps to

exaggerate any change in transmission during exposure. In this way, we can obtain a more

accurate estimate of the absoiption coefficient For example, a fluid that exhibited 13.2%

transmission through a 1cmthick sample would be 98% transmitting through a 100/zm thick

film. Accurately measuring die difference between 97% and 98% is difficult using ourlife

timeexposure system (the absorption coefficient for 97% would giveonly4.8% transmission

in a 1cmthick sample, easily differentiated from 13.2%).

If the fluid is only slightly absorbing, the amount of exposure perunit volumeremains

the same throughout the fluid volume. If the fluid is highly absorbing so that anappreciable

fraction of theexposure radiation is absorbed, then theamount of exposure applied to thelat

terportion of the fluid willbe less than that received by the forward portion of the fluid vol

ume. For a free flowing fluid it becomes difficult to calculate the total exposure dose

received by a given molecule of the fluid. If the fluid is asolid glue orahighly viscous gel,

then a simple exponential decay through the sample will give a good estimate of the total

dose received by each portion of the fluid volume. In this way a reasonable estimate of the

thin film aging characteristicscan be made.

For free flowing fluids we can assume that the fluid is continuously muting and thus

will possess uniform optical absorption properties. An estimate of the average amount of

exposure applied to the fluid can be found by calculating the average intensity throughout
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the thickness of the sample:

dJ
<I> = ^r Nmce-^dx, 1

whereD is the sample thickness, 1^ is the incident intensity, and a is the absorption coeffi

cient This integral can be calculated, giving:

<,>=^[1_e-j

In the limit of a =0 the average intensity goes to 1^ as it should. Asa becomes large this

equation simplifies to <i>-^, which physically means that all the radiation is absorbed in a

fraction of the fluid volume equal to -L . Knowing the amount of radiation absorbed by

each region of the fluid is important for estimating the change in absorption with exposure.

Once the change in absorption with exposure is known for a thick sample, uniform charac

teristics canbe assumed in thevery thin films usedin optical systems.

The second important optical fluid parameter is the index of refraction at the wave

length of use. Some fluids have published index information in the visible wavelength

range, but little information is available in the deep-UV region. A second complication is

that manyof the fluids tested, such as the synthetic vacuum pumpoils, were neverintended

for optical use and thus no optical information is available regardless of wavelength. The

index properties of many thin films used in the semiconductor industry have been deter

mined by use of a method called variable-angle monochromatic fringe observation.3 This

methodis highly accurate butonly practical forthin films of 10pm orless. Two methods for

determining the refractive index of abulk fluid have been developed. The first, a variation

on the fringe counting method, is simple to execute but imprecise. The second, a prism

refraction method, has longer setup timebutyields greater precision.

The fringe counting method consists of counting the change in the interference fringes

betweentwo optical flats asthe space betweenthe flats is filled with the fluid undertest The
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setup used in the fringe method is shown in Fig.4. The basic componentsaretwo fused sil

ica wedges and a beam collimation system. The wedges are held by five axis lens position

ers and are positioned nearly parallel to each omen Their spacing is kept to less than lQOpm

though this distance is not critical. A coUimated beam of 248nm radiation is made incident

on the wedges and the reflections from the inside surfaces is monitored by a linear diode

array. The degree of tilt between the wedges is adjusted so that the fringe patterncreatedby

the two reflected beams has a low enough spatial frequency to be monitored by the diode

array. Because the precision of this method depends on the number of fringes across the

diode array, we attempt to produceas many fringes across the array as possible without sur

passingthe spatial frequencyof the diode array.

The fringe pattern owing to interference between the reflections from the inside sur

faces ofthe wedges can be written:

I(x) = Iqcos 2?f22Eh(x)cos(*inc)}
where I0 is the fringe peak intensity, ngtp is the refractive index of the material in the gap,

h(x) is the gap distance, and 6^c is the angle of incidence for the illuminating beam. If the

wedges are held at some small angle to each other, call it 0wedge» then the gap distance is

h(x)= ho+tan(0wedge)x, where ho is some initial wedge distance. The fringe intensity can

then be written:

100 = Io cos 2-^S£ cos^Jho+2-2j£E cos(^in)tan(^wedgJx L

The first part insidethe cosine function is a constant phase whilethe second part varies with

x across the diode array. The numberof fringes on the diode array canbe written:

fringe _^ipCOS^in^^^g^X^da

where x^ua is the total width ofthe diode array.
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The procedure for measuring refractive index is as follows: Adjust the wedge spacing

and tilt as described in the previous paragraph with air in the gap between the wedges, then

record the fringe pattern across the diode array. Fill the gap between the wedges with the

fluid and again record the fringe pattern across the diode array. We can now use Eqn. 5

twice with the two different values ofn^:

fringes* =2n^C0S^in)tan(gwedge)xwi<Hh
m X

At

The measurement with airin the gap can be usedto eliminate all the unknowns in the mea

surement with the fluid in the gap, giving:

fringesflujd
"fluid= IW *.. . 7w ftinges*

The refractive index ofthe fluid isrelated to the refractive index of air bythe ratio ofthe two

fringe counts. Wetake the index of air to be equal toone.

The largest error in this measurement stems from the inability to count the fractions of

fringe across the diode array with high precision. Because of the limited pixels per fringe

period (usually 10 pixels per period) one can not determine the number of fringes on the

array to greater than two digits of precision. The other large error in this method is the

assumption that the gap spacing and tilt angle remain constant when the fluid is poured

between the wedges. Capillary forces can pull the wedges together and thus alter the fringe

spacing independent of a change in refractive index.

Themore precise butmore difficult prism approach for index measurement is shown in

Fig. 5. In this method ahollow prism is constructed of fused silica windows and filled with

the fluid under test This "fluid prism" refracts a coUimated beam of light according to

SnelTs law allowing one to obtain index information by measuring angles. Fig. 5 shows a

coUimated beam of ttght, created by passing through a 100/an sUt made incident on the
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prism. The angle of the prism, which is nominally 30 degrees, is measured by observing the

reflectedlight from both of the faces of the prism as imaged back through the slit By mea

suring the amount of prism rotation required to back reflect from both prism faces we can

obtain a value for the angle of the prism. The second measurement is the angle required to

back reflect the beam through the fluid and off the back side of the prism. These angles are

shown in Fig. 6.

The disadvantage with this method is the time consuming adjustments required to auto-

coUimate the 1000mm focal length lens and the 100/nn wide slit The slit must be placed at

the back focal plane of the lens so that a sharp image of the slit is formed when reflecting

from the prism surfaces. A further difficulty is fabricating the hoUow prism. An aluminum

base is used with fused silica plates glued to form a sealed chamber. Because most of the

fluids tested arenot easily dissolved, the prismmust be destroyed and remade aftereachtest

The wedges used in the fringe method could be disassembled and wiped clean, making for a

much quicker turn around time.

Using SneU's law we can relatethe refractiveindex of airto that of the fluid by the fol

lowing equation:

sin(flm)

where ep is the prism angle, and 6m is the refracted angle shown in step 3 of Fig. 6. The

prism angle was chosen to be 30 degrees because of the need to avoid total intemal reflection

inside the prism. Fig. 7 shows the maximum allowed prism angle for a given fluid index.

Since the range of index values was expected to be between 1 and 2, and the sensitivity to

errors increases asthe prism angle is decreased, we chose a prismangle of 30 degrees.

The precisionof this method is limited by the width of the slit and our measurement of

the two angles. The rotation stage used in these experiments was capable of measuring

angles to arcminutes, 2.9e-4 radians. The coUimating lens is operated at an f-number of 100
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and results in a diffraction Umited width (distance to first nuU) equal to 50pm.4 After con

volving with the 100m sht theangular width of thelens/slit system is l.le-4 radians. Sum

ming the errors from the stage and optics (VEf+E§) gives asystem precision of3.1e-4 radi

ans. We can calculate the effect onthe index by taking the partial derivative of Eqn. 8 with

respect to the two angles:

vsfe-1^Abom=A*b *\/ -t-£tt -nLd

Kv/-r£—.\ sin2(ft,)

Evaluating Eqn. 9 with 0P =30degrees and assuming hq^ = 1.5gives:

Anfluid = 1.32A^in

AnflBid=2.28A^p, 10

which results inatotal error inthe index value of 8.1e-4. Thus, using the present equipment,

thismethod gives three digits of precision fortherefractive index.

3.4 Results

Many fluids were tested using the lifetime exposure test system. Figs. 8 through 17

show the results for most of the fluids tested. These transmission values are relative to an

empty cubette. Some fluids show greater than 100% transmission owing to the reduction of

Fresnel reflection losses at the inside surfaces of the cubette. Additional fluids were tested

but they showed near zero transmission in a 1cm thick sample. These highly absorbing flu

ids were rejected. Two fluids intended for use inoptical systems were made available tous

for testing. These fluids were the JJ>. Banks fluid (Fig. 16) and the Cargile #3421 fluid (Fig.

12). Neither of these samples showed high transmission at 248nm, with the Cargile fluid

possessing a moderate transmission of 60% and the J.P. Banks material less than 10%. In a
43



thin film both of these fluids may suffice if no other fluid with the same refractive index can

be found. It is interestingto note that many of the fluids that show high and stable transmis

sion under 248nm exposure are synthetic pump oils and lubricants. Their inert chemical

nature makes for an optical absorption band higherthan the 5eV photons produced by the

KrF excimer laser.

The measured refractive index values of these fluids are shown in table 1. There are

several fluids with index values close to that of fused silica, 1.508.5 The J.P. Banks fluid

matches to 3 decimal places, but has poor transmission characteristics. The fluid nearest in

index and possessing hightransmission is Ethylene Glycol. This fluid is highly stable, easy

to obtain, and hasno handling restrictions. The small mismatch in indexof 0.024 produces

only a 0.0068% Fresnel reflection and thus would be an exceUent index matching fluid for

the mask coverplate system.

Lithium Fluoride has a refractive index of 1.419 at 248nm.s None of the fluids tested

had a refractive index sufficiendy close to LiFfor useas asurface finish. The CargUe #3421

fluid is theclosest withamismatch of 0.018. To testthecompatibility of this fluid withLiF,

a second lifetime testexposure of the CargUe fluid was made butthis time a small piece of

LiF was placed in the cubette. The LiF was fuUy submerged in the fluid and positioned so

that it was exposed to the 248nm radiation. The result of this experiment is shown in Fig.

18. When compared to the CargUe test alone (Fig. 12), the aging characteristics of the

LiF/Cargile sample are much degraded. Some interaction between the two materials must

have occurred reducing the overaU transmission. Because of this interaction theCargUe fluid

is a poorcandidate to index matching to LiF.

In an attempt to produce a fluid with long transmission lifetime and a suitable refrac

tive index for LiF, we mixed two fluids, one with an index below that of LiF and the other

with an index above LiF. These fluids must be miscible so that the mixture wUl maintain

uniform optical properties. Two candidates for such a mixture are deionized water and
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ethylene glycol. Fig. 19 shows the refractive index of various percent mixtures of these two

fluids. The mixture exhibits a nearly linearrelationshipbetween the refractive index and the

fraction of ethylene glycol in water. The mixture with 30% ethylene glycol in waternearly

matches the index of LiF. The results of the transmission stability of this mixture is shown

in Fig. 20. A test of compatibility withLiFis shownin Fig. 21. BothFigs. 20 and 21 shown

that this mixtureis a promising candidate foruse as anindex matching fluid withLiF.

3.5 Conclusions

Many candidate optical fluids with stable transmission lifetimes under deep-UV expo

sure have been found. The range of refractive index covered by these materials includes

most ofthe common deep-UV optical glasses such as fused silica and LiF. This inventory of

optical fluids should provide abroad range ofoptions for choosing the appropriate fluid for

use in many optical systems. The most promising of the candidate fluids are deionized

water, Dupont Krytox, Demnum S-65, and ethylene glycol.

To further this work, these fluids should be tested at even shorter exposure wave

lengths, such as the quintupled Nd-YAG (213nm) and the ArF excimer (193nm). Higier

photon energies and higher peak powers from these laser sources will be more likely to

cause damage during exposure. The present 213nm system at Berkeley, though producing

high pulse energies (28mj/pulse), is alow repetition rate system and thus produces only a

limited amount of average power. With such low average power it is difficult to make suit

able lifetime measurementsin areasonable time.

This work could be expanded to include lifetime testing of optical glasses at these

wavelengths. Currently, we have tested fused silica and LiF. Both have shown high and sta

ble transmission characteristics at 248nm. Agreat amount ofexposure testing has been done

on fused silica at 193nm.6-7-8 The results show an increase in absorption near 210nm when

exposed to 193nm radiation. Exposure tests at 213nm would be interesting since this may
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lead toarun away process with increased absorption leading toaccelerated damage. Again,

these tests are best postponed for the second generation Berkeley 213nm source that will

producemuch higher averagepower.
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Fig. 17. Transmission at248nm versus dose for a 1cm thicksample of glycerine 99.7 USP.

110

£ 100
c

00 90
^r
C4 80
4-»

cd 70

CO 60
C
cd 50

H 40
*-*

c
CD 30

2 20
CD

Cu 10

0

500 1000

Dose (J/cmA2)

1500

Fig. 18. Transmission at 248nm versus dose for Cargile #3421 with apiece ofLiF submerged.

59



Index Matching Fluids @ 248nm

Fluid Name Refractive Index (+/-0.001) Transmission

Dupont Krytox 1.319 Good

Fomblin VT-219 1.322 Good

Demnum S-65 1.337 Good

Deionized Water 1.374 Good

Cargile #3421 1.436 Poor

Dow 200 50 est 1.467 Good

Dow 200 100 est 1.467 Good

Dow 200 200 est 1.467 Good

Ethylene Glycol 1.484 Good

Propylene Glycol 1.486 Poor

J.P. Banks Fluid 1.508 Bad

Polyglycol 1.511 Bad

Glycerine 99.7USP 1.533 Poor

Table 1. Index of refraction at 248nm for several candidate optical fluids.
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Chapter 4

Synthesis and Characteristics of

213nm Quintupled Nd-YAG Radiation

Abstract- A quintupled Nd-YAG (213nm) laser source has been constructed to investi

gate the use of highly coherent pulsed lasers in deep-UV microlithography. The relevant

characteristics ofthis 10Hz,0.25W laserhavebeen measured.

ThisJaser can be operated in two modes: free running and injection seeded. The spec

tral linewidth while free running is 47pm with acoherence length of 0.95mm. Injection

seeding results in single-mode Fourier-transform limited pulses with spectral linewidth of

0.035pm and coherence length of 1.3m. The injection seeded linewidth is well within the

lpm requirements of today's monochromatic all-fused silica microlithography lenses. The

coherent nature ofthis source leads to high contrast speckle. The speckle is characterized by

100% contrast intensity variations in the far-field scattering ofthe quintupled Nd-YAG laser.

4.1 Introduction

The first demonstration of frequency upconversion was published in 1961.1 This first

demonstration used quartz as the nonlinear material and only atiny fraction ofthe incident

ruby laser pulse (694.3nm) was converted to the second harmonic (347.2nm). TTie small

conversion efficiency was caused by adifference in the refractive index ofquartz for the two

wavelengths. This dispersion caused adifference in propagation velocity and thus aloss of

phase between to the wavelengths as the two colors traveled through the quartz.

The introduction of biaxial nonlinear crystals2*3 solved the problem of dispersion
between the incident and resultant wavelengths. The biaxial property was exploited by mak

ing the resultant wave possess apolarization orthogonal to the incident wave. TTie angle of
the crystal axis could then be tilted such that the refractive index for both waves was
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matched. This results in a long length over which the two waves are in phase and thus

energy can transfer from the incident tothe resultant wave with high efficiences. Conversion

efficiences of greater than 80% have been reported for frequency doubling of the Nd-YAG

laser.4

The amount of average power produced inthe deep-UV region bynonlinear upconver-

sion had been limited bythe lack of anonlinear crystal that was highiy transmitting inthe

deep-UV. The development ofbeta Barium Borate (BBO)5'6 has sparked new investigations

into the production of high average power deep-UV radiation because of the high deep-UV

transparency of BBO. Recent work with BBO has shown deep-UV generation down to

204.8nm.7» *•9 204.8nm is the short wavelength cutoff for type ISHG phase matching in the

BBO crystal.

The shortest wavelength obtainable from the harmonicsof the ND-YAG laser is the 5th

harmonic at213nm. The5thhannonic can beobtained intwo ways: 1) Produce the 2nd har

monic,double this to the4thharmonic, and finally mix the4th hannonic withthe fundamen

tal to produce the 5th. 2) Produce the 2nd harmonic, mix the 2nd harmonic with the funda

mental to produce the 3rd, and finally mix the 2nd and 3rd harmonic to produce the 5th.

Both of these methods result inradiation at212.8nm and each method has itsadvantages and

disadvantages. The first method is more straightforward. No waveplates are needed to

rotate the polarizations of the harmonics into proper angle. The disadvantage with this

method is the difficulty with producing the 4th harmonic (266nm). This wavelength is far

into the deep-UV and only a BBO crystal can reasonably be used for its production. The

second methodis morecomplicated in that theresulting polarizations ofthe2ndand 3rdhar

monics are orthogonal and must be rotated into parallelism by a waveplate. The advantage

of thismethod is theease of producing the3rd harmonic. Commonly available crystals such,

as KDP can beused and lead to stable high power 3rd harmonic output
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4.2 Laser System

This original optical layout for production of 213nm radiation is shown in Fig. 1. This

systemwas purchased from Continuum Corp. The detailed operation of the Nd-YAG laseris

described in the Operation andMaintenance Manual for the Model YG661-J0 YAG Laser.

This Nd-YAG laser is a 10Hz pulse repetition rate system capable of producing 600mJ per

pulse. Our system has been adjusted to produce about 400mJ per pulse at 10Hz. The funda

mental pulse energy was lowered to prevent damage totiie 5thharmonic crystal. Several 5th

harmonic crystals were damaged during the initial installation using the higher pulse energy.

The 5th harmonic isproduced bymixing the 2nd and 3rd harmonics. Although mixing the

1st and 4th harmonics has ahigher nonlinearity coefficient, at the time this system was con

structed producing the 4th harmonic was difficult and resulted in anunstable 4th harmonic

output

In the original configuration, this system produced 5mJ per pulse at213nm at lOhz for

an average power of 50mW. There were several simple improvements possible with the

original configuration that led to much increased 213nm power. The first improvement was

to remove the uncoated windows around the 5th harmonic crystal Each surface of these

windows accounted for a4% loss owing to Fresnel reflection. Removal ofthe output win

dow increased the 213nm output by 8% because of the elimination of two Fresnel reflec

tions. Removal of the input window caused agreater than 8% increase because of the non

linear operation that occurs after the input window in the BBO crystal. 5th harmonic radia

tion produced by the mixing of2nd and 3rd harmonic is given by:

P(5fl>) = yP(2<y)P(3a>), 1

where P(5fi>), P(3<»), and P(2a>) are the average powers in the 5th harmonic, 3rd harmonic,

and 2nd hannonic. The constant, y, is aproportionality constant that contains all the nonlin

earity coefficients and phase matching parameters for agiven crystal and configuratioa As

one can see from Eqn. 1, the 5th harmonic output goes as the square ofthe total input power.
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The 5th harmonic output is thus increased by afactor of1.17 on removal ofthe input win

dow (1.08*1.08=1.17). To compensate for the loss of protection provided by the windows

the entire laser enclosure was sealed and purged with dry nitrogen.

The aperture shown inFig. 1is required because the original crystal diameter was less

than the laser beam diameter. This 4.3mm diameter aperture blocked nearly 50% of the

beam area. Replacing the BBO original crystal with a new BBO crystal with dimensions

9X9mm and 5mm long allowed the use of the full beam diameter. Additionally, the input

face of the BBO crystal was AR-coated for tiie incident 2nd and 3rd harmonic wavelengths.

The increase in beam area leads to a 50% increase in213nm power while the AR-coating

leads to a 8% increase (1.04*1.04=1.08).

Further improvements in213nm power were achieved byeliminating the turning prism

and the windows around the 2nd and 3rd harmonic crystals. All these components con

tributed to a reduction of one ormore of the harmonics needed in the synthesis of 213nm

radiation. Combining these improvements should have increased the 213nm output power

bya factor of5.11. This much increased 213nm power damaged the Pellin Broca prism used

for wavelength separation. In place of the prism, four dielectric mirrors coated for maxi

mum reflection at 213nm are used to separate the 213nm radiation from the other remaining

harmonics. These mirrors have a measured reflectivity near 99% at 213nm and thus con

tribute at most a loss of 4%. This arrangement is an improvement over the Pellin Broca

prism since the prism was notAR-coated and exhibited some absorption of the213nm radia

tion.

The final optical configuration isshown inFig. 2. The record todate is28mJ per pulse

at 213nm at 10Hz giving 280mW of average 213nm power. This is a 560% increase over

the original configuration, most of which is accounted for in the previous paragraphs. The

additional improvement is most likely owing to the shorter BBO crystal used in the final

configuration. The original BBO crystal was 7mm long while the new crystal is5mm long.
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The formula for the ideal crystal length requires knowledge of incident beam size, power

density, spectral linewidth, beam divergence, crystal nonlinear coefficient, and absorption.10

We have good estimates of all these factors except for incident beam divergence and crystal

absorption. We do know that the crystal exhibitsmore absorption thanexpectedandthatthe

divergence of the Nd-YAG beam is most likely not as low as the original specifications.

Since the ideal crystal length becomes shorter for bothhigher crystal absorption and higher

beam divergence, we chose a length for the replacement crystal shorter than the original by

2mm Better results mightbeobtained withanevenshorter crystal

Further gains in 213nm output could be obtained by applying an AR-coating to the

waveplate and the 2nd and 3rd harmonic crystals. The output from the Nd-YAG laser itself

could also beincreased uptoits rated value of 600mJ per pulse. Now that nocrystal damage

hasbeen experienced with the new crystal, it is reasonable to assume that further increases

are safe. This is also supported bytiie literature, where 600mJ 1064nm pulses at 10Hz have

been unconverted to70.0mJ 213nm pulses with no crystal damage.4 Increasing the Nd-YAG

output power would require a change in the collimating lens positioned atthe output of the

oscillator cavity. This lens removes the beam divergence caused by the thermal profile

within the Nd-YAG rod. Increasing the flashlamp voltage would change this profile, necessi

tating adifferent focal length lens at the oscillator output One final change in the present

system might lead to a further increase 213nm power. As stated inthe previous paragraph,

the BBO crystal length used inthe present system in most likely not optimum. An effort to

measure the pertinent properties ofthe laser and BBO crystal would lead to aproperly calcu

lated crystal length. A more straightforward but more expensive solution would be to pur

chase several crystal lengths and measure their conversion efficiency when used in our pre

sent setup.
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43 BBO Crystal Heating

As delivered, the 5th harmonic BBO crystal was not held inside any type of tempera

ture controlled oven. As the BBO crystal absorbed some of the 213nm radiationit changed

temperature causing the crystal to become detuned. The heating effect inside tiie BBO crys

tal created a large amount ofhysteresis in the tuning angle. Any loss oftuning would reduce

the amount of 213nm energy and thus reduce tiie amount of crystal heating, leading to a run

away process. Thus if the best tuning angle was lost even briefly the crystal had to be

rotated all the way back to the cold position and the tuning process had to be repeated. To

alleviate this problem we built a temperature controlledoven aroundthe BBO crystal. Fig. 3

shows schematically the effect of the oven. Without the oven, the overall crystal tempera

ture must increase to expel the excess heat into the air. With the oven in direct contact with

the crystal, the excess heat is swiftly carried away by the highly conducting aluminum oven.

The oven can help prevent a change in the average temperature of the crystal but nothing

short of changing the crystal shape can change the temperature profile within the crystal.

Fig. 3 shows the profile within the crystal is the same with and without the oven.

This temperature profile causes a loss in conversion efficiency because the crystal is

not properly angletuned throughout the volume of the crystal. As an example of this loss in

conversion, Matthews11 showed reduction in 4th harmonic conversion from 58% to 46%

when the repetition rate was increased from 1Hz to 10Hz. This is a 21% loss in 4th har

monic energy per pulse and is attributed to a transverse thermal gradient caused by absorp

tion of 266nm energy. For creationof 5th harmonic from 2nd and 3rd the FWHM tempera

ture bandwidth of our crystal is 7.4°C.12 The thermal conductivity of BBO has been mea

sured for the 11 and33 crystalorientations and are0.08W/m/K and0.8W/m/K respectively.

To estimatethe temperature rise at the centerof the crystal we will use an approxima

tion for the thermal profile ofacrystal illuminated with aGaussian distributed laser beam:13

68



T(r) =̂ e^. 2
4k

where T(r) is the radial temperature, q is theabsorbed power perunitvolume, w0 is thebeam

waist and K is thecrystal thermal conductivity. Our incident beam is notGaussian in shape

but we will make this assumption to simplify the calculations (see section 4.4 for 213nm

beam profile), lb estimate the absorbed power per unit volume, we will assume that the

213nm intensity isuniform along the crystal length and equal tohalf of the output intensity.

We will also use an estimation of the absorption coefficient at 213nm obtained from

Eimerl12 of0.52 cm"1. Okada13 also gives an estimate ofthe power per volume absorbed by
the crystal:

2Wa

q"^ 3

where a is the absorption coefficient and Wis the incident beam power. Combining Eqn. 2
and 3 gives:

T(r)-_e^. 4

Thetemperature at the center is simply:

T W(X

Using the assumptions stated above the the thermal conductivity in the 11 direction (this is

the direction toward the oven walls) gives acenter temperature 29°C higher than the edge.

This crude estimate ofthe temperature rise at the center may be off by alarge factor,

but it demonstrates the severity ofthe heating problem involved with producing high average

power 213nm radiation. The crystal heating can affect the stability ofthe output energy, as

well as acause reduction in conversion efficiency. Fig. 4. shows schematically two regions

oftuning within the temperature range ofthe crystal. Adjusting the crystal angle such that
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thecrystal is on the low side of thetemperature profile with no incident radiation leads to a

detrimental positive feedback situation. On application of theincident laser beam the crystal

will heat up moving the tuning angle toward higher conversion, causing more hearing,

greater conversion andso on. This runaway process in not desired sincethis feedback works

on the down slope as well If, for some reason, there is a momentary reduction in 213nm

power, the crystal will cool reducing its conversion efficiency and thuslowering the amount

of 213nm power further cooling the crystal, etc. Thus, positioning the crystal on the lower

temperature side of the tuning curve will lead to unstable operation. This effect is demon

strated in Fig. 5. This is a plot of 213nm energy versus time with crystal tuned to the low

side of the tuning curve. The incidentenergyis applied at 20sec andthe 213nm output rises

by a factor 10 before leveling off.

Tuning to the high temperature side of tiie tuning curve leads to a negative feedback

situation. If the 213nm output is perturbed higher, raising the crystal temperature, the con

version efficiency will drop returning the output to the previous level. Likewise tiie lower

213nm out the efficiency will raise returning the output to the steady state level. Fig. 6

showsthe output energyversus time with the crystal tuned to the high temperature side. On

application of the incident laser beam the 213nm output is high, heating the crystal and

reducing the conversionefficiency until the steadystate point is reached. It is interesting to

note that the steady state output is one half of the initial. Retuning the crystal can regain

some of this loss, returning the output to about 75% of the initial level. This inability to

regain all thelostconversion efficiency isconsistent with Matthews.11 Fig. 6 also gives usan

estimate of the time constant involved in the heating and cooling of the crystal The expo

nential approach to steady state has an e"1 value of 15sec. This long time constant shows

that the crystal does not react on the time scaleof the pulse repetition rate of 10Hz and thus

it is reasonable to calculate crystal heating on anaverage powerbasis and not on a perpulse

basis.

70



4.4 5th Hannonic Energy Output andBeam Profiles

Once a stable operating point has been found, the 213nm output still shows consider

able variation inpulse to pulse energy output Fig. 7 shows the 213nm output energy versus

pulse number for arepresentative 2000 pulses. The crystal was tuned to the negative feed

back side ofthe temperature curve to achieve best energy stability. Fig. 8 isahistogram of

the energy measurements shown in Fig 7. The standard deviation ofthe 213nm pulse energy

is7.6% and the total included range is +/-20%. Exposures with +/-1% dose control (JTR)

would require aminimum of400 pulses. This pulse count equates to a40sec exposure using

the 10Hz pulse rate. Ifthe second generation 213nm source exhibits the same energy varia

tion with its much higher 2000Hz pulse rate, only 200ms would be required for +/-1% expo
sure dose control

We used the measurement setup shown in Fig. 9 to measure the beam profile ofthe

213nm output and each of the harmonics. For the 213nm measurement, six dielectric mir

rors were used to insure that none ofthe other wavelengths contributed to the beam profile.

For the other harmonics only two dielectric mirrors were needed to reduce the other colors

sufficiently below the desired color. Four quartz wedges arc placed after the dielectric mir-

rors to reduce the intensity ofeach beam profile below the level of camera saturation. Inten

sity variations are made by changing the angle of incidence on the quartz wedges.

Figs. 10 through 13 show the beam profiles for the 1st, 2nd, 3rd, and 5th harmonics.

The profile for the 1st harmonic is nearly flat top. A flat top profile is expected since the

amplifier rod is operated in the saturation condition. The variation in intensity across the flat

top region is mostly owing to differences in the level of inversion across the amplifier rod.

Since the rod is pumped by aflashlamp and mirror arrangement, some nonuniform pumping
is expected. TTie profiles for each successive harmonic show a further degradation in the

profile uniformity. Each nonlinear operation exaggerates the nonunifonnities of the input
beam. The smooth drop off in intensity in the vertical direction in the 2nd harmonic profile
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is evidence of beam "walk off" caused by different k-vector directions for the incident 1st

harmonic wave and the resulting 2ndhannonic wave. The difference in k-vectors for SHG

of1064nm in KDP cannot be eliminated since non-critical phase matching in this crystal can

only be achieved overa small wavelength range near520nm. This small walk off effect is

accepted rather than replacing the KDP crystal with another type because oftiie high conver

sion efficiency and rebust nature of tiie KDP crystal The 3rd harmonic operation isclose to

non-critical phase matching, thus the 3rd harmonic beam profile is not significantly

degraded.

The 5th harmonic beam profile shown in Fig. 13 possesses severe nonuniformities.

These nonuniformities are caused by three factors. The first factor is the uniformities of the

incident 2nd and 3rd harmonic beams. The second factor is beam "walk off". TTie BBO

crystal is not operated close to non-critical phase matching. In thecaseof the 5thharmonic

crystal, the "walk off" is in the horizontal direction. The third and most important factor

causing the5thharmonic beam nonuniformities is the temperature profile across the crystal.

This temperature variation causes a difference in conversion efficiency across the face of the

crystal. Fig. 13 showsthat the tuning angleis such that maximum conversion occurs at the

topof the crystal When tuned forbest conversion in this region the213nm output is maxi

mized. Changing the tuning angle canproduce higher intensities near the middle or evenat

thelower portion of the crystal butat theexpense of total 213nm energy output

Totest thestability of the5thharmonic beam profile from pulse to pulse, 16sequential

pulses were recorded by thecamera and thevariation from pulse to pulse wasanalyzed. Hie

measure of variation used was thecorrelation coefficient between two profiles defined by:

S On(x.y)-<ln>XIi(x,y)-<Ii>)
cllpdxels

° VvarCInh/vara,) '

where p„ is thecorrelation coefficient between pulse number n and pulse number 1,1(x,y)is

the camera intensity at position (x,y), < I > is the average pixel intensity, and varCQ is the
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variance ofthe pixel intensity for a single pulse. The variance is givenby:

vara)= 2 d(x.y)-<I>)2. 7

Eqns. 6 and 7 wereapplied to the pixeldata after each picture wasnormalized so thatvaria

tions intotal energy were eliminated. After normalization only changes in shape will reduce

the correlation coefficient The result of this measurement is shown inFig. 14. Tiie correla

tion coefficient for the first pulse is 1since it correlates perfectly with itself. The correlation

of the following pulses decreases with pulse number. Unfortunately the camera system can

only record 16 pulses at one time, making it impossible to measure the long term stability of

the pulse profile.

4.5 Spectral Characteristics of Quintupled Nd-YAG Radiation

The single most important characteristic of any radiation source for lithography is its

spectral content The Nd-YAG source employed in these experiments can be operated with

two different spectral linewidth specifications. In normal operation the Nd-YAG oscillator

cavity lases in many longitudinal modes and several transverse modes. By folding asmall

single-frequency CW laser source into the main oscillator cavity, the laser can be operated in

asingle longitudinal and transverse mode. This method ofline-narrowing is called injection

seeding and is available as an option on our Nd-YAG laser. By the simple opening and clos

ing ofashutter the ND-YAG can be operated multimode or single mode. Achange in prop

erties ofthe fundamental harmonic has adramatic affect on the higher harmonics, particu
larly the 5th harmonic.

Since the spectral linewidth produced bythe quintupled Nd-YAG laser is less than a

few 100pm for both seeded and unseeded operation, a grating or prism spectrometer has

insufficient resolution to measure these narrow linewidths. We measured the laser coherence

length and used the relation between coherence length and spectral linewidth given by:14
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a*=aT 8

where AX is the spectral linewidth, A is the center wavelength, and AL is the coherence

length. To measure the coherence length of ourlaser we used themodified Michelson inter

ferometer shown in Fig. 15.

This interferometer consists of aquartz wedge used as abeamsplitter, a second quartz

wedge used for energy compensation, andtwo normalincidentdielectric minors. Part of the

incident radiation is reflected by the first wedge toward the mirror. The light that passes

through the first wedge passes through the second wedge onto the second mirror. After

reflecting from each mirror, thetwo light paths travel back to the first wedge, are combined

at theback surface of the first wedge and travel toward the CCD camera array. The second

wedge reduces some of the energy of the light rays traveling along that arm to compensate

for the extra energy lost inthe other arm owing to surface reflections inthe first wedge. Tilt

ing the angle of the second wedge changes the amount of energy reflected by its surfaces.

The adjustment of this wedge is made when the two delay arms are of equal length and the

interference fringes caused by the interaction of light rays from these twoarms should have a

contrast of 100%. The wedge is tilted until the fringe pattern onthe CCD camera has 100%

contrast

Once proper setup is achieved, the mirror onone arm is moved to change the amount

of path difference encountered by light rays in each arm. The contrast of the interference is

measured at each mirror position giving a plot of fringe contrast versus path length differ

ence. The results of this measurement for the 5th harmonic wavelength are shown in Figs.

16 and 17. Fig. 16 shows the result with the injection seeder off and Fig. 17 with the seeder

on. Making the assumption that the contrast vs. path difference curve is Gaussian shaped

and making a least squares fit gives a coherence length of 0.95mm for the213nm radiation

with the seederoff and 1290mm with the seeder. This result shows the dramatic difference

inoperating conditions with the seeder on and off. The change in coherence length is more
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than threeordersofmagnitude. Calculating the corresponding spectral linewidth using Eqn.

8 gives 47pm for unseeded and 0.035pm for seeded operation. The unseeded linewidth is

larger than the l-3pm linewidths required by today's all-fused-silica deep-UV lithography

lenses. The seeded linewidth is almost 100 times more narrow than required by today's

lenses. A narrow spectral linewidthis a positive feature when designing lensesbut detrimen

tal to exposure uniformity owing to tiie tremendous speckle problem associated with such

highly coherent laser sources.

Coherence length measurements can measure the linewidth for a single pulse but are

incapable of monitoring a shift in the line center from pulse to pulse. It is notenough to

have spectrally narrow radiation within each pulse, the line center must remain stable from

pulse to pulse so thatthe integrated exposure is formed withnarrow band radiation. Tomea

sure thevariation in line center from pulse to pulse wehave constructed aFabry-Perot inter

ferometer shown inFig. 18 tomeasure the spectral characteristics of an integrated exposure.

OurPabry-Perot interferometer was constructed from two dielectric mirrors coated for

maximum reflection at normalincidence for213nmradiation. The mirrors weremountedon

5 axis lens positioners with a spacer squeezed between the two mirrors. The free spectral

range (spacing between repeated spectral transmission) for this interferometer is given by:14

FSR=—4L_, 9
2nhcos0

where n is the refractive index (1.0 for air), h is the mirror spacing, and Xq is the vacuum

wavelength. A second important parameterofthis interferometer is its finesse given by:14

where R is the mirror reflectivity. The finesse is ameasure of the half-width of the peak

transmission function. A higher finesse leads to atighter transmission peak and thus a finer

resolution. The finesse is also limited by the flatness of the mirrors used in the
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interferometer. The mirrors used in this experiment had areflectivity of96% giving areflec

tivity limited finesse of77. This value is unreasonably hi#i and the true finesse is limited by

the mirror flatness. Hie flatness limited finesse isgiven by:15

F=2AT »

where Al is deviation from perfect mirror flatness. The mirrors used inthis experiment are

specified to be 1/10 @633nm flat over 1inch diameter. Only a 1/2 inch diameter portion of

the minor was used so 1/20 flatness can beexpected giving a finesse of 7. The resolution of

aFabry-Perot interferometer with finesse, F, and mirror spacing, h, is given by:15

A*-ffi. 12

Fig. 19 shows the unseeded integrated linewidth measurement made with the Fabry-

Perot for 16 laser pulses integrated onto the CCD detector. The mirror spacing was 0.22m

giving aresolution of 14.7pm and aFSR of 103pm. After taking into account the reduction

inresolution caused bythe limited number of camera pixels between transmission peaks, we

obtain a spectral linewidth less than orequal to 41pm. Fig. 20 shows the result for seeded

operation. Here the mirror spacing was set to 40mm giving a resolution of 0.08pm and a

FSR of0.56pm. This measurement is also an integrated exposure of 16 laser pulses resulting

in an integrated linewidth less than orequal to0.11pm. The unseeded Fabry-Perot measure

ment corresponds well with the 47pm value obtained from the Michelson interferometer.

The seeded measurement result of 0.11pm is wider than thatobtained from the Michelson

because of the resolution limits of the Fabry-Perot interferometer. This 0.11pm value is still

10times more narrow than necessary for today's all-fused-silica lenses while theunseeded

linewidth is 10 times too wide for use with these lenses.
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4.6 Conclusion

The first generation 213nm source has proven to be a stable and reliable source of

250mW of 213nm radiation. Using the injection seeder, this radiation has a spectral

linewidth well within the l-3pm requirements ofmonochromatic lenses used in present large

field reduction step and repeat exposure tools.

This 213nm source has shown encouraging results and proven itself to be robust with

long mean time to failure. The only maintenance down time has been for a cracked BBO

crystal and afaulty temperature sensor. The crystal problem was caused by afailure in the

AR-coating placed on the output side ofthe crystal. The replacement crystal was fabricated

without acoating on the cutout face and has been running problem-free for six months,
accumulating nearly 10 million laser pulses.
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Chapter 5

Speckle Reduction via Multiple Rotating Diffusers

Abstract- A simple model for the scattering of coherent light through diffusers has

been applied to a moving diffuser "despeckler" to estimate the scattering angles, speckle

decorrelation length, and the interaction between multiple diffusers. A Gaussian model for

the diffuser thickness variations has been used to derive a relation between the scattering

cone of a diffuser and its decorrelation properties. Thismodelis equivalent to a randomized

array of lenslets. The lenslet's thickness and diameter correspond to the characteristic

heights and widths of the diffuser roughness. This model predicts that a decrease in the

decorrelation distance for two closely spaced counter-rotating diffusers is accompanied by

anincrease in their scattering cone. Simulation and experimental measurements have been

used to verify the predictions of this model. Significant speckle decorrelation has been

demonstrated for ananosecond pulsed laser source using moderate diffuser rotation speeds.

5.1 Introduction

It is well known that the speckle related intensity fluctuations in the scattered beamsof

highly coherent sources may be mitigated by rotating one or more diffusers and averaging

the speckle.1*2 To investigate the required properties ofsuch diffusers we have developed a

model for the amount of speckle reduction produced by a single rotating diffuser and by two

closely spaced counter-rotating diffusers. One key result obtained in this paper is the trade

off between the speckle reduction properties of a diffuser and its scattering characteristics.

The greater the speckle reduction, the greater the scattering angle and thus the less total

energy collected by a given collection system. We show that with modest rotation speeds

(10-30K RPM), counter rotating diffusers can achieve significant speckle averaging even

within laser pulses as short as 4ns.
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5.2 Diffuser Model

To simplify the analysis of the speckle created by a laser illuminated diffuser we will

assume thatthe speckle has the properties presented in many previous references.3*4*5*6 The

main assumption is that the speckle E-fields possess circular Gaussian statistical properties.

This meansthatthe magnitude of the speckle E-field is Gaussian distributed with meanzero

and the E-field phase isuniformly distributed over [0 - 2n\. This assumption leads to nega

tive exponential distributed statistics for the speckle intensity, (I =EE*). An important prop

erty ofthe negative exponential distribution is that its second moment is equal to the square

of its first moment:

<I2 >=<I>2 . (1)

A consequence ofthis property is that the variance ofthe intensity is equal to the square of

the first moment:

VAR(I) =<I>2. (2)

The negative exponential distribution assumption has been verified for the speckle produced

by the diffusers used in this paper. A histogram ofthe far-field speckle pattern, shown in

Figs. 2 and 3, recorded by atwo dimensional ccd array (Fig. 1) closely matches that ofthe

negative exponential distribution. Also, Eqns. (1) and (2) have been verified by this mea
surement.

Ref[l] provides an attractive model for the properties of an ideal diffuser inwhich the

thickness variations, <5(x), provide arandom phase for the transmitted light. The ensemble

average ofthe diffuser thickness variations is assumed Gaussian shaped with mean zero and

variance s\\

<£(x)> =0 and<£(x)2> =«5£. (3)

The second parameter of the model deals with the lateral autocorrelation of the thickness

variations and isalso assumed to be Gaussian shaped with e"1 width ofa:
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>=*&A ° J.<S(xl)S(x2)> = S$6^ ° J. (4)

These parameter definitions are shown in Fig. 4.

5.3 Single Rotating Diffuser

The far-field diffraction pattern created by this ideal diffuser when illuminated by a

coherent laser beam is given bythe Fraunhofer diffraction formula (ignoring an unimportant

phase factor):

Eff(u) =jEin(x)e^J(x>e"irudx. (5)
CO

Where EfcQis the incident E-field, k = 2x1X, k^ =2jt(nm - 1)/A, x is the position variable

at the diffuser, and u is the position variable in the far-field. These coordinate definitions are

shown in Fig. 5. The phase shiftintroduced by thediffuser is defined by k^£(•) instead of

k<5() because rays that travel through air instead of diffuser also suffer a phase delay. The

factor k^ accounts for therelative phase delay suffered during travel through thediffuser.

If thediffuser is moved a distance Ax, a new speckle pattern is produced. To find the

statistics of the far-field intensity we calculate the cross correlation of the E-fields at two

points in the far-field plane before and after ashiftof thediffuser equal to Ax:

<Eff(u,)ES(u2) >=<jEin(x1)e^^^>e"jIXlUldx1 jE*1(x2)e-^^+Ax>ejIX2U2dx2 >. (6)
OO OO

Where EffQ is the unshifted E-field and EjfQ is the E-field after the diffuser has been

shifted. Exchanging the integration withthe ensemble average gives:

<Eff(ui)E;j(u2) >=JjEin(x1)E*1(x2) <eM*fc>-***A0» >e'jIIx,Ul"X2U2ldx1dx2. (7)
woo

By refll], thevalue inside the ensemble average can beapproximated as:
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eikIoiI*(x1W(x2+Ax)] >»e \° I
fo-xr-Ax)2

(8)

Substituting into Eqn. (7) gives:

<EfKuOI&u,)>. JJ^fc>Bt<^^*T^H,i^c^1,r^dxidx2. (9)

Now defining Ax2! = x2 - xi we obtain:

-J-Xi(U!-02)Eff(u1)ES(u2)>«jEill(x1)e"j

Jlfcfc+^e^^^e*-"*.dAx21dx!. (10)

The first exponential function inside the embedded integral has nonzero value only when

Ax21« Ax and ismuch more narrow than E^(-). At this point previous references approxi

mate this exponential as a delta function and calculate the integral. This assumption is

equivalent the diffuser scattering the incident radiation uniformly in all directions (2* stera-

dians) and all information about the true scattering characteristics of the diffuser are lost.

Instead, we assume that E^() is constant in the narrow region where the first exponent is

nonzero, take it outside the first integral and evaluate as E^fo +Ax). The inside integral

cannow be calculatedgiving:

<Eff(ui)E£(u2)>« —* exp[jAx--u2 lexp

115 (i)i
2

fifj

Je^xOE^X! +AK)AXl(fil'Ul)dxl. (11)
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To evaluate the remaining integral some assumption about the form of the incident E-

field is required. We will assume that the incident beam is Gaussian shaped with radius

Rbetm- ^ the diffuser shift, Ax, is much less the the radius of the illuminating laser beam,

E^(x! +Ax) may be replaced with E^fo). This approximation holds for pulse durations

below a few hundred nanoseconds, since only a few micrometers of translation canoccurin

such short times even with high diffuser rotation speeds. Since Ejn(-)^() =Iin(). the sec

ond integral can be calculated, giving:

<Eff(uI)ES(u2)>=^^exp

*$)
(jAx|u2) 2 rg\ UJexp - -

exp'$mh- u2)2 (12)

Eqn. (12) shows that the angular spread, fej, of the diffracted energy depends on the param

etersof the diffuser, while the autocorrelation of the diffracted E-field (the third exponential)

depends on the width of the incident beam and the illuminating wavelength. Evaluating at

Ui = u2= u and Ax = 0 gives the averagediffractedintensity versus angle in the far-field cre

ated by a single diffuser:

<!„(„) >»!»%£exp iUiw-u

*£) V, L

i2 >t

(#) r
el (13)

,-1Define e0asthe e"1 widthof the diffracted energy, then:

2^]
(14)
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Eqn. (14) shows that the spread of thediffracted beam does notdepend on the wavelength of

the laser. Just as with a simple thin lens, only a dispersion in the refractive index of the dif

fuser will cause a change of the angular spread with wavelength. Eqn. (14) may be inter

preted as the divergence produced by a thin lens of thickness S0 and diameter 2<r. Such a

lens would have a radius of curvature given by <r2/2S0 and therefore a focal length of

o^P.Soin-1). The angular divergence ofaplane wave after passing through athin lens is

half the diameter divided bythe focal length. Thus our diffuser model isequivalent toaran

dom array oflenslets with average diameter 2c and average focal length o-2/2£0(n -1).

. Since it is the scattered intensity and not the E-fields that can bemeasured, we combine

Eqn. (12) with a result from ref[3] which states that the cross correlation of two circular

Gaussian distributed intensity fields is given by:

<Iff(u,)I^(u2) >=<Iff(Ul) x 4(u2) >+1 <EffOi^ESOia) >I2. (15)

The covariance of I^uO and 4(u2) isthen:

COVAR(Iff(Ul)4(u2)) =I<Eff(u,)E;;(u2) >I2.

Substituting Eqn. (12) gives:

COVARaffOiOIffto))

-i2

Jo^Rbeam

*®
exp

lUJ
(?j

exp -{K5^}]2^

(16)

(17)

which has no dependence on Ax. This result is valid only for diffuser shifts much less than

the incident beam width. For shifts greater than the incident beam width, anew portion of

the diffuser is illuminated resulting in adifferent speckle pattern. Our interest is in small dif

fuser shifts, and thus rotating asingle diffuser has little or no effect on the speckle
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created by a single laserpulse.

5.4 Two Counter RotatingDiffusers

The find the improvement gained from using two closely spaced diffusers we again

calculate the cross correlation ofthe E-fields at two points in the far-field plane:

<EffO-OEjOz)>=jj<EdimOiOE^te)xefc-WM-*»**0i >x
ooee

^....r™)^^ (lg)

where u is the position variable at the second diffuser, r is the position variable in the far-

field, EdtffcO is E-field incident on the second diffuser, and Au is the relative shift between

the two diffusers. These coordinate definitions are shown in Fig. 6. For this case, the E-

fields incident on the second diffuser are not deterministic and they must stay inside the

ensemble average. These fields are independent of the diffuser thickness variation and thus

the ensemble average of the product of the E-fields and diffuser thickness is equal to the

product of their separate averages.

Previous references assume that the diffusers are intimately close together and their

individual thicknesses can beadded together and treated likeasingle diffuser. However, for

practical arrangements, the diffuser separation must be about 1mm or greater, and the

assumption of intimate contact is invalid. With a 1mm separation a single scattering center

onthe first diffuser scattering into acone of 20degrees(see Fig. 1) illuminates an area of the

second diffuser about 350/zm in diameter. Since there are several hundred scattering centers

contained within 350/zm of atypical diffuser the assumption of intimate contact is inappro

priate.

The E-fields incident onthe second diffuser are the result of scattering from the first

diffuser. Since the second diffuser is close to the first, it is inside both the Fraunhofer and

Fresnel regions. A rigorous calculation oftheE-fields mustbe applied to find their ensemble
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average. This can be avoidedby noting that the form of Eqn. (12) for the ensemble average

of two E-fields has an exponential factor proportional to thee"1 angle of thecone illuminat

ingthemeasurement point Whenthismeasurement pointapproaches the first diffuser (i.e. z

becomes small), the cone illuminating the measurement point is no longer psaa) as in Eqn.

(12), but isnow proportional tothe scattering cone, 0O. This condition is shown schematicly

in Fig. 7. The magnitude of the ensemble average versus position also changes as the sam

ple point approaches the first diffuser. The ensemble average no longer has the exponential

shape proportional to (A) given in Eqn. (12), but is better approximated by the strength of

the E-field incident on the first diffuser. Using these two approximations wecan write the E-

field ensemble average as:

• Hoa*o* (ui-02)2
<Ediff2(u1)Edifi2(u2)>«yEill(u1)Ein(u2)eL2 J , (19)

where y and a are proportionality constants. Substituting the definition of$0 from Eqn. (14)
gives:

<Ediff^uOEdifGdz) >- rEto(ui)^(U2)e L ^ 'J

Finally, substituting Eqn. (20) into Eqn. (18) and again using Eqn. (8) gives:

<E£f(ri)Eff(r2)>«J JrE^u^E^e L \'J ^VJ JJX

(20)

e * *wduidu2. (21)

Carrying out the integrations and placing in Eqn. (16) yields the final result:
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t2

COVARdfffr!)!^) lo^Rbeam

vraqf] exp KV^*|-

exp -2

v. L

i_LJ
^DJWWMH (22)

From this equation one can see that the angular spread of the doubly diffracted radiation

(second exponential) has ane"1 width ofVa2 + 1 $0, which is Va2 + 1times that ofthe sin

gle diffuser case. The amount of diffuser shift (Au) necessary to reduce the covariance by

e"1 is given by the first exponential in Eqn. (22). This shift distance, defined as p0. is given

by:

1t0Q
(23)

5.5 Noise Reduction for a Single Laser Pulse

In all the previousanalysis the variance calculations have beenmade assuming a single

instant in time. To take these results and apply them to the case of a finite duration laser

pulse and a continuously moving diffuser, we can make use of a result from statistics:

(

VAR Jlff(t)dt =JJcOVAR(Iff(t1)Iff(t2))dt1dt2, (24)

where in our case the covariance is equal to:

COVARdffaOIffte)) =V< IffGi) >2< Iff(t2) >2e"U)Mtl^]\ (25)

where v is the diffuser velocity. Assuming a Gaussian shaped pulse in time, the function
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< lff(0 > can be written:

<Iff(t)> =<Iff(0)>e ^H-' . (26)

Combining Eqns. (24)-(26) andcalculating the integral gives:

VAR JifKOdt 2 2=<Iff(0)>z^T^lls( m
bffi + T.pulse

(27)

Taking the square root of Eqn. (27) and dividing by<lff(0) >V*Tpui,e gives the nonnalized

RMSnoise of the far-field speckle pattern for asingle laser pulse:

RMSnonn = 1+fputafell3 (28)

If the diffuser velocity is small (v « 0)this equation approaches RMSnonn = 1as it should for

astationary diffuser and a single laser pulse. If the pulse duration becomes large compared

to (a) this equation becomes proportional to -ji=. This result is consistent with ref[6]. In

our application (^)and rpulse are of the same order.

5.6 Simulation

To find a value for the parameter a used as the proportionality constant in the near-

field ensemble average estimate, we wrote acomputer simulation that solves the full Huy-

gens-Fresnel diffraction formula for the E-field scattering form the first diffuser onto the

second:7

* 1 giiota
EdifcOO = Efc(x) tt cos(n\?oi)dx.

i & roi
(29)

In this formula, n is the normal to the first diffuser surface atthe source point and fM is the
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vector from the source point to the sample point (see Fig. 8.). The FORTRAN code used to

calculate the E-field is as follows:

do 20 i=-numpix jiumpix
eir=zero

eii=zero

x2=real(i)*delx2
xl=real(-numpix)*delxl
do 10 i2=-numpix,numpix

r=(x2-xl)
r=r*r

r=r+zdiff2

cosnr=zdif^r
r=sqrt(r)
kr=k*r

coskr=cosnr*cos(kr)
eir=eir+eor(i2)*coskr
eii=eii+eoi(i2)*coskr
sinkr=cosnr*sin(kr)
eir=eir-eoi(i2)*sinkr
eii=eii+eor(i2)*sinkr
xl=cl+delxl

10 continue

ei(i)=cmplx(eii/lambda,-eir/lambda)
20 continue

The difficulty with running this code is that the computationtime for the above routine

grows as the square of the number of points used inthe simulation. This N2 growth makes it

impractical to runthis simulation formany cases because the computation time foreachcase

is several hours. To simulate our diffusers with proper resolution we had to use 65,536

points to describe the diffuser surface. Even with optimized code, the program took 16

hours on an IBM RISC system/6000 to calculate the far-field intensity.

After simulatingvarious wavelengths and diffuser parameters, the predicted scattering

angle was found to be twice as wide for two diffusers as it was for one diffuser. This would

give avalue for a ofV3 inEqn. (22). Using this value of a inEqn. (20) gives an e-1 width

for the E-field ensemble average at the second diffuser of 0.37- , where 0q is in radians.

This is similar in foim to the Rayleigh resolution criteria.8 The Rayleigh criteria states that

the minimum resolvable feature is proportional to the illuminating wavelength and inversely
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proportional to the cone of angles formingthe illumination.

5.7 Experiment

To further verify the a parameter and the other predictions made by the analytical

model, we fabricated several diffusers and measured theirscattering properties under coher

ent illumination. The diffusers used in the experimental measurements were produced by

grinding one side of a 100mm diameter quartz wafer with 10/an silicon-carbide grit The

scattering characteristics of these diffusers were measured at three wavelengths to confirm

thewavelength predictions in the analytical model. Thethree laser wavelengths used were:

633nm (HeNe laser), 442nm (HeCd laser), and 213nm (quintupled Nd-YAG laser). The

intensity versus angle measurements were made using a large area silicon photodiode with

the diffuser illuminated by achopped laser signal shown inFig. 9. The output from the pho

todiode and the chopper reference signal were then combined by alock-in amplifier. The

large detector area ofthe photodiode performs alocal spatial average, thus removing the fine

structure of the speckle and leaving only the average change in intensity versus far-field

angle.

The results for both simulation and experiment are shown in Figs. 10 and 11. Making

aGaussian fit to both the single diffuser and double diffuser case shows that thedouble dif

fuser scattering cone is twice as wide as the single diffuser. This experimental result agrees

with the simulation result of the previous sectioa Also shown in Figs. 10 and 11 are the

analytical results using this value for a. The Gaussian fit to the measurement made at

633nm for asingle diffuser was used as the value for 0O. All the other analytical plots were

derived from this value and the equations inthe previous sections.

To test the validity of Eqn. (22) for the amount of decorrelation with relative diffuser

shift we mounted one diffuser on an interferometer stage and made static measurements of

the speckle correlation versus diffuser translation. The far-field intensity measurement was
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madeby a photo-multiplier tube (PMT) mounted behind a 5//m diameter pinhole. The illu

minating laser was again chopped and thePMT signal was combined withthechopper refer

ence by a lock-in amplifier. The experimental setup is shown in Fig. 12. An important

parameter in this setup wasthe spacing between the two diffusers. We attempted to keep the

spacing less than 1mm, but this was difficult to measure. To make the measurements insen

sitive to the diffuser spacing, the laser beamwasexpanded to a 3mm radius. In this way the

diffuser spacing was guaranteed to be much less than the laser beam radius as required by

Eqn. (19).

Fig. 13 shows the results of these correlation measurements. The top two graphs show

the experiment, simulation, and analytical results for 633nm and 442nm. The bottom graph

shows only the simulation and analytical result for 213nm. We were unable to measure the

quintupled Nd-YAG laserbecause its beam profile changed significantly from pulseto pulse.

It was impossible to separate the decorrelation effects owing to a shift of the diffusers from

those caused by the changing beam profile. Again the analytic plots shownon these graphs

were derived using only the value for 60 from Fig. 10a andthe results from Eqn. (22).

Fig. 13c shows that a promising amount of decorrelation can occur with a relative dif

fuser shift much less than a micrometer. To test the true effectiveness of this method, we

mounted two diffusers on small DC motors, placedthem face to face, rotated them counter

to each other, and measured the far-field speckle noise created by a 4.2ns quintupled Nd-

YAG laser pulse. The setup for this measurement is shown in Fig. 14. The relative diffuser

velocity for a given rotationspeed is simply:

v=2(2*Rdisk)?^, (30)

whereR^ is the diffuser radius (50mm), RPM = rotations perminute,and the first factor of

two is required because the diffusers are both rotating but in opposite directions. With our

simple motors we were able to rotate thediffusers up to 15K RPM. Fig. 15 shows theresults

of this measurement along with the analytic prediction from Eqn. (28). Again, the diffuser
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parameters used in Eqn. (28) were those derived from Fig. 10a. The analytic model predicts

a 50% reduction in the far-field speckle noise for a rotation speed of 30K RPM using the dif

fusers fabricated for these experiments.

5.8 Conclusions

Eqn. (23) shows that there is a tradeoffbetween the scattering angle of the diffuser and

the decorrelation shift distance. As onetries to decrease the shift distance by increasing the

roughness of the diffusers, the diffusers scatter the laserenergy into angles further from the

optical axis. Thus there is an"optimum" diffuser, one that scatters thelightinto a cone just

filling the pupil of the collection optics. Beyond this, onemust trade efficiency for further

reductions in the decorrelation distance. For the diffusers used in this paper, 86% of the

energy was scattered inside a numerical aperture of 0.5 (+/-30 degrees). Rotating at 30K

RPM these diffusers would reduce the single pulse speckle noise by 50% and reduce the

required pulse count needed to produce 1% illumination uniformity from 10,000 to2,500. If

the 0O value of such diffusers could be increased bya factor of two, the amount of energy

inside an NA=0.5 would be decreased to 58%, and the single pulse speckle noise would be

38% requiring only 1,400 pulses to produce 1% uniform illumination.
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Chapter 6

Speckle Reduction via Multiple Pulse Generation

Abstract- A novel scheme has been developed to reduce thespeckle contrast produced

by highly coherent pulsed lasers. The scheme produces multiple sub-pulses from a single

main pulse, each delayed by more than the coherence length. Since each sub-pulse is

delayed bymore than the coherence length they will not interfere when recombined byadif

fuser or any other scattering optic. TTie contrast of the speckle pattern produced byillumi

nating adifiuser with these sub-pulses will bereduced bya factor of 1A/(N). where N is the

number of sub-pulses. This multiple pulse generation scheme is compact, simple to fabri

cate,andexhibitshigh throughput

6.1 Introduction

The most straightforward method ofproducing speckle free illumination from ahighly

coherent laser source such as the quintupled Nd-YAG laser is to move or rotate some ele

ment in the illumination system while integrating many pulses to form the total exposure.

This same affect can be achieved bymoving the incident laser beam across the diffuser.1 For

the laser scanning method to be affective, the scanning laser spot must be asmall fraction of

the total difiuser area. As the scattered laser energy is accumulated, the resulting integrated

intensity has the same low speckle contrast properties as that from adiffuser illuminated by

spatially incoherent light. For this scanning method to have any effea on the number of

pulses needed from apulsed laser source for uniform exposure, significant scanning motion

must occur during each laser pulse. For the 4.2ns pulse duration ofthe quintupled Nd-YAG

laser, this is a daunting prospect

The equivalent of physically scanning the laser beam can be accomplished with no

moving parts by splitting the original laser pulse into several sub-pulses, delaying each by an
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amount equal to the pulse duration, and having each delayed sub-pulse illuminate a different

portion of the diffuser. In this way, the diffuser is illuminated at different positions during

different times, exactly as required by the the scanning spot method.

6.2 Previous Multiple Pulse Generation Schemes

The earliest published schemes to multiply the number of pulses from a laser source

were designed for communication systems. The information carrying capacity of a commu

nication system based ona pulsed light source is limited to abitrate equal to the laser pulse

rate. Mostpulsed laser sources workatmuchlessthan 50% dutycycle and thus a significant

increase in bandwidth can be achieved by filling the dead time between pulses. Though

these pulse multiplication schemes were originally designed to increase pulse rates from

hundreds of MHz to the GHz range used in communications systems, they still apply to the

KHzpulse rates of today's lithography sources. Several examples are discussed below.

TTie system shown in Fig. 1 was first proposed by Rubinstein in 1969.2 This system

uses a birefringent material to split the incident laser beam into two equal parts, with one

part propagating at an angle to the incident optical axis. On exiting from the birefringent

material both beams are traveling parallel to the optic axis but are displaced in a direction

transverse to the optic axis. Use of additional birefringent materials will further split these

sub-pulses intostillsmaller fractions each displaced from each other.

Afterthe desired number of pulses is produced, each spatially separated pulse is then

directed down a delay line. Each delay is different in length resulting in a relative propaga

tion delay between each sub-pulse. The pulses are then recombined bythe inverse arrange

ment of birefringent elements. Since this system was originally designed for communica

tions, Fig. 1shows an optical modulator placed ineach delay arm used to impress informa

tiononto each subpulse. For use in lithography, there would be no need for these modula

tors, leading to amoresimple optical design.
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The majordisadvantage of this system is its reliance on large high quality birefringent

materials. In the the deep-UV, and especially at 213nm, few birefringent materials are

known that possess adequate transparency for use as a high throughput component Calcite

is one candidate for it has published transmission down to 213nm.3 There is an issue of

transmission lifetime for this material since there is measurable absorption at213nm and the

material would have to transmit several watts of 213nm power. Another possible material

would be crystalline quartz, but its birefringence is weak. Use of a weakly birefringent

material would require the use of large components to produce therequired beam translation.

Another pulse multiplying system designed for use in communications was proposed

by De Lange.4 Aschematic of this system is shown in Fig. 2. Like the Rubinstein system,

the incident beam is split into two equal parts by the first optical component In this system

thesplitting is performed by abeamsplitter coated to achieve 50% reflection and 50% trans

mission. One sub-pulse is then delayed by a pulse length and directed onto another 50%

beamspUtter. Atthis second beamspUtter, both sub-pulses are spUt each into equal parts, cre

ating four equal sub-pulses. These stages are then cascaded until the desired number of

pulses are created. Each cascaded section must produce twice as much optical delay as the

previous section to prevent overlapping of the newly created sub-pulses. The final section

rotates the polarization ofaU the sub-pulses in one arm and then uses apolarization sensitive

beamspUtter to recombine all the sub-pulses.

This system has advantages over the first in that itreUes less heavily on special optical

materials. Each beamspUtter is easily fabricated using dielectric stacks deposited on fused

siUca for high transmission at 213nm. The final poUzation rotator and beamspUtter would be

achallenge to fabricate for 213nm but it is expected that such long Ufe optics can be made

available. The multipUcation factor of each sub-unit inthis system is two, that is there are

twice as many pulses exiting each sub-unit as there are entering. The size of each sub-unit

also grows geometricaUy since the time delay in each unit must be twice that ofthe previous.

For any more than just afew cascaded stages the length ofthe later time delays can become
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impractical. With our present 213nm laser system, the pulse length of4.2ns would require

the first stage to be 1.3 meters long, the second 2.6 meters and so on. Such large path delays,

even with folding mirrors, can be difficult to construct

A third example of a multiple pulse generator designed for communications was first

proposed by Herriott5 This system is shown inFig. 3. It consists oftwo concentric curved

mirrors the first of which is fuUy reflecting while the second possess a graded reflecting-

transmitting surface. As the laserbeam bouncesback and forth between the two mirrors, the

partial transmittance of the second mirror allows a portion of the laser pulse to pass through

andbe reflected by a flat mirror. For our purposes, we can ignore the modulators placed in

front of each flat mirror. Since ourintention is for maximum transmission of each sub-pulse,

these modulators would be absent in a lithographic version of this system. After reflecting

off the flat mirrors, the sub-pulses than trace theirway backalong the same path between the

two curved mirrors to finaUy exit through the aperture in the first mirror. A quarter-wave

plate and WoUaston prism arrangement allow for extraction of the sub-pulses as they travel

back toward the laser source.

There are two major disadvantages of thissystem for use as ahighthroughput multiple

pulse generator. The first is the heavy reUance on the graded reflecting-transmitting mirror.

This mirror would be difficult to fabricate for our 213nm wavelength and its nonoptimum

characteristics would greatly reduce the performance of the system as a whole. The second

and more fundamental drawback of this system is the unavoidable loss of energy incurred

when each of the sub-pulses travels back through the graded reflecting-transmitting mirror.

This energy loss wiU be severe. Since the graded mirror wiU haveonlya smaU transmission

for Ught rays incident on each flat mirror, its transmission for the Ught rays retracing their

pathwill alsobe low, leading to large energy losses.

An early multiple pulse generator specificaUy designed for speckle reduction was pur

posed by ScuUy.6 The system, shown in Fig. 4., consists of two polarization sensative
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beamspUtters and a delay path. The laser beam is made incident on the first beamspUtter

such that its polarization is 45 degrees to the beamspUtter axis. The beamspUtter then sepa

rates thelaser pulse into two equal parts, one of which is delayed by an amount equal to the

pulse duration. The sub-pulses are then recombined by thesecond beamspUtter. Though the

literature describing this system does not mention the possibility, cascading these compo

nents is possible by rotating the each successive beamspUtter pair by 45 degrees. The delay

line in the foUowing sections would also have to be doubled just as in the previously

described systems.

This multiple pulse generation scheme is much the same in form and function as the

system proposed by De Lange, so the same general drawbacks apply. The extensive use of

the polarization sensitive beamspUtters is a additional level of fabrication difficulty. The

need for a45 degree rotation inthe optics for each successive stage also adds tothe difficulty

in aligninga practical system.

A final multiple pulse generator example is shown inFig. 5. This system was first pro

posed by by Taback7 The system consists ofan integrating sphere coupled to optical fibers

of various lengths. The laser source is made incident on the integrating sphere which,

through multiple scattering events, produces equal iUumination of each fiber. The fibers are

fabricated in lengths that differ by a pulse duration thus producing the necessary optical

delay.

This system has a simple arrangement and is straightforward to fabricate and aUgn.

Unfortunately, this system would be highly inefficient because of the material properties

required for the fibers and the integrating sphere. The diffuse reflecting paint used inside the

integrating sphere must have nearly 100% reflectivity, since the efficiency of integrating

spheres decreases dramaticaUy as the reflectivity of the inside surface decreases. Fig. 6

shows the relation between sphere efficiency and surface reflectivity using the theory devel

oped by Geobel.8 The throughput ofan integrating sphere is given by:
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where fe isthe ratio ofexit port area to total inside surface area, fj is the ratio ofboth the exit

and entrance port areas to the inside surface area, and p is the inside surface reflectivity. For

the graph in Fig. 6 the entrance and exist ports were assumed equal and thatthey constitute

10% of the total sphere surface area. Currently available surface materials have a specified

reflectivity of 92% at 250nm. At 213nm this value would be much less leading to a low

throughput for any integrating sphere used for 213nm Uthography.

The optical fibers used in this system also present chaUenging material requirements.

The length of the fibers would have to be several pulse durations, 1.3 meters for present

213nm source. Though fused siUca fibers are available, such long fiber lengths would result

in high losses.

6.3 Novel Polarization and Delay Scheme

Fig. 7 shows the basic lay out for a single stage of a novel polarization and delay

scheme. Each stage consists of one beamspUtter, one normal incidence mirror, and two 45

degree mirrors. AU the mirrors are dielectric coated on their front surface for maximum

reflection. The beamspUtter has one surface anti-reflection (AR) coated and the other sur

face coated for partial reflectance-transmittance. We wiU define the reflectance of the beam

spUtter as R, for the S-polarization and Rp for the P-polarization. Likewise for the transmit-

tance: (1 - R8) for the S-polarization and (1 - Rp) for the P-polarization.

The stage is aUgned such that the laser source is incident with its energy in the P-

polarized state. A fraction equal to Rp of the incident energy wiU bereflected bythe beam

spUtter while (1 - Rp) wiU pass through the beamspUtter and then on to the 45 degree mir

rors. The two 45 degree mirrors are arranged so that they translate the beam up and over,

changing both its direction of travel as weU as its polarization relative to its direction of
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travel. This portion of the beam is then incident on the normal minor, directing it back

toward to beamspUtter.

After making a fuU traversal of the delay arm, the pulse encounters the beamspUtter

again, but this time in the S-polarization state, and thus R, wiU be reflected while (1 -R,)

wiU be transmitted and travel along the same path as the original reflected fraction. At this

point there remains (1 -Rp)R, of the original laser pulse energy inside the delay arm. This

energyis again rotated by the two 45 degree mirrors and travels via the normal mirror back

once again to the beamspUtter. The polarization hasnow retumed to the P state and thus the

beamsplitter wiU transmit (1 - Rp) of this energy.

Three individual pulses have now been created by this stage, two with P-polarization

and one with S-polarization. Assuming zero losses inside the delay arm, these three pulses

wiU have the foUowing fractions ofthe original pulse energy:

sub - pulse #1 (P - polarized): Rp

sub - pulse #2 (S - polarized): (1 - Rp)(l - R,)

sub-pulse #3 (P-polarized): (l-Rp)R,(l-Rp).

Idealy we would like these three sub-pulses to be equal Since there are three separate quan

tities and only two independent variables, Rp and R„ we can only hope to minimize the dif

ference between the three sub-pulses. Fig. 8 is a contour plot of the difference from the

mean ofthe three sub-pulse intensities as the values ofRp and R, range from zero to one.

The minimum difference is obtained with avalue ofRp =0.29 and R, =0.59. Fig. 9shows

the laser pulse intensity versus time at the output ofasingle multipUer stage using Rp =0.29

and R,=0.59. This intensity versus time plot was calculated using arecursive subroutine

that is general enough to handle aU the non-ideaUties ofthis system such as energy loss in

the arm, misalignment ofthe mirrors, and imperfect beamspUtter properties. This pulse train

is used as the input to the speckle calculation program described in chapter 5. The resulting
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RMS speckle noise produced is 51%, down from 100% for a single pulse. This reduction in

speckle contrast is equivalent to 3.8 individual pulses.

There is a technology issue involved in achieving such polarization dependent reflec

tivities from the beamsplitter. Traditional dielectric stack beamspUtters are fabricated using

two dissimUar optical materials for the alternating layers. To achieve the desired reflectivi

ties for both polarizations, a beamspUtter operating at 45 degrees may not be practical or

even desirable. Though Fig. 7 shows the beamspUtter at a45 degree angle to the incident

beam, this system could be aUgned at any angle of incidence. The only drawback would be

the need for alarger clear aperture for the beamspUtter as it isused at higher angles of inci

dence.

Several beamspUtters that were purchased for other experiments had aspecified reflec

tivity of 50% at45 degrees for randomly polarized Ught The actual measured reflectivities

were Rp =0.24 and R8 =0.76. Fig. 10 shows the calculated sub-pulse heights using these

values for Rp and R,. There is considerable variation in the heights of each sub-pulse, but

using this pulse train in the speckle calculation program produces a speckle noise of 58%,

only 7% worse than that produced using the optimum beamspUtter.

Two verify this speckle reduction scheme experimentaUy, we fabricated asingle stage

ofthis polarization and delay scheme using the 213nm laser source. Since the pulse duration

for our 213nm source is 4.2ns, the delay arm was made 4.5 feet long to introduce adelay of

4.5ns (speed of Ught « 1 footAis). The normal incidence minor was tilted sUghtly so that

each sub-pulse exited the system at a sUghtly different angle. A lens was used to convert

these differences in angle into differences in position by placing adiffiiser at the back focal

plane of the lens. In this way three separate iUumination spots were created at the diffuser,

each producing an uncorrelated speckle pattern. The resulting far-field RMS speckle noise

was 63%, nearly the predicted value. System energy losses such as nonperfect mirrors and

no AR-coating on the beamspUtter can easily account for the difference from the predicted
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value.

6.4 Cascading Polarization and Delay Stages

The cascading of several polarization and delay stages is relatively straightforward.

Because each stage produces three sub-pulses instead ofjust two, each successive delay arm

must be made three times longer than the preceding stage. This extra length may seem at

first as adisadvantage, but the polarization and delay scheme produces more pulses on aper

length basis than any comparable system. The delay arm in the polarization and delay

method increases as log3(N), where N is the number of sub-pulses. Previous schemes that

cascade several stages aU have delay arms that increase as log2(N). A further advantage of

the polarization and delay scheme is that each successive pulse alternates in polarization so

that the delay arm need be only one halfofthe pulse duration. This reduction in arm length

is due to the fact that sub-pulses with similar polarization state are separated by two round

trips ofthe delay arm whereas in aU other schemes similar pulses are separated by only asin
gle round trip.

To optimize the performance oftwo or more cascaded stages, the beamsplitter reflec

tivities must be chosen using similar criteria as that used for asingle stage. Writing out the

theoretical intensity for each sub-pulse becomes cumbersome for two or more stages and

thus we wiU resort to the recursive computer program mentioned previously to calculate

each sub-pulse as the reflectance values of the beamspUtters vary over their range. The opti
mum beamspUtter values for two cascaded stages are:

131



Rpi=0.29

Rfl=0.53

Rp2 = 0.33

R,2 = 0.72.

The resulting pulse intensity versus time is shown in Fig. 11. Using this pulse train as the

input to the speckle program of chapter 5 produces a far-field RMS noise of 33.9%, equiva

lent to 8.7 individualpulses.

If one could accept a smaU loss in speckle reduction capability, the delay arm in the

second stage could be reduced to only two pulse lengths instead ofthree. Using Rpl =0.29,

R,i =0.53 and R^ =0.33, and R^ =0.72 for the beamspUtter parameters and a second

stage delay of only two pulse widths produces the pulse train shown inFig. 12. The far-field

RMS noise produced by this pulse train is 36.1%, equivalent to 7.6 pulses. This is a smaU

reduction inspeckle mitigation abiUty and aUows for amore compact system.

One final feature of this pulse generation system is the abiUty to implement the entire

system in asingle piece of fused siUca. For alaser source with coherence lengths or pulse

durations ofonly afew inches, this system could be implemented in areasonable sized piece

of fused sffica. The two 45 degree mirrors could be replaced by total internal reflection at

the inside surfaces of the fused siUca cube. The normal incidence mirror could be replaced

by two total internal reflections aUgned in amanner similar to acorner cube. The entire sys

tem aUgnment would then consist of positioning the cube properly relative to the incident

laser beam.

6.5 Conclusions

Producing multiple sub-pulses from asingle laser pulse is an effective and practical

method ofreducing athe speckle noise, and thus the number ofpulses needed to produce a
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uniform exposure. Using two stages of the polarization and delay system results in a single

pulse speckle noise of only 33.9% which reduces the required integrated pulse count for 1%

uniform Ulumination from 10,000to only 1,150.

Though the path lengths used in each delay arm of such pulse multipUers can be long

for laser sources such as our current quintupled Nd-YAG, proper design of the radiation

properties of thelaser source can lead to dramaticaUy reduced path lengths. The pulse dura

tion, and hence the required delay arm length, is an important design issue of the second

generation quintupled Nd-YAG laser source. Since pulse duration and spectral Unewidth are

inversely related in Fourier transform limited laser systems such as ours, one must weight

the advantages gained by reducing the pulse duration against the possible decreased lens per

formance owing to broader spectral width.
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Chapter 7

213nm Lithography

Abstract- 213nm lithography has been demonstrated using a 0.25W quintupled Nd-

YAG laser source and two high numerical aperture objectives. 0.25//m line/space patterns

were resolved with an all-reflective Schwarzschild objective (NA=0.65) overa lOO/an diam

eter field. An all-refractive objective (NA=0.6) has produced 0.2^m equal line/space pat

terns over a 950/mi diameter field.

The images were formed in a 0.58/an layer of PMMA using MTBK and MEK devel

oper systems. Speckle-free images were produced with as few as 300 laser pulses, demon

strating that highly coherent pulsed lasers are viable sources for deep-UV lithography.

7.1 Introduction

Each attempt to decrease the exposure wavelength used in microlithography is accom

panied by new challenges in lens design and construction. In the deep-UV region, only

fused silica is sufficiently transparent and possessing of the appropriate mechanical and

chemical properties to be auseful material for lens construction. With only asingle type of

lens material one cannot design a color corrected lens. Single-material lenses must be illu

minated with light sources that produce aspectral linewidtii determined bythe dispersion of

fused silica and the lens focal length. The maximum permissible spectral linewidtii isgiven

by:1

a'* (n-l)A

f(l+m)(Jj)NA2

where AX is the FWHM of the spectral linewidth, n is the refractive index, f is the focal

length, mis the lens magnification, and NA is the lens numerical aperture.

145



Applying this formula to the 213nm BOLD objective, which has a focal length of

21.44mm and areduction ratio of 1:20, gives aspectral linewidtii of 24pm.2 The 47pm band

width of the unseeded 5th harmonic Nd-YAG is too wide for this lens. The seeded band

width of 0.035pm is well within these requirements. The all reflective Schwarzschild objec

tive exhibits no dispersion so it will function equally well for both seeded and unseeded

operation. The Schwarzschild allows one to observe differences between seeded and

unseeded operation without the effea of achange in lens performance. The 1:74 magnifica

tion of this lens is an additional advantage because it makes for large features on the mask,

thus easing mask fabrication tolerances. The disadvantage of all-reflective optics in general

is thesmall field size overwhichthe image is free from aberrations.

7.2 Schwarzschild Objective

The Schwarzschild objective used in these experiments is a 0.65NA, 1:74 reduction

ratio lens with a focal length of 2.6mm. The corrected field is small, only 240 pm indiame

ter. This lens also contains a 12.5% central obscuration at the entrance pupil. The setup

used to print images with this objective is shown inFig. 1.

The maskis illuminated by the far-field scattering of two diffusers in series. This dou

ble diffuser configuration isnot meant for speckle contrast reduction as described in chapter

5. The first diffiiser improves theuniformity of the radiation incident onthe second difiuser.

Since the second difiuser is imaged into the entrance pupil of the Schwarzschild objective,

this diffuser should be illuminated uniformly to produce uniform pupil filling. The aperture

placed against the second diffuser controls the amount ofpartial coherence, a. An image of

the second diffuser is formed immediately after the dielectric mirror by relay lens #1. TTiis

image of the diffuser is then imaged by the field lens through the mask into the entrance

pupil ofthe Schwarzschild objective.
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This Schwarzschild objective system was intended only for temporary use and thus an

elaborate focus positioning scheme was considered too time consuming and expensive to

construct Instead, we tookadvantage of theall reflective property of this objective, that is if

best focus is found atone wavelength then best focus for all wavelengths has been found. A

HeNe laser was folded into theoptical path through the dielectric minor to produce a focus

signal The HeNe laser light is scattered by the diffuser shown in Fig. 1. This diffuser is

imaged by relay lens #2 to a point near the intermediate image of the 213nm diffuser just

after the dielectric mirror. The image positions for the 633nm diffuser and the 213nm dif

fuser do not exactly correspond since the field lens has ashorter effective focal length for the

213nm radiation. To form an image ofthe 633nm diffuser inthe entrance pupil, the interme

diate image of the633nm diffuser must be formed further away from the mask and field lens.

There is no partial coherence adjustment for the 633nm illumination. Since the HeNelaser

beam is only 420 pm in diameter and is imaged nearly 1:1 into the entrance pupil, the fill

factor for the 633nm illumination is zero.

After passing through the mask and being imaged by the objective onto the wafer, the

633nm radiation is recollected by the objective and reimaged onto the mask. The light that

passes back through the mask isdeflected by abeamsplitter and detected with aphotomulti-

pler tube (PMT). Only when the wafer is in the best focus plane will the the reflected light

be reimaged properly back through the mask and onto the PMT. We thus have afocus signal

that is amaximum when the wafer is at best focus. This reimaged intensity is small and is

overwhelmed by the unwanted reflections from the field lens and the mask. To help separate

the desired signal from these unwanted reflections, a chopper motor was placed after the

mask to modulate the light passing through the objective. Combining the chopper motor sig

nal and the PMT signal with a lock-in amplifier eliminates the undesired signals from the

field lens and mask reflections.

The only disadvantage ofthis lock-in amplifier scheme is the reduced dynamic range

ofthe PMT due the the large DC signal from the unwanted reflections. To further improve
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the signal to background ratio an aluminum coated wafer is used instead of a bare silicon

wafer. The improvement in reflected 633nm signal can be seen in Fig. 2.This figure is aplot

of reflectivity versus wavelength of an aluminum coated wafer ascompared to bare silicon.

There is a 2.5 times increase in reflectivity at 633nm but almostno increaseat 213nm. Coat

ing the waferimproves the 633nm focus signal with little or no increase in standing wave

ratio at the 213nm exposure wavelength.

A plotof the focus signal versus waferposition is shownin Fig. 3. The mask used for

this measurement was equal lines and spaces of 74/on on themaskcorresponding to 1.0/zm

on the wafer. This is close to the diffraction limited line/space dimension for the 633nm

wavelength and the 0.65 numerical aperture given by A/NA=0.974pm. The Modulation

Transfer Function (MTF) should be a step function owing to the nearzero fill factor. The

MTF should be equal to unity for line/space patterns larger than 0.974/an and zero for

line/space patterns smaller than 0.974/m. When the wafer is far from the best focus position

the signal for the PMT should be about halfof the peak value. Energy from theoutof focus

image will pass through the 50% duty cycle mask onto tothe PMT, producing asignal equal

tohalfof the value at best focus. Aftersubtracting the background signal, the FWHM of the

focus signal is about 1.2 pm. This corresponds well tothe l.lpm width predicted by the fol

lowing depthof focus equation:

_ (0.5P)2

DF=-^r- «

where DF isdepth of focus, Pis period of the line/space pattern, and Aiswavelength. Eqn.

(2) is the depth of focus equation for microscope systems used in the confocal

arrangement.3'4

A hand turned micrometer stage has insufficient resolution to position the wafer with

the small depth of focus shown in Fig. 3. Fig. 4 shows the arrangement used to hold the

wafer and lens in position. The micrometer screw on the wafer stage could not repeatably
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position the wafer for maximum focus signal, lb improve wafer placement, alarge squeeze

bottle was placed behind the wafer stage and inflated with pressurized air. Inflating and

deflating the bottle changed the pressure on the post holding the wafer thus changing the

amount of deflection of the post toward or away from the Schwarzschild objective. This

simple system allowed us to position the wafer with submicrometer precision.

The results of images printed with this system will bepresented insection 7.5.

7.3 213nm BOLD Objective

The BOLD objective designed and built by GCA/Tropel is one in a series of micro-

objectives for use with various deep-UV radiation sources. This objective is a small field,

(lmm diameter) high numerical aperture, (NA=0.6) all-fused silica refractive optic intended

for experimental investigation ofnew radiation sources and photoresist systems. The objec

tive itself consists of6individual fused silica elements. This objective is much less compli

cated than the more typical 20 to 30 element lenses used in large field (several centimeter

diameter) imaging systems. Table 1lists the relevant specifications for this objective.

GCA/Tropel does not have the capability to make interferometric measurements at

213nm, so a257nm source was used and only on-axis tests were performed. The results of

the interferometric testing is shown are Fig. 5. Fig. 5 is aplot ofwavefront aberration versus

numerical aperture. The edges of the diagram correspond to NA=0.60. The total included

range of the wavefront distortion is 0.195 fringes at 257nm. Converting 0.195 fringes at

257nm to 213nm gives 0.235 fringes, or 0.118 of a wave of distortion, almost atenth of a

wave at 213nm. A tenth-wave of wavefront distortion or less is considered diffraction lim

ited performance. Since only the on-axis field position was measured, adjustments for coma

and astigmatism are not independent Two ofthe six elements can be adjusted to correct for

coma and astigmatism and this has been done on abest effort basis, but without interfero

metric measurements at 213nm one cannot be completely sure that these aberrations have
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been minimized over the entire field.

To illustrate the potential performance of this lens using the 213nm exposure wave

length, aset ofSAMPLE5 simulation runs are shown in Figs. 6 and 7. These plots show the

aerial image intensity contrast versus line/space spatial frequency for various amounts of

defocus. Fig. 6 is the result using a =0.5 and Fig. 7 is the result witha = 1.0. As Fig. 6

shows, a image contrast of greater than 90% can be obtained for line/space pairs down to

02pm ifbest focus canbe achieved. With a = 1.0,50% imagecontrast is maintained down

to 0.137/zm line/space patterns.

The layout for the imaging system using the BOLDobjective is shown in Fig. 8. This

system is similar to thatused with the Schwarzschild objective. The major differences are

the absence of the HeNe focus system and the addition of the 3 mirror speckle reduction

scheme described in chapter 6. Since the BOLD objective is a refractive optic best focus at

633nm will not correspond to best focus at 213nm, thus rendering the HeNe focus system

useless. To assist in finding best conjugate position, this objective is supplied with three

stainless steel balls mounted on the image side of the lens such that their vertices describe

the best wafer side conjugate position. Pressing awafer against these balls positions the sur

face of the wafer in the best conjugate position ontheimage side. To show the narrow toler

ance required in the placement of these balls, Fig. 9 showsthe Strehl ratio versus axial dis

placement of the mask position. A displacement from optimum of +/-4.6mm reduces the

Strehl ratio from 96% to 80%. A mask displacement of+/-4.6mm corresponds to+/-11.5/fln

of wafer displacement If the balls are positioned incorrectly during fabrication of the lens,

the Strehl ratio of the imageis irreparably reduced.

To assist in finding the best focus position for the mask, a confocal focusing system

similar to the 633nm scheme for the Schwarzschild was constructed employing the 213nm

radiation. Separating the desired signal from the unwanted mask and field lens reflections is

a much greater challenge when using the pulsed 213nm source instead of the continuous
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633nm source. Since the 213nm laser ispulsed, the simple scheme ofusing achopper motor

after the mask will not work. One can not easily modulate apulsed laser source with apulse

duration of 4.2ns. To overcome this difficulty we constructed a shutter system that opens

during every other laser pulse. With this shutter positioned between the mask and objective,

the focus signal reflected by waferis modulated at 5Hz while all unwanted reflections were

modulated at the 10Hz repetition rate ofthe laser. We could then use the lock-in amplifier to

separate the two signals producing a DC voltage proportional to the desired focus signal.

One difficulty with this method isthat the 5hz and lOhz signals are both low frequency and

close together in the frequency spectrum. The obtain ahigh degree of separation between

the two signals, an integration time of3seconds or more was required. This long integration

time was also required to reduce signal fluctuation caused by variation in the incident laser

pulse. The output from the quintupled Nd-YAG laser exhibits a+/-20% variation from pulse

to pulse. Averaging the pulses during one integration time reduces this variation bya factor

of 1/Vl5 =0.26, reducing the signal variation to +/-5%.

Fig. 10 shows the layout of the mask used for measuring the focus signal versus mask

position. The dimensions shown are those that would print on the wafer, the actual mask

dimensions are 20 times larger. A clear area duty cycle of less than 50% was chosen to

reduce thebackground signal generated when the maskis far from best focus. Themaskhas

a 1.2pm pitch that should produce a1.19/zm wide FWHM focus signal according to Eqn. 2.

The measured focus signal, shown inFig. 11, has asignal width of 1.2pm FWHM, and cor

responds well to the predictedvalue.

Fig. 8also shows apeliicle beamsplitter between the mask and the objective. This

beamsplitter deflects aportion ofthe energy returning from the lens onto aCCD array cam

era. The camera is placed at aposition conjugate to the wafer plane so that the intensity at

the wafer plane can be monitored by the camera. This arrangement allows us to adjust field

uniformity in real time without having to use clear area exposures in photoresist Figs. 12

and 13 show the wafer field intensity at the center and edge of the field. These
151



measurements show a field uniformity of 10% RMS and 15% TTR. One disadvantage of

using a pellicle beamsplitter is the variation in reflectance versus incident angle owingto the

thin film interference effect This variation is the cause for someof the nonuniformity seen

in Figs. 12and 13. Clear field exposures in resist show the uniformity to be betterthan 5%

TIR over the whole field. A second example of the use of the beamsplitter and camera

arrangement is shownin Fig. 14. This is a picture of the field intensitywith amask in place.

Unfortunately, the line/space features on the camera face are 3 to 7 times smaller than the

pixel size of the CCD array. Another 10Xmagnification is needed for the camera to fully

resolve the aerial images at the wafer plane. This 10X magnification would lead to a 100X

reduction in the illumination intensity on the CCD array. With the present system there is

insufficient intensity to properly illuminate theCCD array after a 100X intensity reduction.

A vacuum chuck mounted on an air piston presses the wafer against the focus balls.

This arrangement is shown in Fig. 15. The vacuum chuck is needed to prevent any bowing

that would occur if abare wafer was pushed upagainst the focus balls by theair piston. The

air piston itselfis positioned directly under the optic axis of the objective and is fed by a

20psi source through alarge volume squeeze bottle. The squeeze bottle acts likeacapacitive

load preventing the instantaneous application of the full 20psi to the air piston. If the full

20psi of air pressure were applied the piston too quickly, the wafer chuck would strike the

focus balls with great force, possibly causing damage to the wafer or the balls. To test the

repeatability of wafer placement, Fig. 16 shows the focus signal versus time as the air pres

sure to the piston is repeatedly applied and removed. The focus signal after each up and

down motion of the wafer chuck is repeatable to+/-5% which corresponds to+/-0.1pm.

7.4 PMMA as a 213nm Photoresist

Polymethylmethacrylate (PMMA) has been suggested as a candidate deep-UV resist6

This resist possesses adequate transparency in the deep-UV and is sensative to exposures

between 100mJ/cm2 to 1000mj/cm2. The developer chemistries for PMMA are many and
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varied7 and all use wet develop techniques (as opposed to silylation, plasma etching, etc).

These properties makePMMA ideal for initial imaging studies because of its ease of use and

quick turn around time.

The transmission properties of a 1.1pm thick sample of 950K PMMA are shown in

Fig. 17. This samplewas spincastonto a fused silica wafer from a mixture of 6% solidsdis

solved in chlorobenzene. PMMA is nearly transparent to all wavelengths above 250nm.

This helps explain why PMMA has such low sensitivity at the KrF excimer wavelength of

248nm. Since there is little absorption at248nm there is littleinteraction between the radia

tion and the resist leading to exposure sensativities in the several J/cm2 range. Below 250nm

the absorption ofPMMA increases until itreaches apeak at 210nm. At 213nm this sample

ofPMMA has 46% transmission corresponding to an optical density ofa =0.67/mT1. This

value agrees with previously measured values for PMMA.8 This amount of absorption is

enough to make the resist sensative to 213nm radiation while being transparent enough to

allow nearly uniform exposure throughout thevolume of theresist

Fig. 18 shows aSAMPLE simulation of the 213nm intensity through the depth of a

1pm thick resist film on bare silicon. The decrease in average intensity with depth in this

figure is less than what would be expected from amaterial with a =0.67/mT1. The less

than expected decrease is caused by the nearly 100% reflection at the resist/silicon boundary.

The intensity near this boundary isalmost twice what it would bewithout the reflection from

the silicoa This high reflectivity also accounts for the 80% contrast standing waves in the

intensity profile. If an anti-reflection coating is applied to the silicon, the standing waves

wiU be reduced at the expense ofuniformity ofaverage intensity through the depth ofthe

resist Fig. 19 shows aSAMPLE simulation of this situation. A 1000 angstrom layer of

hard baked G-line resist (AZ2400) has been placed between the PMMA and the silicon,

greatly reducing the standing wave contrast, but also degrading the uniformity ofintensity

through the resist depth. The reduction in resist/silicon interface reflection has been verified
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bymeasuring reflectivity versus wavelength for PMMA on bare silicon (Fig. 20) and alay

ered stack consisting of PMMA/AZ2400/Si (Fig. 21).

The optical bleaching properties ofPMMA at 213nm are shown inFig. 22. Fig. 22 isa

plot of 213nm transmission versus integrated dose for a lpm thick sample of 950K PMMA.

With increasing dose the resist darkens with ae"1 value of255.6mJ. This darkening may be

evidence of crosslinking similar to that experienced with the chemically amplified 248nm

resists.9 The per pulse energy density used for this measurement was about O.lmJ/cm2, well

belowthethreshold for anysuspected nonlinear process.

Damage to PMMA caused by high pulse energies has been observed previously.6*10

Single pulse ablation experiments have been performed using PMMA and an ArF (193nm)

excimer laser source.11 At 213nm, previous workers have measured the ablation threshold

for PMMA to be lMW/cm2 ,12 This peak intensity corresponds to 4.2mJ/cm2 per pulse for

our 5th harmonic Nd-YAG laser. Fig. 23 shows an SEM profile of lpm lines and spaces in

PMMA after exposure but before development This exposure was performed with the

Schwarzschild system, which with its high reduction ratio (74X) can easily produce average

pulse energies above lQmJ/cm2.

Reducing the average energy density per pulse below the PMMA ablation threshold is

insufficient to avoid photoablation. Because of the high speckle contrast formed by each

213nm pulse (see chapter 4), there will be points within the field with 10 times the average

energy density. Thus to prevent resist photoablation damage we must reduce the average

energydensity perpulseto less than O.lmJ/cm2.

We have investigated two PMMA developer chemistries. One developer system based

on Methyl Isobutyl Ketone (MIBK) exhibited moderate contrast but low sensitivity. A plot

of thickness remaining versus dose for this developer is shown in Fig. 24. This developer

exhibited asmall top loss of700 angstroms in the unexposed regions. Also shown in Fig. 24

are the results of SAMPLE simulations using a developer model proposed by Greeneich7
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The model is an empirical formula ofthe form:

*-*>+£. (3)
where R is the development rate, Ro is the unexposed development rate, Mf is the frag

mented molecular weight, and fi and a are fitting parameters. The relation between expo

sure and fragmented molecular weight is also givenby Greeneich:

where M„ is the unexposed molecular weight, Dis the absorbed dose, and y is proportional

to chain scission efficiency. Combining Eqn. (3) and (4) gives:

R(D) =Ro+=—£-=g.. (5)
[i+rDj

Using this developer model in SAMPLE to calculate the thickness remaining versus dose

gives areasonable fit to the measured data in Fig. 24. The values for the developer parame

ters are as follows:

Ro =3.99xl0"5/zm/sec

a = 0.941

y =8.54 x 10"4 (UCB units)-1

£=191 pm/sec

With this developer model in-SAMPLE, we can predict the resist profiles expected

from the Schwarzschild and BOLD imaging systems using this developer chemistry. Figs.

25 and 26 show 0.5pm and 0.2pm line/space patterns in 5800 angstrom thick PMMA on bare

silicon. Intense standing waves degrade resist performance, as expected. These simulated

profiles may be compared to the actual profiles shown in Fig. 32. Figs. 27 and 28 show the
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same simulation conditions except a 1000 angstrom layer of AZ2400 has been placed

between thePMMA and the silicon as an AR-coating. The standing wave effects are greatiy

reduced but the side wall angles are still poor owing to tiie poor resist contrast and decrease

in intensitynearthe bottom ofthe resist(Fig. 19).

Two problems with the MIBK developer prompted us to investigate a second PMMA

developer system. The first problem was the high standing wave effects. If weused adevel

oper with a higher development rate in the unexposed regions the standing wave effea

would be less severe. The second and most significant problem withthe MIBK developer is

the high dose-to-clear. Exposure times greater than 10minutes are neededto accumulate the

required dosewhilemaintaining the perpulse energy belowthe ablation threshold.

We found about a 10X reduction in the dose to clear with a developer consisting of 2

parts Methyl Ethyl Ketone (MEK) to 1 partdenatured ethanol. The measured and simulated

thickness versus dose values using this developer are shown in Fig. 29. The fitted parame

ters are as follows:

Ro=4.40 x 10"3 /zm/sec

a = 1.1

y =6.00x 10"3 (UCB units)"1

0 = 2840 /zm/sec

One disadvantage of this developer system is a large amount of top loss in the unexposed

areas. In our experiments, the PMMA was initially 5800 angstroms thick and only 2800

angstroms remained after the develop step. The high develop rate for unexposed areas helps

to reduce the standing wave effect

This developer left ahaze onthe wafer if the developer was rinsed off in DI water or

simply blown dry. To overcome this hazing problem we do a pure denatured ethanol rinse

between thedevelop and DIrinse steps. The procedure is as follows:
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1)Spincoat950KPMMA4% solids for 45sec at lOOOrpm.

2) Bake for 90sec at 160 degreesCelsius.

3) Expose to 213nm radiation.

4) Mix developer 2 parts MEK to 1 partdenatured ethanol.

5) Shake up developer in the bottle (IMPORTANT!).

6) Immersion develop for 60sec with slowagitation.

7) Immerse in 100% denatured ethanol withultrasonic agitation for 60sec.

8) Rinse with DI water

SAMPLE simulations for images formed using this developer system are shown in

Figs. 30 and 31. No AR-coating isused inthese simulations so the image intensity posses a

high standing wave ratio. Little standing wave effects are evident inthe developed resist pro

files. As expected, the high unexposed develop rate helped to alleviate the standing wave

problem. There is,unfortunately, noimprovement in side wall angle over theMIBK devel

oper, most likely owing to the low contrast of the MEK:ethanol developer system.

7.5 Schwarzschild Imaging Results

The resist images shown in Fig. 32 show the resolution capabilities of the

Schwarzschild objective. These images were formed using 3000 pulses from the 213nm

laser and developed using the MIBK developer system. During the exposure, the second dif

fuser inFig. 1 was rotated so that the speckle intensity variations would integrate to auni

form exposure. Using 3000 pulses results in an RMS intensity variation of

100%/V3000 =1.8%. This low speckle noise contrast makes the resist images speckle free.

Figs. 33 and 34 show the nonuniformities that result when the diffuser is not rotated during

the exposure. Fig. 33 was exposed on the Schwarzschild system with 1000 pulses with a

rotating diffuser, while Fig. 34 was exposed under identical conditions except the diffuser

was stationary during exposure. Side wall roughness is the most noticeable difference
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between the two figures. The side wall is the point at which the intensity has its greatest

slope from light to dark. It is in this region that the nonuniform illumination caused by

speckle will most strongly manifest itself. There are also areas of resist remaining in the

regions of highest dose. This iscaused byastrong null or zero point inthe speckle illumina

tionroughness allowing little ornoradiation into this region.

7.6 BOLD Imaging Results

The performance of the BOLD objective was also verified using the PMMA resist pro

cess. The results from these exposure tests are shown in Figs. 35 and 36. Fig. 35 shows

SEM profiles of equal line/space patterns with dimensions of 0.5pm, OApm, 0.3pm, and

0.25/zm. These patterns were developed using the MEK:ethanol developer system. The

BOLD objective was set to NA=0.6 and a fill factor of a = 0.5 was used for the illumina-

tioa These features were all taken from the same die with an exposure dose of 1360 UCB

units. UCB units are an arbitrary unit of dose use in this system since it has not been cali

brated to an absolute standard, but 1000 UCB units are roughly 400 mJ/cm2. Since the

BOLD exposure system (shown in Fig. 8) employs the 3 mirror speckle reduction scheme

described in chapter 6, the number of laser pulses needed for 2% unform dose is reduced

from 2500 to 272. A minimum of 300 pulses are used in these exposures, resulting in the

smoothedge profiles seenin Figs. 35 and36.

Fig. 36 demonstrates the performance of the BOLD objective over the field. These

02pm line/space patterns were printed inthe center ofthe field and at the edge ofthe field to

adiameter of0.96mm. This field diameter is greater than the 0.8mm diameter specified for

the BOLD objective operating at NA=0.6 (see table 1). These images were also taken from

the same die as Fig. 36 with an exposure of 1360 UCB units. Resolving 0.2pm line/space

patterns at a field diameter of0.96mm demonstrates the quality of the 213nm BOLD objec

tive and the high stability and precise focus control ofthis exposure tool.
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7.7 Conclusions and Future Work

Two optical lithography systems have been built to investigate the possibility of213nm

lithography. An all-reflective objective (Schwarzschild) an all-refractive objective (213nm

BOLD) both demonstrated near diffraction-limited performance. The Schwarzschild objec

tive possessed a severely limited field (200/mi) while the BOLD objective demonstrated

diffraction limited performance outside itsspecified 0.8mm diameter field.

Clearly the greatest room for improvement in the work done so far is in the resist sys

tem. PMMA has several fundamental properties that prevent it from being ahigh contrast

sensitive resist for use in 213nm lithography. Its ease ofuse and ready availability make it

suitable for use as atool to test basic system performance, but high aspect ratio patterns near

the resolution limit ofthe BOLD objective will require an improved resist process.

A second major improvement inthe optics would be to add apolarization rotation and

filter system to improve the signal to background ratio generated by the PMT inthe focus

signal system. The polarization scheme is shown in Fig. 37. The output from the 213nm

laser is 100% linearly polarized out of the plane of the paper in Fig. 37. After passing

through the mask the laser radiation is changed to circular polarization by aquarter-wave

plate. After being imaged by the objective, reflecting from the wafer, and passing back

through the objective, the radiation is changed from circular to linear polarization by the

quarter-wave plate but orthogonal to the incident polarizatioa This reflected light passes

through the mask and is reflected by abeamsplitter coated from maximum reflection of the

returning polarization and minimum reflection for the original polarization. The unwanted

reflections from the field lens and mask will still possess the original polarization and thus

wiU be rejected bythe beam splitter, leaving only the desired radiation to reach the PMT.

A further refinement ofthis system would be to place alens between the beamspUtter

and the PMT to form an image of the mask in front ofthe PMT. The focus pattern could be

placed in the center and four corners of the mask so that afocus signal from different regions
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of the field could bemonitored by blocking the undesired areas at the image formed in front

of the PMT. This scheme would require the beamspUtter to have ahigh optical quaUty sur

face polish to allow properimaging of the mask.

One final comment about the present system is the size of the field flluminated by the

present muminator. The encouraging results obtained so far at theedges of the field warrant

a further investigation of this lens' performance for greater field sizes. The Umiting factor

for field size in the current system in the diameter of the field lens. Increasing this lens

diameter from 1 inch to 1.5 inch would aUow field sizes up to 1.6mm diameter. It is

expected that the lens performance would degrade this far outside the specified field diame

ter of 0.8mm and it would beinteresting tomeasure this degradation.
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213nm BOLD Objective Specifications

Wavelength 213nm

Reduction Ratio 1:20

Image Diameter @ NA=0.60
Image Diameter @ NA=0.50
Image Diameter @ NA=0.40

0.80mm

1.00mm

1.10mm

Object to Image Distance 308.51mm

Effective Focal Length 12.44mm

Entrance Pupil Diameter 13.9mm

Entrance Pupil Location 213.1mm from object

Rayleigh Depth of Focus @ NA=0.60
Rayleigh Depth of Focus @ NA=0.50
Rayleigh Depth of Focus @ NA=0.40

+/-0.30/mi
+/-0.43/zm
+/-0.67/an

Production Linewidth @ NA=0.60
Production Linewidth @ NA=0.50
Production Linewidth @ NA=0.40

0.284/zm
0.341/zm
0.426/mi

Vertex to Image >2.5mm

Table 1. Listingof the performance specifications of the 213nmBOLD objective from GCA/Tropel.
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e.225 fr

©.125 fr
©.©75 fr
6.025 fr

-©.©25 fr
-©.©75 fr
-©.125 fr
-t.i7z fr
-e.225 fr

TIR ©.195 fr

RMS ©.©32 fr

TAPER 2.425 fr

FOCUS ©.368 fr

Fig. 5. Plot ofwavefront aberration versus numerical aperture for the
213nm BOLD objective (measured with 257nm radiation).
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Fig. 10. Mask layout and dimensions for producing the focus signal.
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Fig. 15. Photograph ofwafer chuck and air piston system.
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Fig. 33. 1pm line/space patterns printed with rotating diffuser.

Fig. 34. 1pm line/space patterns primed with stationary diffuser.
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Fig. 36. 0.2pm line/space features printed in PMMA with the 213nm BOLD objective
TTie upper p,cture is at the center of the field and the lower is at adiameter of 0.96mm
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Chapter 8

Conclusions and Future Work

8.1 Conclusions

This thesis has investigated the some of the issuesinvolved with using pulsed lasers as

sources for deep-UV lithography. Two very different laser sources were used in this investi

gation, a KrFexcimer laser(248nm) and a quintupled Nd-YAG laser(213nm). The empha

sis on the excimer source was long term material lifetime testing, while the work involving

the Nd-YAG source centered on producing the 213nm radiation andconditioning it so as to

be useful for microlithography.

A large body of work exists pertaining to KrF excimerlithography. Excimerlithogra

phy hasbecomein recent years a well established tool with excimersteppers available from

several stepper manufactures. Our hope in chapters 2 and 3 was to add to this body of

knowledge with information which will helprefine this field in the important area of materi

als aging. Use of pellicles to protect deep-UV masks is a well accepted practice and the

many availablecandidate pellicles needed to be tested under consistent and controlled condi

tions. A clearly superior pellicle material has emerged from these tests narrowing the field

for more extensive testing.

The work on optical fluids was motivated by the lack of detailed information on the

optical properties of fluids in the deep-UV. TYaditional glues and gels used in the visible

region are opaque inthedeep-UV and the variety of replacement materials is severly limited.

Though fluids are lessconvenient to workwiththan glues or gels, they are the only alterna

tive found so far which have adequate transmission in the deep-UV. The refractive index

values obtained for these fluids are insufficiently precise for careful optical design butthese

initial measurements can beused to select a few promising candidates in therefractive index
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region of interest

Clearly, the materials testing performed with the KrF excimer laser should be repeated

using the Quintupled Nd-YAG laser. To accumulate useful exposure doses in reasonable

times will require a 213nm source with at least 10 times the average power as the current

213nm source. The speckle reduction schemes described inchapters 5 and 6 as well as the

exposure system described in chapter 7 will also benefit enormously from a source which

canproduce several watts of 213nm power.

This thesis will conclude with the following section which describes apossible design

for a4W 213nm laser source. Certain portions ofthis design rely on technology not demon

strated by the current 213nm source. Conservative estimates have been made ofthe specifi

cations for these components. The specifications used are within the values quoted to us by

several suppliers and manufactures.

8.2 Second Generation 5th Harmonic Source

The key to building ahigh average power 213nm source is to increase in the pulse rep

etition rate above the 10Hz ofthe current system. Further increases in the pulse energy are

possible but not by the factor of20 over the current system needed to produce 4W of213nm

radiation in the second generation system. In fact, scaling back the energy per pulse and

increasing the repetition rate by a greater factor offers many advantages, such as greater

speckle reduction capability, greater dose control, and areduction in the nonlinear aging of
materials.

Ifthe laser pulse duration is kept constant and the nonlinear crystal parameters are held

constant, asmall reduction in the 1064nm energy leads to alarge decrease in 213nm output

The decrease in 213nm is proportional to the 5th power of the decrease in the 1064nm

energy, as shown shown inthe following equations:

P(2fi>) =7n(A>)2. 1
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P(3fi>) = tt2P(aOP(2a>), 2

and

P(5a>) = tt3P(2fl>)P(3fi>). 3

Thus:

P(5d>) =rnri2tt3P(fi>)5. 4

Eqn. 4 shows that only small changes in the 1064nm energy lead to significant changes in

the 213nm energy.

Since Eqns. 1 through 4 are based onthe peak power ateach wavelength, reducing the

pulse duration while reducing the reducing the pulse energy willkeep the peak power con

stant and thus the conversion efficiencies will remain the same. One cannot reduce the pulse

duration indefinitely because of the inverse relationship between pulse duration and spectral

linewidth. Fig. 1. shows the relation between pulse duration and linewidth for Fourier trans

form limited 213nm radiation. The current 213nm source is Fouriertransform limited when

operated in seeded mode. No laser can operate below the line labeled laser limit without

violating the duality laws between frequency and time. The current 213nm source has a

pulse duration of 4.2ns which corresponds to a spectral linewidth of 0.035pm. Unseeded,

the current source operateswell above the Fourier transformlimit

To obtain the full performance of today's all fused silica lens, the laser must operate

with a linewidth below approximately 1pm. This sets an upper limit on the range within

which the second generation source may operate (designated by the hashed region). Due to

current equipment constraints, an operating point for the second generation source has been

chosen with apulse duration of0.44ns (1.0/vT) giving aspectral linewidth of0.34pm. This

linewidth is safely within the lens requirements and leads to acoherence length of 13.4cm.

This coherence length makes for amuch more compact 3 mirror speckle reduction system

(chapter 6). No longer must the delay arm be 1.2m long, now only 13.4cm isneeded to fully
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separate the delayed pulses. Reducing the213nm pulse width from 42ns to 0.44ns requires

a reduction in the 1064nm pulse width from 9.4ns to 1.0ns. Standard pulse carving tech

niques can attain this 1.0ns pulse width. To maintain peak powers similar to the current

source, the pulse energy can be reducedby a factorof 9.4.

The proposed second generation 213nm source is shown in Fig. 2. This system is

designed to produce 4mJ perpulse of 213nm radiation at repetition rate of lOOOHz, giving

an average 213nm power of 4W. The system layout is very similar to the current system

with an oscillator/amplifier configuration feeding the 5th harmonic conversion. The addi

tional component in this diagram is the pulse carver placed between the oscillator and the

amplifier. The pulse carver reduces the pulse duration from 9.4ns to Ins prior to

amplification.1 The energies shown are calculated backward from the 213nm pulse energy.

To maintain the same 7% overall 5th harmonic conversion efficiency demonstrated to the

current system, 44mJ per pulseis required at 1064nm. The amplifier, with its saturation lim

ited gain of 5, requires an input pulse energy of 8.8mJ. The energy input to thecarver must

be a factor of 9.4 higher than the output because of the reduction in pulse duration. This

leads 82.7mJ per pulse from the oscillator at a lOOOHz repetition rate or 82.7W average

power.

The average powers shown in this system are much higher than the current 213nm

source. If flashlamps were used to pump the Nd-YAG rods, thermal gradients and lensing

would degrade the cavity Q so severly as to make such higher average powers impossible

with flashlamp pumping. Fortunately an alternative exists in laser diode pumping. The out

put from laser diodes in narrow band and can betuned to match the absorption band of the

Nd-YAG rod. This greatiy reduces the rod heating and makes several hundred Watt average

powers possible.2

The pulse carving method is inelegant and inefficient Other methods of reducing the

pulse duration are possible with stimulated Brillouin scattering as one example. Each merits
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of each method must be weighed relative to the simplicity and ease of fabrication of the

pulse carving method.

Improvements in the 5th harmonic conversion can reduce the required 1064nm pulse

energy(see chapter4) andshouldalsobe implemented in the second generation source. Any

reduction in the required 1064nmpulse energywould allow an increase in the repetition rate

with no additional Nd-YAG rod heating. Repetition rates higher than lOOOHz would further

reducethe exposure time required for speckle reduction and thus increase the throughputof

any lithography tool illuminated with this 213nm source.

There are no fundamentally new technologies or applications used in this second gen

eration213nm source. Admittedly, the required performance of several components is near

their current state of the art The pulse carver is one example. A Ins width pulse carver is

available from Medox Electro-optics but represents the limit of this company's currenttech

nology.

Of course one could say that any project worth pursuing at the university level should

be a bit crazy and push the limits of respectability just a little.
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Fig. 2. Layout for proposed second generation 213nm laser source.
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