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ABSTRACT 

The electron beam induced conductivity(EBIC)effect ofpolymer materials was 

investigated and three electron beam resists,PBS,EBR900,and ZEP7000,were used as 

target materials in this research. An external bias method was applied for the direct 

measurements ofEBIC current and the EBIC conductivity wasthen derived. The change 

ofcarrier drift velocity and the carrier concentration under field is believed to be the 

reason for the conductivity increase and the approach ofthe asymptotic values in the 

initial state EBIC characteristics. Thetemperature effect onEBIC was illustrated by 

EBR900and a simple single trap level analysis gave good agreementin explanation of 

initial state conductivity dependence on temperature change. The dependence ofinitial 

state EBIC values on dose rates and bias was also determined and an empiricalfrom of 

EBIC-bias relationship was established for the electron beam deflection modeling. 

. The long term EBIC characteristics ofresists were investigated under different 

dose rates. The variation ofEBIC versus time was explained by atransient theory that 

considers rates ofcarrier generation,carrier trapping,carrier detrapping,and carrier 

recombination contribution. The trapping model analysis on steady state EBIC results 

revealed thatPBS has auniform distribution oftraps,while EBR900and ZEP700Q fall in 

the same category that has exponential distribution oftraps. The steady state EBIC gain 

was also determined for the three resists and the onsetofthe plasmaregion was observed 

for EBR900and ZEP7000. 
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Monte Carlo simulation on electron beam range advised thatonly the positive 

charging layer needed to be considered for charging simulation and theimage method 

was applied for the construction ofthe surface potential calculation. 

A simulation modelforthe calculation ofelectron beam deflection owingto resist 

charging was developed in the second partofthis research. Charging patterns ofcircles 

and squares ofdifferent dimensions were considered. Both SIMION and 

MATHEMATICA were used as simulation tools and the limitation ofSIMION was 

illustrated and discussed. The model programmed in MATHEMATICA simulated 

electron beam deflection during e-beam writing. With the combination ofthe empirical 

EBIC-bias relationship ofEBR900,the model simulated surface potential decay after 

irradiation and the results showed good agreement with literature values. The extentof 

deflection per surface potential wasshownto increase with pattern dimension size under 

the same secondary electron emission yield,while the maximum deflection per surface 

potential per unit area decreased as the pattern dimension decreased. 
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CHAPTER1 

INTRODUCTION 

The adventofintegrated circuit(IC)microdevices started the era ofmodem 

microelectronics and initiated waysofnew electronics applications that were not possible 

or practical with discrete devices before. The miniaturization and simultaneous 

fabrication oftransistors,resisters,capacitors,and interconnects onasilicon wafer makes 

possible today’s advanced computational and communication technologies;and this is 

solely made available with modem lithographic proceduresthat rely essentially on 

polymer-based photoresists. 

From the Moore’slaw prediction the deviceson achip will double in roughly 

every year,which meansin approximately every 18 monthsthe linear minimum feature 

size will shrink by half[l]. The current semiconductorfabrication technology in 1999for 

256MB dynamicrandom access memory(DRAM)hasreached 0.18 micrometerfor half- 2 

pitch dense line spacing;the nextgeneration of0.15 micrometertechnology is under its 

final pre-application evaluation and will be available next year. It is expected that by 

2006the fabrication technology willreach 0.1 micrometer(100 nanometer)milestone for 

4GBDRAM memoryfabrication[2]. According to the statisticsthe semiconductor 

industry in the United States has enjoyed a constantgrowth at an average rate of 

approximately 15%annually overthe pastthree and halfdecades. It is evidentto say the 

semiconductor industry is currently one ofthe most vital and fast developing cutting-edge 

industries in this country,as well as a major powerengine that drives US economy. 
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Asthe size ofdevices continuesto shrink in semiconductor manufacturing,new 

problems related with the material characteristics and challenges from the developments 

ofneeded new processtechniques are emerging. Forexample,one ofthe most 

significant current problemsis the charging ofphoto and electron beam resists during 

electron beam tool applications. Charging degrades electron microscope imaging. 

produces systematic errors in critical dimension(CD)measurements,and results in fatal 

distortions ofthe patterns during the electron beam writing ofphotomasks. Myresearch. 

therefore,concentratesonthe charging behavior ofpolymer resist materialsdueto 

electron beam irradiation and the charging effectin electron beam tools applications 

because photoresistprocess is the key step in lithography. Since thirty-five percentof 

chip manufacturing costtoday is associated with lithography,the economicimportance of 

this study is very substantial. 

The fimction ofphotoresistis to transfera pattern to a material. This is done by 

using acombination ofphotoresists and photomasks,^uring the first step in lithography, 

the patterns are transferred from a photomask into a photoresist layer spin coated onto a 

substrate. Afterexposure,patterns areformed in the resist layer bya development 
Z. 

process,which willthen be transferred onto the substrate by subsequentetching,metal 

deposition,ion implantation,etc.to fabricate transistors,interconnections,and other 

features simultaneous!)^ 

A key technique in high performance lithography is the production ofthe 

photomask that defines the optical or x-ray illumination. This task is performed by 

electron beam lithography that is the direct electron beam pattern writing on electron 
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beam resists. The masksused in contemporaryIC fabrication are mainly made by 

electron beam lithography owing to the readily accessibility ofsophisticated computer 

controlled electron beam writing systems and their capability ofoffering focused electron 

beam source with spotsize downto2to 10 nanometer diameterrange for local precise 

pattern formation[3-5]. Thecommonly used photomaskstoday are the chromium coated 
2L 

glass plates. The blank masks are firstly spin coated with electron beam resists,this is 

thenfollowed by the electron beam pattern writing and developmentofthe resist layer 

and removalofthe exposed chromium. In the finishing step the resistlayer is stripped to 

form thefinal patterned masks. Charging during the first electron beam writing stage 

interferes with the position ofthe writing beam,degrades and distorts the precision ofthe 

patterns or can resultin an unacceptable mask pattern. Since atypical mask is worth 

about$50,000,this is a serious and expensive problem. 

As discussed later,(^^gingjsthe resultoftwo distinct processes,a static effect 

which dependsonthe netinflow oremission ofcharged particles,and a dynamic effect 

resulting from the generation and subsequenttrapping ofelectrons and holes as a result of 

electron beam irradiation. Animportant aspectofdynamic charging,so called because it 

varies with such parameters as beam current and,beam dose rate,is the phenomenonof 
' 

electron beam induced conductivity(EBIC). This effect,discovered three decades ago by 

photoconductivity studies,is wellknown to occurin mostofsemiconductor and some 

inorganic materials. However,its role on polymers,particularnn.resistmaterials,.i.SL§till. 

notfully investigated today. I shall start our theoretical approach by using the established 

band gap modelfrom conventional solid state physics to explain certain characteristic 
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electrical behaviorsin photoresists,and an experimental method for measuring the 

dynamic propertiesofthe EBIC effect will be performed. A charging model 

incorporating both static and dynamic charging with our experimentalEBIC data will be 

proposed,andfrom this the spatial electric field and potential distributions in and above 

the resist will be derived and their contribution to the electron beam flight deflection will 

also be evaluated and compared with current available literature results.In the end we 

hopeto combine our experimental data and computer simulation to establish a photoresist 

charging modelthatis capable ofperformingfeedforward electron beam deflection 

compensation for electron beam tools,such asinSEMimaging,inspection,CD 

measurementand e-beam lithography applications. 
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CHAPTER! 

LITERATUREREVIEW 

2.1.HistoricalBackground ofElectronic Beam Induced Conductivity(EBIC) 

Research 

It is wellknownthatthe electrical conductivity ofinsulators and semiconductors 

can be increased by exposing the substance to light(the effect,often called 3-

conductivity,also known as photoconductivity)or irradiation like x-ray,gamma 

irradiation,or electron beam. Among differenttypes ofirradiation,the effectcaused by 

light wasfirst discovered about 120 years ago and it wasthoughtto bea specific material 

property ofafew substancesfor years before the corresponding theory was constructed. 

Thissametheory is still used today as a backboneforthe explanation ofradiation-

induced conductivity for mostinsulators with reasonable agreement. However, 

modifications are developed to better suit materials ofdifferent catagories. 

The effect ofphotoconductivity was firstfoimd on selenium[6]but it did not 

receive much attention till the discovery ofcuprous oxide(CU2O)in 1916. Since then 

systematic research showed that other materials,particular sulphides and alkali halides, 

werefound to display the same effect although to different extents. 

The first observation onthe conductivity increase due to electron bombardment 

wasdone on paraffin film by Becker[7]. Laterin 1948[8,9]the electron beam induced 

conductivity(EBIC)effectin diamond crystals wasreported. Early research on electron 

beam induced conductivity wasdone mainly oninorganic materials,such as silica[10]. 
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arsenic sulphide[l1],antimony sulphide[l1],aliunina[12],mica[13,14],zinc 

sulphide[15],etc. 

Starting in the 1950’s,the increasing use ofpolymer materials in electrical 

insulation applications,particularly in environments involving ionizing radiations,posed 

the need to understand the charge transport properties ofpolymers,therefore the interest 

on polymer-substance radiation-induced conductivity studies were initiated. X-ray, 

electron beam,(3,and y-rays were used as irradiation sources;in the early years. 

polyethylene[16-19],polyethyleneterephthalate[14,20,21],polytetrafluoroethylene[17, 

18,20],and polystyrene[22,23]were amongthe materials studied most;thefollowing 

research also led to the discovery that carriers ofdifferent polarity dominate charge 

transport processes in different polymer materials[24-26]. 

2.2 Threshold Effectand^^^n 
'Z

Both pulse and continuous electron beam irradiations are used inEBIC studies. 

For pulse irradiation,a quantity called the EBIC gain is defined asthe ratio ofthe charge 

generated inside the film to the pulse charge injected;the RBTC gain for continuous 

irradiation isthen defined asthe ratio ofthe induced EBICcurrentto the incoming beam 

current. Early EBIC studies reportlow gains in the range oflO"^ to 10'^ or evenlower[7, 

27-31]. Thisis because both high energy electron beamsand sophisticated techniques of 

thin film preparation were not available at thattime. A common conclusion reached by 

the early researchers wasthe transmission ofcarriers and the resultantincrease ofgain 
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were observed only whenthe energy ofthe electroi^appreciably exceeded a certain 

value,known asth^^^ueshold effect”,) 

The threshold effect wasreported to happen atthe beam energythat madethe 

electrons penetrate halfthickness ofthe film[11,12]. Bowltand Ehrenberg[32] 

determined the relationship between space charge and the threshold effect;in their 

research atwo-beam bombardment was performed;the build-up ofspace charge afterthe 

first irradiation wasthen released by the second bombardmentirradiating from the back 

side ofthe film. The extentofspace charge infilms in which theincoming beam energy 

was below the threshold energy was determined as well.(^From their research it was 
confirmed thatthreshold effect starts to emerge at which the beam penetration depth 

reaches halfofthe sample thickness.^ 
The studies on lightand x-ray induced conductivity resulted in the adventofa 

theoretical framework that accountsfor charge carrier generation and transportin crystals 

and semiconductors during irradiation[33-36]. Theresearch on photoconductivity 

illustrated that it is the generation ofelectron-hole pairs during irradiation that contributes 

to the conductivity change. This theory wasexpanded to explain the similar effects 

observed from insulators.^Since the band theory cannotfully explainthe conductivity 
behaviorin amorphous insulators,the idea ofspace-charge-limited currenttransport was 

proposed^ Mottand Gumey[37]first proposed the mechanism ofspace-charge-limited 
currents in solids;they simplified the analysis ofspace-charge injection by assuming the 

substance is an ideal insulator in absence oftraps. 
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2.3 ConceptofIrradiated and Non-Irradiated Regions 

The existence ofathreshold effectimplies that a substanceformstwo distinct 

regions during electron beam irradiation;the sample depth within the range ofbeam 

comprises the irradiated layer,while a non-irradiated layer isformed from beyond the 

end ofrange to the rear sample surface. During electron beam irradiation,the charge 

carriers generated inside the irradiation region are driven outto the non-irradiated region 

by afield ifan external bias is applied acrossthe sample thickness;the field can still be 

presenteven ifthe external bias is absent,since the escape ofsecondary electrons near 

the frontsurface and the finaltrapping ofincoming electrons close to the end ofelectron 

range creates layers ofopposite polarity. The carriers from the irradiated region are 

trapped in the non-irradiated region;the process continues untilthe charge trapped in the 

non-irradiation region creates a potential that is high enough to take up the whole 

potential drop aCTOSS the thickness,assuming the field in the sample does notreach the 

dielectric breakdown level during the process. The schematic representation ofthe 

electric field in a dielectric bombarded by electrons is illustrated in Figure 2.1. The early 

threshold study indicated thatthere should be regions ofdifferent carrier transport 

propertiesto accountfor the field buildup and resultantEBIC effect during and after 

irradiation. Thisidea wasfirst explained in terms ofinternal space charge by Spear[11] 

and revealed by other researchers[12,15,32, 38, 39];the analytical model considering a 

dielectric as a series oftworegions under bombardment wasproposed by Nunes de 

Oliviera and Gross later[40]and other groups[41,42];it will be reviewed concisely in 

the following section. 
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A 

Figure 2.1. Schematic representation ofthe electric field in a dielectric bombarded by 

non-penetrating electrons;the left electrode is positive. A,before irradiation;B,after a 

briefpulse ofirradiation;C,equilibrium under steady state irradiation. The dash line 

refers to the condition thatthe mobility ofnegative carrier is much higherthan that ofthe 

positive carriers.[15] 
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2.3.1 Analytical ModelofIrradiated and Non-Irradiated Regions 

The analytical modelproposes thezonesofirradiated and non-irradiated regions 

coexisting during and after bombardment;the former is governed by the enhanced 

conductivity since the primary beam generates electron-hole pairs in the region while the 

space-charge limited currentflow dominatesthe carrier transportin the latterzone 

(Figure 2.2). 

The incident electrons penetrate through the font electrode and imdergo a series of 

elastic and inelastic scatterings;eventually they lose all the energy and rest in the first 

region showna^^. The electron-holg pair generated by_theTnelasJdcjc^£r^in this 

region is driven bythe field from both the applied bias and space charge created during 

irradiation. The depth di may be written according to the consideration ofthe combined 

effects ofelastic scattering and energy loss[43]: 

di=0.0276-^-Eb‘-®V’*^-c/ (2.1) 

where Eb is the incident beam energy,A the atomic weight,Zthe atomic number,andd 

the density ofthe sample. The induced currentin this region,based on the 

photoconductive gain equation[35],is 

Ii=Np-p-x.Ib-Vi/di2 (2.2) 

wher^Np)isthe numberofcarrier pairs generated by a primary electron(pJ^s the net 
effect ofcarrier mobilities and lifetimes and p,-T equals|j+-t++ p_-T_ where p±and t± are 

the carrier mobilities and lifetimes ofdifferent polarity carriers before recombination,Ib 

is the primary beam current measured by electrons per second,Vi is the potential 
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cross-section, A 

Ib 

I1 

d, d2 

V, V2 

Figure2.2. Illustration ofirradiated and non-irradiated regions and their circuit 

arrangement. Thethickness dl is determined bythe electron range.[41] 
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appearing acrossrange di. Vi can be determined by the relative resistivities in region di 

and d2and the space charge might existin the interface[41]. 

The region beyond the irradiationzone is likely to have higher electrical 

resistance than the value mentioned above. Assuming the interface and the back 

electrode are injecting contacts,space-charge-limited conduction may be expected to 

occur. For simplification in derivation,only carriers ofone sign are assumed to be 

mobile and they are taken to drift acrossthe path da while carriers ofthe opposite sign are 

quickly trapped;the distribution oftraps is assumedto be shallow and can be treated 

equivalently astraps in asingle level. The conduction currentin da isthusrepresented 

as[44] 

Ia=s-p-A-Va>-da") (2.3) 

wheresthe permittivity, pthe trap-modulated mobility that is different fi’om the free 

mobility dueto trapping ofcarriers(this will be discussed in Chapter3.4),A is the cross-

sectional area and is determined bythe initial cross section ofthe beam and the 

subsequentscattering processes in the depth di,Vaisthe potential across da,e isthe 

electronic charge. For interface ofnegligible thickness,thefollowing relationship exists 

Vi+Va=V (2.4) 

and 

di+da=d (2.5) 

The EBIC gain G is written as 

G=Ia/Ib (2.6) 

combining equation(2.2)-(2.5)the gain can also be written as 

12 



G=±s-p-A-V2V(e-Ib<d-di)^) (2.7) 

wherethe positive sign is taken when V2is positive. One might expectto see the 

maximum ofg whenthe penetrating beam condition is reached. However,this is not 

necessarythe case since the maximum ofgain is determined by the relative resistancesin 

region djand d2. 

The predicted potential distributions acrossthe dielectric and gain characteristics 

are shownin Figure 2.3. 

2.4 Charging Effectin Electron Beam Irradiation 

The electron beam tools ofdifferent kinds are commonly used in today’s 

semiconductor manufacturing,such as the applications ofscanning electron microscope 

in sample imaging,inspection,CD measurement,and direct electron beam writing during 

photo or x-ray masks patterning. Local charging ofworkpiece experienced during e-

beam tool applications has become apervasive problem and it will even be an more 

sigmficant factor thatinfluences the precision ofCD measurements and electron beam 

lithography in the future as the device size continues to shrink. In this section we shall 

review the currentresearch progress on charging effectexperienced in electron beam 

lithography andjustify our research proposalfor establishing a suitable dynamic charging 

model. 

The charging ofthe workpiece during e-beam direct writing has been identified 
as 

afactor that causes pattern displacement errors. The error as a result ofcharging is 

becoming more significant asthe pattern dimensions continue to shrink. Various 
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Figure 2.3. The illustration ofpotential and field distributions ofasample with 

irradiated and non-irradiated regions, (a)Sketches ofpotential distributions across a bias 

dielectric for different V and di. Bias voltage is in the increasing order from Vato Vd-

(b)Gain versus V and gain versusE corresponding to 2(a).[41] 
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approachestoward the estimation ofthe deflection error due to substrate charging have 

been conducted,including experimental and relevant modelsthat estimate the amountof 

e-beam deflection[45-54]. 

Angelopoulos etal.[49,52]reported the pattern displacement error in therange 

ofgreater than5|4m in their 2-step pattern writing electron beam deflection experiment. 

However,no deflection estimation model wasproposed to correlate with their 

experimental observation. They noticed thattheir presumed charging-free reference 

pattern interfered withthefollowing writing pattern and resulted in adisplacement error 

ofsO.Spm in the first step ofsecond pattern writing for nonconducting interlayer resist 

samples. This error range agreed with the calculation done bya simplified model,which 

predicts the interaction between surface charge and electron beam is strong and long 

range[51,54]. 

Ingino eta/.[46]presented two modelsforthe calculation ofbeam deflection in e-

beam writing procedure. In their reportan experimental setup forthe estimation ofresist 

surface potential was also proposed and later revised[45]. A destination error of1 to 1.7 

pm fora lOkV beam at10mm working distance wasreported from the models’ 

calculation,and the use ofatop ground plate to resemblethezero potential pole piece 

wassuggested bythe modelsfor better space field calculation. 

The patterns have been written during an e-beam process all contribute the field 

that interferes the areathat is going to be written because ofthe nature ofslow charge 

decay and the long range characteristic ofelectrostatics interaction. The field strength in 

beam deflection predictions dependsonthe dimension ofthe charged area assigned in 
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calculation. So far mostofthe models proposed deal with single areasin the millimeter 

size range,which mightoverestimate the deflection error due to size selection and 

underestimate the deflection atthe sametime for their single geometry definition. Based 

onthe abovereviewthere is still room for better simulation in more realistic dimension, 

such asin micrometer dimensionrange. 
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CHAPTERS 

THEORETICALBACKGROUND 

3.1 Band Gap Modeland Localized States 

The band gap model,derived firam band theory calculations in conventional solid-

state physics,describes charge-transport processes wellin ordered materials. It has also 

been applied to explain electronic processes in certain amorphous semiconductors and 

polymers asabest approximation,eventhoughthe actual band structure ofamorphous 

materials is fartoo complicated to calculate. The amorphousand microcrystalline 

dielectrics ofourconcern still possess short-range orderto certain extent;this allowsthe 

band gap modelto be appropriately applied over a microscopic range and serves asa 

useful model with which a wide range ofobservations are explained. 

The electronic processes ofan ordered material can well be explained bythe band 

theory. In a crystalline material,the interaction between an electron and the constituent 

atomsis periodic in three dimensions. The interaction forms different energy levelsfor 

electrons and holes as described by the Bloch solutions ofthe Schrbdinger equation and 

called the band structure ofthe crystal. The band structure ofa crystal determines the 

charge carriertransport processes ofthe crystal itself. In a crystalline semiconductor or 

insulator,the band structure consists ofafilled valence band and an empty conduction 

band along with a well-defined energy gap separatesthem in between. Impmities and 

structoal defects in the materialform concentrations oflocalized energy levels in the 

energy gap,and these energy levels serve as traps for electrons or holes or even 
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recombination centersfor trapped charge to recombine with carriers ofopposite polarity 

(Figure 3.1a). The electron traps have energy states close to the bottom edge ofthe 

conduction band while the hole traps havethe energy states that arejust above the 

valence band. Ata given temperature,electronsfrom the valence band orimpurity 

donors can be excited to the conduction band ifelectrons are the dominantcharge 

carriers. The excited electrons are either trapped in the higher energy state traps or move 

freely in the conduction band;the rate ofexcitation,recombination,trapping,and 

detrappingform adynamic equilibrium and render a equilibrium conductivity atthis 

temperature. Similarly,theimpurity can acceptelectronsfrom the valence band and 

leave free-moving holes inthe valence band ifholes are the charge carriers. Again the 

various mechanisms mentioned above happenin asame mannerand contribute asteady 

conductivity level by holetransport ata given temperature. 

Band theory has been applied to explain the electrical conductivity ofmolecular 

crystals such as benzene,naphthalene,anthracene,tetracene,etc[55]. The crystal of 

these organic materials can be treated as an array ofmolecular molecules. Since the 

intermolecular interaction is generally weak and the wavefunctions have low couplings. 

the band structure calculationfrom the Bloch solution results in very narrow bands 

(Figure 3.1b). Theincrease ofthe effective massofelectrons and holes results in aslow 

response in an external field,therefore alow electrical conductivity is seen in these 

materials[56,57]. 

In more highly disordered materials,such asamorphous molecular materials and 

polymers,a well-defined band structure may not exist. It is believed thatthe so called 
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Figure3.1. The band structures of(a)a crystal with defects,(b)molecular ordered 

materials,(c)an amorphous material with short-range order. 
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“energy band”structures are arrays oflocalized states with similar energies(Figure 3.1c). 

They can be in neutral state serving as carrier donors,acceptors,or carrier traps,as well 

asin ionized states after excitation and serve as filled traps or recombination sites. Since 

the localized states can be high in concentration and vary closely in energy,the 

mechanism ofcharge carrier transportin disordered materials is proposed as carrier 

jumping across the discrete states in these“band”like energy levels,atransport process 

that is much less efficientthan thatin semiconductors. 

Hopping ofcharge carriers overthe localized energy states has been proposed as 

the mechanism ofchargetransportin molecular crystals and amorphous matprialg under 

the electric field[55,58]. Unlike the ordered materials,the excited carriers are notfreely 

moving in the energy levels atlow temperature and hopping is atemperature activated 

process. The hopping process can be intermolecular,or even intramolecular in polymers 

ifavailable levels are presentin the same molecules. 

It is knownthatintrinsic defects,such as structural defects and impurity centers in 

materials,contribute trapping sites for carriers in charged electrets studies[59]. For 

polymers,the amorphous-crystalline interfaces,branching,chain ends and entanglements, 

pendant groups,etc all contribute the formation oftraps. Besides,various conformation 

and molecular motion along apolymer chain provide even more possible localized states. 

Thefollowing modesofmolecular motion are suggested as possible localized states and 

mostofthem can be discerned from thermally stimulated discharge(TSD)experimentsof 

electrets;they are listed in the increasing energy order:[60] 

1) side-chain motions 
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2) motion oftwofour-carbon moieties in the main chain(the Schatzki crankshaft effect) 

3) motion ofmoieties containing heteroatoms in the polymer chain 

4) motion ofsegments containing 50-100 backbone atoms,i.e., glass transition 

temperature 

5) motion ofthe entire chain as a unit 

6) crystal melting 

7) change in crystalline structure 

8) motion ofside chainsinthe crystallite 

9) crystalline-amorphous interactions including interfacial fiiction 

Some trap energy states have been estimated. Dukeand Fabish[23]argue the side 

groupson polymer chain can also serve astrapping states and different structure 

variations could resultin the energy-level variation ofthe range ofleV. The existence of 

lower energy states does notguarantee hopping to occur,it is the activation energy ofthe 

whole process along with the ease ofdetrapping that determine the possibility ofhopping. 

Hopping and space-charge-limited currentflow are the mechanismsofinsulator 

conduction. The mechanism ofspace-charge-limited currentflow is one ofthe carrier 

transport mechanisms;it will be discussed in the Chapter3.3in which photoconductivity 

principles are generalized forEBICtheory illustration. 

3.2 Trap LevelDistribution and Multiple Trapping Model 

Theresearch ofthe distribution oftraps has been an importanttopic since the 

information revealed could lead to the better understanding ofmaterial characteristics or 
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the processing history. Concepts and understanding ofcarrier generation,trapping. 

detrapping,and recombination stem from the early photoconductivity research study[35]. 

Based on x-ray induced conductivity studies,Fowler proposed atrapping model on the 

assumption ofacontinuoustrap energy distribution[61]. The steady-state radiation-

induced conductivity poses apowerlaw relationship with the irradiation dose rate D 

g=K(D/Dof (3.1) 

where Do isthe reference beam dose rate taken as 1 rad/s andKthe constantthat 

containsthe contribution ofg at 1 rad/s. The exponent A is in the range of0.5 to 1. A 

uniform distribution ofenergy trap levels renders 1 for A. A trap levelin the gap with its 

distribution falls exponentially with energy level gives A between 0.5 and 1. The limiting 

case ofsteep exponential distribution is equivalentto all traps having asingle energy 

level,and A=0.5 is predicted for this. 

The decay ofirradiation-induced conductivity can also be given bytheform 

g=K’-go-(l +t/T)-1 (3.2) 

where K’is the constant and tthe time constantofthe system. 

Typically,currentfrom thermally stimulated discharge(TSD)experimentsshows 

multiple peaks;this indicatesthe carriers reside in more than one energy level. 

Thefundamental analysis for multiple trapping was established by Scher and 

Montroll[62]and the continuous-timerandom walk(CTRW)model based on the 

prediction ofthe stochastic hopping transport wasalso developed by various groups[63-

65]. CTRW model fails to explain the observations thatthe apparent activation energy 
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forthe charge collection process dependsonthe fraction ofcharge collected;the alternate 

multiple-trapping model[66,67]isthen developed to fitthe experimental observation on 

the temperature dependence ofactivation energy. 

3.3Photoconductivity Principles and Relevant Models 

Photoconductivity is briefly introduced here since the photoconductivity and 

EBIC effect which will be introduced below are principally the same in termsofelectron-

hole pair generation. The main difference between photoexcitation and electron beam 

irradiation for carrier generation istheformeris keptin charge neutrality,whilethe latter 

forms space charge distribution during and after electron beam irradiation. 

Photoconductivity is a processin which the absorption oflight by a solid results 

in a change ofelectrical conductivity and it is a quantum process. A beam oflight 

releases energy to electronsin both localized states and in the valence band;they are 

excited to conduction band and equal numberofholes are generated in the same time. 

Theincrease ofelectron and hole densities in conduction and valence bands results in the 

increase ofconductivity. 

Oneofthe importantissues in photoconductivity is the time dependence ofthe 

photocurrent and this is controlled by the characteristics ofcarrier recombination. The 

recombination process is the main cause thatterminates free electrons and holes. There 

are two possible waysofrecombining carriers:the directrecombination offree carriers of 

opposite polarity and the indirectrecombination through the localized sites in the band 

gap. Theformer process needsto happen in the valence band,butthis rarely occurs since 
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free carriers in the conduction band need to release their energy all in one event and go 

directly to their ground state;this is favored process only ifaperfect crystal is assumed. 

The chemicalimpurities and physical imperfections are knownto occur atthe range of 

10^^ cm^ or greater. Thiscorrespondsto a departure from perfection ofone partin 10*. 

Besides,it is known thatthe response timesofphotoconductors can easily be influenced 

by defect density aslow as 10^® cm'^[35]. The localized levels introduced by impurities 

and imperfections in asolid make the latter process the dominantonein the real 

materials;it istherefore easy for electrons and holes to betrapped in shallow energy 

states and recombine with opposite carriers that are promoted by an energy thatis small 

than the energy gap. 

The systematic treatmentfor photoconductivity and related problems were 

summarized by Rose[33-35]. Atheory evolving from photoconductivity with 

consideration ofrandomly distributed traps ofdiscrete levels wasproposed by Simmons 

and Taylor[68]. Treatmentofphotoconductivity and charge transoprt byrandom walk 

theory has also been developed[62,69]. 

3.4 Carrier Mobilities in Polymers 

Thetransportation ofcarriers inside asample underthe influence ofelectric field 

results in the current measured and the conducting characteristic ofasample. The carrier 

mobility p,defined asthe drift velocity ofcarriers per unitfield strength,bears the rmitof 

cm^V’^sec"*. For electronsin the conduction band or holes in the valence band the drift 

velocity u offree carriers is defined as 
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u=)io-E (3.3) 

where pois the free mobility ofelectron or hole andEisthe field. The free mobility is a 

material constant;it is notastrong function oftemperature and free mobilities of 

different insulators are reported to be in the range from 10"^ to 1 cm^V'sec'*[70]. 

Atatemperature above absolute zero,the free carrier concentration in the 

conduction and valence bands,nc,and trapped carrier concentration in different energy 

levels,nt,are in athermalequilibrium;the ratio ofncto totalimmobile carrier density, 

i.e.,(nc+nt)is designated as R. Atrap-modulated mobility isthus proposed to represent 

the overall effective mobility in which the equilibrium distribution ofcarriers is 

considered,it is given as 

p=po-nc/N=po-R;N=nc+nt (3.4) 

The trap-modulated mobility is a strong fimction oftemperature. For a single electron 

trapping level ata given temperature,the trap density ratio nc/nt is given as[71] 

iic/nt =(Nc/Nt)-exp(-U/kT) (3.5) 

where Ncisthe degeneracy density ofthe conduction level,Ntthe density oftraps,U the 

activation energy. Thetrap-modulated mobility therefore,by combining equation(3.4) 

and(3.5),equals 

p=Po/(l+(Nt/Nc)-exp(U/kT)) (3.6) 

Athigh temperature papproaches po;forlow temperature pspo-(Nc/Nt)-exp(-

U/kT).Fortypical insulators one hasNcs 10*® cm'^ and Nts10*’cm’^,with po in the 

range of10'^ cmV'*sec‘*and 0.5 eV for U,p~5 x 10-10 cm^V*sec'*,which is ofthe 

range ofmobility values reported for polymers[26,72-75]. 
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Thelowerlimitoffree mobility can be estimated ifthe carrierrecombination rate 

is known;this is thefamousLangevin’s relation[76-78]and it is given as 

a/M.0=e/(sso) (3.7) 

wherea is the recombination coefficient between carriers ofopposite polarity in cm^s'\e 

isthe electron charge,and s and sq are the relative permittivity ofthe insulator and 

permittivity in vacuum respectively. A trap-modulated mobility estimation can also be 

done by consideration ofFowler’s recombination law[33,34,61]. Theradiation-induced 

conductivity g can be written as 

g=e-iic-no=e-N-p (3.8) 

and the recombination law atsteady state is[61] 

p=a-nc-N (3.9) 

wherep isthe carrier generation rate. Combining equation(3.7)to(3.9)one obtains 

[X=^/(qp-sso) (3.10) 

The“Schubweg”,orthe meanfree path ofcarrier, Sb,can be estimated ifit is 

smallcompared with the sample thickness L. The movementofa carrier with acharge e 

overa distance Sb normalto the electrodes ofa parallel plane capacitor results in an 

external induction charge e-Sb/L[79]. Ifthe carrier generation rate isp overthe sample 

irradiation volume A-L,the radiation-induced currentI will be given as 

Iebic“A-L-e*/»-Sb/L (3.11a) 

and 

Sb/L — lEBic/A-L-e-/? (3.11b) 

Sbcan therefore be estimated once afterpis known. 
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3.5Ramo’s Theory 

The current measured during the EBIC experimentsis the contribution ofthe 

carriers moving underthe field inside the specimen. A simpletheorem proposed by 

Ramo[7,80]illustrates how charge transport,induction current,and conductance are 

coupled. Thistheory directly relates to the carrier transportinside a dielectric and the 

inductionEBIC current measured outside the circuitloop;it will be applied in our 

research calculationsfor carrier transportinformation. 

Consider acharge Q placed in a parallel plate capacitor ofgap Lasshownin 

Figure 3.2. The workrequired in moving this charge over a distance dx.along the field is 

Q-(V/L)-rik,which is supplied bythe battery outside the capacitor. From the energy 

balance weknow 

Q-(V/L>f&=V-(7^ (3.12) 

where dq is the charge flows in the outside loop. The time variation ofequation(3.12) 

thus gives the information aboutthe drift velocity and carrier concentration ofcarriers in 

a dielectric under the influence ofa electric field(V/L). 

3.6 Radiation Chemistry ofPhotoresists 

Both poly(olefm sulfone)(PBS)and poly(methyl methacrylate)derivative type 

(EBR900and ZEP7000)positive electron beam photoresists are used in our research. 

The chemical structures will be illustrated in Chapter 4.2. In this section I shall give a 

briefdiscussion ofthe radiation chemistryin these photoresists. 
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Figure3.2. Illustration ofRamo’stheorem:the movementofchargeQ inside the 

capacitor causesaninduced current di. measurable from the ammeter outside. 
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3.6.1.Poly(olefiii sulfone)Photoresist 

The high energy electron beam initiates backbone scission in all three positive 

resists. For poly(butene-l-sulfone),it is the relatively weak C-S bond onthe chain(62 

kcal/mole for C-S bond to 83kcal/mole for C-C bond)thatimdergoes breakage during 

electron beam irradiation. In the exposure it is knownthatthe scission reaction on C-S 

bonds happens first,followed by the spontaneous depolymerizationofthe alternating 

chain[81,82] 

--CH2—CH —S02-- > nCH2—CH 

I 
+ nS02 

(3.13) 

n 
R 

From the diaryl sulfone analogy radiation chemistry study it is proposed thatthe 

first step in the process is the loss ofan electronfrom the molecule[83] 

R—SO2—R’̂ [R—SO2—R’]^+e- (3.14) 

The lossofthe electron results inthe formation ofavacancy in thea(S-C)bonding 

orbital,this weak S-C bond isthus susceptible to thermal or kinetic energy transfer bythe 

ionization events orthe energized incoming electrons. Therefore a high yield ofscission 

is obtained. Typically,the sensitivity ofcommercial availablePBS resists is atthe range 

ofl|xC/cm^for 10KeV electron beam. 

PBS resistcan be developed thermally or by convensional solvent method[5]after 

electron beam exposure. Theexposed area ofthe resistcan evaporate at elevated 

temperature or even during electron beam writing owing to local heat buildup[84]. This 

is a benefitofPBS system since the solvent development procedure can be eliminated. 
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butthe contamination ofvacuum chamber and the resulting shortening lifetime of 

electron gun isthe drawback. 

3.6.2Poly(methyl methacrylate)Resistand Derivatives 

Notonly serve as deep-UV photoresists,PMMA and its derivatives are also the 

main stream electron beam resists today. PMMA series resists are characterized bytheir 

good wetting and adhesive properties among photoresists. Backbone scission occurs on 

thea carbon bythe carbonyl group,it is called Norrish-type I process and isshowninthe 

following reaction scheme. 

CH3 CH3 CH3 CH3 

I I hv I I 
-CH2-t:—CH2 > ■-CH2-C-CH2-

O CO 
a fission 

+ CO (3.15) 

H3 dCH3 CO 
I 
OCH3 

I 
OCH3 

(3.15) goes through further p fission and results in backbone breakage and formation of 

gases 

CH3CH3 
Ibackbone I 

(3.15) ^ - CH2-C=CH2 + • C-

p fission I 
CO 

I 
OCH3 
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broken side group 

CO + -OCHs 
CO 

I 
OCH3 

CO2 + -CHb 
(3.16) 

Reaction kinetics studies[85,86]showed thatthe instability ofthe radicalformed 

during thea scission step hindersthe whole reaction rate and thus renderslow sensitivity 

ofPMMAin electron beam resist applications. There are ways proposed to weakenthea 

C-C bonds,such asthe introduction ofelectron-withdrawing halogen substituents atthea 

carbon on the backbone or atthe ester side group(EBR900),or copolymerization with 

radiatively more susceptible components.(ZEP7000) These all contribute the stability of 

the radicalformed during scission,thusthe sensitivity ofthesePMMA derivatives are 

increased. 

3.7 Monte Carlo Simulation 

The determination ofthe spatial distribution ofthe primary electrons in a 

dielectric is akey step forthe double layer model calculation and this step is done by 

Monte Carlo simulation. The principle ofMonte Carlo simulation on electron trajectory 

in solids is to use afinite numberofrandom sampling events to simulate areal electron-

solid interaction.In the simulation,the electron meanfree path and the corresponding 

energy loss due to elastic and inelastic scattering processes are randomly generated and 

incorporated as a startfor afollowing step as an electron travels inside a solid. Every 

event begins with an electron ofassigned energy and ends when all its kinetic energy is 

31 



released through scattering and it comesto a.stop or a desired energy minimum is 

reached. The selection ofthe size ofsampling base need to compromise the calculation 

time required from amodemPC and thejustification to representareal electron-solid 

interaction. Withoutthis technique,the information ofelectron-solid interaction and the 

resultant spatial charge distribution will only be available from experiments,which is 

time-consuming and sometimes notfeasible. 

The Monte Carlo simulation evolved asa mathematical process and it has many 

applications in statistics and physics related area,such as radioactive decay and 

transmission ofcosmicraysthrough barriers. The first Monte Carlo method applied on 

charged particles wasreported byHebbard and Wilson[87];since then other worksin this 

field had been done by different groups and consequentlythe framework ofMonte Carlo 

simulation on electron-solid interaction had been established[88]. 

Scattering angle influence on electron path in solid contributed from elastic and 

inelastic scattering processes are summarized by Joy[88]. I herein discussthe single 

scattering model since it confines scattering angle change as results ofelastic scattering 

eventand it agrees with experiments with large sampling base. The assumptions in the 

single scattering modelare illustrated asfollows: 

1) Onlythe elastic scattering events contribute the deflection ofelectrons while traveling 

in a solid. Elastic scattering is a processthat an incidentelectron undergoes the 

Coulombic attraction from the positively charged nucleus ofthe target atom and the 

repulsion from the orbital electrons ofthe nucleus,less than leV ofenergy is transferred 

from the beam electron to the target atom. The elastic scattering,described bythe 
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screened Rutherford cross section(will be discussed later),results ina scattering range 

from 5°to 180°[89]. The inelastic scattering process,however,introduced deflectionsof 

the order ofAE/E. Fora lOkeV electron which losses 15eV during an inelastic event. 

the deflection resulting from this energy loss will be about 15/10,000radians,which is 

only about0.1°change in direction oftravel and therefore can be regarded as 

insignificant and neglected. 

2) The energy lossofthe incident electrons is assumed to be acontinuous process along 

their path instead ofas the result ofdiscrete inelastic scattering events. In reality both the 

continuous energy loss process like Bremsstrahlung generation and the discontinuous 

processes like Auger electron and characteristic x-ray peak generation happen atthe same 

time.In single scattering modelthe total energy loss process ofan incident electron is 

averaged and described by the Bethe relationship which will also be discussed in the 

following. 

The basic geometryforthe simulation calculation is illustrated in Figure 3.3. 

Consider an electron traveling fromaspatial position Pn-i and experiencing a scattering 

event at with a direction change atPn,the distance between Pn-i and Pn isthe elastic 

mean free path,the directional change atPn is described by The electron will fiirther 

travels from Pn and experiences another scattering event at Pn+i. The elastic meanfree 

, path is related with the screened Rutherford elastic cross section gebythe following 

relation[90]: 

E+511 VaE=5.21xlO‘^'~ ^ (3.17)
E' «,(l+a.)\E+1024) 
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Figure 3.3. Definition of coordinate system used in the Monte Carlo simulation. 
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whereEisthe electron energy in keV,Zisthe atomic mrniber ofthe target,as is the 

screening factor that accountsforthe fact thatthe incident electron does notsee all the 

charge onthe nucleus owingto the screening effectfrom the orbiting electronsthe 

nucleus has. The factor Os is evaluated using an analytical approximation[91]: 

tts=3.4x10'^<Z®®^/E) (3.18) 

the meanfree path X is related with the cross section oeby 

X=.4/(No-^?-aE) (3.19) 

where No isthe Avogadro’s number,A the atomic weightofthe targetin g/mole,andd 

the target density in g/cm^. The X obtained from equation(3.19)isthe averaged elastic 

mean free path thatan incident electron will travel between successive elastic scattering 

events. Therange ofX is about 10to hundreds angstromsfor a 1OkeV beam,the 

calculated A.for selected targets are illustrated in Table 3.1, 

The actual mean free path an electron travelsin successive elastic scattering 

events is in arandom manner;the probability ofan electron traveling distance s v^th an 

averaged mean free path X is given as 

p(s)=exp(-s/A,) (3.20) 

The estimation ofscan befound by solving the integration 

exp(-s/yl)ds 

RND= (3.21) 

Jexp(-s/Z)<is 
0 

which gives 
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Table3.1. Elastic meanfree path ofelectrons in selective materials.[88] 

Element Z X at 100keV A,atl0keV 

carbon 6 1310A 170A 

silicon 14 1112A 127A 

copper 29 297A 35A 

gold 79 89A lOA 

36 



RND=1-exp(-s/X) (3.22) 

therefore 

s=-X-lnCl-RND)=-A,.ln(RND) (3.23) 

RND in equation (3.21) to (3.23) is a random number ranging from 0 to 1 and is 

generated by computer during simulation. In equation(3.23)1-RND is rewritten asRND 

since they both are randomly generated. 

The scattering angle <j) is determined from the angular dependence ofscreened 

Rutherford cross section as[92] 

E+511aE’=5.21xlO-2*-'^
2 / 

1 (3.24)
E'U+1024 (sin\^/2)+as)" 

and the scattering angle can be determined bythe integration[90] 

rOE'i^)
</QRND= (3.25)

oe' 
Q 

equation(3.25)yieldsthe relation for the scattering angle^ with RND anda as 

cos(<t))= 1- 2-as-RND/(l+as-RND) (3.26) 

The electron scattered at with angle (j) is free to travel with an azimuthal angle 

again the determination ofv|; is by arandom numberRND as 

\\i =27t-RND (3.27) 

here the generation ofRND is independentofthe random numbersin equation(3.23)and 

(3.26). The relative position ofPn+i to Pn can be determined afterthe traveling path s,the 

scattering angle (]), and the azimuthal angle v]/ are calculated. The coordinates Xn+i,yn+i, 

Zn+i atPn+i is related with Pn(Xn,yn,Zn)as 
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Xn+1=Xn+S'Ca (3.28a) 

yn+l= Yn+S-cb (3.28b) 

Zn+1=Zn+S-CC (3.28c) 

where ca,cb,and cc are direction cosines at and they are related to the direction 

cosines cx,cy,czthat generated in the previous scattering,ca,cb,cc are transformed 

from cx,cy,czas[88]and[93] 

ca=(cx-cos((l)))+(VJ-V3)+(cy-V2-V4) (3.29a) 

cb=(cy-cos((|)))+(V4-(cz-Vl-cx-V2)) (3.29b) 

cc=(cz-cos((|)))+(V2-V3)-(cyVl-V4) (3.29c) 

where 

Vl=AN-sm(i^) (3.30a) 

V2=AN-AM-sm(i^) (3.30b) 

V3=cos(\|/) (3.30c) 

V4=sin(\|/) (3.30d) 

and 

AN=-(cxJcz) (3.31a) 

1 
AM= (3.31b)

Vo+^) 

Note thatin our derivation the direction cosines have the following property 

ca^+cb^+cc^=cx^+cy^+cz^= 1 (3.32) 

The energy loss ofthe incident electron traveling from Pn to Pn+i composesof 

different mechamsms,such as Coulombic interaction betweenthe electron and nucleiof 
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targetatoms and discrete inelastic scattering events. Bethe proposed an electron slowing 

down conceptthatincludes all the possible energy-releasing mechanisms[94,95];in his 

argumentdifferent energy-releasing mechanismsare considered and are represented by a 

model which is continuous along the meanfree path. This modelis modified by Joy and 

Luo[96]for better experimental agreementsinlow energy region,and it is given as 

dE Z ^^ri.l66(E+0.85J)'
=-78,500- (3.33)

dS A-E J 

dE 
is sometimesreferred asthe“stopping power”ofthe target. S,called the 

dS 

“mass distance unit”,is the productofsample density d(g/cm^)and path length s(cm)the 

electron travels,ZandA are the atomic numberand atomic weightofthe target 

respectively,E is the incident beam energy,and J is the meanionization potential(keV) 

and is determined by experiments. Berger and Seltzer[97]proposed thefollowing 

empirical J form that gives good agreements with differentelements: 

\ 
58.5 

J= 9.76Z+ •10-^ (3.34)2.0.19 

For compound materials,the appropriateZfor equation(3.34)isthe mean atomic number 

derived from the stoichiometric contribution ofall elements acompormd has ifthe 

composition isknown. For more complicated materials with imcertain compositions,J 

values are only available through experiments. Some literature J values ofcompounds 

are listed in Table 3.2. 
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Table3.2. Measured values ofmeanionization potential J.[88] 

material J(eV) material J(eV) material J(eV) 

Nylon 63.9 aluminum oxide 145 Adipose tissue 63 

Teflon 99.1 calcium oxide 166 bone 107 

Paraffin wax 48.3 lithium fluoride 94 muscle 75 

PMMA 74.0 silicon dioxide 139 skin 74 

polyethylene 57.4 sodium iodine 452 air(1 atm) 86 

polystyrene 68.7 Pyrex glass 134 blood 75 

plastic 64.7 photographic 64.7 liquid water 75 

scintillator emulsion 
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3.8 TheDoubleLayer Model 

The space charge distribution during and after electron beam irradiation is the 

resultfrom combining the contributions ofincoming beam scattering,secondary and back 

scattered electron emission,and electron-hole pair generation. Majorresearch efforts 

have been focussed on estimating the space charge distribution[40-42,98-12Ijand the 

resultant electric field and corresponding surface potential prediction[99-101,109,112, 

113,118,119,122-127], 

Thefundamentalthought about applyingtwo volumesofcharge ofdifferent 

polarities in representing charge distribution caused by electron beam irradiation and the 

relevant electric field and potential calculation is illustrated asfollows. Whenan 

insulating material is bombarded by an incident electron beam,secondary electrons are 

emitted from the shallow depth within about50nm from the surface[128,129]and so 

leave the volume positively charged. Aftera series ofelastic and inelastic scattering,the 

incoming electrons cometo restin the insulator atsome depth within the electron range. 

There primary electronsform a negatively charged volume inside the dielectric and the 

density ofcharge goesup along the depth direction as the depth approachesthe incoming 

electrons’ penetrating range. Assuming the escape depth ofsecondary electrons and the 

penetrating range ofelectrons are ds and dp,respectively,thetwo volumesofpositive and 

negative charge distributions can be represented by cylinders ofheights ds and dp with 

suitable diameters(Figure 3.4). However,owing to the factthatthe electron penetrating 

range is far greater than the secondary escape depth,i.e. dp»ds,the charge density in 

41 



primary beam 

secondary electrons 
backscattered electrons 

ds 

A*I 
Positive ' 

charge disk T 

electrons flow beam range, 
owing to dp 
EBIC effect 

negative 
charge disk \/ 

Figure3.4. Illustration ofthe double layer model. 
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thesetwo volumes will have order ofmagnitude difference regardless ofthe factthatthe 

total stored charges Q+and Q_ inside the cylinders can have the same order ofmagnitude 

ifboth the secondary electron yield8and back scattered electron yield t] are taken into 

consideration. 

The field and potential inside and above the insulator can be estimated by 

classical electrostatics afterthe diameters ofthe charged volumes are set;they are the 

results ofthe contributions firom the positive and negative charge volumes and theimage 

charge the volumes create. The field calculations can be done individually first,then 

superimposed together since electric field are summed in the vector space. The 

calculation work wassystematically discussed by Cazaux in 1986[113]and we herein 

briefly review the key derivation asfollows. 

Consideracharged disk ofradiusa and thickness dz(at position zo to zq+dz) 

shown in Figure 3.5,from classical electrostatics thetwo differential field components 

Er(r,z)and Ez(r,z)at pointP(r,z)are[130] 

d£4j,z)=(p-ife:o/27rs8o)-(ri/r)-[(l-k^/2)-Ji(k)-J2(k)] (3.35) 

and 

i/Ez(r,z)=(p-cfe:o/47isso)-dO (3.36) 

where ri=[4a^+(z-zo)^]^^,k=2a/r,p and sso are charge density and permittivity of 

the dielectric,O isthe solid angle firom which the disk is seenfrom P,and Ji(k)and J2(k) 

are the elliptic integrals defined as 

jch 
de 

j,(k)= (3.37a) 
0 Vl-k^ sin^6 
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Figure 3.5. The geometry of a differential uniformly charged disk in the double layer 
model. 
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and 

a-/2 

J2(k)= fVa-k'sin'd)-de (3.37b) 

Thefield at point P(r,z)is obtained byintegration ofequation(3.35)and(3.36)overthe 

cylinder heightd;eitheradefocused(d«a)or highlyfocused(a«d)condition will 

simplify the integration process. Forthe defocused condition,thezfield component Ez 

IS 

Ez(0,z)=(p/2sso)-fz,i(0,z) or (p/2ESo)-fz,o(0,z) (3.38) 

The subscripti and o represent“inside”or“outside”the cylinder, fz,i(0,z)andfz,o(0, 

z)are 

fz,i(0,z)=2z-d+[(z-d)^+ -(z^+a^)1/2 (3.39) 

and 

fz,o(0,z)=[(z-d)^+ -(z^+a^)^^±d. (3.40) 

+forz>d and-forz<0. 

Ther field componentcan only be determined by numerical integration. 

However,certain circumstances may make analytical approximation appropriate. Very 

close to the z-axis ofthe cylinder,the r field componentcan be estimated by solving 

Gauss’stheorem fi-om thefollowing relationship 

Er(r,z)+r/2-aEz(0,z)/az=C (3.41) 

C=rp/2E£o for0<z<d and C=0forz<0or z> d. 

The potential will also be solved numerically by Poisson’s equation in the 

dielectrics and by Laplace’s equation outside the cylinder. This will be done by 
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commercial simulation tools like SIMIOIsF“and METHEMATICA™ and it will be 

discussed in the later partofmy disertation. 

The field inside the dielectric will increase continuously till it reaches the 

breakdown strength(~ 10’V/cm)ifa perfectinsulator isimder electron beam 

bombardment,i.e.,no recombination or any other effect happensto reduce the space 

chargeformed during irradiation. This is notthe case for a real situation since EBIC and 

recombination effects will happenin certain extent during and after irradiation. If,atthe 

onsetofthe bombardmentand the recombination and EBIC effects are negligibly small, 

the charge densities ofthe cylinders can be estimated as 

p+ — Jb-8-t/ds (3.42) 

P-=Jb-(Ti-l)-t/dp (3.43) 

for a very short period oftime,where5and r| are the secondary and backscattered 

electron emission coefficients respectively,and Jb isthe primary beam current density. 

Considering the EBIC effect during irradiation,Cazaux suggested an analogy to 

the discharge ofacapacitorthrough aresistor and proposed aform ofchanging density, 

for p+itis[113] 

p+= p+(oo).(l-exp(-t/T)) (3.44) 

where p+(oo)-(Jb-6-t/ds)-T. tis shorter than the natural recombination time 

constant e/gd when the incoming beam is off,and gd represents the delayed EBIC 

conductivity. 

The dynamic variation oftrapped charges can now be illustrated bythe following 

setofequations 
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--Ib-6+Iebic (3.45) 

(KlJdt-Ib-Cl-Ti)-Iebic (3.46) 

with initial conditions ofQ+=Q_=0att=0. 

where6and Iebic are both ftinctions oftime. The variation of8can be derived bythe 

conceptofescape probability[131,132]. For small variation ofsurface potential(~ 

several volts)the secondary emission coefficient 8 can be regarded as a constantduring 

calculation. 

TheEBIC effect is assumed to take place in between the cylinders ofopposite 

charge during and after electron beam irradiation. TheEBIC conductivity g and the 

delayed counter part gd can be experimentally determined bythe bias method in the 

experimental section. Thetime variation ofg and gd are fitted by suitable analyticalform 

and the correspondentIebic is given as 

Iebic=g-AV-Ad/d (3.47) 

where AV isthe potential dropfrom the sample surface to the penetrating depth and it can 

be replaced by Vi in equation(2.2),and Ad is the incoming beam diameter. Melchinger 

and Hofinann simplified their calculation with steady state g used instead and made 

reasonable agreements with certain experimental results in their Auger electron 

spectroscopy charging experiments[l19]. An experimental-determined g should further 

improvethe accuracy ofour field and potential prediction. 

The diameter ofthe positive-charged cylinder in double layer model derivation is 

chosen to be larger than that ofthe negative-charged one owingto the consideration of 

the mechanism ofsecondary electron generation. The lower mean energy and average 

47 



emergence angle ofbackscattered electrons contribute the factthat backscattered 

electrons are more efficient in exciting secondary electronsthan primary 

electrons[132].(Figure 3.6) In arange ofprimary electrons with different energy that can 

generate secondary electrons,about40%to 80%ofthe secondary electrons emitted fi-om 

the sample surface are generated by backscattered electrons otherthan primary 

electrons[129]. Backscattered electrons can reach surface areas far firom wherethe 

primary beam spot strikes onthe specimen surface;Thelow average emergence angle of 

backscattered electrons makethem morefavorable forthe excitation ofsecondary 

electrons;therefore,the horizontal dimension ofthe positive-charged volume after 

secondary electron emission is largerthan that ofthe negative-charged coimterpart. 

The charge-induced field and potential obtained from the double layer model 

calculation can therefore provide one to estimate the deflection ofelectron beam in e-

beam tool applications,particular in e-beam direct writing andSEM critical dimension 

(CD)measurements operations. 

3.9The Electrostatics Principles and Simulations ofElectron Beam Deflection from 

Charging 

3.9.1 TheElectrostatics Principles 

The electric field and potential resulting from sample charging during and after 

electron beam irradiation is derived from classical electrostatics[133]. For simplification 

ofmodeling wecarry outour discussion and simulation in the Cartesian coordinate 

system and the orientation ofcoordinate system with respectto a photoresist masklayout 
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Figure3.6. Schematic illustration ofthe origin oftwo sources ofsecondary electrons 

emitfrom asample.Incident beam electrons(B)generate secondary electrons(SEi)upon 

entering the sample.Backscattered electrons(BSE)generate secondary electrons(SEn) 

while leaving the sample.X is the average mean free path for secondary electrons. 
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used fortheEBIC experimentis illustrated in Figure 3.7. 

From Coulomb’sforcelaw the field introduced from agroup ofpointcharge is 

given as 

\ N1 
E(r)= JXli (3.48)E—

47r£sV i=l 
r—r/ 

wherethe electric field E(r)is determined by the space charge group rand r,are the 

position vectors for the test charge and the individual charge q,;sisthe dielectric 

constantofthe media;so isthe permitivity in vacuum and is given as 8.85 x 10’^^F/m. 

n, represents a unit vector which pointsform ^,to the test charge ifqiis positive. The 

electric potential is a scalar fimction;by definition it equals 

\ N1 
q)(r)= (3.49)I—Atuss\ Vi=i r-ii 

both the electric potential and field are related bythefollowing relationship: 

■c jE = -grad(p = -^x—+ y—+ z—^ q> (3.50)
etc ^ dz 

The spatial distribution of field and potential can be calculated fi-om the Poisson’s 

equation; it is derived fi:om the Gauss’s equation and equation (3.50), it is given as: 

( 1 
cp = - 47Cp (3.51)

dx^ dy^ dz Anssoj 

The homogeneous form of the equation (3.51), i.e. for p = 0, is called the 

Laplace’s equation. This is the condition for the potential distribution in vacuum and 
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Figure 3.7. The orientation of the Cartesian coordinate system vsnth respect to a

photoresist mask layout.
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aboveacharged surface. It isfrom the Laplace’s equation thatthe potential distribution 

is solved bySIMION6™. 

3.9.2 The Electron Beam Deflection Simulations 

To simplify the scope ofcomplication in simulation it is assumed thatthe electron 

beam irradiated area equals the area ofcharging,i.e.,no lateral charge diffusion and no 

lateralEBIC effect are considered in our work. The charging areas are simulated as 

electrodes with assigned potential valuesin SIMION. Laplace’s equation(equation 

(3.51))is used in the SIMION spatial potential calculation and the electric field in 

vacuum isthen determined bythe spatial potential gradientillustrated from equation 

(3.50). Byflying incident electrons ofgiven energy close to the edge ofthe electrode,the 

beam deflection is determined by comparingthe lateral coordinate differences between 

the actual and desired landing positions. The SIMION simulation servesto obtain the 

information aboutthe range ofbeam deflection at an assigned electrode potential. 

The geometry ofcircles and squares ofdifferent dimensions are considered in 

MATHEMATICA electron beam deflection calculation. The electron beam used in 

MATHEMATICA simulation hasthe energy of10keV. The charge layers and their 

image charge are considered for spatial electrical field calculation. The positive charge 

layer resulting from the secondary and backscattered electrons is assumed to reside 15 

nm below the resist surface in consideration ofaverage escape probability ofsecondary 

electrons.[132] Thelocation and size ofnegative charge layer is determined bythe 

Monte Carlo simulation of10keV electronsin resistlayer. The charge density is 
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assumed uniforaithrough outthe entire charging area. The uniform charge distribution is 

achieved by an equal spacing “charge packet” array whose lateral dimension equalsthat 

ofthe electron beam irradiation and the total charge the array has equals the amountof 

charge generated asaresult primary beam irradiation. A positive charge packet array 

will havethe charge that equals the numberofsecondary electron emitted during the 

primary beam irradiation,while the negative charge packet array will havethe amountof 

charge that equals the trapped incident electronsfrom irradiation. The charge contentin 

an individual packetfor an array isthen determined by dividing the totalcharge to the 

numberoftotal packetpointsthe array hasin the irradiated area. The packet arrays used 

in circle and square are illustrated in Figure 3.8. The spatial potential distribution is 

determined bythe Coulomb potential contribution ofall the charge packets and their 

image counterparts inthe glass substrate. 

The deflection ofelectron flight path is calculated stepwise along the trajectory by 

thefollowing setofelectrostatic equation ofmotion 

^Ez ^2Sz=Vi,zt+ 
2m 

Vf,z= Vi,z+ 
m 

Vf,x = Vi,x+ 
m 

^Ex^ 
ASx=Vi,xt+ (3.52) 

2m 

where q the charge,m the massofan electron respectively,t is the flighttime in the 

trajectory step Sz,Vi^ and arethe initial and final velocityz-components,while Vi,x 
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Figure 3.8. Charge packet meshes used in MATHEMATICA calculation, (a) mesh for a 

circle ; (b) mesh for a square. 
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and v^x are the corresponding velocity x-components respectively. The deflection ASx in 

each step issummed over a given length ofelectron flight path and reported asthe total 

lateral deflection. It is clearthatthe electron beam deflection ASx is defined asthe 

distance between the actual the desired electron landing positions. In my simulation both . 

circular and square charging patterns are considered;the definition ofdesired landing 

positions inthe patterns are shownin Figure 3.9. 

The size oftrajectory step Szdeterminesthe precision ofcalculation because the 

electric field components are determined each step during computation. Suitable step 

size Szand total numberofcalculation steps are therefore criticalfor the precision of 

simulation and the efficiency in computation. In mysimulation the total electron flight 

path will start fi-om 1 mm and below since this meetsthe working distance range used in 

electron beam lithography;the resultsfrom differentflight paths will be compared and a 

reasonable setup will be determined and used for all charging geometries. 

The charge decay after irradiation is assumed to be dominated bythe electron 

beam induced conductivity(EBIC)effect. The experimentalrelationship betweenEBIC 

conductivity gand bias potentialin our experimentis used to calculatethe resistance 

across the resist layer after irradiation. In atimeincrement At,the resistance R(t)and 

resulting charge decay A^are 

R(t)=—-— 
g(V)-A 

and 

A V-g-A (3.53)^=-r-At 
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Figure3.9.The definition ofdesired primary beam landing positions“d”in circular and 

square charging patterns. For a square pattern the primary beam is assigned to irradiate 

along the line extending perpendicular to the midpointofone side. 

56 



whereL and A are the resist layer thickness and irradiation area respectively,V is the 

surface potential. The decay ofsurface potential isthen obtained bytheloop calculation 

combining equation(3.53)and equation(3.49)~(3.51). 
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CHAPTER4 

EXPERIMENTAL 

4.1 TheProblem Statement 

TheEBIC effect ofinsulators haslong been discovered and studied for decades. 

Variousresearches on polymer materials since 1990have been done for areas such as 

carrier mobility[134-147],space charge distribution[114,116-119,121,138,148-150], 

field and potential created from irradiation[l16,118-120,125,151],and dielectric 

breakdown[152-155],etc. However,the majority ofthe research interest is doneon 

polymers designated for electret use;the prime purpose ofelectron irradiation is therefore 

to charge the polymer materials. Besides,asuitable modelto predictcharging behavior 

ofpolymerunder electron beam irradiation wilh experimentalEBIC data supporthas yet 

to emerge. TheEBIC effectstudy on photoresists is still anew frontier and this field 

deserves more attention since the EBIC characteristics ofphotoresists and the 

relationship betweenEBIC and photoresistcharging during electron beam irradiation is 

still not clear. This research will benefit all e-beam tool applications since we 

concentrate on howEBIC alters surface charging behavior during and after electron beam 

irradiation. I also will propose afeedforward electron beam deflection correction 

algorithm for solving errors generated from charging problems experienced inSEM 

critical dimension(CD)measurements and directe-beam writing ofmasksfor optical and 

x-ray lithography. 

Based onthe issues mentioned,this research willfocus on the following 
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categories: 

1)Setup a bias method experimentto measureEBIC effect. 

2)EvaluateEBIC effect ofresists during electron beam irradiation,its dependence on 

bias and temperature will also be investigated. 

3)Utilize the Monte Carlo simulation to constructa double layer modelthatincorporates 

the experimentalEBIC effect. 

4)Estimate surface charging effect by SIMION and MATHEMATICA,and predictthe 

extentofelectron beam deflection dueto surface charging. 

4.2 Materials 

Three positive electron beam resists,poly(butene-l-sulfone),PBS,poly(2,2,2-

trifluoroethyl-a-chloroacrylate),ZEP7000,and copolymer ofa-chloromethacrylate and 

a-methylstyrene,EBR900,are used as in this research. The first is an alternating linear 

sulfur-containing polymer and the othertwo are the poly(methyl methacrylate)(PMMA) 

derivatives. The chemical structures ofthe resists are shownin Figure 4.1. 

All samplescomesin astandard photo mask geometry,which consistsa4000A 

resistlayer spun coated on a 1000A chromium layer on an optical glass substrate. 

(Figure 4.2a)An array of3mm diameter and 300A thick chromium layer“islands’ were 

then sputter coated onthe resisttop surface through an almninum mask madein our 

laboratory.The islands served asfront electron transparent electrodes for the 

measurements made during beam irradiation. 
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Figure 4.1. The chemical structures of the electron beam resists. 

60 



�

Top chromium layer 
(30nm) 

1 

Resistlayer. 
(400nm) 

Bottom chromium layer 
(100nm) 

(a) 

I b,Beam current 

Ib-i 

1I 

V,Bias 

I sc. Specimen current 

0 
t 

Isc=I b-Ib-(5+Tl) 
Isc=I pb+IEBIC 
I pb:currentfrom primary beam contribution 

(b) I ebic: current driven by bias voltage 

Figure 4.2. Thespecimen geometry and the experimental setup,(a)Specimen geometry 

(notto scale),(b)experimental setup. 
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4.3EBIC ExperimentSetup 

4.3.1 Bias Method Experiments 

A sample bias method[156,157]is used in this study and a schematic illustration 

ofthe experimental setup is shownin Figure 4.2b. The specimen current Iso through the 

sample isthe contributionsfrom both the primary electron beam and the leakage current 

from the bias voltage,it can be written as 

Isc-Ipb+lEBIC (4.1) 

where Ipb and Iebic representthe currentcomponents driven by the primary electron beam 

and bias respectively.Isc equals Ipb only when bias is zero. From KirchhofPslaw we 

know whena bias is applied,the biasloop satisfies 

—Iebic’R+V —0 (4.2) 

and the resistanceRofthe polymer film is 

R=L/(g-A) (4.3) 

where g isthe electron beam induced conductivity,L and A are the sample thickness and 

electron beam irradiation area respectively. Combining equation(4.2)and(4.3)one has 

g=lEBic-L/(V-A) (4.4) 

In the experimentIebicwas determined afterthe measurementsofIsc and Ipb were 

done atnon-zero andzero bias conditions and the electron beam induced conductivity g 

wasthen calculatedfrom equation(4.4). 

Temperature variation experiments are performed in asame experimental setup 

mentioned above excepta water-cooled thermistor cold stage is utilized to hold 
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specimen attemperaturesdownto -30°C. The real time temperature readoutis acquired 

byathermocouple attached onthe side ofthe sampleto ensure an accurate temperature 

control throughoutthe experiment. Thetemperature variation experimentsetup is 

illustrated with athermistor cold stage in Figure 4.3. 

4.3.2 Electron Beam Sourceand Data Acquisition System Design 

The specimen current is measured using aKeithley™414A picoammeter,the 

outputofwhichis coimectedto aPC-based datalogger consisting ofa12bitKeithley™ 

DAS-801 analog-to-digital card. A QUICKBASIC™ program code is used to samplethe 

currentchange at 10msintervals during the entire run and to store and presentthe data as 

afile and on screen. Bias is applied from an HewlettPackard 712C power supply. The 

bias voltage is choseninthe range of0to200V asrequired. Electronic currentlimiting 

is employed to minimize the chance ofdielectric breakdown in the resist. 

A Hitachi
TM S-3200N tungstenfilament gun scanning electron microscope is used 

to provide the primary electron beam in our experiment. Acceleration energy oflOkeV is 

used since from Monte Carlo simulation weknow thatthe beam interaction range at this 

energy will extend through the thickness ofresistfilm. This guaranteesa penetrating 

beam condition for all the measurements. In the experiment,the beam currentis 

converted to dose rate D bythe following equation 

D =Ib-E-10^/Ai?c? rad-s-1 (4.5) 

where Ib is the primary beam current(A),Ethe beam accelerating voltage(V),A the scan 

area(cm^),R the beam range(cm),and dthe resist density(g/cm^).5nA and0.5nA beam 
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Figure 4.3.Schematic illustration ofthethermistor cold stage. 
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currents are used and the corresponding dose rate are 3.9x10*(designated as high)and 

3.9x10^(designated aslow)rad-s'* respectively underthe assumption ofsame density 

value(1.2g/cm*)for all three resists. The electron beam is constantly irradiating the 

samplethrough the entire experimentcycle. Each experiment cycle consists oftwo 

measuring parts:a first halfwhere a bias is connected after Isc reaches a steady value, 

followed bythe second halfwherethe bias isthen discoimected oncethe Isc readoutfrom 

the previous partreaches steady value again. 

Valuesofthe conductivity“g”are calculated from the above“bias on”and the 

“bias off’partsofthe measurement using the raw Isc datafiles stored onthe computer. 

The dark conductivity goARK ofthe three resists are also measured underthe same 

experimental setup exceptthe electron beam is off.The initial state EBIC defined as 

the ratio ofIebicto beam currentIb atend ofthe first bias on part,and the conductivity 

increase ratio,g/goARK,are both calculated forthe resists. 

4.4 Charging EffectSimulation and Electron Beam Deflection Calculation 

The modeling ofcharging effect ofphotoresists is done with SIMION6™ and 

MATHEMATICA™ V.4simulation toolsfrom which the electron beam deflection is 

estimated. The SIMION is used firstto obtain the information aboutthe range ofelectron 

beam deflection ata given surface charging potential. The step-by-step simulation 

algorithm is carried outin MATHEMATICA and isshown asthe flow chartin Figure 

4.4. First,the amoimtoftotal beam dosageof10 pC/cm^is assigned with the choice of 

0.1 to 0.2as the secondary electron yield for the determination oftotal injected primary 
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Figure 4.4. Theflow chartofsimulation procedure. 
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electrons and the generated positive charge. Second,the Monte Carlo simulation is 

performed,from which the profile ofinjected electron distribution and consequently the 

location ofnegative charge layer is determined. TheEBIC effectis taken into 

consideration for the decay oftrapped charge in the layers. Finally the spatial 

distribution ofelectric field and potential are calculated byimage method with dielectric 

constants3and 6.9forthe resist and glass substrate layers using MATHEMATICA, 

from the spatial field information the resulting electron beam diffraction is obtained. 
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CHAPTERS 

RESULTS 

5.1 EBICBehaviorofPhotoresists 

5.1.1 Initial StateEBIC Characteristics 

A typicalraw data setfor Lcincluding both bias on and offparts is illustrated in 

Figure 5.1. Note thatthe transient currentregions resulting from switching the bias 

voltage on and then offare inthe range ofseconds so thatthese are very long in 

comparison with our sampling interval(10ms)throughoutthe measurements. The 

molecular polarization frequency is in the microwave range[158],and the relaxationtime 

offluorinated polymers is reported to be the range of500ps[141,159]. In Figure 5.1 no 

currentovershootis seen atthe momentofswitching the bias off,therefore the 

polarization effect contributed bythe orientation ofthe polar pendant groups onthe 

polymer chain appears onlyin the beginning stage ofthe conductivity curve.The 

polarization effect can be neglected whenthe conductivity reachesthe plateau region 

after bias is switched on,and g atthis region is designated asthe “initial state” 

conductivity. 

Figure 5.2 and 5.3 show the bias-on and the subsequent bias-offexperiments of 

the three resists at high dose rate. After bias wasturned on,all the resists started with 

their conductivity ata maximum value,which then decayed with time to reach their 

initial values.From Figure 5.2 it is clear thatthe EBR900resist decays much slowerthan 

68 



 

40 

35 

30 

Initial state< 

25 

2 

o 
3 

20 measurement 
>

° 
c o 
0 

E o 

o o 
0 15 
Q. o 
0 O 

10 

Bias off measurement 

5 

> 

10 

0 2 4 6 8 10 12 14 16 

time(sec) ' — 
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the ZEP7000andPBS resists because ittakes afew secondsforEBRto reach the initial 

state,while only afraction ofasecond is needed for bothZEP7000andPBS resists. In 

Figure 5.3 an approximately linear decay is seen for theZEP7000resist;the EBR900 

resistshowsa steep decay region followed bya near linear decay. ThePBS resist 

distinguishes itselffrom the othertwo resists byshowingtwo regimesoflinear decay 

each with a different slope. 

The initial state conductivity versus bias for three different resists are shown in 

Figure 5.4 and 5.5 and the conductivity range ofthe three resists are summarized in Table 

5.1. For higher dose rate experimentsthe g values are in the range of1x1 to 1.6x10rll 

(ohm-cm)’^ and falling to 1x10-12 to 4x10'^^(ohm-cm)’^ in the corresponding low dose 

rate experiments. TheEBR900sample hasthe highestEBIC effectamongthe resists. Its 

conductivity shows a clearly rising|rend with increasing bias before it fails as a result of 
dielectric breakdown. TheZEP7000 resist showsthe opposite trends on bias dependence 

in different dose rates. Its g rises as the bias increases at low dose rate experiments while 

g goesdown as bias rises at high dose rate conditions. ThePBS resist shows fluctuations 

in the value ofg regardlessofthe dose variation,and no trend is discerned. 

The conductivity increase ratio,defined asthe ratio ofthe initial conductivity to 

the dark conductivity ofthe three resists,is tabulated in Table 5.2for the three resists. 

The initial state EBIC gain,defined as the ratio ofthe EBIC currentIebic to the beam 

current Ib,is shown in Figure 5.6 and 5.7for the three resists as well in both high and low 

dose rate experiments. The comparison ofinitial state EBIC gainsofthe three resists at a 

given bias isshown in Table 5.3. 
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Table 5.1. Initial state conductivity g values ofthree resists,unitin(Q-cm)'^ 

resist Biasrange(V) high dose rate low dose rate 

-11 -12EBR900 10-190 4.8x1 1.6x10 2.8x10 3.9x10 

,-12 -12ZEP7000 10-180 1.Ox10'*^-4.6x10,-12 1.3x10 4.0x10 

PBS 10-120 2.1x10''^-7.6x10-12 1.2x10'^^-2.9x10-12 
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Table5.2. Initial state conductivity increase ratio ofthree resists at lOOV bias. 

resist high dose rate low dose rate 

EBR900 3.75x103 1.58x10^ 

ZEP7000 3.7x10^ 2.92x10^ 

PBS 9.56x10^ NA 
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Figure 5.6. The initial state EBIC gain versus bias ofthe three resists. High dose rate 

experiment.(Beam currentis5nA) 
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78 



Table5.3. The initial state EBIC gain ofthe three resists. Bias voltage is lOOV. 

resist high dose,rate low dose rate 

EBR900 1.42 5 

ZEP7000 0.30 2 

PBS 0.25 NA 
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5.1.2Low TemperatureEBIC Characteristics 

Thetemperature variation experimentis down with the thermistor stage at-30°C. 

Figure 5.8 showsthe initial state conductivity ofEBR900resist vs.bias at both room 

temperature and -30°C. 

5.1.3LongTerm and Steady StateEBIC Characteristics 

Thelong term EBIC experiments are carried outunderthe bias condition of 

lOOV. Beam currents of0.1 nA,0.3 nA,0.5 nA,1 nA,and 5nA are used for generating 

five different dose ratesin ourlong term EBIC studies(Table 5.4). The conductivity g is 

foimd to vary with time and reach steady state in abouttwo hours after recording,with 

the peak ofg happensaround 14~15 minutes after start. The conductivity g vs.timefor 

EBR900at different bias isshown in Figure 5.9. The steady state EBIC gain,defined as 

the ratio ofIebic to beam currentIb atsteady state,isshownin Table 5.5 forthree resists 

and is plotted in Figure 5.10. Itis seen thatthe resists have higher gain atlower beam 

currents,which is equivalent aslow dose rates. 

The conductivity g versustimefor different dose rates from the three resists are 

illustrated in Figure 5.11 ~5.13. It’s clear thatthe steady state conductivity isreached 

near2hoursfrom the startofrecording;the trend ofhigher conductivity fi-om higher 

dose rate is seen in all the resists. 

The Fowler’s powerlaw(equation(3.1))analysis is illustrated in Figure 5.14. 

The resultshowsPBS hasthe powerlaw exponentof1.02;EBR900andZEP7000have 

the exponents of0.7and 0.67respectively. 
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Table 5.4.The conversion table ofbeam currents and the corresponding dose rates. All 

the experiments are donein the fixed x600 magnification. The scan raster areais 

2.665x10"® m^ 

beam current(nA) 0.1 0.3 0.5 1 5 

dose rate(rad/s) 7.818x10^ 2.345x10’ 3.909xl0’ 7.818xl0’ 3.909x108 
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Figure 5.9. g vs.timeforEBR900resist under different bias conditions. Beam current 

is 0.1 nA. 

83 



Table 5.5. Steady state EBIC gain ofthree resists. Bias voltage is lOOV. 

Beam current,nA PBS EBR900 ZEP7000 

0.1 0.15 3.26 2.65 

0.3 0.11 1.2 3.98 

0.5 0.16 0.3 0.64 

1 0.15 0.31 0.11 

5 NA 0.17 0.08 

84 



4 ■Q-

% 

3.5 0 
0 

I 
I 

/ 1 
I 

/ 

3 V' 
I 
I 
I 

c 
(0 
o> 2.5 

If \ 
I 

ZEP 7000 
O 
m 
LU \ 
0) 
(0 

2 V EBR 900 
(0 I 

>* 
T3 
(0 
a> 

1.5 \ 
I 
I 
I 
I 
I 

CO 

1 
\ I 

I 
I PBS 

\ 
0.5 

o 
> > «■ •i]

J. ±0 
0.1 1 

beam current (nA) 

Figure 5.10. Steady state EBIC gain for three resists. The corresponding values are 
tabulated in Table 5.4. 

85 



 

 

,-13
310 

-13 
2.5 10 

,-13
210 

E* 
o 
* ,-13
E 1.510 
o 0.5 nA 

D) 

-13 
1 10 

0.3 nA 
,-14

510 

0.1 nA 

0& J__L i i I i J. J. « » 

0 20 40 60 80 100 120 140 

time(min) 

Figure5.11. g vs.time forPBS resistimder different beam current conditions. Bias 

voltage is 100V. 

86 



-12 
210 

-12 
1.5 10 

5nA 
E 
o 
* 

E 1 nA 
o 

O) 0.5 nA 

0.3 nA 
-13 

510 

0.1 nA 

0 
0 20 40 60 80 100 120 140 

time(min) 

Figure 5.12. g vs.time forEBR900resist under different beam current conditions. Bias 

voltage is 100V. 

87 



�
 

  

r12 
1 10 

-13 
810 

r13 
610 

“E 
o 
* 

E 

o 

,-13
410 

O) 

0.3 nA 

1 nA 

.5 nA 
^ •///// ////? m //// 'f ///.// /V////////' 

\ \N* 
I ''■V\ \ .V\ \ . 

O^e- m I I I L J I I L 1 ,1. i JL J—L 

0 20 40 60 80 100 120 140 

0.1 nA time (min) 

Figure 5.13. g vs. time for ZEP7000 resist imder different beam current conditions. Bias 

voltage is 100 V. 

88 



-12 

-12.5 

D) 

o> 
o -13 

-13.5 

-14 

4.5 5 5.5 6 6.5 7 

log dose rate 

Figure 5.14. Folwer’s powerlaw for three resists. The slopes give the information about 

the distribution oftrap level concentration. 

89 



5.2Monte Carlo Simulations 

Thesingle scattering model was used in our Monte Carlo simulation for electron 

range estimation in photoresistlayerand the program code writtenin Visual Basic in our 

group wasused[160]. The resultofa 10keV electron beam irradiating perpendicular to 

the resist surface is shownin Figure 5.15. The numberofelectrons from 10to 1000 were 

used to illustrate the trajectory in the photoresistlayer. It is shown that mostofthe 

electrons penetrate the400nm photoresistlayer. The corresponding percentage of 

electronstrapped within400nm from the resistsmface and the backscattered electron 

yield are shownin Table 5.6. 

5.3Electron Beam Deflection Simulations 

Both SIMION simulation tool and MATHEMATICA programming are applied 

for the electron beam deflection simulation from surface charging. Charging patterns of 

circles and squaresofdifferent dimensions are considered. The results ofsimulation are 

illustrated in thefollowing sections. 

5.3.1 SIMION Simulations 

The first stage in electron beam deflection owing to surface charging is to 

estimate the range ofelectron beam deflection from asurface charging ofknown 

potential. Charging patterns ofcircles and squares ofdifferent sizes are considered and 

this is done bySIMION simulation tool. An electrical potential distribution illustration 

from a circular surface charging of50V is illustrated in Figure 5.16;the corresponding 
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Figure 5.15. The Monte Carlo electron trajectory Simulation of photoresist material, the
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Table 5.6. The backscatter electron yield from the Monte Carlo simulation.(10 

simulations average) 

Electron no. 10 100 200 300 500 1000 

BSEt) 0.07 0.05 0.055 0.064 0.054 0.053 
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Figure 5.16. The electrical potential(top)and field distribution illustration from a 

circular surface charging of50V by SIMION simulation.The diameter ofthe circle is 1 

jim. 
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Iflnriing deflection estimation from this pattern vmder different potential assignments is 

shownin Figure 5.17;the beam deflection estimation from a semi-infinite charging plane 

is shownin Figure 5.18. 

5.3.2MATHEMATICA Simulations 

Figure 5.19 illustrates the field componentsin r andzdirections with respectto 

the distance above a 1 pm diaiheter charging circle. The drastic lateral field decayinthe 

first 100 pm distance awayfromthe charging surface is observed and weconsequently 

use the 100 pm flight path as the range for beam deflection calculation. The2-D x-y 

field map thatshowsthe relative lateral field strength in different planes above a 1 pm 

charging circle is illustrated in Figure 5.20. Itis seen thatthe field maps have very 

similar patterns above 100 pm distance from the charging smface. 

Wesimulate potential distribution in a3-D maimer using MATHEMATICA. The 

3-D potential map is calculated in the final5 pm distance range and shownin Figure 

5.21. The results from MATHEMATICA revealthatthe spatial potential has steep decay 

in the5to 10 pm range above a charging surface depending on the dimension ofa 

charging pattern. Fora 1 pm diameter charging circle the spatial potential decaysfrom 

8.899 V to 0.62 V in the5 pm range awayfrom the surface. 

The long range nature ofthe electric field on electron beam deflection is 

estimated as well. Figure 5.22showsthe MATHEMATICA calculation for a 1 pm 
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Figure 5.21. The MATHEMATIC A potential map illustration above a 1 pm diameter

charging circle. Every map covers the same area of 5x5 pm^. The mesh size is 0.2x0.2

pm^ and SE yield = 0.1. The potentials in the center (from top to bottom) are 0.620,
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diameter charging circle. The maximum deflection is 0.314nm at0.6|nn outside the 

charging edge,the deflection falls to 0.1 nm at 7.5 jun awaythe charging edge. 

The dimensional effect is also considered in our simulation. Figure 5.23 to 5.24 

showthe electron beam deflection results for 1|miand3fxm charging circles and Figure 

5.25 to 5.27show the electron beam deflection for squares ofdifferent size. They 

illustrate the electric field is more significantfor alarger charging areaeven underasame 

secondary electron emission yield. 

5.3.3 Surface Potential Decay Simulations 

The surface potential decay after irradiation was estimated combining the 

experimental result in Figure 5.4 and 5.5 in Chapter 5.1.1. The correlation between gand 

biasforEBR900was extracted as arepresentation forthe decay simulation since 

EBR900hasa well-behaved gthrough outthe bias range used in experiment. Thefitted 

correlations between g and bias V are 

g=4.381x10-^^+5.6758x10-14•V +3.2197x10-^’-V^ (5.1) 

for the high dose rate experiment and 

g=2.6238x10'^^+1.1522x10-14•V-1.8382x10-'’-V2 (5.2) 

for the corresponding low dose rate experiment. The decayofsurface potential wasthen 

calculated by equation(3.53). The results forEBR900resist using equation(5.2)with 

circular and square charging patterns ofdifferent dimensions are illustrated in Figure 5.28 

and 5.29. It is clearthatthe surface potential drops significantly in the first second,and a 
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Figure 5.24. The electron beam deflection from a 3 pm diameter charging circle with 

differentSE yield settings. MATHEMATICA simulation. 

105 



 

�  

���

� � ��

• • 

♦♦♦ ♦♦♦♦♦

1 

• SE0.2 

SE0.150.9 
♦ SE0.1 

0.8 

E 
c 0.7 
c 
o 

o 
<u 0.6 
<D 
T3 

E 
(S 0.5 
<D 
JQ 

0.4 

0.3 

1 1 10.2 

0 0.5 1 1.5 2 2.5 

desired landing position from the square edge 
(micrometer) 

Figure 5.25.The electron beam deflection for a 1x1 jorn^ square with differentSE yield 

assignments. MATHEMATICA simulation. 

106 



 

�  

 

•• 

♦♦♦♦♦♦♦ ♦ ♦ 
♦♦ ♦♦ ♦♦ ♦♦ 

6 

• SE0.2 

SE0.15 

♦ SE 0.1 
5.5 

5 
« i 

E •• 
c 4.5 •• 
c 
o 
*4= 

4 
5^ 
0) 
■a 

I iE 
w 3.5 
0) 

JD 

3 

2-5, :♦ ♦♦ 

I i 12 
0 0.5 1 1.5 2 2.5 

desired landing position from the square edge 
(micrometer) 
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pattern ofsmaller dimension decaysfaster than alarger one in both circular and square 

patterns. 
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CHAPTER6 

DISCUSSION 

6.1 EBIC Characteristics ofPhotoresists 

The initial and long term EBIC characteristics were investigated in my 

experiment. They will be discussed separately in thefollowing sections. 

6.1.1 Initial StateEBIC Characteristics 

Anexplanation for the observed conductivity changes during the entire 

experimental cycle shown in Figure 5.1 is proposed asfollows. Carriers are constantly 

generated in the interaction volume bythe primary beam during irradiation. Before a 

bias is applied,the rate ofgeneration,trapping,detrapping,and thatofrecombination 

reach adynamic equilibrium,consequently astable specimen current is observed. When 

an electric field is applied,the drift velocity ofcarrier surges,the conductivityjumpsup 

to apeak value then gradually drops downand reachesanew equilibrium. The 

polarization effect contributes the overall conductivity surge but mainlyin the beginning 

section ofthe measurement after the bias is applied. I propose thatthe carrier 

concentration may gothrough atransient variation asa result ofthe drift velocity increase 

because the change ofcarrier mean free pathimderthe field alters the carrier 

recombination rate. The changein the carrier mean free path promotes an increase in the 

carrier recombination rate and causesa decrease inthe free carrier concentration;this 

accountsforthe conductivity drop during transition. The rate oftrapping can be treated 
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asa constant during transition since mostofthe traps are filled right afterthey are 

generated and before the field is applied. The rate ofdetrapping may undergo an increase 

in the sametime since the applied field maytriggersome shallowtrapped carriers to 

escape(Poole-Frenkel effect[161]). The equilibrium under bias can be seen as the 

asymptotic tails ofthe conductivity levels ofthree resists in Figure 5.2. 

Afterthe field is turned off,the recombination rate goesthrough atransition 

again. This isshown in Figure 5.3 bythree different slow conductivity decay lines for 

the resists. Myexperimental setup may accoimtforthe slow transition processes after 

bias is off. The penetrating beam condition generates alow field acrossthe resist layer 

[103,108]. Onlythe field from the positive charge layer is available to drive space 

charge carriers inside the irradiation volume after bias is turned offand this results in the 

long decayin conductivity seen in Figure 5.3. 

All three resists show distinctive conductivity decay profiles as afunction oftime 

in the bias-offexperiments. It seemsthatthe behavior ofthePBS resistimpliestwo 

processes with different decaytimes;this may be related to the rate ofgeneration forthe 

decomposition fragmentsSO2and CH2CHRthatPBS yields during scission reaction. 

The difference inthePBStwo decay processes is notclear butit is likely to be linked to 

the resist decomposition chemistry. 

Figure 5.6 and 5.7 demonstrate how asimple estimation ofthe carrier 

concentration variation can be made. TheEBIC currentis the productofcarrier 

electronic charge e,carrier concentration n,irradiation area A,and drift velocity u under 

field 
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Iebic=e-n-A-o (6.1) 

In both cases onlythe beam current varies,therefore the carrier concentration will be the 

only variable whenaresistis irradiated under different beam current with a given applied 

field. Since the irradiation area and beam energy are the controlled variables in our 

experiment,the carrier concentration ratio,by mathematical manipulation,leadsto a 

representation byEBIC gainGratio in the following manner 

nSnA/no.5nA“IeBIC,Sha/IeBIC,0.5nA 

= (GsnA/Go.5nA)-(5nA/0.5nA) 

(GsnA/Go.Sha)'10 (6.2) 

Comparingthe gain range in Figure 5.6 and 5.7,the EBIC gainsfor both thePBS and 

ZEP7000resists show roughly an order ofmagnitude increase asthe beam current drops 

from5nA to 0.5nA in the entire bias region. Based on equation(6.2)it showsthatthe 

carrier concentrations in both resists are the sameregardless ofthe change ofbeam 

current. However,the gain forEBR900 resist shows approximately afactor of2.5 

increase ofgain from high dose to low dose experiment,thusindicating a4times carrier 

concentration decrease from5nA to0.5nA. 

MeasurementofEBIC gain forthe three resists produces results that agree with 

the trend in conductivity increase ratios in Table 5.2,wherethe EBR900showsahighest 

conductivity increase of2.4x andZEP7000showsa 1.3x increase as beam current 

increases by 10folds. When aresist is under electron beam irradiation,the rate of 

electron-hole pair generation and the rate ofcarrier detrapping counter balance that of 

carrier trapping and recombination. These rates determine the variation ofthe carrier 
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concentration. Both the ratesfor electron-hole pair generation and carrier trapping 

should increase linearly asthe dose rate increases since the electron-hole pair generation 

energy is a material constant and we assume thatthe polymer chain scission reaction in 

the irradiation volume provides the main trapping generation. Therecombination and 

detrapping rates should only experience small changes as long asthe applied field is 

fixed,however,they are strongly field strength dependent. I propose the change of 

trapping rate is probablythe key contribution responsible for the variation ofboth carrier 

concentration and conductivity ratios. It is clear that boththePBSandZEP7000resists 

fall into asame category,which possesses higher trapping rate increase thanthatofthe 

EBR900in high dose rate experiment. I believe the explanation for this probably lays in 

the nature ofthe resist chemistry. TheEBR900resist consists ofpoly(2,2,2-

trifluoroethyl-a-chloroacrylate),a linear aliphatic polymerfrom the acrylic family. The 

ZEP7000resist is acopolymerofa-chloromethacrylate and a-methylstyrene,and it is 

also a derivative from the acrylic family. ThePBS resist is a linear polymerof 

polybutenesulfone,a polymerfrom the poly(olefm sulfone)system. A definitive 

statementofthe reasonsfor these changes caimotbe made withoutknowing the electron-

hole pair generation energy and the carrier transportation characteristic ofthese resists. 

In addition,the detrapping rate inEBR900during irradiation is anotherfactor that might 

possibly explain why it hasthe highest carrier concentration increase amongthe three 

resists as dose rate changes. 
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6.1.2LongTerm EBIC Characteristics 

The steady state EBIC gain is sensitive to the dose rate for the resists otherthan 

PBS. From Figure 5.13 it is clear thatthe resists have higherEBIC gains atlow beam 

current irradiation,exceptforPBS whose gain is insensitive in the whole dose range. 

Thefalling ofEBIC gain at higher dose rate can be interpreted as the onsetofthe plasma 

formation in resists during electron beam irradiation,this is an effect which has been 

reported in someofthe radiation studies regarding semiconductor materials[162-164]. 

Asthe beam currentincreases,the carrier generation rate rises to a point wherethe carrier 

density insidethe interaction volumeis high enough to form aconducting shield near the 

outer boundaryofthe interaction volume. The carriers generated inside the interaction 

volume therefore experience less influence from the applied field and resultin decrease 

in EBIC effect,thus resultin the decrease ofEBIC gain. 

The steady state trap level distribution ofthe resists is investigated by Fowler’s 

powerlaw(equation(3.1)and Figure 5.14),the resultshowsthatPBS hasthe powerlaw 

exponentof1.02,which representsa uniform energy distribution oftraps;EBR900and 

ZEP7000havethe exponents of0.7and 0.67respectively,which meansan exponential 

energy distribution oftraps. The uniform trap distribution and the dose rate insensitivity 

ofPBS may be related to its decomposition chemistry. During electron beam irradiation 

onlytwo types offragments are generated;the CH2CHRremains as solid residue for 

further depolymerization while SO2is a gasand it leaves the resistlayer. CH2CHRof 

different chain lengths probably contribute to form trapping sites ofdifferent levels ifone 

assumesonly one type oftrapping site is available on the end ofCH2CHR. Thelength of 
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the polymer chain to which the site attached mayinfluence the trap energy level and 

result in a distribution oftrap in different energies. Since the scission reaction site is 

random,the energy levels are therefore uniform in distribution. 

In contrast withPBS,both EBR900andZEP7000follow the sametype of 

depolymerization reactionintroduced in Chapter3.6.2. The double bond chain endsand 

radicalsformed on the backbone and broken side groups are believed to serve astrapping 

sites with different energies. However,I believe the radicals,particularly the radicals 

from the broken side groups(in P fission)serve trapping levelsin certain energy states 

since they are simple fragments and they don’thavefunctional group variations. This 

explanation is believed to supportthe trapping level analysis thatrevealstrap energy 

distributions ofEBR900andZEP7000 are not uniform. 

The dose rate dependence ofcarrier mobility at steady state can beexamined by 

the following derivation proposed by Gross[165]. The mobility conceptfrom band 

theory can only be applied to polymer materials underthe assumption that polymer 

materials have shortrange oforder. Since there is no clear band structure in polymer 

materials,the trap modified mobility is therefore used in polymer material macroscopic 

carrier transportation analysis. Again it is needed to revisitthe conceptoftrap modulated 

mobility introduced in Chapter3.4(equation(3.8)). Inow consider electrons asthe 

major carrier in the following discussion. 

Under steady state condition,the carrier generation ratep should equalto thatof 

recombination,thereforepis proportional to the free carrier concentration nctimesthe 

density ofrecombination centersN that defined in equation(3.4). A trapped electron is 
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then lifted into the conduction band before it recombines with ahole. Under medium to 

high electron-hole pair generation,iic+nt=nc and equation(3.9)can be simplified as 

p=a-nc^ (6.3) 

Since the conductivity gisin proportionalto the free carrier concentration n^the above 

equation indicates thatthe conductivity will increase with respectto the square rootofthe 

dose rate. The equation(6.3)is also called the “bimolecular”recombination. The 

examination ofthe equation(6.3)to the three resists isshownin Figure 6.1 and relatively 

good agreementis observed. 

The relationship between dose rate and trap-modulated mobility is discussed as 

followed,the detailed derivation is again proposed by Gross[165]. Combining the 

definition ofpin equation(3.8)and equation(3.9),one obtains 

p= po-a-ric^//? (6.4) 

The relationship between the carrier generation ratep and dose rate Dis proposed as 

D 
p=c-d (6.5) 

Ee-h 

where cthe dimensional factor;dthe specimen specific mass;Eg-h the electron-hole pair 

generation energy. Combine equation(6.4),(6.5),and(3.1)one obtains 

2A-1 

ju= («-K"-Ee-h)/(//o-e'-^-^-^o) —
D 

=Const.-
D 

(6.6) 
D oy 
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Figure 6.1. The steady state EBIC conductivity vs.(dose rate)*^^ forthree resists. 
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It is clear thatthe exponentin equation(6.6)varies from0to 1 asthe trap 

distribution from single energy level(A=0.5)to uniform distribution(A=1). From our 

steady state trapping level distribution studyonthe three resists thePBS will show the 

mostdose rate dependent mobility overthe dosage range,followed by the EBR900resist, 

then by theZEP7000resist. 

Figure 5.9,5.11~5.13 reveal the transient characteristic ofthe electron beam 

induced conductivity overaperiod ofrecording time. The resists,particularly the 

EBR900,gothrough amaximum atabout 14 minutes after irradiation and reach asteady 

state nearthe end ofsecond hour. Thislongterm conductivity variation on other 

polymers has been reported in literature for polymer electret studies[156,157,166-171]. 

The initial increase ofconductivity,i.e.the build-up region ofthe conductivity curve,is 

believed to bethe contribution from the steady carrier generation while the decay ofthe 

conductivity curve after its maximum isfrom the contribution ofrecombination and 

trapping. The rates ofearner generation,trapping,detrapping,and recombination are the 

factors that govern the conductivity variation during the electron beam irradiation 

experiment,it is these factors compete each other and resultin the variation of 

conductivity overtime. 

Fowler’strapping modelis not valid for considering the transient state of 

conductivity variation since all the assumptions in the model are made underthe steady 

state condition. A later developed theory considering different rate factors wasproposed 

in the‘70s[166,167]from the observation ofthe polymer film conductivity change in x-

ray irradiation experimentsand later generalized[166,167,171]for better explanation of 
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the transient period ofconductivity change;however,the success in quantitative analysis 

is still limited since many parameters required for a precise calculation are usually 

rmcertain for a given experimental condition. I shall discuss this modelin a qualitative 

manner and consider the parameters that fit our photoresistsystem. 

There are several assumptionsforthis rate theory. First,the charge transportation 

is assumed unipolar,the opposite polarity charge carriers are immediately captured by 

localized traps after carrier pair generation;theimmobile carriers serve as the 

recombination centersin the later recombination process. Second,the rate ofatransition 

is defined asthe productofthe corresponding rate constantto the concentration ofthe 

available site for that specific transition. Thisisthe probability for the specific transition 

to happen per unittime. Third,the free carriers in the extended state can either be 

trapped into localized states and return to the extended state later bythermal re-emission 

orrecombine with the opposite charge trapped in energetically deep traps. The carrier 

concentration is considered as the contribution from the rate ofcarrier generation,carrier 

trapping,carrier detrapping,and recombination ofcarriers ofopposite polarity. For the 

free and trapped carrier concentrations,the equations are[166] 

diic/dt=p(t)-aiiicC Nt-nt)+a2nt(Nc-nc) - as nc(nc+nO (6.7) 

for free carrier concentration ncand 

dnt/dt=amcCNt-nt)-a2nt(Nc-nc) (6.8) 

for trapped earner concentration nt. Ncand Ntare the degeneracy ofthe conduction band 

and the density ofthe trapping level;j!?(t)is the carrier generation rate;ai,a2,as are rate 
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constantsfor trapping,detrapping,and recombination respectively. The currentflow 

across the dielectric film is again described by equation(6.1). 

Ifthe multiple trapping level is considered,thetrapping and detrappingtermsin 

equation(6.7)and(6.8)are replaced by 

ai,inc(Nt,i-nt,i)=ai,incNt,i( 1-n^/Nt,!) 

=ai.iR.N.Nt.i( 1-nt,i/Nt,i)=N(1-ny/N^)-(l/Ti,i) (6.9) 

and 

a2nt,i(Nc-ric)=a2nt,iNc(1-iic/Nc) 

= a2nt,iNc=nt,i/T2,i (6.10) 

where and X2,iare the time constantsfor trapping and detrapping respectively;R isa 

constant atthe range of10"^ to 10-10 sincethe concentration oftrapped carrier will be 

several order ofmagnitude higherthan thatofthe fi-ee carriers foracommon dielectric 

material. 

The recombinationterm isthen arranged asfollows: 

asiic(nc+nt)=as-R-N-(iic+ns+2n,,i)=as-N-Nd (6.11) 

where Nd is the density ofdeep-trapped electrons and n® is the concentration ofthe 

shallow-trapped carriers. 

The variation ofconductivity g versustime isthe numerical solution ofthe 

equation set fi-om(6.7)to(6.11)with suitable parametersofp,a,and p. The first 

problem one encounters is the estimation ofthe electron-hole pair generation energy in 

orderto get carrier generation ratep. In literature estimations are proposed and the 

electron-hole pair generation energy ofinsulators are aboutthreetimes ofthe band gap 
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for crystalline insulators and aboutthe range of10^ to 10“^ eV for polymer materials[26, 

73,78,172,173]. Considering polymers’density as2g/cm^(PMMA),the carrier 

11 19
generation rate will be 10 10*^ cm'^ sec"^ per rad/s and thus in the range of10^^~10 

cm‘^ sec'^ for our experiments. Thetrap density Ntis atleastthe range of10** cm'^,and 

the density ofthe available states in the extended state is ofthe order of10*^ cm’^. 

The second step is the determination ofrate constants ai~as and assign their 

relative strength in orderto havethe calculated g(t)fitthe experimental data. This isa 

time consuming trial-and-error process since for a assigned setthe g will be calculated 

and compared with the experimental data. There is little guideline one can rely on forthe 

proper direction ofguessing imless significantinformation aboutthe carrier transport 

characteristics is revealed since the choice ofas with high(strong detrapping orshallow 

trapps)orlow(trap filling or deep trap level)values yield very similar conductivity 

versustime curves[166]. The system is even more complicated ifmultiple trapping level 

is applied,there may be more than one set ofparametersthatresult in very similar 

conductivity curves,and they may all in the error range in comparison with the 

experimental data. In conclusion ofthe above discussion,this modelis principally 

qualitative in explaining the transient behavior ofconductivity overtime. 

6.1.3Ramo’s Theory Estimation 

Electron beam irradiation ofinsulators creates a situation similarto the capacitor 

illustrated in Ramo’stheory even ifan external voltage source is absent. When an 

insulator isimder electron beam irradiation,mostsecondary electrons generated nearthe 
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surface escape and a shallow depth ofpositively ch^ged volume isformed. This positive 

charge helpsformingafield inside the resist. The field will be maximized ifthe 

penetration depth ofincoming beam is aboutthe thickness ofthe specimen since most 

primary electrons will come to rest and constitute a negatively charged region near the 

rear surface ofthe sample. Carriers generated inside the specimen bythe irradiation are 

driven with a drift velocity as a resultofthe existence ofthe field;and the conductivity of 

the specimen is consequently changed. The electric field and charge distribution induced 

in insulators by electron beam irradiation has beenthoroughly discussed and modeled 

[41,103,104,108,113,119]. The relationship betweenthe secondary electron emissions 

from insulators and the resultant surface potential generated asaresultofelectron beam 

irradiation is also treated elsewhere[125]. 

In myexperimentan external bias is applied. The initial state powerconsumption 

owing to carrierflow is determined by the productofthe bias and the EBIC current 

determined in equation(4.1). From equation(3.12),considering the energy balance,we 

obtain 

P=Q-(V/L)-o=e-n-p(V/L)2 (6.12) 

where Q isthe netfree charge,V the applied voltage,u the drift velocity,ethe electronic 

charge,nthe carrier concentration,and pthe mobility. The power consumption will vary 

linearly with bias square,(Vf,ifthe productofcarrier concentration and mobility is 

independentoffield strength. 

Figure 6.2 and 6.3 show initial state power consumption plotted as a fimction of 

the bias squared forthree resists at high and low dose rate irradiation. Under high dose 
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rate condition all resists show reasonably good linear trends with respectto the square 

bias variation while onlythe EBR900resistremains linear behavior atlow dose rates. In 

thelow dose rate experimentthe ZEP7000resist showsa non-linear behavior,and for 

PBS resist the powerconsumption fluctuation reveals no dependence on the square bias 

variation. The three samples illustrate the field independent n-p argumentapplies only at 

high dose rate experiments. I therefore conclude the productofn and pcan be field 

dependentin certain dose rate ranges,in addition to be material dependent. In my 

experimentsthe applied field wasup to5MV/cm atthe bias of200V,it is thus 

reasonable to assume thatthe carrier concentration is constant ata given dose rate atthis 

moderate field. Based on this argumentthe mobility ofthe three resistsamples at high 

dose rate experimentis constantthroughoutthe biasrange. 

The slope ofthe profilesin Figure 6.2 providesan estimation ofthe n-p valuesfor 

the resists,and these are listed in Table 6.1. Amongthe three the EBR900resist hasthe 

highest value,which isroughly2orders ofmagnitude higherthen the lowest value 

obtained firom the ZEP7000resist. The productofcarrier concentration and mobility is 

an indication ofthe conductivity and the calculation showsthatthe EBR900resist hasthe 

highest g,then followed by that fi-om PBS resist and then from ZEP7000 resist. This is 

qualitatively in good agreement with the g value shown in Figure 5.2 where the same 

conductivity sequence is shown. Carrier mobility in different polymers is reported to be 

-10in the range of 10'^ cm^A^-sec [26, 73, 74] to 10 cm^A^-sec [174] fi-om room 

temperature electron beam and x-ray excitation experiments. A simple estimation using 

these values yieldstwo carrier concentration ranges,10^^to 10^'* cm'^(PBS)and 10^^to 
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Table6.1. (n-n)valuesfor the three resists atroom temperature. High dose rate 

experiment. 

resist Biasrange(V) n-p (number/cm-V-sec) 
EBR900 10-190 18

1.07x10 

ZEP7000 10-180 16 
7.47x10 

PBS 10-120 17
1.30x10 
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10^* cm‘^(EBR900)respectively. Both ofwhich are extremely high compared to 

semiconductors. Since the onsetofplasmaformation in semiconductors is reported in the 

range of10^^ cm'^ in charge collection scanning electron microscopy studies[162-164],if 

resist materials are treated as wide band gap semiconductorsthen these high carrier 

concentration will resultin plasmaformation within the electron beam interaction 

volume. The high concentration range suggeststhe trapping rate ofthe resists is also 

high during electron beam irradiation. Since positive resists are used inthis work,we 

believe the trapping sites are generated from the resist chain scission reaction and other 

radiation damages,butfurther work is needed to determine the type ofdominantcarriers 

in the three resists before a precisejudgementofa carrier concentration range can be 

made. 

TheEBR900resist demonstrates the largestchange in powerconsumption with 

different dose rates amongthe three,showing an increase by afactor of5.7 fromlow to 

high dose rates. TheZEP7000andPBS resists have roughlythe same power 

consumption regardless ofdose rate variation although forthe EBR900resistthe product 

ofearner concentration and mobility is dose rate sensitive. Carrier mobility has been 

reported to show afield dependent[72,175,176]increase with applied field in transient 

space charge limited current experiments[136,177]. This could be the reason why 

ZEP7000andPBSshow a non-linear trend atlow dose rate experiments seen in Figure 

6.3. The details ofthe dependence ofthe productofcarrier concentration and mobility 

on dose rate is not clear although the mobility itselfhas been proposed as dose rate 

dependentin the previous discussion section. 
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6.1.4 TemperatureEffect 

Temperature also plays a role in EBIC behavior. Figure 5.8 showsinitial state g 

values asafunction ofbiasforEBR900resists at20°C and-30°C. It is clearthatthere is 

a conductivity decrease as the temperature drops;asgfalls by afactor of3.7from 20°C 

to-30°C suggesting that it is likely thatareduction in carrier mobility is responsible. If 

the mobility is considered to be afunction oftemperature and the activation energy is 

assumed invariantin this temperature range,then a single trapping level approximation 

[71]with a value of0.5eV as the activation energy[70]would give ia(20°C)« 4|j,(-30°C). 

Thetemperature effect also contributes to the observed change in powerconsumption vs. 

bias^ forthe EBR900resist(Figure 6.4). At-30°Cthe power consumption shows 

slightly curvy dependence on bias^,and the power consumption atthe same bias has 

dropped by afactor about3.5 from the corresponding20°C data. From the above 

discussion it is reasonable to say the mobility change contributesthe drop ofthe power 

consumption atlowertemperature,but more evidence is needed before a solid conclusion 

can be drawn since it is notknown ifthe mobility isthe dominantfactor. From the 

steady state g analysisin Chapter 5.1.3theEBR resistshowsits powerlaw dependence 

with an exponentof0.7,which indicates an exponential trap distribution[61]. Since the 

single trap analysis givesagood agreement with the experimental observation,thetrap 

distribution in EBR must display a very steep exponential decay. 

Thetemperature dependence ofelectron-hole pair generation efficiency is not 

clear. The filled traps are less likely to release carriers atlow temperature;this will also 

contribute the drop ofpower consumption seen in Figure 6.4. However,the 
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primary single trapping level mobility estimation again coincides withthe initial state g 

observation in Figure 5.8,which has a3.7x drop as the temperature drops jfrom 20°C to-

30°C. 

6.2 Monte Carlo Simulations and theDouble Layer Model 

The Monte Carlo simulation was applied for the determinationofpositions of 

charging disksofopposite polarity,and the resist geometry wasassigned asa bulkform 

in the simulation. From the dimensionofinteraction volumeshown in Figure 5.15 it is 

clear that almost all the primary electrons traveled in the photoresist material in a distance 

morethan 0.5 pm. Thisimpliesthatfor a400nm resist film xmder 10keV electron beam 

irradiation there will be negligible amountofnegative charge deposited. The primary 

electrons will penetrate the resist layer and enter the chromium layer underneath. This in 

fact simplifies our double layer model since onlythe positive layer nearthe front surface 

needsto be considered. The chromium layer is grounded during electron beam 

irradiation. The primary electrons penetrating the photoresistlayer depositinto the 

chromium layer and flow to the ground,thus lead no contribution in charging ofthe resist 

layer. 

The positive charging disk resulting fi-om the secondary electron emission is used 

for the spatial potential and field calculation for ourfollowing electron beam deflection 

simulation. Asthe secondary electron emission mechanism mention in Chapter3.8 and 

3.9.2,the lateral dimension ofpositive charged disk is largerthan thatofthe beam 

diameter ifa stationary beam is used to generate charging layers. The full width at half 
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Tnaximnm ofSEn signal is about0.2to 0.5 ofthe average electron range ata given beam 

energy[178]. For a 10keV electron beam with the average penetration depth of0.88 pm 

in photoresist(Figure 5.15),the SEn signal will contribute the positive charging disk 

radius in the range of0.09to 0.22 pm,or0.155 pm ifthe average is taken. This implies 

thatfora given writing pattern there is a boundary region outside its dimension thatneeds 

to be included for the lateral dimension consideration ofthe positive charging layer. 

However,inthe charginginduced deflection simulationsthe electron beam writing 

patterns are in the range ofseveral micrometers. Since the amountoflateral dimensional 

increase by SEn emission is only dependent onthe incident beam energy,the use oflarge 

writing patterns results thatthe dimension ofthe positive charging disk approachesthat 

ofthe electron beam writing asthe assigned e-beam writing patterns are larger enough. 

The dimensional difference is about31%for a 1 pm diameter circle but it significantly 

dropsto roughly 10%for a3 pm diameter circle and6%for a5 pm circle writing 

pattern. Consequently,the lateral dimension ofthe positive charging disk can further be 

approximated by the areato which the electron beam scansin the electron beam 

deflection simulationsforlarger writing pattern simulations. 

6.3 Electron Beam Deflection Simulations 

6.3.1 TheLimitations ofSIMION Tool 

The charging patterns are simulated as electrodes with assigned potential values 

in SIMION. The non-irradiated surrounding area and pole piece along with the vacuum 
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chamberin which the resist sample is placed are assigned zero potential for the boundary 

conditions used in Laplace’s equation calculation. The electrical potential and field 

calculation is confined in a3-D space with finite dimensionsin each direction and this is 

called a potential array in SIMION. The dimension ofan array used for SIMION 

simulation is determined by the total grid pointsthe array has along with the unitlength 

ofthe grids; all points are equal distancesfrom their nearestneighbor pointsin the array. 

The choice ofthe array dimension is critical in SIMION computation since arrays 

are stored in computer memory and every grid pointin an array requires 10 bytesof 

RAM. To make acompromise between the computation time and accuracy,a 0.1 pm 

grid unitlength is used in 3-D potential arrays used for all SIMION calculations. In 

SIMION arraythe electron beam direction is defined to be thezdirection and the 

charging areais in the x-y plane. The suitable dimension ofan array for simulation has 

501 points inzdirection and 91 points in lateral dimensions;this constitutesthe 

computational space which has50pm inzdirection and 4.5 pm in radius for circular 

charging patterns,and5 pm by5 pm in both x and y directions for strip geometry 

calculations(Figure 6.5). Oneknowsfor regular e-beam toolsthe working distance is in 

the millimeter range,the50pm flight path the SIMION can calciilate is a drawback since 

the electric field is limited in the vertical distance50pm abovethe charging surface. 

Thisimplies thatthe beam deflection can be underestimated. The resultsfrom SIMION 

show the deflection in several nanometers overthe surface charging ranging severaltens 

to 100 volt. However,SIMION results serve as a first step indication for the relationship 

between the extentofbeam deflection and surface potential ofcharging patterns. 
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6.3.2 MATHEMATICA Simulations 

Theflexibility ofMATHEMATICA programming provides areasonable choice 

for computation dimension selection. The spatial electric potential is determined from 

equation(3.49)and the corresponding electric field components are determined from 

equation(3.50)using the built-in partial differential operationalfunctionin 

MATHEMATICA. In Figure 5.19the field components in r andzdirections are 

illustrated in the 100 pm distance abovethe edge ofa 1 pm charging circle. Thezfield 

component decreasesfrom 2.23x10^ V/m to 35.79 V/m from5 pm to 100pm abovethe 

charging surface while the r field componentdecays from 3.11x10"* V/m to 0.27V/m 

from5 pm to 100 pm respectively. Both the field components decayin4orders of 

magnitude in the first 100 pm from the surface. Thezfield componentis always about2 

orders higherthan that ofthe r field. From the information I conclude thatthe primary 

electrons flying along thezdirection undergo a minor acceleration inzdirection before 

they reach the final 100 pm distance from the charging surface,the contribution ofr field 

on deflection doesn’temerge significantly until the electrons are in the final 100 pm 

flight path. 

The2-D field mapsin Figure 5.20show thatthe relative field strength changes 

drastically nearthe surface(Figure 5.20(a)and(b))and the patterns are indistinguishable 

above 100 pm,this indicates as well thatthe field interference is not significantin the 

distance of100 pm abovethe charging surface. Both 100and 1000 pm flight paths were 

used in deflection simulation and lessthan 1%discrepancy in results werefound. 

The3-D potential illustration in Figure 5.21 also supportsthe field map 
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observation. The spatial potential decaysfrom 57.748to 0.620V from the charging 

surface to5 pm abovefor a 1 pm diameter charging circle. Surface potential is needed in 

both MATHEMATICA and SIMION simulations;however,the information ofsurface 

potential is a mapin MATHEMATICA while it is aconstantin SIMION,this is 

illustrated from the comparison between Figure 5.21 and Figure 5.16. The boimdary 

condition from zero potential non-irradiated surrounding area in SIMION forces the 

equipotential lines to converge to the pattern edge and this may cause the distortion of 

potential lines and consequently introduce error in deflection. 

Thelong-range effectofcharging on deflection is illustrated in Figure 5.22. The 

beam deflection from a 1 pm charging circle shows0.232nm atthe charging edge. The 

maximum deflection of0.314nm happens at0.6 pm outsidethe circle edge;the 

deflection drops to 0.1 nm,about31.8%ofthe maximum deflection,at 7.5 pm away 

from the edge. Ifone considersthe landing error close to the charging pattern at0.1 pm 

awayfrom the 1 pm charging circle edge,the deflection will cause 0.26%to0.52% 

error with secondary electron yields of0.1 and 0.2 respectively. 

Dimensional effect is illustrated from Figure 5.23 to 5.27for circles and squares 

with different dimensions and secondary electron yield emission yields. Figure 5.23 and 

5.24 are for circles from 1 to3 pm diameter while Figure 5.25 to 5.27 are for 1x1,3x3, 

and 5x5 pm^square respectively. The secondary electron yield ranges from 0.1 to 0.2in 

all the figures. The maximum deflections for circular patterns occur at0.6 and 0.4 pm 

awayfrom pattern edge for 1 and3 pm diameter circles,and are at0.6,0.5,0.5 pm away 
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from center pointofsquare side for 1x1,3x3,and5x5|im^ square respectively. The 

deflection error at0.1 pm awayfrom the pattern for different pattern size is summarized 

in Table 6.2. The error exceeds 10%for5x5|.im^ square with 0.2assecondary electron 

yield. It is unlikely for a writing feature on a e-beam maskto havethe dimension of5x5 

pm^range and cause the registration error to be around 10%;however,the registration 

error caused by charging will becomea more significantissue asthe maskfeaturein e-

beam lithography continuesto shrink to close or below 0.1 pm inthe nearfuture. 

The dimensional effectfor circular and square patterns is considered and is 

defined as both the maximum deflection persmface potential and the maximum 

deflection per surface potential per unit area ofcharging and the results are in Table 6.3 

and 6.4. From both tables it is clear thatthe dimensional effect results are notfunctions 

ofsecondary emission yield. Since the chargeterm contributes both the total generated 

positive charge(in equation(3.48))and the extentofacceleration(in equation(3.52))in 

the same order,the secondary emission yield independence discerned from both table 

demonstrates the validity ofthe MATHEMATICA programming algorithm Larger 

pattern dimension contains more positive charge,the higher fields result in higher 

deflection contribution,therefore the maximum deflection per surface potential goes up 

as size ofpattern increases. 

The maximum deflection per smface potential per unit areafrom Table 6.4can be 

served as an indication of “deflection efficiency”from the surface potential developed 

from charging. The uniform surface charge density wasassumed in the programming 

138 



Table 6.2. The deflection error at 0.1.|jjn away from the charging patterns. It is 0.1 pm 

outside from acharging circle or 0.1 pm outside from the midpointofa side from a 

charging square. 

SE yield 1 pm circle 3 pm circle 1x1 pm^ 3x3 pm^ 5x5 pm^ 
0.1 0.26% 2.15% 0.32% 2.51% 5.48% 
0.15 0.39% 3.22% 0.48% 3.76% 8.22% 
0.2 0.52% 4.29% 0.63% 5.00% 10.94% 

139 



0.1 

Table 6.3. The dimensional effect on electron beam deflection illustrated by maximum 

deflection(nm)per surface potential. MATHEMATICA results on squares. 

SE yield 1 pm circle 3 pm circle 1x1 pm^ 3x3 pm^ 5x5 pm^ 
5.44x10'^ 21:23x10-^ 5.99x10'^ 23.81x10'^ 45.36x10'^ 

0.15 5.44x10'^ 21.22x10'^ 5.99x10'^ 23.80x10'^ 45.31x10’^ 
0.2 5.44x10'^ 21.21x10'^ 5.99x10'^ 23.78x10'^ 45.27x10'^ 

% 

/ 
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Table 6.4. The dimensional effect on electron beam deflection illustrated by maximum 

deflection(nm)per surface potential per unit area(pm^). MATHEMATICA results on 

squares. 

SE yield 1 pm circle 3 pm circle 1x1 pm^ 3x3 pm^ 5x5 pm^ 
0.1 6.92x10-2 3.00x10-2 5.99x10'^ 2.65x10-2 1.81x10-2 
0.15 6.92x10-2 3.00x10-2 5.99x10'^ 2.64x10-2 1.81x10-2 
0.2 6.92x10-2 3.00x10-2 5.99x10-2 2.64x10-2 1.81x10-2 
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algorithm,therefore the charge density ata given secondary emission yield would always 

bea constantregardless ofpattern size. The field in the center ofa pattern can be 

approached as a charging plane with constant surface charge density,consequently a 

large and small patterns will have the samezfield strength close to the pattern center 

wherethe fringe field effect is at its minimum. Itis by no doubtthatalarger pattern 

creates alager lateral field that results in higher deflection. The maximum deflection 

from a5x5 pm^square is about2.13times from that ofa3x3 pm^square,which isthen 

6.68times from thatofa 1x1 pm^square. It is oversimplified to conclude thatthe 

deflection ata given distance away from acharging pattern edge would increase 

approximately linearly with respectto the pattern area by equation(3.48). The charge 

term q in equation(3.48)is in proportional to the pattern areaimderthe assumption of 

constant charge density;however,the deflection calculation is carried out numerically 

and the deflection is the contribution ofthe relative strength ofspatialzand r field 

components and the flighttime needed for a given length oftrajectory. 

The position ofthe positive charging disk was setto be 15nm below the resist 

surface for the consideration ofthe averaged escape depth ofsecondary electrons. The 

escape probability ofsecondary electrons generated ata distancezbelow asample 

surface is dependentuponthe depthzand it is assumed thatthe escape probability 

decreases with exp(-z/A,),where A,is the meanfree path ofsecondary electrons. The 

secondary electron mean free path is in the range of0.5 to 1.5 nm for metalsand 10to20 

nm forinsulators. To simplifythe calculation wetook average ofthe mean free path 
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from insulators,consequentlya positive charging layer 15 nm below the surface was 

used. 

Secondary electron emission yield of0.1 to 0.2 was chosen for the determination 

ofcharge in the positive charging disk in all the MATHEMATICA simulations. 

6.3.3 Surface PotentialDecay Simulations 

Figure 5.28 and 5.29show the simulation forthe potential decay ofEBR900 

resist with equation(5.2)inthe first second after irradiation. Atimeincrementof1 ms 

wasused for all chargeflow calculations in equation(3.53). It isshownthatthe smaller 

pattern regardless ofpattern geometry decaysfasterthan its larger counterpart. The 1 pm 

diameter charging circle has surface potential of0.366V after first second,which is only 

0.6%ofits initial value(57.75 V);the surface potential ofthe 1x1 pm^charging square 

decaysfrom65.64V to 0.69 V,which is 1.1%ofthe initial potential. Forthe3 pm 

diameter charging circle and the 3x3 pm^square,the remaining surface potentials after 

one second are30.6%and 36.2%oftheir initial values respectively. It is reasonable to 

obtain slow potential decay from larger patterns since the constant charge density is 

assumed throughoutthe calculation. The total charge a pattern hold isin proportional 

with the square ofits dimension,in the sametime span both larger and smaller patterns 

flow roughly the sameamountofcharge owing to the EBIC effect and the amountof 

charge consequently poses less significance for larger patterns. 

The reason thatthe potential decay simulation was done only one second is 

explained asfollows. During the irradiation the conductivity is contributed bythe free 
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carrier movementin the extended state. Right after the cease ofirradiation a significant 

amoimtofconductivity may still persistowing to the thermal reemission oftrapped 

carriers to the extended state;this detrapping ofcarriers is believed to be fiirther 

enhanced bythe electric field inside the resist layerformed during irradiation[161,166]. 

The decayofconductivity after irradiation,based on Fowler’s model,hastime constant 

in the range of~ 1 minute(equation(3.2))[61]. Since I didn’t have suitable experimental 

setup to measure the decay conductivity,the alternative wayisto assumethe conductivity 

to be that during irradiation and then simulatethe potential decay in aconservative 

manner. Onesecond is therefore our choice. The simulation results for the 1 pm 

diameter circle and 1x1 pm^square correlate well with reported experimental 

measurements[179];however,larger patterns have higher surface potential valuesthan 

expected. This deviation may befrom the result ofthe constantsurface charging density 

assumption. Larger patterns create higher field inside the resist layer,and the lateral 

diffusion ofcharge may need to be considered. 

144 



CHAPTER? 

CONCLUSION 

The objective ofthis research is to investigate the EBIC behavior ofdifferent 

electron beam resists and derive a suitable charging model which incorporates the 

experimental data to perform feedforward electron beam deflection correction for 

electron beam pattern writing process. Three electron beam resists,PBS,EBR900,and 

ZEP7000 were used forthe initial and longterm EBIC studies. Myexperimental setup 

has proven tofunction for the directEBIC calculation through the leakage current 

measurements during the electron beam irradiation;datafrom the three electron beam 

resists have been collected and analyzed. The characteristics ofEBIC properties ofthe 

resist materials are consistent with semiconductor materials with wide band gaps. The 

initial state EBIC properties ofthe resists have been studied in consideration oftheir 

dependence on bias,dose rate,and temperature. The steady state EBIC results have been 

analyzed bythe trapping level theory;the transition from initial to steady state has been 

explained qualitatively using the dynamic rate theory proposed in the literature. 

The preliminary electron beam deflection simulation was done using SIMION6 

and the results werefound to agree with values reported in literature. In SIMION 

simulation only electrodes with differentsurface potential values were used to imitatPi 

charging patterns for the real case owing to the input parameter design ofthis simulation 

tool. The relationship between the amountofsurface charging and the extentofelectron 

beam deflection at different desired landing positions away from acharging pattern edge 
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wasreported by SIMION. The deflection ranges obtained fromSMION agree with 

experimental observationsfound in literature. However,the heavycomputer memory 

requirement during SIMION simulation limited its simulation upto 50pm ofelectron 

trajectory and5 pm in lateral diameter for charging area definition. 

In this research the spatial distribution ofelectric field and potential were 

calculated and illustrated by programming in MATHEMATICA with classical 

electrostatics principles. The simulation model builtin MATHEMATICA illustrated the 

flexibility ofcalculation range in electron beam trajectory up to millimeter working 

distance. The dimension ofacharge pattern wasfirstly assigned with asuitable 

secondary electron emission coefficient,then the spatial potential and field were 

determined by Coulomb interaction from all the charging points onthe pattern. The 

deflection ofelectron beam wasfinally calculated stepwise along the assigned trajectory. 

A 100 pm flight trajectory was used asthe result ofboth appropriately covered the major 

decay ofthe spatial potential and field distribution and the reasonable computationtime 

needed for aPC. Charging patterns ofcircles and squares ofdifferent dimensions were 

considered and the electron beam landing errors werefound to be upto double digits in 

percentage landing errorfor large writing patterns. The surface potential decay after 

electron beam irradiation wasalso simulated by combining the initial state EBIC data and 

the MATHEMATICA programming;the results showed thatthe most significant 

potential decay happensin the first second after irradiation. The potential decay 

simulation correlated well with literature values. 
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Thisresearch showed the feasibility ofcombining a limited experimentation with 

simulation to modeldynamic charging behavior of a particular electron beam resists. The 

algorithm proposed in this research also illustrated the idea offeedforward correction of 

writing errors during electron beam direct writing process. So far various experiments 

have been conducted to measurethe deflection errors butnone ofthem has developed a 

simulation modelfor predicting deflection error with confidence. The model proposed in 

this research therefore brings the research ofcharging problem in electron beam 

lithography into anew phase,which the prediction and correction ofbeam landing error 

can be evaluated. 
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CHAPTERS 

RECOMMENDATIONSFORFUTURERESEARCH 

This research has been supported bythe Semiconductor Research Corporation 

(SRC)since 1997and this projectis the first one thathavefocused onEBIC behavior and 

charging induced electron beam deflection simulation ofelectron beam resists in our 

group. The author wishes to suggestsomerelevant fields evolving jfrom this research that 

post greatacademic valuesfor further exploration. 

1) The experimental estimation ofthe electron-hole pair generation energy:thisterm 

determinesthe carrier generation rate that is crucial inEBIC kinetics since theEBIC 

gain withouttrapping and recombination will be calculated by this information. The 

comparison ofthis ideal gain and the real gain measured in this research willlead to 

the furtherimderstanding aboutthe trapping and recombination dynamicsofa resist. 

2) The experimental determination ofcarrier mobility ofthe electron beam resists:a 

sophisticated experimental setup with pulse electron beam ofnanosecond range is 

needed. The current experimental setup forthis research doesn’t havethe capability 

ofgenerating a pulse electron beam owing to the fixed system design ofthe SEM 

used in this project. An electron beam source with shutter or quick scan raster coil 

design will be suitable to perform the task. The determination ofcarrier mobility 

value fi-om experiments will serve better understand the carrier concentration ofa 

resist;the carrier mean fi-ee path and the resultantcharge transportation mechanism 

will also befurther uncovered. 
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3) The relationship between the resist chemistry and the resultantEBIC behavior:the 

functional groups on polymer chain are believed to play someimportant butimclear 

roles to govern the EBIC behavior. Further research in this field can correlate the 

areas mentioned aboveto help resist developmentresearcher in better developing and 

designing specific polymer resists with desirable EBIC and charging behavior. 

4) The experimentation ofmeasuring EBIC after electron beam irradiation ofgiven 

dosage:this is veryimportantforfurther improving the credibility ofthe electron 

beam deflection simulation modelproposed firom this research. Current modelfor 

surface potential decay simulation is constructed onthe assumption ofPoole-Frenkel 

effect is valid right after the stop ofirradiation. The construction ofEBIC behavior 

after irradiation with respectto time,temperature,bias,and dose rate by experiment 

can be applied with myprototype algorithm for potential decay behavior prediction 

beyond severaltime constants with confidence. 
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