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1 In tro duction

Lithography is the technique which enablespatterns to be transfered to a material. In the

simplestelectricalengineeringapplication, it is usedto createPrinted Circuit Boards(PCBs).

Theselarge-scalePCBs can even be made using a pattern printed from a laser printer on

white paper, and somesort of Ultra-Violet (UV) light source. Over the years lithographic

technologyhasbecomemoreandmoreadvanced,allowing ¯ner resolutionand theseadvances

have beenpart of what hasallowed the semiconductormarket to grow into the industry that

it is today. Without lithography, the creation of circuits in semiconductorslike Silicon (Si)

and the interconnectionof those circuits with each other and the outside world would not

be possible.

Current optical (visible, UV) photolithography is reaching its limits in terms of modern

Ultra Large Scale Integration (ULSI) fabrication. Many applications in microelectronics

needeven higher levelsof performance(higher speedand lower power) and higher functional

density [1]. They also require high reliabilit y and lower cost as well. As we approach the

100nm feature-sizemark and go beyond, other lithographic techniqueswill needto be used.

These possiblefuture techniques include Extreme Ultra-violet (EUV) lithography, X-Ray

lithography, and Electron Beam Lithography (EBL). On the surface,it seemsthat EBL is

one of the most promising technologies,as electronscan achieve a theoretical wavelength

of up to 3 £ 10¡ 13 m, which is much smaller than the wavelength of X-Ray or UV light.

Currently, however, EBL is limited to about 10¡ 20 nm under ideal conditions. The useof

electronscan alsomeanthe elimination of masks,asdirect-writing of patterns is possible.It

doeshavesomedisadvantages,however, becausecomparedto the sizesof wafers(> 300mm),

electronbeamsaresmall, sothe electronbeamsmust be scannedacrossa wafer. This means

that electron beamlithography can be much slower. Today, as microelectronicsapproaches

sub-micron feature sizes, researchers are focusing on ways to improve the throughput of

EBL system. Electron beam lithography has already undergonemuch development and in

the next ten years,it will be surely be an integral part of the semiconductormanufacturing

process,and continue to be usedto manufacture exotic nano-devices.Even if EBL is not the

method of choice for patterning materials for devices,it will continue to be usedto create

masksfor optical and/or X-Ray lithography.

1.1 History and Trends in Lithograph y for Micro electronics

Photolithography enablesthe transfer of a pattern onto a material so that the material can

be etched in a way that is determined by the pattern. This is done through the use of a

light source,and a photosensitive material, photoresist. Mercury (Hg) sourceswere used
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for the 435 nm peak (g-line), and then a 365 nm peak (I-line) was used later. Excimer

laserswere then used, which provide light in the Deep Ultra-Violet (DUV) range. KrF

excimerlasersproducelight at a wavelengthof 248nm and areusedto producedeviceswith

minimum feature sizesof 0:25 ¹m . Conventionally, it is not possibleto de¯ne featureswith

a sizesmaller than the wavelength of the light being used. Using Resolution Enhancement

Technology(RET) techniques,however, it is possibleto use248nm light to producedevices

with featuresassmall as160nm [2]. SeeFigure 1 which shows the trend in ULSI in the past

20 years,as well as the predicted trend until 2010. Figure 1 shows that the miniaturization

Figure 1: Wavelength in optical lithography and miniaturization trend in ULSI. From [2].

trend is moving faster than the wavelength reduction in optical excimer sources.So either

newer excimersourceslike ArF or F2 needto be available sooner than predicted,or RET will

be necessary, in order to continue the miniaturization rate of progresstowards the 70 nm

feature-sizemark. Beyond the 70 nm node, EBL or someother lithographic technology will

surely be necessary.

1.2 Basic Photolithograph y

The basic traditional optical lithography processbeginswith the deposition of the photo-

resist. A few drops of liquid photoresist solution are applied to the wafer, and then the

wafer is \spun" in a centrifuge. The centrifugal force spreadsthe photoresist acrossthe

wafer, and a desired thicknessof photoresist can be achieved by selectingan appropriate

spin speed. The photoresistis then \pre-baked" on a hot-plate or in a furnace. This hardens

the photoresist layer. The photoresistnow needsto be patterned. This is doneby with the

help of a mask, which is normally made of Chromium (Cr) deposited on glassto de¯ne a

2
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pattern. The mask is placed in front of the wafer, and then the mask is carefully aligned

with the previous patterns on the wafer. UV light is then shonethrough the mask using

a stepper. This exposesthe photoresist in the areaswhich were not beneath the Cr part

of the mask. If positive photoresist is used, then the exposedareaswill be susceptibleto

certain chemicals(the developer), and if negative photoresist is used, the unexposedareas

will be susceptibleto the developer. When the wafer is placedinto a developer solution, the

now sensitive areaswill be dissolved, and only a pattern will remain, which will look like the

pattern on the mask (for positive resist), or the inverseof that pattern (for negative resist).

The wafer is then \p ost-baked" which will harden the photoresist layer further, and make

the pattern more resistant to peeling. There is now a mask directly on the surfaceof the

wafer. The material under the photoresist mask may now be etched, doped, or treated in

whatever way the deviceengineerwould like. Or, a new layer can now be deposited and the

lift-o® technique can be used. The photolithography processis complex, however, it does

have the following advantages:

1. It is fast, becauseUV light can illuminate the entire areaof the wafer at one time.

2. Large areawaferscan be used.

3. No complex light focussingsystemsare required.

4. Well-developed technology.

The main disadvantage of photolithography is that devicesare now being fabricated with

device features on the samescaleas the wavelength of the light. This meansthat light

di®raction through the mask becomesa problem. RET techniquescan be used to double

the resolution. Beyond that, optical lithography simply cannot function below one-half of

the wavelengthof the light without someseriousreliabilit y issues.Photolithography already

hasoneof the lowest yields in the processsequencefor semiconductordevices.

1.3 Curren t State of the Art

Current lithography techniques,useArF 193nm light for exposure,which allows minimum

feature sizesof around 100 nm using RET. This is su±cient for the 1:3 ¹m node and the

100 nm node. Intel has invested lots of money into EUV, however, which uses157 nm

UV light and is capableof patterning device featuresbelow 70 nm. Thus EUV will most

likely be usedinto the 100 nm and 70 nm nodes. Beyond that, semiconductorfabrication

will need to rely on newer techniques such as x-ray lithography, EBL, or other advanced

methods. Nanotechnology devicesare already relying on EBL especially for deviceswhich

rely on quantum e®ects,which require feature sizeswell below 100nm.

3
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Electron BeamLithography (EBL) hasbeenusedfor many years. They have progressed

from Gaussian-beam systemto shaped-beam systemand now to electron beam projection

systems(seeFigure 2). More recently projection EBL has achieved even higher levels of

Figure 2: Improvement in throughput by changingbeamshape and shot number. From [3].

throughput hasbecomeviable for the mass-production semiconductorindustry with system

such as SCALPEL from Bell Labs/Lucent and PREVAIL from IBM. There is also much

research into the fabrication of massively parallel electron beamsand optics fabricated by

MEMS technology. EBL may be ready for the 70 nm feature node and beyond, and it will

allow for new higher-speedlower-power devicesto be fabricated.

4
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2 Electron Optics

2.1 Basic Electron Physics

In 1924 Louis de Broglie wrote his Ph.D thesis which attempted to show that electrons

could show wave-like properties under certain conditions. The ideasin his thesiswere fully

con¯rmed with the observation of electron di®raction in crystals in 1929. In his thesis, De

Broglie's gave a simple formula for the wavelength of an electronand it is as follows:

¸ =
h
p

=
h

m ¢v
(1)

whereh is Planck's constant (6:626£ 10¡ 34J=s), p is the momentum, m is the massof the

electron (9:11£ 10¡ 31), and v is it's speed. This neglectsspecial relativit y e®ects,because

it is assumedthat the electronsare travelling su±ciently below the speed of light. If the

electron were travelling at the speed of light, c (2:9979£ 109m=s) which is it's maximum

theoretical speed,it would have a wavelength of 0:24 pm.

An electron'svelocity can be determinedfrom it's kinetic energy, by the formula

Ekin =
1
2

mv2: (2)

Thus,

v =

r
2Ekin

m
; (3)

and deBroglie'sformula becomes,

¸ =
h

p
2Em

: (4)

If E is expressedin Electron Volts (eV), and given the constants above, the formula reduces

to:

¸ =
1:23
p

E
[nm] (5)

where E is expressedin eV. So if an electron were acceleratedto an energyof 100 keV ,

then it would have ¸ = 12:3 pm. This clearly shows that if lithography could be donewith

electrons it would have a huge advantage over current optical lithography systemswhich

are limited by their wavelength which is as low as 100 nm. This is just a theoretical limit,

however. EBL system use projection, as opposedto traditional contact masks, and with

most forms of EBL, no mask is usedat all. Soexcept in high-resolutionsystems(with very

low throughput) whereelectron di®raction can comeinto play, the resolution of the system

is limited by the beamcolumn rather than the wavelength of the electrons. Figure 3 shows

5
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the e®ectsof various beam column e®ectson the minimum achievable beam width at the

resist. The resist, however, also placeslimitations on the resolution of the beam which can

Figure 3: Beam diameter vs. beam convergenceangle due to various beam column e®ects
such as abberations and sourcesize,and di®raction. From [4].

be greater than those e®ectsshown in Figure 3, and in most casesscattering in the resist

placesthe limiting factor for the resolution.

2.2 Electron Column

The electron column is the most critical part of the Electron Beam Lithography system. It

consistsof the electronsource/gun,an alignment systemfor centering the beamin the EBL

column, a mechanism for shuttering or blanking the beam,several lenses,a stigmator (used

for correcting astigmatism in the beam), and a beam de°ector. A typical electron beam

column is shown in Figure 4. EBL columnsvary greatly however, depending on the shape

of the beamthat is desiredin the end. Figure 5 shows four di®erent con¯gurations of EBL

columnsfor di®erent ¯nal beamshapes.

2.3 Electron Sources

The electron sourceis where it all begins. This is wherethe electronsare generated,which

will end up reaching the resist on the sample. There are three main criteria for an electron

source,which are somewhatanalogousfor light sources:

6
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Figure 4: Cut-away view of a typical EBL column. From [5].

Figure 5: Four di®erent types of EBL columnsshowing their electron-optical components.
From [6].

7
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1. Virtual sourcesize: Determinesthe amount of demagni¯cation required in the column.

Smaller is better here,as it will allow a the electronbeamto be focusedinto a smaller

spot sizeon the sample,with fewer lenses.This makes the column lesscomplicated,

and allows a higher resolution to be achieved.

2. Brightness:Similar to the intensity in conventional light optics. Brightnessis measured

in A=cm2=steradians. To a ¯rst order, higherbrightnessis better, asit allows increases

the rate of reaction with the resist. However, if a high resolution is required, a lower

brightnessis necessary.

3. Energyspread:Measuredin Electron Volt (eV), this describesthe spreadof the energy

distribution of the emitted electrons. An electron beam with a wide energyspreadis

comparableto white light, while an energybeamwith a narrow spectrum is comparable

to a laser source. A narrow electron energyspreadis desiredas it reduceschromatic

aberrations.

Traditionally tungsten sourceswere usedas electron sources. The tungsten ¯lament is

heatedby passingcurrent through it and electronsare emitted thermionically from a sharp

tip. The disadvantageof tungstensourcesinclude a low brightness,and a high energyspread

due to the high operating temperature (2700 K ) [4]. Lanthanum Hexaboride (LaB6) is a

newer thermionic sourcewhich can achieve very good brightnessat a lower temperature of

1800K . It has a slightly smaller sourcesize than tungsten, however, it requiresa better

vacuum of 10¡ 8 Torr which is easily attainable in present systems.

Thermionic ¯eld emissionsourcesare the best available electron sources. Cold ¯eld-

emissionsourcesare rarely used in EBL mainly becauseof high short term noisewhich is

due to atoms adsorbingonto the tip. This causes°uctuations in the electroncurrent in the

short term and aswell as in the long term. Thermal ¯eld emissionsourcescombine the best

of both ¯eld and thermionic emissionsources.A tungsten needle(with approximately 1 ¹m

tip) is usedat only 1800K , thus increasingthe lifetime of the source. The barrier to ¯eld

emissionof electronsis loweredbecausethe needleis heated. It's brightness,sourcesizeand

energyspreadareall better than the standard thermionic sources.An exampleof an electron

sourceand the electrodesis shown in Figure 6. Two anodesare normally used,as shown in

Figure 7. The ¯rst anode (Wehnelt), is the extraction electrode, and is usedto extract the

electronsfrom the cathode tip, and the secondis used to acceleratethe electronsto their

full potential [5]. The shield electrode is usedto prevent thermally generatedelectronsfrom

entering the beam. Thus electronsare only emitted from the tungsten tip. The electron

sourcein Figure 6 has the Wehnelt cathode acting as the cathode and the shield.

8



David J. Grant Electron Beam Lithography

Figure 6: An electron tip showing the electron emissionpaths along the electric ¯eld lines.
From [7].

Figure 7: Electron sourceshowing 2 anodesand shield electrode. From [5].

9
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2.4 Electron Lenses

Although electronsmay have wave-like propertiesunder certain conditions, they arestill not

electromagneticwaves, like light. In electron optics, electronscan be focusedand manipu-

lated in much the sameway that light is treated in bulk geometricaloptics. However, they

behave like classicalchargedparticles, as opposedto waves.

Electrons are manipulated in two basic ways, through an external electric ¯eld, or a

magnetic¯eld. From Coulomb's law, we know an electric ¯eld will exert a forceon a charged

particle. An electron will experiencea force of F E = ¡ eE , where e is the elementary

charge of an electron, and E is the electric ¯eld. According to Lorentz's Law, an electron

will experiencea force when travelling perpendicular to a magnetic ¯eld. This force will be

perpendicularto the magnetic¯eld and the electron'svelocity, and is givenby F B = ¡ ev£ B .

The contributions could be summed together, however, normally in EBL systems, both

magnetic and electric ¯elds are not used simultaneously. Most of the basics in electron

optics comefrom the above two equationscombined with Newton's secondLaw, F = m ¢Är ,

where Är is a position vector in three dimensions,and the double-dot notation indicated the

secondderivative with respect to time [7].

Magnetic lensesare usedprimarily becausethe aberrations producedby magnetic lenses

are lesssevere than those produced by electrostatic lenses. A cross-sectionof a magnetic

lensis shown in Figure 8. The radial magnetic¯elds causethe electronsexperiencerotation

Figure 8: Three-dimensionalcut-away view of a magneticelectron lens. From [7].

about the optical axis upon entering the lens. The electronsnow have a velocity component

in the tangential direction about the optical axis. This component now interacts with the

axial magnetic ¯eld, imparting a force on the electronstowards the optical axis, bringing

them closeto the axis. A three-dimensionalcut-away view shown in Figure 9 illustrates this

more clearly.

10
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Figure 9: Cross-sectionof a magneticelectron lens. From [6].

In absenceof aberrations (not realistic), the electrons are focused to a focal point a

distancef beyond the centre of the lens. If f is large relative to axial magnetic ¯eld region,

Lg, then to a good approximation,

f »=
8V0

LgB 2
0´

; (6)

whereV0 is the voltage representing the electron'svelocity, ´ = e=m, and B0 is the approxi-

mately uniform axial magnetic ¯eld on the axis of the lensacrossthe gap L g.

The samefocusingaction canbe achievedwith an electrostatic lens. They aremost often

usednear the electron sourceas a condenserlens, sincethe large abberations producedby

such a lens will not a®ect the quality too much in this area of the column. Aberrations

causedbe the ¯nal lens are more detrimental to performancethan in the ¯rst few lenses.

Electrostatic lensesare madeup of three plateswith an aperture on the optical axis, the two

outer plates held at ground and the inner plate held at somevoltage. The electric ¯elds act

so as to pull the electronscloserto the optical axis.

There are two main typesof aberrations in electron beams: chromatic aberrations and

sphericalaberrations. Chromatic aberrations are causedby the fact that the electronsource

emits electronswith di®erent energies. The electronswill therefore not be focusedto the

samespot. Spherical aberrations occur when the outer part of the beam is focusedmore

than the inner part of the beam.

11
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Figure 10: An electrostatic lens. From [7].

2.5 Other Electron Optics Comp onents

There are also someother components in the electron beam column which are important,

theseinclude apertures, stigmators and beamde°ectors.

2.5.1 Ap ertures

There area fewdi®erent typesof apertures,blanking aperturesand beam-limiting apertures.

Blanking aperturesbe de°ect the beamby de°ecting the beamaway from the aperture hole.

Beam-limiting apertures set the beam convergenceangle, ® (the angle between the beam

tra jectory and the normal line to the target) which controls the e®ectof lens aberrations

and resolution but also limits the beamcurrent [4].

2.5.2 Beam Blank er

Beam blankers are used to turn o® or \blank" the beam. This is necessarywhen doing

vector scanningand the beam needsto be moved from one part of the wafer to another.

The beam must be blanked in a time which is very small comparedto the time it takes to

illuminate onepixel on the array, and the beamcannot move along the substratewhile it is

being blanked. A commonblanker is shown in Figure 11 and it works by applying a voltage

to the upper plate which de°ects the electronbeamaway from the centre of the column. A

more detailed explanation of the operation of this blanker is given in [5].

2.5.3 Stigmators

Astigmatism is a commonproblem in light optics aswell aselectronoptics. Astigmatism is a

type of abberation wherethe electronbeamfocusesdi®erently dependingon the lenssetting.

This is due to imperfectionsin the beamcolumn, due to its construction or poor alignment.

Sometimesa beamwhich is supposedto be circular can end up being elliptical, and rotated

di®erently dependingon the amount of focusing. A stigmator can correct for this and other

12



David J. Grant Electron Beam Lithography

Figure 11: A typical beamblanker. From [5].

kinds of astigmatism imperfections. Stigmators are normally made with 4 ¡ 8 magnetic

or electrostatic polespositioned around the optical axis. Thesepolescan be con¯gured to

correct for beamimperfections.

2.5.4 Beam De°ectors

Beam de°ectors are used to scan the electron beam over the target, acrossan area called

the scan ¯eld. The must be done very linearly, with minimal degradation to the electron

beam spot size. In other words you want predictable de°ection, constant beam size, and

no hysteresis. Like in electron lenses,de°ection can be done by an electric ¯eld or by

a magnetic ¯eld. Electrostatic beam de°ection results in more distortions in the beam,

so magnetic de°ection is normally used. Beam de°ectors are one of the most important

components, however, any non-linearities or problems with beam de°ectors can easily be

¯xed in the software which drivesthem.

13
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3 Electron In teractions

One of the problemswhich limits the resolution of EBL greatly is the electron interactions

which occur when they enter the resist and penetrate further into the substrate. There are

two main typesof interactions which can occur: forward scattering and backscattering. The

e®ectsof forward scattering and backward scattering are summarizedin Figure 12. The

Figure 12: E®ectsof forward and backward scattering,which causethe actual e®ective beam
sizein the resist to widen substantially . From [3].

severity of theseinteractions clearly will depend on the energyof the electronsinvolved, as

seenin Figure 13. The ¯gure shows the paths of electronsin resist after impinging on the

substrateat a singlepoint, asgeneratedby computer simulations. Thesesimulations model

the continual slowing of the electronsusing the Bethe equation, and model scattering using

the screenedRutherford formula. Monte Carlo techniquesare often usedin order to make

the simulations lesscomputationally intensive.

3.1 Forw ard Scattering

Forward scattering is when electronsare de°ected by small angle scattering events. This

can causea measurableincreasein the e®ective beamdiameter as seenby the resist, which
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Figure 13: Computer simulation showing tra jectoriesof electronsin resist. From [3].
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dependson the energyof the electronsaswell asthe resist thickness.And empirical formula

which describesthe increasein beamdiameter is given by,

¢ d = 0:9
µ

tR

Vb

¶ 1:5

; (7)

where¢ d is the changein beamdiameter after entering the resist, tR is the resist thickness

and Vb is the acceleratingvoltage of the electronbeam. Forward scattering is detrimental if

very high resolution is required, and can be reducedby increasingthe acceleratingvoltage.

Forward scattering does have one advantage, however; it can be usedto create a negative

sidewall angle in the developed resist. This is advantageouswhen doing lifto® processwith

positive resist, becausea slight negative sidewall angle is required (seeFigure 14). This

Resist

Substrate

Resist

Substrate

Resist

Substrate

Substrate 4. Strip away resist

Metal

1. Spin on resist

2. Expose and develop resist

3. Deposit metal

Metal

Figure 14: An exampleof a lift-o® processfor depositing a metal, using the natural negative
sidewall angleas producedby forward scattering.

eliminates the needfor using two layersof di®erent resistsand simpli¯es the processing.

3.2 Secondary Electrons

When the electronsin the electronbeamenter the resist they begin to slow down, and much

of this energyis releasedin the form of secondaryelectrons,which have energiesin the 2 to

50 eV range. This electronsare the most responsible for the actual exposureof the resist.

The secondaryelectronsalsocausean e®ective beamwidth wideningof 10 nm. This is what

fundamentally reducesthe resolution in EBL systemsto about 20 nm. Secondaryelectrons,

as well as forward scattering causethe bias whereexposedfeaturesdevelop larger than the

sizethat they werewritten, which of coursecan be compensatedfor.
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3.3 Backscattering and the Pro ximit y E®ect

Backscattering is a processwhereby electronsare scatteredin the substrate at large angles

and return into the resist sometimesat very large distancesfrom the point wherethey ¯rst

entered the resist. This e®ectis known asthe \electron beamproximit y e®ect". For a silicon

substrate, approximately 17% of the electronsare backscattered and for a gold substrate,

50%of the electronsare backscattered[4].

The proximit y e®ectis dueto backscatteredelectronsasdescribedabove, and is the most

seriousproblem experiencedin EBL system. If it is not correctedfor, it can causeserious

problemsin the developed patterns. In essence,the proximit y e®ectis when backscattered

electronsexposeareasof the resistoutsidethe desiredarea. In a positive resistsystem,there

are two examplesin which the proximit y e®ectcan severely a®ectthe pattern. If there is

a narrow line between two large exposedareas,the narrow line region may receive such a

large dosefrom scattered electrons,can it can end up being completely developed. Or, a

small featuremay losemuch of its dosedue to scattering that it will not developcompletely.

Thesetwo e®ectscan both be seenin Figure 15. The proximit y e®ectalsoleadsto a general

Figure 15: Positive resist pattern a®ectedby the proximit y e®ect.From [4].

increasein linewidth, similar to forward scattering and secondaryelectrons.

If the pattern has fairly uniform linewidths acrossthe entire sample,it may be possible

to simply adjust the electron beamdoseuntil the desiredpattern is obtained. Someresists

alsohave higher contrast than others,and this can help prevent the proximit y e®ectaswell.

Using very low electronbeamvoltagescan greatly reducethe proximit y e®ect,however, one

problem with doing so is that the resist must be made thinner to ensurethat the entire

resist thicknessis exposedto the electrons. Another possibility it to put a layer of dense

17



David J. Grant Electron Beam Lithography

material (such as gold or tungsten) beneath the resist, to absorbelectrons,and reducethe

number of backscatteredelectrons.This can be very e®ective, asseenin Figure 16, however,

it complicatesthe fabrication processslightly. Similarly, if the material beneaththe resist is

Figure 16: Electron tra jectoriesat (a) 10, (b) 25,and (c) 50keV incident energyrespectively
on a gold substratesituated at 1 ¹m beneaththe surfrace. From [8].

a thin membrane, then this reducesthe backscattering and increasesresolution signi¯cantly.

Therearesomeother morecomplicatedmethodsto decreasethe proximit y e®ect,without

altering the actual materials used,the resists,or the actual processsteps. It is possibleto

reducethe proximit y e®ectby changing only the EBL exposureprocess.One method is to

assigna di®erent amount of exposure to each feature on the pattern. Thus large exposed
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features,will receive a smaller dose,and small featureswill receive a large dose. There are

many di®erent software approaches which are being used to calculate the dosesfor each

feature [9, 10, 11]. Similarly it is possibleto alter the sizesof all the featuresto be printed,

in order to compensatefor the proximit y e®ects.Figure 17 shows an original pattern and a

pattern which hasbeencorrectedfor the proximit y e®ect.

Figure 17: The pattern shown on the left is uncorrected,and the pattern on the right has
beencorrectedfor the proximit y e®ect.From [9].

An even more advanced technique which does not require any extra processingis the

\GHOST" technique. The inverseof the pattern is written onto the wafer, but through

a defocusedbeam which is designedto match the intensity of the backscattered electrons.

This techniquecausesthe non-patternedareasto have a uniform dose,and leadsto excellent

line width control [4]. Figure 18 shows exampleof the GHOST technique being used for

a pattern of lines. This technique has somedrawbacks, however, which include the extra

writing time, and somelossof contrast in the resist pattern.
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Figure 18: The ¯gure on the top shows a pattern of lines, and the GHOST pattern super-
imposed.The ¯gure on the bottom shows the summedcontribution of the GHOST pattern
and the line pattern. From [4].
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4 Resists for Electron Beam Lithograph y

When electronsstrike a resist, there are two main physical reactionswhich take place. One

is excitation, where an impinging electron's energy is absorbed by an atom, thus putting

the atom in an excited state. A secondis ionization, where an incoming electron provides

enoughenergy to causean electron to be removed from an atom. In polymers, theselead

to many di®erent chemical reactions,which can be broadly classi¯edaseither chain-scission

or crosslinking reactions. Chain-scissionis where a polymer chain is broken up into much

smaller pieces.This reducesthe molecularweight of the resist, which makesit more soluble

in a organic solvent (developer). The exposedarea is thus dissolved away, leaving behind

unexposedareasof resist which form the desiredpattern. Thus chain-scissionpolymerscan

be used as positive resist. Crosslinking polymers form three-dimensionalstructures when

exposedto an electron beam, thus makes the exposedareasinsoluble in a solvent. Thus

crosslinkingpolymers can be usedas a negative resist. Figure 19 below shows the scission

and cross-linkingreactionsschematically.

Figure 19: Scissionand cross-linkingreactionsin polymer resists. From [3].

4.1 Positiv e EBL Resists

Polymethylmethacrylate (PMMA) wasoneof the ¯rst resistsdeveloped for EBL in 1968[12]

and it remains to this date, one of the highest resolution resistsavailable (about 10 nm).

PMMA is a chain-scissiontype resistwhich allows for high resolutionbecauseof its high con-

trast and non-swelling type dissolution in a developer [3]. The main chain-scissionreaction

is shown in Figure 20. One of the major disadvantagesof PMMA is low sensitivity. PMMA

also has poor resistanceto dry-etching, which is not so important for mask fabrication by

EBL, but very important for pattering layers on silicon wafers. PMMA is available in low-

molecularweight form and high-molecularweight form, of which the former is moresensitive
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Figure 20: Chemistry of PMMA reaction. From [3].

than the latter. Thus if two layers of PMMA are used,with the low-molecularweight form

on the bottom, this will causethe resist to developwith an undercut, thus making it suitable

for a lift-o® process.

A positive resistwhich hashigh sensitivity aswell ashigh dry etch resistanceis New Pos-

itiv e electron Resist (NPR), which is made up of poly(2-methylpentene-1-sulfone)(PMPS)

and a novolak resin. PMPS is a chain-scissionpolymer and the exposedareaswill become

soluble in an aqueousbase. It also shows self-development, in that the ¯lm will actually

evaporate somewhatafter being exposedto an electron beam. The novolak resin helps the

dry-etch resistanceof the resist.

A new resist called ZEP has an order of magnitude improvement in sensitivity versus

PMMA and it has 2.5 times better etch resistancecomparedto PMMA although it is still

not as resistant as novolak-basedresists. ZEP has about the sameresolution as PMMA of

about 10 nm and it has demonstratedan abilit y to produce lines of width 10 nm with a

pitch of 50 nm.

4.2 Negativ e EBL Resists

Negative resistswork by cross-linking,as described in section4 above, however, in general

the patterns they produceare not as perfect as thoseproducedwith positive resists. Some

of the problemsinclude, swelling during development, and bridging betweenfeatures. They

do have much lessbias than positive resistsdo.

If PMMA is exposedto ten times the normal critical dose,chain-linking will occur and it

will behave like a negative resist, however, it's resolution will be degradedto about 50 nm.

One useful resist is SAL-606,which hasa resolution of 100nm and a sensitivity comparable

to that of ZEP, which makesit suitable for writing masksfor 0:13 ¹m or 0:1 ¹m technology.
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5 Electron Beam Lithograph y Systems

EBL have someadditional technical hurdles comparedto optical systems. Electrical and

magnetic noisecan both causeproblemswith the electron beam,and both must be tightly

controlled. This meanscomputer monitors, transformers,and pumps must all be kept at a

distancefrom the beamcolumn or someshieldingis required. Mechanical vibrations arealso

a problem, however theseare alsopresent in optical systems.EBL systemsdo provide much

higher resolution than optical systems,somechanical vibrations canbe evenmoredisastrous

to the performance.

There are many di®erent types of EBL systemson the market, from SEM and STEM

coversionkits, to mask-writers,shaped-spot systems,and modern electron-beamprojection

machines. Somegeneraltypesof machineswill be discussedand various methods which are

usedin all machinesto achieve the desiredperformance.

5.1 Converted SEM Mac hines

ScanningElectron Microscope(SEM) andScanningTransmissionElectron Microscope(STEM)

systemscan easily be converted into EBL systems. Thesesystemssu®er,however, from a

small ¯eld of view, and low throughput. They can however be a good option for research

in universitieswherethroughput is not an issueand low cost is important. SEMs normally

have somelensesto focus the beam on the specimen, a beam-blanking mechanisms, and

somemagnetic de°ection coils used to scan the beam acrossthe sample. With accessto

theseparts of the column, an SEM can be usedas an EBL machine. A PC can be ¯tted

with a 16-bit Digital to Analog Converter (DAC) card in the PCI bus, and this can be

connectedto the beamde°ection systemof the SEM. Unfortunately, the scancoils of SEM

machinesare normally optimized for imaging in raster format, asopposedto vector format.

The raster and vector methods are show in Figure 21 below. Clearly, raster scanning is

Figure 21: Comparisonbetweenraster-scanmethod and vector-scanmethod. From [3].
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much slower than vector scanning,although the slowdown due to raster scanningdepends

on the time neededto de°ect the beamto each new beamposition, comparedto the time to

scanfrom to each devicefeature in vector scanning. At worst is only a factor of 2-3 times

slower than vector scanning. Regardless,although SEM machines cannot compete against

dedicatedEBL systemsas far aswriting areaand speed,they can be useful for applications

such as small quantum devices(metal lines, junctions, SQUIDs), a few transistors, small

gratings, and other small devices.

5.2 Gaussian Vector Scan Metho d

Vector scanningin one form or another is much more commonthan raster scanning,as the

increasein complexity is not too big, and the increasein speed can be signi¯cant. Most

systemsuse two sets of DACs, the ¯rst DAC drives a de°ector which directs the beam

onto the corner of someprimitiv e shape on the target wafer. The secondDAC drives the

samede°ector or a di®erent de°ector in a raster pattern to ¯ll in the shape. A moveable

x-y substrate stageis often used,and is normally controlled using a laser interferometer to

give accuracydown to the wavelength of the laser being used. An exampleof this type of

vector-scanningis shown in Figure 22.

5.3 Shaped Beam and Cell Pro jection Systems

Shaped spot systemare an attempt to improve on the throughput even more comparedto

vector scanning. In shaped spot system, the beam is passedthrough a shaped aperture,

most often a squareor a rectangle. It is more commonhowever, to have a secondaperture,

so that the beam shape can be varied dynamically during the lithography process. This

is illustrated schematically in Figure 23. The shaping de°ector shown in the the ¯gure,

directs the already-squarebeam onto a corner of the squareaperture to form a rectangle

of almost any dimension. If the secondaperture can be rotated, then it is also possibleto

form triangles of any shape as well. This has a considerableincreasein throughput over

conventionally vector and raster scansystems.

Cell projection system use a \stencil" mask which has all the desired shapes for the

pattern which needsto be created. This can be especially useful if the pattern that needsto

be generatedonly hasa few basicshapes,such asRAM or other arrays. Cell projection has

an advantage over shaped beamsystemsin that complexshapescan be createdon a stencil

mask beyond rectanglesand triangles, at a modest increasein throughput. An exampleof

a cell projection systemis shown in Figure 24 below.
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Figure 22: An exampleof vector scanning:(a) A moveablestagecanmove the waferbetween
¯elds. (b) The device feature can be selectedusing a \coarse" DAC. (c) The rastering of
individual featurescan be doneusing a \¯ne" DAC. From [4].

Figure 23: Example of a shaped beamsystem. From [3].
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Figure 24: Cell projection EBL system. From [3].

5.4 Mask Pro jection Systems

The projection systemsdiscussedherearevery similar to the cell projection systemdiscussed

in section5.3,however, they aredi®erent enoughthat they deserve their own catergory. One

of the problemswith cell projection is that 20 ¹m of Si is required to stop 50 keV electrons

from penetrating and exposing the resist in unwanted areas. The wafer containing these

patterns cannot have too high of an aspect ratio for theseholes,so the holes in the wafer

must be at least 2 ¹m wide. Electron optics can then be usedto demagnifythe cell pattern

by 20 in order to produce featureson the order of 0:1 ¹m . This meansthat a large mask

will be required to pattern a very small area. Another disadvantageof cell projection is that

the electronswhich are absorbed in the mask will causethe mask to be heated which can

causesigni¯cant changesin the sizesof features.

Someprojection systemshave beendesignedto alleviate theseproblemsassociated with

EBL projection systems.The projection systemmost likely to be usedin mass-production

EBL is SCaterringwith Angular Limitation Projection Electron-beamLithography (SCALPEL)

[2]. The key feature of the SCALPEL systemis the useof a scattering maskasopposedto a

maskwhich absorbsthe electrons.The maskconsistsof a thin layer of Silicon nitride (SiN)

(150 nm) covered with a 50 nm pattern of Gold (Au) or Tunsten. High energy 100 keV

electronsare used,and the electronswhich passthrough the SiN are most likely to be fo-

cusedand to passthrough the back focal plane aperture, and thosewhich passthrough the

heavy-metal pattern will be scattered,and will not passthrough the aperture. This concept

is illustrated in Figure 25. The advantage of this systemis that the scatterer can be made

very thin (50 nm) which allows very ¯ne patterns to be delineatedin the mask wafer. The
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Figure 25: Basic principle in SCALPEL. From [3].

SCALPEL systemproducescontrast ashigh as95%in the resist,asvery few of the scattered

electronsreach the resist. This systemalso has a huge advantage over traditional cell pro-

jection in that contrast generationand energyabsorption are separatedbetweenthe mask

and the aperture [2]. The electrons'energyis not absorbed in the mask,only scattered,thus

there is no thermal instabilit y in the mask.

The SCALPEL systemusesa large 1 mm £ 1 mm parallel beam of 100 keV electrons

and scansthe beamcontinuously acrossthe mask by moving the mask itself. After passing

through the mask, the beamis demagni¯edby a factor of four using two setsof lenses.Thus

the target wafer must be moved in the opposite direction but only one-quarterthe distance.

The thin projection maskis supported by vertical struts which help keepthe mask°at. The

areabetweenthe struts is the samewidth asthe electronbeam,soafter onescanof the beam

acrossa column of the mask, the beammust be \stepped" to the next row. This technique

is illustrated in Figure 26. Beamde°ectorsplacedcloseto the wafer (seenin Figure 26) are

used to \stitc h" the pattern back together since each strip of the pattern on the mask is

separatedby a strut. There is someslight overlap (several ¹m ) in the patterns of each row.

This is to compensatefor the slight Gaussiannature of the beam.

According to its designersat Lucent/A T&T Bell Labs, the SCALPEL hasmany advan-

tagesbesidesthe simply optical design. The area over which the beam may be scannedis

not limited by the electronoptics (ie. the de°ectorsor lenses),but only the sizeof the mask

and the maskstagetravel. Also, becausethe beamis continuously scannedacrossa column

on the mask, the ¯nal imagein the resist is madeup of many overlapping imagesalong this

column, eliminated any problemswith stitching in this direction.

The SCALPEL shows a typical tradeo®betweenresolution and throughput. This is due
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Figure 26: Illustration showing the SCALPEL step-and-scantechnique. From [2].

to the fact that if the beamcurrent is increased,faster exposuretakesplace,however, at the

expenseof blurring due to increasedelectron repulsion in the beam (also known as space

chargee®ects).Throughput on the SCALPEL systemasbeenpredictedto beapproximately

45 wafersper hour. This is ten times higher than raster-scanEBL systems,and only 50%

slower than optical lithography machines. It is estimated by SCALPEL's designersthat

SCALPEL will be cheaper than optical lithography systemswhich use RET and hence,

could be usedfor the sub-100nm ULSI nodes.

IBM has a prototype of a systemwhich usesmany of the ideasfrom SCALPEL. Their

systemis calledProjection ReductionExposurewith Variable Axis ImmersionLenses(PRE-

VAIL) [13], and it usesa scattering masksimilar to that usedin SCALPEL (seeFigure 27).

The PREVAIL systemachieveshigher throughput by shifting the main optical axis of the

electron beam through the use of a variable-axis lens designedat IBM. This variable axis

lens is shown in Figure 28. De°ections within each sub-¯eld can be superimposedonto the

magnetic and electric ¯elds usedin the variable axis lens. This variable axis systemallows

the beam to be moved quicker from cell to cell on the mask, and reducesthe dependence

on slower mechanical components. This systemis still in a prototype stage,however, it will

surely be a contender in next-generationlithography tools along with SCALPEL.
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Figure 27: A cutaway view of a mask usedin the PREVAIL system. From [13].

Figure 28: A schematic of PREVAIL's variable axis lens. From [13].

29



David J. Grant Electron Beam Lithography

5.5 Massiv ely-P arallel Beam Systems

The systemdescribed in the above sectionsstill cannot rival or surpassthe throughput of

modern optical lithography systems. There are much ongoing research into improving the

throughput of EBL systems.

5.5.1 MEMS Arra y of Electron Sources

One method to increasethe throughput of EBL systemis to construct many tiny electron

gunsusing a micromachining process.Researchersat Ithica university have done just that,

with their Micromachined Electron Gun (MEG) device [14, 15]. A MEG device consists

of a ¯eld-emitter tip made from low resistivity n-type bulk silicon. A tip is grown by a

seriesof conformal depositions of dielectricsand Reactive Ion Etching (RIE) etching of the

silicon around the tip, as shown in Figure 29. The tip is madesmaller by a wet oxidization

Figure 29: Formation of the silicon tip emitters with self-alignedtungsten electrodes. From
[15].

process.A silicon implant is madeinto the wells, which givesselective depotion of Tunsten.

Mechanical micropolishing is then usedto ensurethe gate electrode is planar. The emitters

havean aperture of about 0:5 ¹m and in an array the pitch is 5 ¹m . Two tungstenelectrodes

can be fabricated above the emitter which can act as lenses.The processis shown in Figure

30. It is accomplishedby successive oxide depositions, a deepanisotropic etch, followed by

a silicon implant, a selective growth of Tunsten, and a mechanical micropolishing. Some

simulations have beenperformedon theselenses,and are shown in Figure 31. The electrode

on the far left is the extraction electrode at 80 V, the centre electrode is at 24:32 V and the

electrode on the far-right is at 200V. This yields a spot sizeof 8:7 nm at a working distance
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Figure 30: Processsequencefor the fabrication of electronlenseson top of the electronguns.
From [15].

Figure 31: Simulation of a three-electrode electrostatic microlens. From [14].
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of 20 ¹m . Not only have lensesbeen integrated with the emitters, but feedback resistors

and heatershave beenintegrated aswell [14]. The lower voltage operation of theseemitters

meanthat the electronswill have negligiblebackscatter and no proximit y-e®ectcorrections

will be needed,however, exposuretimes may be longer due to the low narrow/lo w-current

beam.

Arrays of these MEG deviceshave been constructed, however, processreliabilit y and

processcomplexity are possibleconcernswith this system. This systemalsocannot support

largebeamcurrents at each pixel, and currently with no beamde°ection system,the pitch is

limited to 5 ¹m (the spacingof the pixels due to processingconstraints). Clearly the sample

will needto be mounted to somesort of stageand the beamswill have to be turned on and

o®as the stagemovesby 5 ¹m in the x and y directions. It is unclear exactly what kind of

throughput could be achieved with a devicesuch as this, becausethis kind of systemis still

very much in the prototype stage. One clear advantage of this system is that it does not

require a mask,as in the SCALPEL system.

5.5.2 Single Beam Multipath system

An alternative to the above method is to use one very large electron beam, and then use

miniature MEMS lensand apertures to divide the beaminto smallerbeamswhich will focus

onto the target wafer. Shimazuhasproposedsuch a structure [16], although it doesnot seem

that any working prototypehasbeenconstructedto date. A proposedcon¯guration is shown

in Figure 32. This systemhas a 32£ 32 array of sub-electronbeamswhich cover a total of

3:6 mm £ 3:6 mm area. It would requirearrays of small lenses,blanking de°ectors,blanking

apertures, and beam de°ectors, all implemented in a silicon substrate. The de°ectors only

need to de°ect the beam in one direction, and a stage can move the sample in the other

direction.

5.5.3 STM Aligned Field Emission (SAFE) Micro column Arra ys

The SAFE is not much di®erent from the MEG system,although in the SAFE proposal[17]

they do not specify how the miniature electron beam columnsare to be constructed. The

proposedsystem is shown in Figures 33 and 34. It is safe to assumethat a system like

this would have to be constructedusing silicon Micro Electro Mechanical Systems(MEMS)

technology. Chang provides someestimatesabout the throughput and resolution of such a

system. A resolution of below 100 nm (up to 25 nm) is easily achievable, and at 100 nm

resolution, it may be possibleto attain a throughput of 60 200 mm wafers per hour [17].

This is approaching the throughput of optical lithography which is at least 90-100wafers
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Figure 32: Proposedelectronoptical systemfor singlegun and multiple paths. From [16].
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Figure 33: Arrayed microcolumnslithography. From [17].

Figure 34: Possiblemicrocolumn structure. From [17].
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per hour. Given that this paper was written in 1992, it is possiblethat Chang's estimates

have improved sincethen.
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6 Conclusion

There are currently many unknowns when it comesto Electron Beam Lithography. It is

still yet to be determined whether or not EBL becomesthe tool of choice for lithography

beyond the 100 nm feature-sizenode. Some companiesare aggressively pursuing EUV

sourcesand applying ResolutionEnhancement Technology (RET) which will enableoptical

photolithography down to the sub-100nm regime. There are somecompetitors for this

regime besidesEBL, such as X-Ray lithography. Even within the EBL it is unclear which

technologywhich besuitable for production in the microelectronicsindustry. The SCALPEL

and PREVAIL de¯nitely seemlike strong candidates,however, it will ultimately be cost and

throughput (which is related to cost) which determineswhich EBL technologieswill be the

future lithographic tool for the sub-100nm processes.
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Glossary

Al Aluminium - Aluminium is a silvery, ductile metal with atomic number 13, commonly
usedin electronicsas a conductor.

Au Gold - Gold is soft yellow metal with an atomic number of 79. It is an excellent
conductor of electricity and it's high atomic weight makes it useful in many other
scienti¯c applications.

Cr Chromium - Chromium is a steel-grey, hard metal with atomic number 24 and is some-
times usedfor Thin-Film Transistors(TFTs).

DA C Digital to Analog Converter - A DAC converts discretedigital signalsmadeup of a
certain number of bits into a singleanalogvalue.

DUV Deep Ultra-Violet - Deep Ultra Violet is a looseterm to describe UV light with a
wavelength between200nm and 300nm.

EBL Electron Beam Lithography - Electron Beam Lithography is a meansof de¯ning pat-
terns on devicesusing an electronbeam.

EUV Extreme Ultra-violet - A term usedto describe UV light with a wavelength between
approximately 10 nm and 200nm.

eV Electron Volt - An Electron Volt is a unit of energy. It is the amount of work required
to move an electron through a potential of 1 V.s

Hg Mercury - Mercury is a heavy silvery metal with atomic number 80, and is the only
metal which is liquid at room temperature.

MEG Micromachined Electron Gun

MEMS Micro Electro Mechanical Systems

NPR New Positive electronResist - Composedof PMPS and a novolak resin.

PCB Printed Circuit Board - A PCB interconnectselectroniccomponents without discrete
wires. Alternativ e namesare printed wiring board or PWB.

PMMA Polymethylmethacrylate - A typical chain scissionpolymer usedasa positive resist
for EBL.

PMPS poly(2-methylpentene-1-sulfone)

PREV AIL Projection Reduction Exposurewith Variable Axis Immersion Lenses

RET ResolutionEnhancement Technology - Resolutionenhancement technologiesare spe-
cial techniquesusedto increasethe resolution of UV lithography.

RIE Reactive Ion Etching - RIE is an etching processwhich usesa plasmato createreactive
chemical radicals and acceleratesions for etching enhancement.
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SAFE STM Aligned Field Emission

SCALPEL SCaterring with Angular Limitation Projection Electron-beamLithography

SEM ScanningElectron Microscope - This microscope operates by scanningan electron
beamacrossa specimenand observingthe secondaryelectronswhich emerge.

SiN Silicon nitride - Stoichiometric silicon nitride has the chemical formula Si3N4, however
amorphousSixNy can alsobe grown by various methods.

STEM ScanningTransmissionElectron Microscope

Si Silicon - Silicon is a metalloid with an atomic number of 14. It is the most abundant
material in the earth's crust, and is the principle material usedin semiconductors.

SiO 2 Silicon dioxide - Silicon dioxide is an insulating material most commonly used as a
gate dielectric/insulator in semiconductormanufacturing.

TFT Thin-Film Transistor - A TFT is a transistor constructed from thin-¯lms deposited
on a substrate,unlike transistors constructedfrom wafersof single-crystalsilicon.

ULSI Ultra Large Scale Integration - The integration of millions of transistors a single
chip. ULSI supersedesVLSI (Very Large ScaleIntegration), which meansthousands
of transistors on a singlechip.

UV Ultra-Violet - A term used to describe light in the electromagneticspectrum with a
wavelength betweenapproximately 10 nm and 380nm.

W Tunsten - Tungsten is a very hard heavy metal with atomic number 74. It has many
electrical applications, mainly in ¯laments.
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