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Abstract

sulated materials is

Conventional positive-ion implantation into the insulating or the
accompanied with a charging problem owing to charge transportation to the implanted
target. In contrast, negative-ion implantation can be expected to be quite effective for

harging-fre i ion because of being i

less prone to charging. unlike

positive-ion implantation. This study focuses on the charging

ing and the insulated materials in negative-ion implantatio

The charging during negative-ion implantation is related closely to secondary elec-
trons emitted from the surface because the magnitude of the secondary-electron current

is comparable to or larger than that of the negative-ion current. Accordingly. it was as.

sumed that the charging mechanisms of the insulating or the insulated materials during

negative-ion implantation are linked with the yield and the energy distribution of see-

o two 1

ondary clectrons. Thus, this study is divided 1 parts; one is on secondary

clectron emission induced by negative jons, and the other is

he charging e

of the insulating or the insulated materials during negative-i

 implantation.

A discussion on secondary electron emission induced by negative ions is made

the basis of the yield and the energy distribution of secondary electrons measured for the

conductive and the insulati

g materials. This is the first summary on the yield and the

energy distribution of secondary electros . The measured data

induced by negati

have indicated the same properties and the same basic emission mechanisms irrespective
of the conductivity of the target materials. In addition, it has been discovered that the
negative-ion-induced secondary electrons consists of an extra electron relcased from a
negative ion in ion impact on a solid surface and the electrons originating from kinetic

emission.
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Another discussion on the charg)

g s during neg:

wade, related to the measnred data of the negative-ion-induced sccondary electrons. The

charging st during negati i on was studied

n the insulating or the

imental results and theoretical consideration is

od materials, respectively. The exg

insi

as follows: (a) the isolated electrode during negative-ion implantation is positively charged

g, voltage is as low as several volts, Taking into account the behavior of the

and its ehargi

mitted secondary electra m charging-voltage cquation expressed only by

an equ

it has been revealed

the yield and the encrgy distribution was presented. As a consequence

that the low equilibrinm-charging of the isolated clectrodes in negative-ion implantation

s achioved owing Lo the low-cuergy secondary electrons pulled back to the electrode. In

addition, it has been demonstrated that the slope of the energy distribution extending

toward the high-cnergy region determines that the charging voltage is proportional to the

insulating materials during negative-ion implantation was

yield. (b) The charging of th

examined by secondary-clectron energy analysis. As a result, it has been found out that

negative and its absolute value tothe

the charging voltage is ncreases almost in proport

yield of secondary electrons. To examine the negative charging of the insulating mate

fon implantation, a simplified charging model based on an electric double

during negati

was proposed. This model explained the charging properties qualitatively. It has

been predieted that the low equilibrium-charging of the insulating matcrials in negative-

fon implantation is achicved owing 1o the clectric double layer playing a role of a gate to

make the

el equal to one.

This st

hip betuween the emitted secondary

electrons and the charging of the insulating or the insulated materials during negative-ion

0. In conclusion. it has been verified that the negative-ion implantation

implanta

inherently less prone to charging.
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The following list contains the symbols used in the doctoral dissertat
Symbol  Quantity
a fon-beam radius

a Bohr radius: ao=0.0529 nm

AN, B.C dimensionless functions of the yield. 7, and the dimen less parameter, o

d thickness of the insulating material
e aperture diameter of the accelerator; dy/le denoting the aspect ratio
.D, parameter in the transferred energy function

n, distance between the insulating surface and the shicld

. electronic charge

E clectron energy

Ey Fermi level

E ionization energy

electronic transferred energy originating from both projectile and recoil atoms

maximum value of clectronic transferred energy

. maximum energy of secondary electrons
E, most probable encrgy of Ne(E)

s cnergy of an impinging ion

B energy of an impinging ion at a depth of z from the surface
I incident-ion current

fee charge-compensation current

L(Vw)  signal current detccted by sweeping the retarding voltage, Vi

current detected at Vi =0 V; I, = [,(0) <0




vi LIST OF SYMBOLS

I socondary-clectron current

J mean encrgy for the formation of an electron-hole pair

Jinn fon current density

K slope of the yield to the jon moment

[ the retarding region length between the accelerator and the retarding electrode
L mean attenuation length: exp(—2/L) denoting the attenuation function

Ly length of the path which negative jons penetrate

m mass of the monatomic ion

o atomic weight of incident jon

" density of the material

N- amount of ney rating by the path length

Ny initial amount of negative ions

N(E) energy distribution of secondary electrons

N energy distribution of secondary clectrons from the insulating material in the

charge equilibrin

Na number of the incident ion density per a sccond

e = Nabi(2)/ ]

'd electrons after scatt

Na(:)  number of the excited electrons.

Na(2) wumber of the

ing

r i

1 mon

ntum: p = mo

I3 average eseape probability for excited clectrons into the vacuum

electronic stopping power for incident encrgy (constant)

ronic stopping power at & depth of = from the surface for an impinging

e
on with an energy of £,

1 implantation time
v potential energy
v fon velocity

o Bohr

v charging

lage

Vice aceeleration voltage



Viwr

Yo

Y-
5

AE

isolated clectrods

voltage applicd 1 for verifying the measnrement principle

electron ¢ analy:

of secondary

ng voltage
charging voltage measured by the voltmeter

valtage applied to the colle

T extracting
retarding voltage

voltage applied to the suppressor

depth from the surface

projectile atomic number

target atomic number

n-heam diameter, 2a,
2d/\fa* + (24

yield of secondary electrons, 3 = {1/ lo]

ction of the
jal. d.a =1

dimensionle the thickness of th

intercept of the line representing the elationship hetween the yield and th
fon momentum in negative-ion ireadiation: 49 > 1

vield of secondary electrons for monatomic fons

yield of secondary electrons for monatomic carbon ions

yield of secondary clectrons for diato

yield of secondary clectrons for polyatomic ions
energy deviation in the energy analyzer; AE/E denoting the energy resolu-
tion.

permittivity in a vacuum

relative permittivity of the insulating matecial

angle of incidence on the energy analyzer

ratio of the yield to the cleetronic stopping powe /5.

ratio of the yield to the jon moment. A, = 3/p

ratio of the yield to the ion ve

ar

parameter in the formula between the clectron
cident ion. £ = Z)'

¢ stapping power and the in-

charge density after the exeited-electron redistributi
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LR
O
Ocal

Dre

o
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LIST OF SYMBOLS.

single-electron detachment eross section
beam potential at the beam center due to space charge of jon beam

work function of the collector made of stainless steel. o, = ou,

work function of the mesh made of gold-evaporated tungsten wire which is

attached 10 the retarding electrode

wnrlace potential

work function of the shield made of stainless steel

work function of the isolated-electrode mate
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Chapter 1

Introduction

1ctor fabri

1.1 Ion implantation in

It was in the late 1940s that Ohl ef al. at Bell Labs first used ions to modily the clectrical

properties of silicon. They implanted positive helium ions into silicon single crystals to
modify silicon rectifiers{1). This is the first case of ion doping of silicon[2-1). Around
1954. the patents on p-n junction formation using ion implantation began to be applied

by Schockley(5,6], Oh[7), and Mayer ef L8] After that. Freeman developed a very useful

ion source by 1962(9], and then the high current implanters based on this technology were

cstablished. As a result, a study on ion implantation technology of rity de

& began

for industrial applications, and by the carly 1970s the b: and anncal

c range caleulats

processes were understood; by 1975 implanters were heing nsed as doping tools.

Ton i ion is a method of i ing ions rated at a few kV to a few MV

o a solid to modify the propertics of the material. For semiconductor single crystals,

fon implantation has been utilized to introduce the impurities. The high-energy ions enter

e, collide with the target ata

the crystal lattic . and finally come to rest in the target.

plantation is a non-thermal process and henee: the muclear scattering events result

isplaced Larget atoms. With increasing dose: the individual regions of damag

B

together and with a sufficiently large dose the target material becomes amorphous. In as-

implanted semiconductor substrate. only a small number of jons will occupy substitutional
sites and hence a large bulk of the ions is electrically inactive. To make the ions active,
therefore. it is necessary to anneal the substrate by applying heat for an appropriate time.

Simultaneously, annealing removes the damage due to the nuclear events.
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The ion implanter is now an essential piece of cquipment for the majority
of semiconductor manufacturers.  Fignre 1.1 illustrates an cxample of the ion im-

plantation process. i.c.. source-drain (n* region) formation to the n-channel metal-

oxide-semiconductor (MOS) region by arsenic-ion implantation into complimentary
MOS (CMOS) ci
64 Mbits[2).

cess derives from the following advantag

it[10). Nowadays, we need 20 implantation processes per wafer for

This frequent use of jon i ion in the semiconductor-fabrication pro-

3.4): (a) It is possible to control the number

and the distribution of implanted impurity atoms accurately by adjusting the acceleration

voltage, ion enrrent, and implantation time. This control allows concentration levels from

10" 1o 10% atoms-cm™ to be obtained with considerable accuracy. Thus. we obtain a

b improved profile with a more abrupt change of concentration and more shrinking

deviee dimensions. (b) Only one species is selocted from the many ions produced in the

plasta by an analyzing magnet. This selection enables to improve the purity of the

mpuritics. (c) Previously implanted or diffused impurities are unaffected because of a

coom-temperature process, unlike high-temperature diffusions. In addition, rapid thermal
anncaling with laser beams in scconds and at relatively low temperature of 800 °C can be
achieved with very little diffusion. (d) A much wider range of elements can be implanted

i

comparison with the number of elements which can be introduced by high-temperature
dilfusion. () The impuritics can be implanted through a layer of oxide. This has impor-
tant benefits for the manufacture of MOS circuits for gate voltage threshold adjustment.

(1) Uniform doping to a large-arca wafer can be performed with high reproducibility.

(g) lon implantation takes place in a vacuum and therefore is inherently clean. (h) The
automatic control is easily done.

A these factors contribute to the general acceptance of ion implantation as one of
the most useful tools for the manufacture of very large scale integrated circuits (VLSI).

As device dimensions diminish and junctions become shallower (< 20 nm), the n- and p-

regions are increasingly being formed by ion i ion rather than by high
diffusion. The present trend that the gate oxides become even thinner predicts that jon

implantation will be the only tool for impurity doping in future semiconductor fabrica-



i

Ton unplantation m senmeondustor fab

p

Photoresist

Figure 1.1 Schematic diagram illustrating source-drain formation to the
n-channel MOS region in arsenic-ion implantation into CMOS circuit,
deriving from ref. 10.
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tion. Recently, ion implantation has been utilized not only in the large scale integrated

circuit (LSI) and thin-film transistor (TFT) fabrication but also widely in the various

fields such as surface mod;

1 of metals and insulating materials(11-20). Besides th
there is also novel work of ion implantation into powders(21-23].

Lon implantation, however, has a significant problem: the charging of the insulating

or insulated wafer surfac . by its very nature, jon implantation trans-

ports charge to the implanted target. In addition, charging occurs not only because of the

charges transported by the ions, but also because of the charges removed as secondary

electrons due to ion . Nence, p ion also incurs the

same charging problem as positive-ion implantation. Semiconductor implants frequently

involve walers with insulating and/or insulated surfaces. Charge buildup on the wafer

surface during implantation affects device yield as follows[24-30]: excess charging beyond
the breakdown voltage in such wafers produces miicroscopic craters, i.c., punch through
craters; even waler charging below the breakdown voltage can result in non-uniform im-
plants[28].  Accordingly, it is quite important Lo solve the charging problem in semi-
conductor fabrication. The conventional implanter has an electron flooding or shower,
designed Lo generate low energy clectrons in the vicinity of the target, to neutralize pos-
itive charge-buildup(31,32). However, the need for forced neutralization is not universal
owing to the much stronger yield dependence on device structure and chip layout. Hence,
it is extremely difficult to neutralize using such an external charge compensation system.

For example. there cin oceur negative charging up to =50 V as a result of excess supply

of electrons with a maximum energy of 50 eV. The charging voltage of 50 V is not neces-

sarily low in As the gate oxide decrease according

to increased gate density and reduced junction depths, wafer surface neutralizati

n us-
ing the above system becomes even more severe. AU present. it is necessary to suppress

the charging voltage within # several volts 5o as ot to affect device yield. Thus. the

inuing trend toward thinner gate oxides does require a completely new method for

harging:free i jon. Negative-ion i ion. treated in this study. is expected

10 be quite effective for charging-frec i ion because of i ly low charging.
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1.2 Negative-ion implantation

As already described. all the conventional implant is because

it has long been believed that positive ions are more e wparison with

negative ions and that. in contrast, it is considerably dil

wgative
fons for industrial applications. except for negative hydrogen

are easily extracted from pe

ctrons and accompanying i

in the plasma, it is difficult to extract only negative ons in the above manner becanse

a lot of clectrons in the plasma arc extracted together. 1t was discovered, howe

n a surlace

that the presence of minute amounts of an alkali metal, such as cesinm,

jon formation of particles cjected from the surface

enhances the probability for negati

The maximum negativei ies are listed in

). The

during

Table 1.1, when the cesiated solid surface was sputtered by xenon

probabilities are about 10% and approximately a hundred times s large s those without

cesium coverage. Thus, secondary negative-ion emission by sputtering can be used as an

jon-production method to obtain various high-current heavy negative-ion beams.

dacy negativeion o

The first heavy negative-ion source. to which the see io

T those days, how-

in 1969[:

was applicd, was constructed by Mueller and Horti

of heavy negative-i did not attract rescarcher’s notice.

ever, the

Table 1.1 Maximum negative-ion production probabiliti
negative-ion emission due Lo sputtering cach c
xenon ions(34.3

Ton species
- Si
ty (%) 183

Cu™ G w-
6 121 136 8.1

Production proba
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Hen

heavy negative-ion sonrces had been developed for tandem accelerators which

need & number of negative-ion species rather than a large amount of negati

on ¢

fent: i the 1970s. the universal negative-ion souree (

S)[37) and Aarhus negative

ion source (ANIS)[38] delivered a few tens of mi

roamperes of various heavy negative-

fon beams; in the carly 1980s. the versatile high intensity negative-ion source(39] de-

livered a few hundreds of microamperes: at the end of 1980s. a bucket-type plasma-

tter heavy negative-ion source(10] delivered several milliamperes in pulse mode. For

industrial applications of negative-ion implantation, neutral and ionized alkaline metal

bombardment-type heavy negative-ion source (NIABNIS)(41-43] and rf-plasma-sputter-

type heavy negativesion souree[31.44,15] were developed. In particular, the latter, de-

signed under the eq

epts of a large sputtering target surface, uniform sputtering by

plas a precise ecsium supply 1o the sputtering target, temperature control of th

sputtering target, and 4 low gas pressure discharge. extracted the order of n

illiamperes of
negative-ion heams in de mode, Table 1.2 summarizes the maximum de negative-ion cur-

fents measneed just after the extraction clectrode{35]. indicating the order of milliamperes

of negative-ion curr

ts sufficient for negative-ion i ion into i . Be-

sides. the depth profile of carbon atoms implanted into a silicon substrate at 50 keV with

a dose of 1107 jons-cm~?, which

quantitatively analyzed by Auger clectron spec-
trometry (AES). and a theoretical curve calenlated by the LSS theory(46] agreed well with

each other[47). This indicates that the depth profile can be controlled by adjusting the

‘Table 1.2 Maximum dc negative-ion currents extracted from rf-plasma-
sputter type heavy negative-ion source(33).

Ton species
B - (; P~ Cu~
fon current (mA) 1.0 1.6 23 38 03 121
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voltage in negative-ion i fon as well as in |

Xegative-ion i fon has another property. Figure 1.2 shows the

rhon atoms i

depth profile of mplanted at 20 keV" into a oxide sheet with a dos

of 1x10% ions-cin~? without any charge neutralization[33]. The profile. measured by

see-

ondary fon mass spectrometry (SIMS). also agreed well with a 1SS curvel46] in spit

of

insulating material. The carbon concentration which is steady at about 102 a em™t

in the deeper region than the most probable concentration is due to detection of a high

dose of carbon surrounding the measured point. not due to diffusion. The agreement
of the depth profile suggests that ne

ative-ion implantation is intrinsically less prone to

charging. because the su

ace charging apparently reduces the incident cnergy and hence

[i

implantation depth should be shallower than that in theory. The figure also indicates

1o cesium contami

nation although cesium vapor was used in the negative-ion source. No

contamination is very important in semiconductor fabrication. Furth,

‘more, the charging

voltage of electrically insutated aluminum by positive and neg |
ions as a function of dose{48) is shown in Fig. 1.3. No charge neutralization was carricd
in this measurement. cither. The charging voltage in positive-ion bombards

in proportion to the ion dose. This suggests that positive-ion implantation into the

trically insulated material without charge neutralization i

cquival

it to a charge supply

1o a capacitor. On the other hand, the charging voltage du

8, negative.ion

"

mplantatio

increases slowly with the ion dose and approaches to a certain value. The low chargi

in negative-ion implantation is considered to he caused by incident negative fons com-

pensating secondary electrons moving away from the target surface in ion bombardment.

Thus, no breakdown of insulating materials is expected in negative-ion implantation.

To utilize negative-ion implantation as a charging:frec implantation me

hod, it is
necessary to understand the charging phenomenon. It can be considered that the charging
during negative-ion implantation is related closcly to secondary electrons emitted from
the target, because the amount of the secondary clectrons and incident ions are of almost

the same order. To examine the inherently low charging during negative-ion implantation,

therefore, it is also important 1o investigate the behavior of secondary electrons.
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\
LSS Theory Y
\
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0 100 200
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Figure 1.2 Depth profile .,:.u...h..ml(.nm.. atoms in negative-carbon-
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o
-

L

- /C*

CHARGING VOLTAGE (V)
o
I

OLLIIJIII

B (20keV) — Alglass |

0 1
DOSE (X 10%ions+-cm™?)

Figure 1.3 Charging voltage of electrieally insulated alominum bombarded

by positi rhon jons without any charg

tion as a fanetion of dose]13]
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1.3 Research objectives

eful technique for modifying the properties of materials. Thus.

fon impl.

tation is a very

ids in the future. In

ore widely to the varions

fon implantation will be applicd much

n will pl

iconductor fabrication also,

fon implantati ingly significant role

e dimensions di become shallower. However. conventional

as dovi nish and june

implantation has a . because the charging

problem of wafer chargin

on

brings the non-uniform implants and dielectric breakdown and hence reduce device yvield.

he chg

King originates from positive-charge accumulation on the surface owing to pos-

the incident ions. In addition. sccondary electron emission

itive charges transported by

hances the wafe

harging. Thus. the charging in

vitable. So far. an

cansed by fon impact

n the target

al

tation into the clectrically insulated mate

positive-ion imy

external tralization

n such as an clectron flooding has managed to compensate

rge buildup. However, the still thinner gate oxides in the future will make

the positive

the external nentralizer useless. Contrary 10 positive-ion implantation. negative-ion im-

less prone to charging as observed in the preliminary experi

plantation is i

be consid

This 1 to be because the charges of the incident ions c

oga mpen-

ion. Thus.

sate the

oving-away negative charges as a result of secondary electron emi

pected to be quite effective for charging:free implantation.

ses on the charging of the insulating and the insulated materials in

ion impl. i Although sone il i have indicated the
low charging of the insulating and the insulated materials during negative-ion implanta-
tion, this benefit might not be applicable to every condition. In order to utilize the benefit

of the low charging in negative-ion implantation, therefore, it is extremely important to

anderstand the charging phenomenon in detail. It can be considered that the charging
is related closely to secondary electrons emitted from the surface because the magnitude
of the secondary-electron current is. in general. comparable to or larger than that of the

negative-ion current. Accordingly. this study assumed that the charging mechanisms of

the clectrically insulated materials during negative-ion implantation are linked with the
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trons. Therefore, there is another in

vield and the energy distribution of secondary

terest in secondary electrons induced b

negative ions. Unfortunately. secondary electr

ns has hardly been examined, and henee this study

started with the measurement of the secondary electrons. As a c

cquence. this is the

first summary on negative-ion-induced secondary electrons.

Figure 1.4 shows the flowchart of this doctoral dissertation. This dissertation is

divided into two m:

n parts: one is on neg duced secondary electron cmis-

sion (Chapter 2). and the other is on the charging mechanisus of th

ulating or the

insulated materials during negative-ion

wplantation (Chapters 3 and 4). The charging

mechanisms for both of the insulating and the insulated materials are discussed on the

basis of the measured data of secondary electrons. namely, the yield and the cnergy distri

bution. Chapter 2 describes the vield and the energy distribution of secondary electrons

emitted from the target surface in negative-ion implantation[19-52], where the cond

tive and the insulating materials are used as the target. A comparison with the results

by positive-ion bombardment is made to clarify the properties of secondary clectrons

3 and 4,

induced by negative ions. In Chapters arging during negative-ion implanta:

tion is discussed, taking into account the measured data of secondary electrons obtained

in Chapter 2. Chapter 3 deals with the charging of an clectrically insulated con

tive material, which is designated an isolated electrode in this study. during negative

[35,19,53-56. The dependence of the charging voltage on the various implan-

tation conditions, such as ion velocity and ion specics. is described. A charging model

du

ing negative-ion implantation is proposed to prove the low charging due to secondary-

electron self-regulating. On the other hand. the charging of the negative-ion-implanted
insulating materials is described in Chapter 4(35,57-61). The charging voltage is evalu-
ated from the energy shift of the emitted secondary electrons by secondary-electron energy
analysis because it is impossible to measure the charging voltage directly. Furthermore,

another charging model based on an electric double layer for the negative-ion-implanted

insulating materials is proposed to explain the charging of the insulating materials.

nally. the summary of this study is given in Chapter 5.
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Chapter 2

Negative-lon-Induced Secondary Electrons
“Yield ¥
+ Encrgy distribution N(E)

Conductive materials | Insolating materials
Chapter 3 Chapter 4
The Charging Mechanism of The Charging Mechanism of
Isolated Electrodes Insulating Materials

NEGATIVE-ION IMPLANTATION

Figure 1.1 Flowehiart of this doctoral dissertation and the theme in cach
chapter



Chapter 2

Negative-Ion-Induced
Secondary Electrons

2.1 Introduction

Under suitable conditions. ions striking a surface cause electrons 1o be emitted.

phenomenon is well known as secondary electron en

ist currents re

resulting from secondary eleetrons, ther

such as incident ions. backscattered ions, and secondary i

ms, and leakage current, flowing

into or out of the target during ion

The equilibrium charging voltage is

plantatios

determined when the

m of the currents apparently vanis e of the

hes. The magnil

incident-ion current and the se rrent s of almost the same order and

ondary-clectron e

relatively large compared with that of the currents due to the other ¢

rged

He

e. secondary electrons play a significant role for charging during ion implar

has been treated in

Secondary electron emission indneed by electron bombardn

reviews[64-66]. In addition to these r ectrom emission has

et articles. secondary

been comprehensis

cly discussed[67 70]. Recent reviews for positive-ion induced secondary

electron emission have been presented(71-73). Ths, a large number of papers on secondary

electron emis

ons has been reported. In contrast,

ion induced by electrons and positive

there are few reports on secondary electron o1 nduced by heavy negative ions. Even

io

il any. there must be considerable doubt as 1o the experimental data. For example, Hird

et al{14] compared the yield of secondary clectrons between positive- and negative-ion

pact on a stainless steel surface as for chlorine, iodine, and oxygen ions. However, the

13
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effect of secondary o asured

n the grid was loft

it tende i obse

values are so scattered that no expli

from this point of

v, i is important 1o exan wduced secondary clectron emis

1 negative o

ion.

The following information can be obtained from the measurements of ion-induced

condary electron emission: the yield. the lar distributio

rgy distribut

ete, The fi

Ltwo parameters, the vield and the energy ution of secondary electrons.

are treated in this o

The yield of secondary electrons. denoted by 5. is the average

pt

her of emitted electrons per incident fon. In practice, the yield of secondary electrons

is defined as

(21)

where Iy is the Lion current and I, is the secondary-electron current.  Equa-

fion (21) is represented by the absolute value, taking into account the positive: and

ative-ion.

rrent flowes in the opposite direction. On the other hand. the

N(E).

rgy dis-

o of second rons s expressed b

In this chapter. th ive jons is described

condary electron emission induced by

in view of the experimental results. i.e. the yield and the energy distribution of secondary

emitted from the conduetive and the i

ulating materials during negative-ion ir-

radiation[49-52). In addition, the features of the negative-ion-induced secondary clectron

emission are discussed in comparison with those of the positive-ion-induced secondary elec-

tro emission. In advance of the discussion on negative-ion-induced secondary electrons, a

general explanation of sccondary-clectron emission phenomenon induced by positive ions,

expecially kinetic electron emission. is given.

2.2 Secondary-electron emission phenomenon

ccondary electron emiission from a solid surface is a fundamental phenomenon which
may happen whenever energetic charged particles or photons impinge on the surface. In
addition. the emission of secondary electrons is a consequence of the interaction between

1. The

the primary and recoil particles and the clectrons in the solid. as shown in Fig. 2
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Vacuum Specimen

Incident ion

Secondary {
electrons

O :Recoil atom
« :Liberated electron

Figure 2.1 Schematic trajoctories of charged particles in ion impact and
secondary clectron emission.
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s Electrons

main fraction of emitted clectrons o on of conduction clectrons in

metallic systems or from ionization proce

d

Conventionally. pos ission is divided into po-

tential and kinetic emission. Potential en

n[75,76) is associated with the neutralization

of the impinging ions hefore they reach th

face and is, therefore, rather independent

ergy so far as the ion velocity is lower than the relevant atomiic electron

(75, The excaping clectrons originate from a process of Auger o

which the interaction of two conduction clectrons causes one clectron to neutralize the

nd the other to be excited into the continuum above

1K

incident ion in the gronnd state

the filled band. As a result, pot sion will occur il the neutralization energy

e the work function of the

of the positive jon, namely, ionization potential. exceeds t

itial emission is deter

ret[75). The yield based on pote

ed by the probability that

thexe excited electrons can

pe from the material, and therefore s 0.1 or lower(76].

The magnitude of this yield is cstimated fairly accurately at low ion impact velocities

by using a model developed by Kishinevskii[77). In negative-i on the

contrary, potential emission never occurs because negative ions are not neutralized by

giving electrons.

on the other hand, caused by

g place inside

nd hens

the target, pends on a large number of parameters: (a) for primary particles.

incident encrgy. atomic number. mass and composition (e.g.. X} or XY*), dose. and angle

of incidence: (h) for targets. atomic number, mass and composition, structure, surface

coverage and surface structure, and temperature. The absolute magitude of the yield

was evaluated by Sternglass{78] for higher ion velocities. For incident ions of low velocities.

Parilis and Kishinevskii(79] developed a theory which predicts the yield from metals on the

basis of Auger recombination processes as follows. For incident ions with an

rgy in the

keV region or more, a cascade of recailing targel atoms may be generated. The incident

ions and moving recoil atoms. in turn, may generate excited electrons by excitation of

conduction electrons or ionization of valence electrons. Some liberated electrons may be

able o reach the surface of the solid. Eventually. a certain fraction will escape from the
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surflace.

is refers to the so-called three step model: generation, moving to the surface,

and escape for the excited electrons|

0). 1t is well known[68] that secondary

rons

mainly from a layer of the order of 0.5 2 nm below the

originate eface in the case of

metals and somewhat deeper in the case of s

iconductors and insulators. T

is is because

less conduction electrons extend the me

1 free path of excited clectrons.

Baragiola cf al.[81] proposcd an expression for the

1d from perpend

arly bom-

barded metal surfaces, which cont. clements of the Parilis Ki theory as well

as those by Sternglass.

Eaesn (-7) = 22

deriving from the threc step model described above. 8,(z, E)/J. exp(=3/L). and P

correspond to generation, moving to the surface. and escape, respectively. ./ s the mean
energy for the formation of an electron-hole pair. independent of the fon velocity. P is

the average escape probability for the excited electrons into the vacuum, res from

integration over all electron energics and angles of incidence. S,

= E)

electroni

stopping power at a depth of = from the surface for 4

impinging ion with an cnergy

of E,. The term, exp(~z/L), is the at 1 for the excited ¢

ati

rons from

their place of origi Lis the

in a thickness, at z, whe

an attenuation length. At

sufficiently high velocities, the projectiles will lose a very small fraction of Uwcir energy
over the mean elcctron escape depth. so that the stopping power is regarded as constant

with respect to z and equal to that for the inci

 energy. We can then take the stopping

n of the direct

power outside the integral in eq. (2.2), and obtain the important conclusi
proportionality of the yield, . to the electronic stopping power of the particles incident

on the target, S:

(23)
where A is a parameter depending on the properties of the matcrial, and has the following
relationship with the projectile atomic number, Z: A x Z;°2[82]. Résler et al[62) gave
a detailed discussion for this relationship. In addition, eq. (2.3) was confirmed by some

experimental studies(81-86]. Holmén ef al.[83] indicated that A is constant for krypton-ion
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impact on copper over the cnergy range of 40 400 keV: for xcnon-ion impact on copper.

100-400 keV. The corresponding velocities are 3-10x10° nvs=" and 4-8x10% ms™", re-
spectively. Dr. Clonvas's research group has also reported that A is independent of the
projectile velocity in the velocity range of 10° mes™! order(82.85.86].

1t is well known[46] that the formula between the electronic stopping power, S, and

the incident jon velocity, v.

£ Srcta—r AL v

ine ZP s @

holds when v is small compared to Z2 v, where ¢, €, ag, vo, and Z; are permittivity

in a vacu clectronic charge. Bohr radius and velocity, and target atomic number,

respectively. £ is of the order of 12 but 14

ay vary with Z, approximately as & =

With the aid of eq. (2.4), cq. (23) can be reduced to
5= A (2.5)

AL is constant so far as A is constant. The above discussion suggests that eq. (2.3) holds
in the velocity range of 10% nvs™! order. Furthermore, the yield proportionality to the
ion momentum, p, is also true:

= A (26)

In addition to the electronic stopping power. Beuler and Friedman(87) considered
the velocity independent form as well as the Thomas-Fermi velocity dependent form,

taking into account the influence of the nuclear stopping power of the particles penetrating

o the target. The conclusion is as follows. The influence of the nuclear stopping power
increases with decreasing ion energy. However. in the energy range of more than 20 keV,
at which the projected range is on the order of 50 nm or more, and under the assumption
that the escaping electrons originate from the first five atomic layers of the target, the
influence of the nuclear stopping power is negligible.

Finally. the features of kinetic electron emission are sunumarized(63,87). As shown
in Fig. 2.2, the dependence of the secondary-clectron emission yield (SEE yield) on the

incident ion velocity is as follows(63]. Just beyond the region lying close to the threshold
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100 105 105 107
ION VELOCITY (m-s™")

Figure 22 Example of the yield dependence on the ion velocity.
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there exist the quadratic region (1 x v?) and then the lincar region (3  v). The former
extends approximately to 1.5-2x10% ms™!,

3x10° m:

and the latter begins immediately beyond

the former and extends up to 2. Beyond the maximum on the yield at
109107 mes=" which corresponds Lo a region of a few tens, hundreds of keV, or even a few

MeV, depending on jon specie

a fall-off down to quite low values of the yield is observed.
487, % = £ 7

and polyatomic ions at the

In addition to the velocity dependence, the additivity property of the

is observed, where 5, and ¥, denote the yield for monatom

velocity, respectively. The sum is taken over all atoms of the polyatomic ions.

“I'his property dese that the polyatomic ions penetrate in the material separately. In

the pol; ion made of the identical elen

i, therefore, the dependence of the yield

on the ion momentum gives the same curve ireespective of the atom number.

2.3 Yield measurement

2.3.1 Negative-ion implanter

Almost all experiments ied out using a prototype negativesion implanter. The im-

planter comprises a neutral and ionized alkaline metal bombardment-type heavy negative-

ion source (NIABNIS)[41-43], a sector.

gnet-type analyzing magnet, and an implan-

tation chamber, as shown in Fig. 23(a). In the case of a graphite sputtering targel,

maxin

m negative-ion currents of 3.4 A for negative carbon ions and 650 nA for nega-
tive dicarbon ions at an energy of 40 keV can be delivered to the implantation chamber.

Figure 2.3(b) shows a typical mass spectrum of the negative-carbon-ion beam at the im-

plantation chamber when cesiin vapor was introduced. A few experiments requiring high
ion current of more than a few A were carried out by using another negative-ion source,
rf-plasma-sputter-type heavy negative-ion source(34.44.45].

The ion-source chamber pumped by a 4 inch oil-diffusion pump with a liquid nitrogen
trap was maintained at 10~ Pa order during operation. because the negative-ion source

is a sputter type without any gas feed. Not only the ion-source chamber but also the

implantation chamber was pumped by oil-diffusion pumps with a liquid nitrogen trap
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(NIABNIS) Analyzing magnet

Measurement
apparatus
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Figure 23 (a) Schematic diagram of a prototype negative-ion implanter
cquipped with a neutral and ionized alkaline metal bombardment type

¢ ). and (b) a typical mass
using a graphite sputtering

hea:

spectrum of the negative-ion beam whe
target
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and kept at 107 Pa order during implantation. In general. the yield and the energy

distribution measurements of secondary electrons must be carried out under gas pressures

of 107* Pa ore

or lower, and for a clean surface. This s es ion

udy assun plantation

in a semiconductor fabrication process. Thus, all experiments were carried out under the

conditions of residual gas pressures of 1074 Pa order and a dose of 10 ions-em=2.

“To reveal the properties of negati pe i jon was

carried out in the same implanter as negative-ion implantation. In positive-ion implan-

tation, an axial magnetic ficld extraction-type microwave ion source with a permanent

magnet[88] was installed to the implanter shown in Fig. 2.3(a) instead of the NIABNIS.

A positive-carbon-ion beam was extracted by feeding carbon dioxide gas as an ionization

gas. Henee, the vacuum at the ion-source chamber was on the order of 10=* Pa during

. while the vacunm at the ion cha

operat

pl: er was still kept on the order of
1074 Pa.

In cach measurement of secondary electrons. the measurement apparatus was set in

implantation chamber so that a mass-separated positive- or negative-ion beam enters

it. as shown in Fig. 2.3(a).

2.3.2 Measurement apparatus

Fiy

re 2.1 shows the measurement apparatus for the yield of secondary electrons during

negative-ion ireadiation. The apparatus consists of a double hemispherical cup. During

the

casurement, the inner cup. or a collector was biased by +90 V to suppress the
negative space-charge effect due to the emitted secondary electrons and detect all the
secondary clectrons emitted from the surface. On the other hand. the outer cup, or a
shield was grounded in order not o count electrons in the vacuum chamber. An incident
aperture of the outer cup, a limiter. is 8 mm in diameter. A suppressor, which is located

50 V

between the limiter and the collector aligned along the beam line, was biased by
to prevent the secondary electrons generated by ion impact on the limiter from entering
the inner cup. The potential of the suppressor also prevents the secondary electrons due

to ion impact on the specimen from going out of the inner cup.
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Shield

Collector

Suppressor
Limiter

Conductive
material

Negative—ion beam Iy

Insulator film

Figure 2.0 Schematic diagram of the measurement apparatus for the

of secondary cleetrons.
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The secondary-clectron eurrent. L., and the charge-compensation current, L. can be

ultancously measared by using the apparatus shown in Fig. 2.4. Taking into account

the sign in «q. (2.1). the yield for negative-i

n irradiation is given by

[
Io = Iet 1

(27)

where ly is Laken positiv

entering the apparatus; both L. and I, are positive in flowing

1o the grownd. Tn n w irradi

hence, Io and I, are both negative. Taking

into acconnt the sign

(2.1), on the other hand. the yield for positive-ion irradiation

appears as
I

Ry

(28)

I the yield measurement during ireadiation onto the insulating material, a thin

insulator film on a silicon substrate was monnted instead of the conductive material, as

shown in Fig. 2.4,
2.3.3 Results for conductive materials

p

| of secondary clectrons emitted from conductive materials during negative-ion

irradiation was measured varying the following conditio

: ion velocity, ion specics., and

will be

ion current density.  The experimental results obtained under each con

described below.

23.3.1 Ion velocity dependence

25 shows the dey

Figure ndence of the yield of secondary electrons on the ion veloc-
ity during negative-carbon-ion irradiation onto the conductive materials, such as plat-

inum (closed circles). gold (closed diamonds). and aluminum (closed squares). The ion

current der was 9.7 410 nA-em™? for (° — Pt

y. depending on the jon vel

0.56-120 nA-cm™? for C= = Au: 14 71 nA-em™ for €= — Al As described later.

the secondary-electron emission yi

1d is independent of the fon current density in the

above ion-current-density range. Therefore. the feature shown in Fig. 2.5 reflects only the

elocity dependence.
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The broken designate the results obtained by the least squares

method. The yield inereases in proportion to fon veloeity in the ion velocity range of

2 8x10° mis~". implying that the main mechanism of secondary electron emission in

negative-ion impact on the conductive material as well as that in positive-ion impact

amission[63]. In addition. the slope of the broken lines is different from one

ndicates that the magnitude of the yield depends on the target materials.

However, any intersection of the lines with the vertical axis is approximately one. This is

not associated with the materials.

Equation (2.4) describes that the electronic stopping power increases with the target

ber, Zy. On the other hand,

atomic 1 both of the projectile and the target.

Henee, the dependence of the cleetronic stopping power on the target atomic number does

not always coincide with the yield dependence, shown in Fig. 2.5. Nevertheless. the yield

hecomes large as the target atomic number is larger. when the difference between the two

tanget atomic mmbers is

2.3.3.2 Ion species dependence

1t was found out that the yield proportionality to fon velocity in the velocity range of

2 8x10* m-s™", which is one of the significant features associating with kinetic emission,

is true in negative-ion bombardment.  Another feature, the additivity property of the

cld, will be described in this section.

Figure 2.6 shows the yield of secondary electrons for monatomic ions (closed circles)
and diatomic fons (closed squares) in negative-carbon-ion irradiation onto aluminum,
as a function of ion velocity. Fach broken line denotes the results obtained from the
least squares method. Both intersections of the lines with the vertical axis at a velocity

of 0 ms™" are approximately one. Now. let 9¢- = K'p + 3o, where both K and v are

constants (10  1). and p is the ion f the ic ion. The ion

is given by p = mv. where m and ¢ are the mass and velocity of the monatomic ion,

respectively. Assume that the negative polyatomic ions as well as the positive polyatomic
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Figure 2.6 Yield of secondary electrons for monatomic and diatomic ions
as a function of fon velocity in negative-carbon-ion irradiation onto
aluminum. Each broken line denotes the results obtained from the
least squares method
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fons penetrate into the target separately. Then.
;= Kp+ Kptaw=FK-2p+0. 29)

The most right side of oq. (2.9) represents that the plot of the yield for monatomic-

and diatomic-ion bombardments as a function of jon momentu

 is on one line, where

2p refers o the ion momentum of the diatomie fons at the same velocity as that of the

monatomic jons. The jon-momentnm plot of Fig. 2.6 is shown in Fig. 2.7. This indicates

teney with eq. (2.9) and the eflicient plot illustrat

e good con
Thus. the additivity property of the yield holds in negative-ion bombardinent as well

as positive-ion bombardiment. In addition. eq. (2.9) suggests that secondary electron

ssion and another emission which

Juced by negative ions comprises kinetic emi
always causes one electron Lo be emitted for one negative-ion bombardment.

Next, a comparison of the yield between carbon ions (closed circles) and oxygen ions

(apen ¢ . a comparison of hombardments using different ion elements, is made.
Figure 2.8 shows that the yield for negative oxygen jons increases in proportion to ion

welocity in Lhe same way as negative carbon fons, and is slight larger than that for negative

carbon fons. The feature was also observed for the other conductive materials. It is scen
from eqs. (2:3) and (2.4) that the yield becomes large as the projectile atomic number is

larger. even if the relationship, A x Z7*482]. ix taken into account. This is consistent

with the experimental result shown in Fig. 2.8

2.3.3.3 Ion current density dependence

igure 2.9 shows the dependence of the yield on the ion current density in negative-

carbon-ion irradiation onto platinum (closed circles), silicon (closed triangles). and alu-

m (closed squares), when the acceleration voltage was 10 kV. The yield for any target

aterial is constant over the measured jon-current-density range below 3 puA-cm=2, indi-

The ion current densi

cating that the yield is independent of the ion current densi
of 3 juA-cm™? corresponds 1o an ion impinging on an area 2.3 nm square per second.

This suggests that cach collisional event inside the material is independent within such
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Figure 2.8 Comparison of the yield between the carbon and oxygen ions

in negative-ion impact on al

um as a function of ion velocity.
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an impact frequency.

2.3.4 Results for insulating materials

A study on the sccondary eleetron emiission from the insulating surface due to ion bom-

bardment is accompanicd by considerably experimental difficultics. For example, the yield

y electrons apparently ac y in the charge equilibrium. This is be-

of secon

canse the secondary-clectron current ¢

ing Lo surface charging so that it becomes

equal 1 the inciden . Therefore, the accurate (o true) yield measurement

ion

for the insulating materials requires mi ng surface-charge buildup by supplying the
apposite-polarity charges of the accummlated charges.

The yield of

positive-ion bombardment has been, so far, re-

ported by some rescarchers: Batanov[89] measured the yield of alkali halide single crystals,

chloride, in litl

ax sadium chloride and potas and potassium-ion bombard-

ment. A cleaved slice of th

single crystal was heated and bombarded by short single

pulses. The value of the yield was 2 9 for 1 6 keV lithinm-ion impact on sodium chloride,

27 for 1-3 keV pota impact on potassium chloride; the yield measurement for

oxide films by a short pulse counting system with an electron multiplier was

carried out by Dietz[90]. The pulse was a 1.8 ns

20 keV hombardn

me and 4.8 ns width. The yield for

L by the alkali ions, such as lithium, sodium, cesium. and rubidium
ions, was 7 9; Stein and White[91] used quite low ion current of less than 10°'7 A and a

sensitive electron detector (solid state detector) to reduce charge buildup by 4-5 orders

of magnitude. The yield was measured for barium. strontium, cesium, and lithium ions

incident on aluminunm-oxide and titaninm-oxide films. and hence the value was 3-6 for

1040 keV' strontium-ion impact on aluminum oxide, 1-7 for 15-40 keV cesium-ion impact

on titanium oxide, for example.

This study presents the yield measurement during irradial to the insulating.

m and low ion current at room temperature.

The

terial by a simple method u

& 2 thin oxide

ield measure-

The manner is basically applicable irrespective of the jon polari

ment for the insulating materials was carried out using the apparatus shown in Fig. 2.4,
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when the fimiter of a diameter of

3 mm was attached o be aligned with the li

or of the

apparatus in order to reduce the incident-ion cureent. The thin oxide film of less than a

few hundred nin is expected to have a lower resistance and a higher leak current flow than

the thick insulating substrate. If the charge-comp ralizes the surface

charges and suppress the charge buildup. the true v ulating material will be
obtained.

dioxide 1 and 360 nmn thi

Thermally grown

0,) filins 120 n

con substrates were prepared as the insulator film. During the yield measurement the

vacus chamber was 1x107* Pa or lowe

m in the implantat dose was less than

1x10' jons-

Figare 2.10 shows the apparent yield in negative-carbon-ion irradiation. calculated

from the measured data, L. and ., according to eq. (2.7). The apparent yield becomes

unity in the higher ion-current-density region, except for 20 keV negative-carbos

n
impact on the 120 nin $i0; film. The apparcnt yield of one indicates that the insulating
surface is charged. Towever. the apparent yield approaches to a cortain value, not one,

with decreasing ion current density. This

suggests that the charge-con

compensates the accumulated charges to reduce the surface charging. This ph n i

considered as follows. Positive charges generated as a result of elect

on have an

n ex

effect on secondary clectron emission under insuffici

nt charge compensation; i

contrast,

there exist no positive charges to influence under sufficient ¢ wation. Therefore

apparent yield was regarded as the true vield. below 1 nA-em= for the 120 nm $i0, fi

0.3 nA-cm™2 for 360 nm. The yields at any ion euergy agreed with cach other wit

na

rela

error of 10 % irrespective of the diffe Si0; filin thickness. This demonstrates
that the measurement method is valid.

Only in negative-carhon-ion impact on the 120

m $i0; filin at an ion energy of
20 keV. the apparent yicld remains alniost constant with respect Lo the jon current den-

y. This is explained from the relationship between the projected range and the insulator
film thickness. The TRIM(92] caleulation indicates that some of carbon ions incident on

$i0; at an ion cnergy of 20 ke\' can reach up to a depth of 120 nn from the sueface.
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to flow from. or. to the silicon sub-

Thus. the charge-compensation current was «

strate. because the projectiles are penetrating while generating the liberated electr

to apparently reduce the insulator-film thickness. llowever, the increase in the charge

compensation current resulting from the apparent reduction of the flm th

has no

n. This is bec:

effect on secondary clectron emissi use the liberated electrons gencrated
around the interface between the insulating layer and the silicon substrate cannot reach

the surface and escape into a vacuum, on account of the escape depth of approximately

10 i for the insulating materials(68).
Figure 2.11 shows the dependence of the yield on the ion momentum, when the
$i0; films were bombarded by negative-monatomic- (closed circles) and diatomic-carbon

(closed squares) ions. The broken linc designates the results obtained by the least squares

method and all plots for negative carbon ions are approximately on the line except for
a few of the lowest ion-momentum plots. The yield in proportion to the ion momentum
indicates that the main mechanism of secondary clectron emission from the insulating

ission. It is also observed that an

material due to negative-ion bombardment is kine

ic

intersection of the line with the vertical axis is approximately one. These features are U

same as for the conductive materials shown in § 2.

A comparison of the yield between the carbon (closcd ircles) and oxygen (ape

circles) ions is made. Figure 2.12 shows the yicld in negative-carbon- and oxygen-ion
bombardment as a function of ion velocity. It is seen that, except for the yield of one
corresponding to the intercept, the yield for negative-oxygen-ion bombardment is larger

by approximately 8 % than that for negative-carbon-ion bombardment. From cqs.(2.3)

and (2.4), the yield for oxygen-ion impact on silicon dioxide is larger by approximately
15 % than that for carbon-ion impact on silicon dioxide at the same ion velocity, on the
basis of Bragg's rule[93). This almost explains the tendency shown in Fig. 2.12. This
is the same property as the case of the conductive materials, indicating that secondary

electron emission in negative-ion bombardment does not depend on the conductivity of

target materials but basically originates from the same mechanism.
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Figure 2,11 Yield of secondary electrons emitted from the $i0; film as a
"

function of ion in negativ The
upper horizontal axis designates the jon velocity of monatomic carbon
fons. which is twice the velocity of diatomic carbon ions. The broken

line is obtained

g the least squares method
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R o

2.3.5 Comparison with p y elec-

trons

and negative-carbon-ion irradiation onto platinum and silicon diox-

The yield:

n positi

ide as a function of ion velocity are shown in Fig. 2.13. The open and closed symbols

arbon ions,

designate the yield for positive and negat pectively. In addition, the bro-
ken lines designate the results obtained by the least squares method, taking into account

plots. Figure 2.13
eld

the data of diatomic-carbon-ion bombards for th

cates that the lines are almost parallel to cach other for cach target. and that the

for negative carbon ions is larger by approximately one unit than that for positive carbon

true for both materials

ions over the measured jon velocity range. This irrespective of

1he conductivity. The same feature as that shown in Fig. 2.13 was also observed for the

other targets such as gold.

The yield difference, deriving from the polarity of the fons incident on the same

target. can be considered to originate from an electron bound with a negative ion. A

negative fon. in general. holds an extra electron with binding energy of electron affinity
sehich i as low as approximately a few eV’ and. for example, the magnitude of monatomic

carbon is 1.268 ¢V([94). Thus, it is likely that negative ions casily release the extra electron

in impact on the surface. It is considered. therefore, that secondary electrons induced by

negative ions originate from kinet sion due to excitation of valence electrons by the

impinging ions aud clectron detachment from the negative ions in ion bombardment.

2.4 Energy distribution measurement
2.4.1 Measurement apparatus and method

meter used to measure

Figure 2.14 shows a hemispherical beam collector of 210 mm di

the energy distribution of secondary electrons in addition 1o the incident-ion current. The

ion beam is incident perpendicular to the surface of the specimen mounted at the center

of the collector. During the energy distribution measurcment. the extraction voltage of

+10 V was applied to the collector, while the specimen was at ground potential to prevent
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Figure 2,13 Yields of secondary clectrons in positive: and uegative-carbon
fon impact on platinum and $i0; as a function of ion
ken lines designate the results obtained by the least squares method.
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the space charge formed by the

iitted secondary electrons from affecting e low-encrgy

secondary-clectron trajectory. That is, the collector plays a role of a secondary

extractor in measuring the energy distribution. The hemispherical collector,
helps the electrical field line to point toward the radius dircction. In weasuring the
incident-ion current. the collector was connected directly with an amperemeter.

A limiter of 8 mm diameter attached at the entrance of the apparatus was grounded.

A suppressor, located between the limiter and the collector, was biased at —50 \

conductance of this apparatus is so small that the gas pressure inside the collector »

be higher than that outside the collector.

e, the meshes of 20 wires cach 10 m long

and of diameter 0.15 mm (49 % of the optical transparency). made of stainless-stecl wire.

were attached to 54 % of the rear plate of the apparatus to improve the conductance and

10 decrease the pressure inside the collector.

The secondary-electron trajectory can be easily affected by the magnetic ficld. There-

fore, Helmholtz coils of 700 min cube was set around the implantation chamber so that

the magnetic Relds of the carth, rotary pumps. and an analyzing magnet can be canceled

out. As a result, the magnetic field of a 100 mm cube ld space at the

sgnetic

ter of the implantation chamber, where the apparatus shown in Fig, 2,14 was set, was

reduced to less than 5. In general, the magnitude of the terrestrial magnetism i ap-

proximately 30 uT. Therefore, the secondary electrons with a

wrgy larger than 0.3 oV
can be analyzed in theory.

The energy of charged particles such as clectron can be analyzed by using the follow-

ing various eflects: a ret:

ing field (retarding-field type), a deflection field (clectrostati
prism Lype, cylindrical-mirror type), an aberration of a lens (Einzel-lens type, solenoid-lens
type), the difference of velocities (time-of-flight type), ctc. This study chose a retarding-
field type energy analyzer which has the advantages of a high signal-to-noise ratio, a wide
energy-analyzable range, a quick response, and casy fabrication. The energy analyzer was
installed in the apparatus so as to minimize an angle which the secondary-electron beam
entering the analyzer makes with the incident-ion beam. As a result, the angle was set

at 23 °, as shown in Fig. 2.14. Accordingly, this study does not take into account the
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angular of the secondary-clectron energy di

ib during negative-ion irradiation onto the

In the energy

sulating material as well as the yvield measurement. a thin insulator film on a silicon

substrate was mounted instead of the conductive material. as shown i 4.

Fig.

Figure 2.15 illustrates the retarding-field encrgy analyzer in detail. The enrgy

alyzer consists of six clectrades of a limiter, an accelerator, a retarding clectrode. a reac-
celerator, « suppressor, and a detector of an clectron multiplier. The meshes made of
gold-cvaporated tungsten wire are attached to the accelerator. the retarding electrode.

and the reaccelerator in order to form the uniform electric field. The optical transparency

for cach mesh is about. 78 % (100 wires cach 25.4 mm long and of diameter 0.03 mm). A
collimator of 4.5 mm diameter and 15 mm long, removing the electrons with large trans-
verse energy. was attached at the entrance of the energy analyzer to improve the energy
resolution. Thereby. the incident angle of secondary electrons, .., was reduced to less
crgy resolution further. an aspect ratio. duce/lies, Which is

than 1.3 . T prove the

the ratio of the aperture diameter of the accelerator, dy.,. to the length of the retarding

n between the accelerator and the retarding electrode, b, was designed as small as

The energy resolution in theory, AE/E, is given by(94)

. X
¥ 'z(an;'li) . (210)

indicating that the encrgy resolution is more improved as the aspect ratio is reduced. Ac-

cording to eq. (2.10), this energy analyzer will have the high encrgy resolution of 2.4x 10~

“The energy distribution measurement of the thermions emitted from an oxide cathode has

indicated that the instrumental function of the analyzer is Gaussian-like and the full width

at half-maxioum is 0.54 eV. The cnergy resolution calculated by regarding the width as

AE is 6.8x107%. Th

is close to the theoretical value of 2.4x107>. In the energy distri

bution measurement, the instrumental function of the analyzer has an effect on the shape

of the measured energy distribution. That is. the energy distribution obtained by energy

analysis is a ion of the true energy distribution with the i function.

The above result describes. however. that the effect of the instrument function is small
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ion source and the electric noise. Hence, no

compared with the mnstability due to t

deconvolution was made in this stu

The potential distribution on the center line of the energy analyzer is shown in

Fig. 2.16. The clectron shicld as well as the limiter and the accelerator was biased at

+80 V. The suppressor tor, the accelerator.

s kept at the higher potential than the

and the reaceelerator i order 1o prevent the secondary electrons generated at each elec-

trode from ente

ing the detector. The voltage variation from —140 V 10 410 V was applied

1o the retarding electrode for energy analysis. T ndary clectrons passing throngh

the retarding: potential bareier and then entering the electron multiplier were accelerated

at high voltage of 2.0 2.5 kV. and hence the secor

dary-clectron current was amplified to

10 107, As a result, the electron multiplier improves the sen

Ablock diagram of the encrgy-analyzing system is shown in Fig. 2.17. The secondary-

electron current amplified by the ltiplicr is converted into the voltage signal

of 10 mV maxinmm at an electron multiplier P. S. An isolation amplifier scparates the

signal from the output of the electron »

Itiplier P. S. including the acceleration voltage of

2.0

5 keV, and then amplifies only the signal by a factor of 100. The retarding voltage
was swept from =40 V to +10 V by a retarding voltage P. S. which amplifies the original
voltage generated by a voltage sweeper. The retarding voltage and the signal output were

d to an XY recorder.

Si

e the energy analyzer s retarding-field type. the signal current, L(Via), detected

by sweeping the retarding voltage. Vi, is integral of the energy distribution, N(E):

™" N(E)ME, @)

Vi
where Eas is the maximum energy of secondary electrons and the definite integral rom
06V 10 Euas of the energy distribution is normalized t0 one. The absolute value of I3 is

the maximum in the detected current and hence from eq. (2.11),

= 1(0). (212)

The energy distribution is given by differentiation of the signal current with respect to
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Figure 2.17 Block diagram of the areangement for measuring the cnergy
distribution of secondary «

ctrons.
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retarding voltage:

dl. .
o (2.13)

Figure 2.18 shows a set of typical examples of the detected signal current and the en-

ergy distribution obtained according to eq. (2.13) as a function of retarding voltage. A

differentiation was numerically done before smoothing.

2.4.2 Results for conductive materials

The energy distributi during negative-ion irradiation onto the conductive

materials was carried out. The results, the dependence of the energy distribution on ion

energy and ion current density. will be described below.

Figure 2.19 shows the encrgy distributions of secondary electrons emitted from the
aluminum surface onto which negative carbon ions were irradiated at ion energies of
(2) 10 keV. (b) 20 keV, and (c) 30 keV with ion current density of less than 300 nA-cm~2.
In Fig. 2.19, E denotes the electron energy measured from the vacuum level at the retard-
ing electrode and have the following relation to the retarding voltage: E = —Vou. That
is, the abscissa in Fig. 2.19 is reverse to that in Fig. 2.18. It is observed from Fig. 2.19

that every distribution has a peak at about | ¢V and a long tail exten toward the

high-energy region. It is known, in general, that the energy distribu of secondary

electrons by pe |

73) or electron b [67,69,95,96) has
a peak at 1-2 eV and a long tail extending toward the high-cnergy region. Figure 2.20

rface in

shows the energy distribution of secondary electrons emitted from the aluminum
20 keV negative-carbon-ion bombardment by the solid curve together with that in 20 keV

positive-carbon-ion bombardment by the broken curve. The latter was measured in the

same implanter as the former, only by substituting positive-ion source for negati

source. The shape of the energy distribution in negative-ion bombardment is close to that

in positive-i this study did not reach the quantitative
comparison of the energy distribution between the different ion polarities.
As shown in Fig. 2.19, the shape appears Lo be almost independent of the ion energy.

Figure 2.21 shows the dependence of the full width at half-maximum (FWHM) on ion
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Figure 218 Typical examples of the detected signal current and the energy
distribution as a function of retarding voltage.
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Figure 2,19 Normalized energy distributions of sccondary clectrons when
negative carbon ions at (a) 10 keV. (b) 20 keV. and (¢) 30 keV are
ireadiated onto the aluminum surface. The horizontal axis is taken as
the electron energy measured from the vacuum level at the retarding
electrode.
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energy in negative-carbon.ion ieradiation onto aluminum (closed circles). platinum (closed

squares), and n-type silicon (closed triangles). This indicates that the shape of the energy

distribution depends on the material rather than the jon energy. Since the ions penetrate

more deeply into the target material wi g ion energy. the majority of clectrons

beeame exeited in ceper region of the material. Irrespective of the jon energy. the
wrigin of secondary electrons is the top layer of 0.5 2 nm from the surface(68]. Therefore.

the shape of the energy distribution

independent of the ion energy.

Figure 222 shows the FWIIM and the most probable encrgy as a fnction of ion

current dewsity below 15 pA-em™, in negative-carbon-ion impact on platinum at an

ion energy of 10 keV. The solid symbols designate the FWHM and the most probable
natomic-ion bombardment; the of

energy for 1 1 symbols designate those for diatomic

fon bowbardment to the contrary. Both of the FWHM and the most probable encrgy

remain steady in the jon current density region below 1.5 uA-em™2, and the values for

monatomic: and diatomic-ion bombardment are almost equal to cach other. The same

feature was observed in the other negative-carbon-ion-induced conductive materials, such

as aluminum and silicon.

2.4.3 Results for insulating materials

The AT for negative-ion-induced i

sulating materials as well

as the yield measurement was carried out by using a thin oxide film and low fon current

to reduce surface charging.

ure 2.23 shows the energy distributions of secondary electrons emitted from the

120 nm $i0, il during negative-carbon-ion irradiation at ion energies of (a) 10 ke\'.

(b) 20 keV, and () 30 keV' with fon current density of approximately 2 nA-cmn2. T
encrgy shift in the energy distribution was observed: the energy distribution appears in

iore negative encrgy region as the ion energy is lower. The energy shift is more evident

in Fig. 2:21. showing the FWHM (closed circles) and the most probable energy (closed
squares) of the energy distribution as a function of ion energy. The most probable energy

decreases with decreasing ion energy and becomes steady below 15 ke\'. This indicates
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that the target surface is pusitively charged

son with the ground poten

because the charge compensation is insuffic

1o a low ion cnergy. The positive

& material during negative-ion irradiation is not consistent with

wssion in Chapter 4. This is hecause this positive charging results from the charge-

ation current lowing from the film surface to the rear res

lting from the yield of

more than one. Therefore, this case i

essentially different from the negative charging of

lating materials due to 1

charge-compensation current described in Chapter 4.
The resistanee of the $i0, film can be reduced because the projected range is ex-

tended with an inerease in jon energy. As a result, the surface approaches to the groun

potential. Therefore, it is co

widered that the encrgy distribution for 30 keV ion bom-

bardment i

¥ to be close to the try

distribution. However, Fig. 2.10 shows that

there occurs the charging reduction at an ion energy of 20 keV. It is considered that the
difference is not due o essential property but results from the difference of the samples.

the slight measurement conditions, ete.

Besides, Fig. 2.24 shows that the FWHM remains almost steady with respect to ion

energy although the values of the FWIIM are somewhat scattered.

2.5 Discussion

Secondary electron emission induced by positive ions is divided into potential emission

and ctic emissio

From the measured data of the yield and the energy distribution,

it was clarified that secondary electron emission induced by

egative fons as well as that
by positive ions is mainly kinetic emission. It is obvious that no potential emission

oceurs in negative-ion impact because negative ions have no jonization potential. On the

other hand. negative-ion impact can cause an electron detachment from a negative ion.
The presence of the detached electron of the emitted secondary clectrons was explicitly

observed in the measured data of the yield. That is. the yield for negative ions is larger

than that for positive ions and the difference is one. This suggests that detached electrons

neither interact with nor excite conduction and/or valence electrons in the target. Since
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potential emission

s caused by a process of Anger neut

tion and de-excitation, the

vield of the escaping clectrons is 0.1 or lows

6. This value is quite far from one. The

low yield originates from only a small e ed clec

pe probability of the ex in the

target. Therefore. it is coneluded that no Auger process due to the detached eleetra

such as potential ens -ion bombardment

consider th

electron by i ducing clectron cross secli that the

initial amount of negative fons. Ny, is redueed to N~ wh

negative jons are penetrating
the material whose density is n by the path length. Ly. Then the following cquation

holds:

p(-n0-10lp). (2.1)

where _y is single-el cross

( jon). The singl
electron detachment cross section for negative carbon ions passing through the gas,

such as argon, nitrogen, and xenon, was measured(97,98). The value is of the order

of 107" cm? and independent of the jon velocity for 3-9x10% mes It is assumed

that the data is applicable for the materials used in this study. Since the density

of the materials such as aluminum, platinum, gold, and sil

0 used in the measure-

ment is 5.0-6.6x 107 atoms-cm™", put n = 6 x 10* atoms-cm’

. Furthermorc, suppose

ooio=1x107% en? and L,

.2 nm, corresponding Lo one atomic layer. Then, the re-

sult calculated (rom eq. (2.14) indicates ti

it 30 % of electrons are released from negative

ions at one-atomic-layer depth from the surface. In fact. the electrons of the target mate-
rial ought to have an effect on the detachment. Therefore, it is considered that electrons

detached from negative ions were detected in the measure

nent.

The dose was on the order of 1x10' jons-cm

in the neasurement of secondary
electrons, because this study assumes ion implantation in semiconductor fabrication. A

dose of 1 x10'® ions-cm™? can easily change the surface conditions of the target owii

1g to the

dose, ization, etc. In the energy distributi the most probable

energy of the measured energy distribution includes the contact potential difference: when

the work function of the specimen is larger than that of the retarding electrode, the energy
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Table 2.1 Work fun 9] before implantation and the difference

of the work function after negative-carbon-ion  implantation  of
rom that before implantation. Data of the work
function for carbon is shown as a reference.

ms-em™? dos

Material Work function (eV)  Difference (eV)

Platinum -0.1
Carbon
Alun +0.9

distribution shifted by the contact potential differen

oward the high-energy region will

be observed; i the opposite case, the cnergy shift toward the negative-energy region

will be observed. However, the most probable energy of the energy distribution induced

by negative ions is approximately 0-1 V. which was almost the same value irrespective

of the target mate

Thus, the difference of the most probable energy among the

targel materials due to the energy shift was not explicitly observed. Table 2.1 shows

the difference of the work func

s before and after negative-carbon-ion implantation
of 10% jons-cin~? dose. obtained by Kelvin nethod{100). The difference in Table 2.1

corresponds to the work function after i ion minus that before i ion. As

a result of carbon-ion implantation. the work function of platinum larger than that of
carbon was decreased by 0.1 ¢V, while the work function of aluminum smaller than that

of carbon was increased by 0.9 ¢V. This indicates that the work function of the carbon-

wplanted material approaches to the work function of carbon. In a dose of 10'* ions-cm™?
or lower, in contrast, the cnergy shilt was observed. Hence. it is considered that almost
the same most probable energy irrespective of the different target materials is due to the

dose of 10' ions-cm=2. Thi

dose to the small p ge of ion by

the impurity.
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2.6 Summary

The significant parameters of negative-ion-induced secondary clectrous, the yield and

the energy distribution, were studid 1o clarify the charging mechanism in negative-ion

implantation. Hence. all measurements were carried out under the ion-implantation con-

ditions in semiconductor fabrica

... the residual gas pressure of 1074 Pa order and

a dose of 10’ jons-cm™2

The results for the yield measurement have revealed the yield proportionality to

ion velocity in the region of 10° to 10° m: This has indicated that the secondary

electron emission induced by negative ions as well as that by positive ions is mainly the

kinetic mechanism. In addition, it has been discovered that the magnitude of the yield in
negative-ion bombardment is larger by one unit than that in positive-ion be

Thi

nbardinent.

concluded to be due to the detachment of the extra electron bound to the negative

ion owing to ion impact on a solid surface. Therefore, the negative

fon-induced secondary

electrons consists of this extra clectron and the electrons originating from kinetic emission.
On the other hand, it was observed that the energy distribution of secondary electrons

induced by negative ions has a peak at about 1 eV and a long tail extending toward

the high-energy region. This has demonstrated that the shape of the «

gy distribution

induced by negative ions is close to that induced by electrons and positive ions. No other

ribution. In addi these:

peak, such as an Auger peak, was observed in the cnergy

paratneters are independent of ion energy (velocity) and ion current density in the fon

energy range below 40 keV with an ion curcent density of less than a fow mA-c

they depend somewhat on target material:

Most measurements were carried out by using negative carbon ions. However, some
results for negative oxygen ions has showed the same properties as that for negative carbon
ions. This demonstrates that the properties described above are not restricted only to

ns, because the secondary-electron emission phenomenon originates

negative carbon i

mainly from kinetic interactions.
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Chapter 3

The Charging Mechanism of
Isolated Electrodes in
Negative-ion implantation

3.1 Introduction

In the recent trend of decreasing the gate oxide thickness in semiconductor fabrication,

the charging problem which brought by fon implantation has become even more scrious.

The charging voltage in excess of 10 V' during the fabrication process will damage a 10 o

oxide film permanently and catastrophically. because a high quality oxide film typically
!

has a dielectric breakdown strength of 10 MV« The traditional solul

to the
positive charging of wafers induced by positive ions has been the use of clectron floodguns

which shower on the waler surface durin,

mplantation. Hlowever, such an external charge

neutralization system always has the possibility of negative charging due to high

electrons.

Negative-ion implantation. on the contrary, introduces negative charges into the

wafer. and will be able

keep the charging voltage of the insulating and the insulated

materials close to the ground potential. In fact, the preli ot has indi-

inary experi

cated the low charging during negative-ion implantation. ax show igs. 1.2 and

Thus. negative-ion implantation is intrinsically less prone to charging unlike positive-ion

implantation. Accordingly. it is expected that negative-ion implantation will be effective

as charging-free implantation.

This chapter describes the charging properties of an electrically insulated material.

61
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which is designated an isolated clectrode. during negative-ion implantation| 56).

The charging voltage of isolated electrodes was measured by varying ion energy (velocity).

fon current density. ion specics and target material, and compared with that in positive-ion

implantation to clarify the low charging of isolated electrodes in neg

A charging model based on the emitted secondary clectrons is proposed to expl

positive. low charging voltage in the equilibrium charging. Fi the
of the charging voltage on the yicld is also discussed, taking into account the dependence

of the yield on the ion velocity.

3.2 Charging voltage measurement
3.2.1 Measurement apparatus
Figure 3.1 shows the measurement apparatus for the charging voltage of an isolated clec-

trode during negative-ion implantation. An isolated electrode was mounted at the center

of the hemispherical shield of 210 diameter. The isolated electrode typically consists

of 230 mm x 30 mm square sheet made of a conductive imaterial sheet or film on an alkali-
free glass plate 1.1 mim thick. A mass-separated negative-ion beam enters the apparatus
through a limiter and a suppressor. and then strikes the electrode surface. The limiter
8 mm in diameter was at ground potential, while the suppressor was biased by ~50 V to
prevent the secondary electrons generated at the limiter and the isolated electrode from

going in and out. respectively. Thereby. it is possible to precisely examine the charging

of the isolated electrode and the relationship of the charging with secondary electrons.

The charging voltage of an isolated electrode during negative-ion implantation was
measured by using a noncontacting electrostatic voltmeter outside the vacuum. It is
possible for the voltmeter to measure the voltage more than the order of kV, but the

resolution is as large as 10 V. Thus, a h

input-impedance (1000 GR2) voltmeter was
substituted in measuring the charging voltage less than a few tens volts.
The following conductive materials were prepared for an isolated electrode: alu-

minum, platinum, gold. and n-type silicon. All measurements were caried out under gas
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Figure 3.1 Schematic diagram of the measurement apparatus for the
charging voltage. The charging voltage of an isolated electrode s
measured by a noncontacting electrostatic voltmeter or a high-input-
impedance voltmeter.
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pressures of the order of 10 Pa and dose was 1-5x10'® ions-cm™2.

3.2.2 Results of measurement

The charging voltage measurement of isolated electrodes during negative-ion implantation

was carried out varying the implantation conditions: ion energy (velocity), ion species,
and ion current density. The dependence of the charging voltage on cach parameter will

be discussed in the succeeding secti

3.2.2.1 Ion energy (velocity) dependence

Figure 3.2 shows the charging voltage of the isolated electrodes, such as Pt/glass (closed
circles), Al/glass (open squares), and Si/glass (closed triangles), during negative-carbon-
fon implantation. The ion current density was below a few hundreds nA-cm=? as fol-
lows: 4.4-100 nA-cm~? for C- — Pt/glass, 2.8-420 nAcm™? for C- — Al/glass,
24-76 nA-cm? for C~ — Si/glass. Although the ion current density depends on the
jon energy, the charging voltage of the isolated clectrodes remains steady on the order of
jon current density below a few jA-em~?, as described later. Thus, Fig. 3.2 reflects the

property due to the

0 energy.

The isolated electrode during negative-ion implantation is positively charged and any

curve increases slowly with an increase in ion energy. as shown in Fig. 3.2. Even at an
ion energy of 40 keV, the charging voltage is still as low as several volts irrespective of
the target materials. A slight difference of the charging voltage by a few volts among
the target materials indicates the charging voltage of the negative-ion-implanted isolated
electrodes has a slight dependence on the target material.

Figure 3.3 is the plot of the charging voltage against ion velocity, in which the same
data as Fig. 3.2 was used. It is seen that the charging voltage is alinost proportional
to ion velocity. This implied that the property is close to that of the yield of secondary
electrons. The relationship between the charging voltage and the yield will be discussed

later.
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3.2.22 Ton species dependence

The ion-energy dependence of the charging voltage is shown in Fig. 3.4, wh

negative

carbon ions were implanted into an isolated clectrode (Al/glass). The closed circles and

squares designate the charging voltage for monatomic and diatomic fons. respectiv

The charging voltage in negative-dicarbon-ion bombardment is larger by about 1 V than
that in negative-carbon-ion bombardment at the same ion energy of 20 ke to 40 keV.
and the voltage difference decreases with decreasing ion energy. The similar tendency was

also observed for the other conductive materials.

3.2.2.3 lon current density dependence

The voltage measurement described above was carried out below the ion current density
of a few hundreds nA-cm~?. The charging voltage of isolated electrodes, such as Pt/glass

(closed circles), Al/glass (open squares), and Si/glass (closed

ngles), during negative-
carhon-ion implantation remains almost constant in the ion current density range of less
than 2 pA-cm=2, as shown in Fig. 3.5. However. it is scen that the charging voltage
gradually decreases with an increase in ion current density.

Figure 3.6 shows the charging voltage as a function of ion current density above
0.1 pA-em=2. The closed circles designate the charging voltage of an isolated electrode
(Si/glass) during negative-carbon-ion implantation at 15 keV; the closed squares, during
negative-silicon-ion implantation at the same ion energy. The charging voltage remains
almost constant up to a few uA-cm™?, almost close to 10 uA-cm=2. Beyond an ion current
density of 10 uA-cm~2, however, the charging voltage begins Lo decrease and becomes 0 V'
at about 20 wA-cm~2. Eventually, the charging voltage reaches 3 V at 50 pA-cm™2.

‘The magnitude of beam potential at the beam center formed by an incident negative-
jon beam is shown together in Fig. 3.6 by the solid curve. The beam potential is based
on the assumption of a cylindrical beam transported through a cylindrical shield. Then,

the beam potential. dyp, at the beam center is estimated as follows:

Sbp = =0.039i0a VM, 3.0)
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whete Jion and M are the ion current densi pAem™?) and the atomic weight.

(w

respectively; the diameter and the energy of the

drical beam are 8 mm and 15 kel',

respectively; the radius of the cylindrical shield is 100

. Itis seen from Fig. 3.6 that a

drop of the charging voltage coincides with a sharp increase in the beam potential.

is considered to be attributed to the negative bean-potential in front of the clectrode

pushing the emitted secondary elcctrons back to the clectrode surface.

number of secondary electrons has low enrgy less than a few eV, as descril

ial barri

the beam potential at several eV can easily be a potet front of the electrode

surface.

3.23 C i with positive-ion-impl d isolated elec-
trodes

In this section, a comparison of the charging voltage is made between negative

0 ime

plantation and positive-i

implantatic

. The charging voltage measurement was carried
out under the same conditions and no charge compensation was performed.

Figure 3.7 shows the charging voltage of an isolated clectrode (Al/glass) during

posi carbon-

-carbon-ion implantation (open circles) together with that during negati

ion implantation (closed circles). The broken line in the figure denotes the acceleration

voltage corresponding to the ion cnergy. The charging voltage of the isolated electrode
during positive-ion implantation is close to the acceleration voltage. In contrast, the

charging voltage during negative-ion implantation is quite low at several volts positive

in spite of the same leration voltage. It is that pe
into an isolated electrode is equivalent to the positive-charge accumulation to a capac-

of

itor. Furthermore, secondary electron emission from the electrode enhances the ri:

the charging at the beginning of implantation: without secondary clectron emission, the

positive-charge accunulation ratio is given by Io; with sccondary electron emission, the
ratio rises to (1+7)lo, where Jo is positive-ion current and 7 is the yield of secondary elec-
trons. After brief implantation, the ratio approaches to /o because the emitted secondary

electrons, of which energy is almost as low as several eV, are pulled back to the electrode
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owing 10 its p potential. Thus, positi

rently requires ex-

ternal charge neutralization by using negative charges s cetrons to suppress the

charge buildup.

3.3 Modelling of negative-ion-implanted isolated
electrodes

3.3.1 Equilibrium charging-voltage equation

The measured data have revealed the positi

- low cquilibrium charging of isolated elec

trodes du plantation. except for fon current density of more than

10 uA-em2.

of i

lated electrodes during neg; e

y range below
1 uA-cm=2. Above an ion current density of 10 gA-cm~2, the negative beam-potential

should be taken into account. In modelling the charging phenomenon of isolated eles-

trodes during negative-ion i jon, this study only on e secondary

electrons emitted from the electrode surface, because

mber of any charged

particle is relatively small compared to that of secondary electrons and incident ions.

The low charging of the isolated clectrade during negative-ion implantation

sidered to depend on the pulled-back

ndary electrons with low

gy, In fact,

computer simulation of the trajectory tracing of secondary clectrons wsing the Monte

Carlo method{101] has indicated that the sccondary electrons with low cnergy are at-

tracted back to the electrode surface owing to the positively charged electrode. Figare 3.8
shows the deduced process of the charge equilibrium of the negative-ion-implanted iso-
lated electrode for the yicld of more than one. At the beginning of ion implantation, the

isolated electrode will be positively charged because th

1 is larger than onc in the

fon-encrgy range above a few keV. as shown in § 2.3 |

8(a)). As the charging volt-

age of the clectrode increases with positive-charge accumulation, the secondary electrons,

starting with those of the lowest energy. will be pulled back to the clectrode surface by its

positive potential. and hence the yi .8(b)). Eventually,

1d will apparently decrease [F
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the apparent yield will become equal to unity in the charge equ [Fig. 3.8(c)).
Letting the equilibrium charging voltage be V;. and taking into account the pulled-
back secondary electrons with lower energy than the clectrode potential of ¥, as shown

in Fig. 3.9, we obtain the equilibrium charging-voltage equation:

js"" N(EME = (3.2)
ev. .

1
B

for 7 2 1, where Epy, is the maximum energy of secondary clectrons and the dei
integral from 0 eV Lo Epy, of the energy distribution is normalized to one. Equation (3.2)
represents that the ratio of outgoing secondary clectrons to all the secondary electrons
emitted (rom the isolated electrode should be equal to 1/7, and that the charging voltage

is given only by two parameters describing secondary electrons, N(E) and 7.

3.3.2 Charging model evaluation

According to eq. (3.2), the charging voltage of the isolated electrode during negative-

implantation is estimated from the measured data of the energy distril and

the yield of secondary electrons, shown in Chapter 2. The maximum encrgy. Emas,

q. (3.2) was taken as 40 ¢V in the measurement range. In the I

ited energy region,
the charging voltage is underestimated and the estimation error increases with the yield
and/or the ion energy. In fact, the maximum energy of the ion-induced sccondary electrons
is approximately 50 eV, and hence the error is less than 1 % and ignorable. The charging
voltage estimation was made about Al/glass and Si/glass into which negative carbon ions
were implanted.

The estimated charging voltage (closed circles) in negative-carbon-ion implantation

into Al/glass is shown in Fig. 3.10, together with the charging voltage measured directly
with a high-input-impedance voltmeter (open squares) as a reference. The estimated
voltage and the measured voltage are in good agreement with cach other. Table 3.1
summarizes the averaged value and the standard deviation of the relative error between
the estimated charging voltage and the measured charging voltage, indicating that the

estimated and measured voltages agreed within 15 % relative error. This demonstrates
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Figure 3.9 Schematic diagram illustrating the charge equilibrium of an
isolated electrode during negative-ion implantation. In the charge
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trode; the secondary electrons with an energy of more than ¢V, fo.
move away from it and the others with lower cnergy. (3 = 1), are
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aged value and standard deviation of the relative error be-
tween the estimated charging voltage and measured charging voltage.

Averaged value _Standard deviation

€™ = Al/glass 0.077 0.14

C7 = Alfglss  -0.031 0.097

€ = Si/glass 0.081 015

g - -0.061 013
that eq. (3.2) is valid.

3.4 Discussion

An estimation of the equilibrium charging voltage from the measured data of the energy

distribution and the yield according to eq. (3.2) has indicated quantitative agreement with

directly measured charging voltage. In addition, it has been verified that the pulled-back
secondary electrons spontaneously cause the equilibrium charging at several volts positive
in negative-ion implantation.

The measured charging voltage has indicated the same dependence as that of the
yield of secondary electrons on the ion velocity. Let us now consider the relationship
between the charging voltage and the yield. Section 2.4 described that the shape of the
energy distribution is almost independent of the ion energy. Thus. it is seen from eq. (3.2)
that the charging voltage depends only on the yield. Figure 3.11 shows a double-log plot
of the energy distribution for 30 keV ion energy of Fig. 2.19. It is observed that a tail
extending toward the high-energy region is proportional to clectron encrgy to the power

minus two, i.

. N(E) x E~%. Substituting this relationship into eq. (3.2), we finally

obtain the following significant relationship:

Vexa. 3.3)
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The dependenee of the dircetly me

asnred charging voltage on the yicld of secondary

lantation into Al/glass is shown in Fig. 3.12.

This

clectrons in negative-carbon-ion

t that the proportionality

dicates a good agreement with cq. (3

to th

of the charging volia vield is due to the feature that th

tail of the energy

mal to £-2,

distrib

o Loward the high-cnergy region is propor

In a series of measurements, a dose of more than 10" jons-coy

might change the

snrl; on

tions of the isolated electrode, such as the work function. When the charging

v dis

voltage is extimated from the ribution obtained in § 2.4, however. the work

is becau:

aterial is canceled out. | the relationships hold

as follows. I the charging voltage measure

ot. there holds the following relationship

hetween the charging voltage. V.. and the charging voltage measured by the volt

eter,

V7, as shown in Fig, 3

Vot oy =V + o4, (34)

where ¢, | 6, are the work functions of the electrode material and the shield material,

respectively. On the other hand, the relationship betwee

the electron energy, E. and the

retarding voltage, Vi, in the encrgy distribution measurement

. from Fig. 3.13(b).
expressed as

E 404 = ~cVieo + 0. (33)
where der is the work function of the retarding clectrode material. Let £ = eV, and

assume the corresponding e

ding voltage, Viulg=s;. Then. egs. (3.4) and (3.5) lead to

v

(36)

In this case, da = @i, because the shicld and the collector are made of the same material.

stainless steel. Equation (3.6) indicates that it is unnecessary to take into account the
change of the work function of the electrode material due to the dose. The work function

of the retarding electrode to which the gold mesh is attached is 4.58 cV[99). while the

work funeti

1 of he shield (staindess steel) is 4.4 V[102). Tn fact. the voltage difference

was ignored because it is as small as the error of the measurcment.
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Figare 3,13 Energy diagrams (a) in the charging-voltage measurcment.
and (b) in the energy distribution measurement
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As described above. the charging mechanism of the negati

mplanted isolated

electrode is explained only by the behavior of secondary iitted from the elec-

trode in the charge equilibrium. That  charging voltage is determined only

ising

stribu

0. Instead of the direet measurement. therefore.,

the measured yield and encrgy

we can determine the charging voltage of the isolated trode from the knowledge of the

vield and the energy distribution of secondary eclectrons. Furthermore. computer simula-

tion on the basis of the charging mechanism will be able to give the charging voltage of

d isolated clectrodes.

complicatedly desi

The above model was discussed in the ion current density range below 1 pA-c

Beyond 10 gA-cm™2, however. a drop of the char, ative beam

g voltage duc to th

potential was observed. Figure 3.1 shows the charging voltage of the isolated electrode

in negative-copper-ion implantation at an ion encrgy of 15 keV. ‘The solid curve: denotes

the magnitude of the beam potential obtained according to eq. le of

1). The magn

the beam potential at an ion current density of | mA-cm~? is

timated at approximately

300 cV. However, the charging voltage was almost 0 V around 10- Pa by introducing

a xcnon gas. This suggests that space charge relaxation results from caliza

of negative ions and the fonization of xenon particles accompanicd with the collis

between negative ions and gas particles. Collapse of negative due o large electron

detachment cross sections of 107'% 10~ cm? even on the order of 107 Pa[97,98]. Tl

charging voltage drop due to the negative beam-potential is casily removed by introducing

a noble gas.

3.5 Summary

The charging voltage of the isolated clectrode during negative-ion implantation was mea-
sured under gas pressures of the order of 10~* Pa and dose was | 5x 10" jons-cm~2. The
measured data have revealed the low, positive charging of the negative-ion-implanted iso-
lated electrode under every condition, except for ion current density of more than a few

uA-cm=2, Beyond 1 wA-cm~2. a voltage drop and negative charging were observed. This
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is due 1o the bes onstrated, howe

n po

cutial. & i noble gas

into the i

wplantation chamber can casily reduce the charge buildup eveu at high cureent
density beyond | mA-cm~?.

From the measured data of secondary electrons. the charging voltage of the isolated

clectrode was estimated according to the cquilibrium charging.voltage cq The

ation

estimated voltage was in good agreement with the directly measnred voltage. proving

that the low equilibrium charging of the isolated clectrode is achieved

implantation. In addition, it has been demonstrated that the slope of the

clectron energy distribution determines that the charging voltage is proporti

yield of secondary electro

Finally, the charging phenomena of the isolated clectrode in positive-ion, neutral-

is based on the charg

particle, and negative-ion i ion are ized. Thi

model described in thi

shows a comparison between the charg:

ing phenomena of the isolated electrode in (a) positive-ion, (b) neatral-particle, and

(c) negative-ion i fon. In positive-ion i o, positive charges inevitably

1 he electrode surface whether the emitted secondary electrons are altracted
back or not. Thus, the charging voltage will rise up to almost acceleration voltage, V..
Next, the charge equilibrium in I-particle hombardment is lished when all

the emitted sece lectrode bee

dary electrons arc

of no charges.

Therefore. the charging voltage will stay at Eyuy/c. Where Fyuay is the maxing

i energy
of secondary electrons induced by neutral particles. In general, the maximum energy of

the emiitted secondary electrons is approximately 50 V. and hence the charging voltage

will be about 50 V in neutral-particle implantation. The charging voltage of 50 V is not

necessarily low in the semiconductor fabrication process. because a 10 nm gate oxide film

is damaged by the charging voltage in excess of 10 V. As a consequence, it is concluded

that negative-ion implantation is least prone to charging in these three implantation

methods.
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Chapter 4

The Charging Mechanism of
Insulating Materials in
Negative-Ion Implantation

4.1 Introduction

As described in Chapter 3, the charging voltage of the isolated electrode s as low as several

volts positive during negative-ion implantation up to tens of keV without any external
charge neutralization. In addition, the charging voltage remains steady at several volts
in the ion current density range below a few pA-cm™* and. even above: the ion enrrent
density, the charging voltage can be kept around 0 V' by introduciug a noble gas. In the

LSI fabrication process, there exists not only the clectrically insulated conductive material

but also the insulating material, such as the gate and ficld oxides and photore

L on the,

waler surface. In addition, ion implantation has been utilized for surface modification of
the insulating materials, such as glass, polymer, and ceramic[11-17). Thus, it is necessary

to examine the charging of the negati implanted insulating materials

as well as isolated electrodes.

Iuis quite difficult, however. to measure the accurate charging voltage of the negative-
jon-implanted insulating material: the implanted and unimplanted regions are not nec-
essarily at the same charging voltage: the surfacc is not necessarily charged uniformly; a
contact with a voltmeter may change the charge distribution on the surface. Accordingly,
altention was given to secondary electrons emitted from the insulating surface, and the

charging voltage of the surface was deduced from the energy shift in the energy distribu-

87



88 Chapter 4. The Charging Mechansm of Insulatmg Materials i Negative-fon Implantation

etrons. This method was used to study the charging phenomenon of

tion of secondary

g clectron microscope (SEM)[64.103.104]: the energy

the insulating materials in scan

distribution of secondary clectrons is assamied to be fixed against a change of the surface

potential, then the change of the surface potential will cause the energy shift in the energy

distribution. In deducing the charging voltage. in general. atiention is given to either true

ry clectrons(64.103] or Anger electrons[104:106]. study selected the former.

second

I this chapter. the charging phenomenon of the insulating material during negative-

fon implantation is discussed{35.5761]. As mentioned above, the charging is evaluated

the energy distril ted from tl

by the energy shift jon of secondary clectrons en

imsulating surface in negative-jon bombardment. Section 2.4 stated the true cnergy dis-

of secondary electrons. whieh are expected to be emitted from the surface of

tributior

the thin insulator film under alinost charging:-free conditions. In contrast, the thick insu-

flows, is exai

lator, through which no charge-compensation cur

iined in this chapter.

In addition, & charging model based on an eleetric double layer is proposed to explain

the charging ph non of the negative- nsulating materials in the charge

cquilibrinm.

4.2 Charging voltage estimation by secondary elec-
tron energy analysis

4.2.1 Measurement principle

Ton impact on the material surface causes secondary clectron emission from the surface

as a result of the scattering process in the solid and the surface potential barrier. The

emitted secondary clectrons have kinetic energies. which is not constant but distributed as

shown in §2.4. This charging voltage measurement is based on a superposition of potential

encrgy on kinetic cnergy. That i, it is assumed that kinetic energies of secondary electrons

emitted from the surface remain fixed itrespective of the surface potential. Then. a change

of the surface potential causes the energy shift in the energy distribution.

Figure 4.1 illustrates the measurement principle mentioned above. The contact po-



4.2 Charging voltage estimation by secondary cle

vods

Specimen Detector

ergy distribution is shifted ovard high- or negative-
cording Lo the charging of the specimen surface. Th
difference between a specimen
figure. because this is not essential.

nd  detector is ignored to simpli
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tential difference between a specimen and a detector is ignored to simplify Fig. 1.1. because

the contact potential difference is not essential in this consideration. When the charging

voltage of the specimen is V.. including the sign. a potential energy in terms of electron

is expressed as eV, At the charging voltage of V.. the emitted secondary electrons will

obtain the potential energy of ~cV.: in V. < 0 the secondary electrous will gain the energy

ibuti

and the 1 will be shifted toward the high-cnergy region: in V. > 0. the

gy

secondary electrons wil lose the energy and the encrgy distribution will be shifted toward

the negative-cnergy region to the contrary. In the latter case, the energy region of less

than 0 ¢V in the energy distriby

fon cannot be observed using the detector at ground

potential. That is, only a shaded portion of the energy distribution shown in Fig. 4.1 is

obs

g into account the above consideration. it is likely to cstimate the charging

voltage from the energy shift in the encrgy distribution. This is experimentally verified

in the following section.

4.2.2 Verification of measurement principle

verify the measurement principle de

ribed in the previous section. the energy distri-
bution of secondary electrons emitted from the biased isolated clectrode in negative-ion
bombardment was measured.

A 30 mm x 30 mm square isolated electrode. an aluminum film (500 nm) evaporated
o a 11 mm thick glass plate. was mounted as shown in Fig. 4.2. In this experiment.

ah

ispherical beam collector was grounded and the isolated electrode was electrically

biased var)

ng form =5V to ~20 V

in steps of 5 V. In the same manner as the pre:

measurements. the limiter was at ground potential, while the suppressor was biased by
~50 V. Negative carbon ions at an energy of 10 keV with an ion current of 360 nA were
implanted into the isolated electrode.

Figure 1.3 shows the normalized energy distributions at the following bias voltage:
(a) =5 V. (b) =10 V. (¢) =15 V. and (d) =20 V. It is seen from Fig. 4.3 that the shape

of the energy distribution is independent of the bias voltage. indicating that the surface
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Shield (Collector)

Suppressor
PP Isolated

Limiter electrode

Negative—ion beam

Retarding-field
energy

analyzer Vbias

Retarding
voltage

‘igure 4.2 Schematic diagram of the measurement apparatus for verify-
ing the measurement principle of the charging voltage by secondary-
clectron energy analysis. An isolated electrode was negatively biased
by Vaias(< 0).
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Figure 1.3 Normalized cnergy distributions of sccondary electrons in
negative-carhon ion implantation into the biased aluminum cleetrode

(a) = 5V () =10 V. () =15 V'

anion energy of 10 keV. The biased voltages are as follows:
d (d) =20V
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poter

magnitude of the energy shift in the

ial due o the bias voltage does ot influence the inherent Kinetic energy. The

ergy distribution increases as the absolute value

of the bias voltage is larger. The energy difference between the most probable

ergies of

the adjacent two distributions is as follows: 3.2 €V between (a) and (b

0 eV between

(b) and (c); 5.3 eV between (c) and (d). T

s that the

gy shift agrees well

with the bias voltage with

the relative error of approximate
that the charging voltage is exactly determined from the

energy distribution.

4.3 Charging voltage during negative-ion implanta-
tion

Section 4.2 has proved that the secondary-electron cnergy analysis can be used to ¢

mate the charging voltage of the negative-ion-implanted insulating material. ‘This section

evaluates the charging of the insulating materials during negative-ion implantation from

the results obtained by the encrgy analy

The insulating materials, such as a quartz glass plate and a positive photoresist

(OFPR-800) film on silicon substrate. were mounted in the apparatus shown in Fig, 2.14.

In this measurement, the specimen surface had no electrical contact and the collector was

at the ground potential (Ve=0 V). The other measurement conditions were the saime as
§

for the quartz glass plate is 1.1 mmy; for the photoresist film, | pm. Th

those Both specimens are 30 mm x 30 mm square sheets, and the thickness

phiotoresist was

neither baked nor developed. Negative carbon ions were implanted into the insulating

specimens. No charge-compensation current for both specimens was observed at an ion

ing 5 keV to 35 keV' in the ion current density range from 50 nA-cm™ to

The energy analysis was carricd out varying ion current density and ion
cnergy.
The energy distributions of secondary elecirons emitted from the charged insulating

materials during negative-ion implantation are described before evaluating the charging
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voltage. First, an example of the normalized energy distribution of secondary electrons

for the quartz glass is shown in Fig. 1.4. Negative carbon ions were implanted into the

aquartz glass for the following ion current densities: (a) 60 nA-em™. (b) 220 nA-cm™*,

and (c) 800 nA-cm~% All the energy distributions rise around 4 V. having the most

probable energy at 3 eV and a long tail extending toward the high-encrgy region. It

appears that the shape of these energy distributions is close

0 that for the uncharged

3. Howe

insalating material shown in § 2 er. the most probable energy is larger and the

FWIHM ix slightly larger.

To evaluate t gy distribution for the insulating material charged as a result of

ion bombardment. attention was given Lo two paran

negati s of the most probable

energy and the FWHM.

summarizes the most probable energy and the FWIIM

of the energy distribution for 10 keV negative-carbon. i as a function of

ion enerent des

¢ solid symbols and the open symbols designate the most probable
encrgy and the FWIIM, respectively. ‘The most probable encrgy remains steady with
respect 1o the ion current density below | gA-cm™%. On the other hand. the FWIIM

ix constant below 200 nA-em~¢ but. above

creases slightly with an approach to
I pAem™,

Figure 4.6 shows the normalized energy distribution of secondary electrons for the
quartz glass at the following carbon-negative-ion energies: (a) 10 keV, (b) 20 keV. and
(¢) 30 keV. The ion current density was 66-210 nA-cm~2, depending on the ion energy.

“The broken lines denote the most probable ¢

crgies of the energy distributions. Figure 1.7
shows the dependence of the most probable encrgy and the FWHM on the ion energy The

figure reflects only the energy dependence, becanse both of the most probable encrgy and

the FWHIM remain steady in the ion current density below 200 nA-cm=2, as shown in
Fig. 1.5. On the other hand. Fig. 4.7 shows the most probable energy for both specimens
increases with ion energy. This indicates that the energy distribution is shifted toward
high-cnergy region as the ion energy is increased. It appears that the FWHM increases

slowly with the incident ion energy.

The charging voltage estimation for the negative-ion-implanted insulating material
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NORMALIZED N(E)

(@)
1 1 1 1 1

0 10 20 30
ELECTRON ENERGY E (eV)

Figure 1.4 Normalized energy distributions of secondary electrons dur
ing negative-carbon-ion implantation into quartz glass for three dif-
ferent ion current densities: () 60 nA-cm™2, (b) 220 nA-cm~?, and
(c) 800 nA-cm~2.
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NORMALIZED N(E)

0 10 20 30
ELECTRON ENERGY E (eV)

istributi

Figure 4.6 Normalized encrgy s of secondary electrons during
negative-carbon-ion implantation into quartz glass for three different
fon energics: (a) 10 keV. (b) 20 ke\'. and (¢) 30 keV. The broken lines
denote the most probable energies of the energy distributions.
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Figure 4.7 Most probable energy and FWIIM of the energy distribution
of secondary electrons emitted from quartz glass and photoresist in
negative-carbon-ion implantation as a fanction of ion cnergy.
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is made according to the principle verified in § 1.2, The results shown in Fig. 4.7 indicate

the changes of the relative values in the charging voltage. not the absolute va

absolute value can be estimated by reference to the encrgy di

ribution of secondary

electrons from the thin. uncharged SiO; film obtained in § 2. in comparison between

the most probable encrgies. The charging voltage estimation for the photoresist film also

used the data for this thin SiO; film as a reference. because there is no data on the energy

distribution from the thin. uncharged photoresist film owing to no charge-com

current enough to reduce the charging. Thus. the estimation for photoresist rests on the

h is the same as for

that the energy distribution for the uncharged
the uncharged SiO,.

Figure 4.8 shows the estimated charging voltage of the insulating specimens during
negative-carbon-ion implantation as a function of ion cnergy. This indicates that the
charging voltage is negative and decreases gradually with increasing ion energy. However,

the absolute value is as low as several volts in the ion encrgy region below 40 keV. This

that negative-ion i fon is less prone to charging for the in

material as well as for the isolated electrodes.

4.4 Modelling of negative-ion-implanted insulating
materials

4.4.1 Charging model based upon electrical double layer

It has been revealed by using the secondary-electron energy analysis that the insulating

materials during negative-ion implantation are negatively charged. In add

been found out that the absolute value of the charging voltage increases gradually with

ion energy. These features are different from that for the negative- nplanted isolated
electrode discussed in Chapter 3. This indicates that the charging model for the negative-
ion-implanted isolated electrode discussed in § 3.3 does not apply to the case of the
insulating materials during negative-ion implantation. Therefore, this section describes

the charging model of the negative-ion-implanted insulating material.
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Inion impact on the insulation materials. there oceurs die polarization because

of a low electron: hole recombi

fon originating from the very low charge mobility in the

like the conducti

al. As a result. the

insulating material. w

deriving from dicleetrie polarization cai dary electron emission.

a simplified charging model of the insulating on impla

was considered. This model is based on an clectric double layer. shown in Fig. 1.9. In

the figure, the thickness of the electric double layer is emphasized but, in fact i be

predicted that it is on the order of the projected range of the incident i

“The formation of the electric double layer is coy od as follows. At the beginn

of implantation. the positive charges will be da material because the

1d of sccondary electrons is larger th

yi above a few ke

shown in §

A. As a result of the low level of charge recombination, the excited electrons
will be affected by an inner electric field and then stay at the trap level around the surface

layer. Accordingly. the charges will be distributed as follows: a negative

ly charged layer

due to the secondary electrons which fail to escape and stay around the top surfuce layer;

the

nee of electrons insi

a positively charged layer which results from the abs

With an increase in dose, the inner electric ficld. or a potential barrier at the

will increase to prevent the sccondary clectrons fron,

. Thus,

emission is suppressed by increasing the potential barricr, so that e apparent yi

secondary electrons s reduced. Eventually, the apparent yield will approach 1

the excess potential barrier suppresses the «

staying inside the material. As a result. the electron-hole recombination increases, and

hence the electric field is decreased and the escaping clectrons are increased. That s, th

electric double layer is considered (o play & role of  gate o make the yield equal to one

in the charge equilibrium.

A wore detailed discussion on the charging model will be provided below. It is

nate from an excitation

assumed that the secondary electrons escaping (o a vacuum ori

from the top of the valence band. Then, the energy distribution at the initial stage of
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Insulating material
Negative ion beam

2a

Electric double layer

Vacuum level 0)

~(1-a)$s2

Figure 1.9 Charging model of the negative-ion-implanted
terial (clectric-double-layer model) and its energy diagrar

lating ma-
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Figure 4.10 Schematic model illustrating the formation process of an elec.
trical double layer in the vicinity of the insulating surface in negati
ion impact: (a) at the be ng of ion implantation, (b) after brief
implantation. and (c) in the charge equilibrium. Each graph beside
the schematic model indicates the potential encrgy, U, ss a function
of depth, z.
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implantation, N(E), will be written as[69]

N(E)x (a.1)

where E denotes the kinetic energy of the secondary electron measured from the vacuum
level and £, is the ionization energy. The first factor in eq. (4.1) is proportional to the

nber of the secondary clectrons excited in the insulating material(69, 107); the second

factor s  transmission coefficient in the direction normal to the surface(69].

dose forms the surface barrier. This barrier

As described above, an increase

is designated a surface potential, ¢,. The surface potential is defined as the potential
difference between the positively and the negatively charged layers, as shown in Fig. 4.9.
The encrgy levels at the positively charged layer and the negatively charged layer are

by an electric image method as —(1 ~ a)¢,/2 and (1 + a)é,/2, respectively. The

&
parameter, a, is expressed in terms of the thickness of the insulating material, d, and the

ion-beam diameter, 2a: a = | = 2d/\/a? + (2d). The cnergy shift, —eV., resulting from

the charging as shown in Fig. 4.9, is observed by the energy analysis. Accordingly, the

cnergy distribution in the charge equilibrium, N(E), is as lollows:

E-(1+0a)4,/2

e 1
M) o e E T e 1e/aF B+ F - (T4 a)el?

(“2)

Since incoming charges (negative ions) become equal to outgoing charges (secondary elec-

trons with high energy) in the charge cqu n. we obtain the following equilibrium

E

NAE)E
Jioes ¥
Jovos © 7

(E)ME

(4.3)

lectrons and Epay is the

where 3 s the yield of secondary ximum energy of secondary

electrons. In addition to the assumption of Ky — oc. a=1 is assumed to simplify the

s small enough compared

expression., deriving from the assumption that the

with the beam diameter. d/a < 1. Then. ¢q. (13) reduces to
Eto, K _ )

E o W e
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45 will becon

Under the above assumpt

cqual o 6. In the following section,

therefore, a discussion is continued after a substitution of —cV;. for o,.

4.4.2 Charging model evaluation

Now. the relationship between —cV, and the most probable energy of N,(E). E,. is casily
obtained from eq. (4.2),
+ E - \2E,E, + 3E}
—_— (4.5)

Expansion of egs. (4.4) and (4.5) to the first approximation in a Taylor scries leads to the
following simple expression:
Ve = E(Av+B). (4.6)
E, ~ E(A'y+C). [C)
We see that both V; and E, are almost proportional o 7, because any variation in A,

A", B, and C to 7 is within approximately 5% for 2 < 7 < 6. In fact, 4’ is larger by

10 % than A. Hence, the charging voltage estimated from the most probable energy of

the energy distribution is N it is rather difficult to de

the lowest energy of the energy distribution because of the tail toward ne

region.
Figure 4.11 shows the charging voltage as a function of the yield of sccondary elec

trons in negative-carbon-ion implantation into quartz glass. The yield proportionality to

ion velocity at 10* m-s™! order. as stated in § 2.3.4. was linked to Fig. 4.8. It is clear that

the charging voltage is proportional to the yickd. The low-magnitude, negati

harging

of the insulating material during negative-ion implantation is likely to be caused by the

formation of the electric double layer around the top layer in the charge cquilibriom.

4.5 Discussion

The consideration in the previous section did not include the thickness of the electric
double layer to be taken into account. The thickness is discussed below, assuming a

carbon-ion impact on a silicon-dioxide target.
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Figure 1.11 Charging voltage as i fanetion of the vield in negati
fon implantation into quartz glass.
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The ions penetrate into the material while transferring the cnergy to the target

electrons and losing their energy. This transferred encrgy originates from the electronic

stopping power. Put the eloctronic transferred encrgy Then. the number of the

cxcited electrons at a depth of = from the surface, N,

is given by

Nalz) = L

(4.8)

where Ny is the number of the incident-ion density per a second. According to the three
step model introduced in § 2.2, the excited electrons after scattering are distributed as

follows:

‘ _

N,',(:)_L Nu(.t)ﬁ&'xp( T") ds. (1.9)

As a result, the charge-d. di after the excited-el istribution, p(z),
is expressed as

P) = elNaa(2) = N3 () (.10)

This charge-density distribution provides the thickness of the electric double layer.
Figure 4.12 shows the translerred cnergy as a function of a depth from the surfacc.

The transferred energy originates from both projectiles and recoil atoms. The broken

curve designates the result calculated by TRIM[92] under the condition of 10 keV carbon-

ion impact on the silicon-dioxide target. The solid curve is written as

r). (.11

where Eio, D, and D, are 170 ¢V-nm™"-ion"", 23 nm, and 13 nm, respectively. The ap-

_ D,
D

()= E.ncxp(

proximate curve expressed in eq. (4.11) was used 1o obtain the charge-density distribution.
Figure 4.13 shows the absolute value of the charging density, calculated using the value

listed in Table 4.1. The figure indicates the formation of an electric

iple layer: a nega-
tively charged top layer, a positively charged layer inside the material, and a negatively
charged layer further inside. The thickness of the electric double laer on the surface side
is approximately 30 nm. This is almost equal to the full width at half-maximum of the

transferred energy.



108

Chapter 4 The Chargung Meclanm of fisalating Materiabs i Negativefon Tplantation

30 T T T T T T T

B C (10keV) — SiO, —
—=- : TRIM calculation
200 — : Approximate curve

100

L1 1
0 50 100
DEPTH FROM THE SURFACE (nm)

0

TRANSFERRED ENERGY (eV-nm~'+ion™")

ferred energy fanctions duc to carbon jons incident on
obtained by TRIM caleulation. originating from both
recoil atoms. The approximate eurve was used for the

Figare 1.12
silicon

project
model caleulation.



15 Discussion 109

- ELCS

I

E C (10keV) — SiO.

S 102 H 2

< 10

e Negatively charged layer

s e gatively charged lays

£ 100 N

(]

4 Positively

w490 H\ charged Negatively —

o layer charged layer

w

g 10" H 1

<

oy

O 402 11 I AN N |
0 50 100

DEPTH FROM THE SURFACE (nm)

density is shown with the absol



vabs wr Negative-lon Implantation

110 Chapter 4. The Charging Mechansin of lusulating M:

Table 4.1 Values of the
distribution.

peters used to caleulate the charge-density

Parameter
d 200 om
D 23 nm

This value d

rives from rel. K7.

Next, the potential the electric field inside the s

on dioxide during negative-

n shown

carbon

n implantation was caleulated by using the charge y distribu

Fig. 113, In addition. the one-din

ional model shown in .14 was introduced and

caleulation was made by

wsing the fnite element method (FEM). applying the Ne

mann

boy

ndary condition to the insulating surface and the Dirichlet boundary condition to the

2.

rear be

ndary. T ed to calenlate are listed in Table 4

values of the parameters

In the t1able, D, and ¢, are the di

mee from the insulating surface to the shield and

the relatis

The result is shown in

¢ permittivity of the insulating material. respectively

Fig. 115, indicating that the potential barricr with respect to the electron is formed close

to the surface. As described above, it

nsidered that this

c potential barrier controls

secondary clectron emission and permits only the excited electrons with a high energy to

excape into a vacuun.

Since this potential barrier is due 1o the electric double layer formed around the

surface, it can be cons

dered that this charging model is suitable to be designated an

electric double layer rather than an electric triple layer. Such a double layer model was
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Figure 1.14 One-dimensional model introduced to calculate the pot
and the electric field inside the insulating material from the
density distribution after the excited-el it
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Figure 415 Potential and electrie field inside the insul
culated from the
redistribution in one-dimensional model by using da
bles 4.1 and 1.2
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of the parameters used to caleul
the electric field.

e the potential and

Parameter  Valie  Uni

d 200 wm
D, 100 mm
.7

is is the same case

proposed in electron irradiation onto the insulating material10

about the polarity of the projectile as negative-ion

4.6 Summary

To estimate the charging voltage of the

al during negative-carbon-ion

implantation, the cnergy distribution of secondary clectrons emitted from the charged

surface was measured. As a result, the encrgy shift toward the high th

crgy regi

increasing ion energy was obscrved. This indicates the charging voltage decreases with

increasing i

energy. Furthermore, the charging voltage of the ing material was

evaluated in comparison with the energy distribution of the

de

arged insulating ma

a th

As a conscquen

it has heen evident that the charging voltage is

negative and the absolute value increases in proportion Lo the

1 of secondary electrons.
On the other hand, the dependence of the ion current density was not observed below
1 pA-em2.

Furthermore, a simplified charging model based on an electric double layer, which

plays a role of a gate to make the yield equal to one in the charge equilibrium, was

proposed to examine the negative charging of the insulat

& material during negative-
ion implantation. This model has explained the charging properties qualitatively and

suggested that the energy shift toward the high-cnergy region is due o the escape of

only the excited electrons with higher energy by the potential barrier. In addition, it has
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been found that the thicknes of the clectie donble laver is approximately a fes tens of

i that the widih of the potential arier is associated with the transferre

nm i

rgy

distribution



Chapter 5

Conclusions

Negative-ion implantation is intrinsically less prone to charging unlike conventional ion

namely. positive-ion i i To utilize the benefit effectively it is

important to d the charging in negative-ion i o into the

insulating or the insulated materials. Thi:

is the primary purpose of this research. The
other purpose of this study is Lo examine secondary electron emission induced by negative
jons, because secondary electrons are related closely to the charging. To apply the results

o ion it ion in icond fabrication, all were carried oul under

the residual gas pressures of 10~* Pa order and a dose of 10'® jons-cn

In Chapter 2, secondary electron emission induced by negative ions was discussed.

The significant parameters representing the secondary electron emission, i.¢., the yield and

the energy distribution, were measured for the conductive and the insulating materials.

The measurement for the insulating material was carried out by using a thin oxide film
and low fon current at room Lemperature to minimize the charge buildup on the surface.

The measured data have indicated the same properties irrespective of the conductivity of

the target material.
The results for the yield measurement have indicated the yield proportionality to

. This has demonstrated that the

jon velocity in the velocity region of 10° to 10° m
secondary electron emission induced by negative ions as well as by positive ions is mainly

the kinetic mechanism. In addition, it has been discovered that the yield for negative-ion

bombardment is larger by one unit than that for positive-ion bombardment. It is consi

ered that the yield larger by one unit is due to the detachment of an extra electron bound

15
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o a negative ion in ion impact on a solid surface. Therefore, the negati induced

rons consists of this extra electron and the electron originating from kinet

nal events

mission a part of electrons excited by a series of coll

s e reach the surface of the solid and escape. As

nding toward the

high-cnergy region. No other peak. such as an Auger peak. was obscrved in the mea-

gy disteibuti These two wore i of ion current but

on target materials in negative-ion ireadiation at tens of keV with

depended somew

1 ion carrent density of less than a few pA-cm’

Almost all measus

ments were eareied out by using negative carbon fons except for

a few measurements of the yield. However, the are considered to apply

above properti

10 all combinations between negative ions and target materials because the secondary

electron emission phenomenon originates from kinetic events inside target material.

The charging of an electrically insulated conductive material, which is designated

an isolated electrode, during negative-ion implantation without any charge compensation

was investigated in Chapter 3. The experimental result has revealed the positive, low
charging of the negative-jon-implanted isolated electrodes under any conditions, except
for ion current density of more than a few jA-em=2. In the ion current density range below

1 pA-em=, it has been found that the charging voltage of the isolated clectrodes increases

in proportion to ion velocity and the valuc is still 6-8 V even at an ion energy of 40 keV.

In addition, it has been shown that the charging voltage remains steady, independent of

ion enrrent de

sity.

Beyond 1 uA-cm™2, a voltage drop with increasing ion current density and the neg-
ative charging were observed. This is duc to the beam potential resulting from space

charge of the incident negative ions. It was found. however, that introducing a noble gas

into the implantation chamber can easily remove this effect of the beam potential even
at high current density of more than 1 mA-cm™2 This results from the neutralization
of negative ions and the ionization of noble gas particles accompanied with the collisions

between negative ions and gas particles.
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Taking into account the hehavior of the ctrons in the s

mitted secondary o

ady

state., an equ m charging-voliage cquation was presented. The cquation is expressed

only by th on of secoudary ol

yield and the energy distribu

ons. To verify the equi

um charging-voltage cquation. the charging voltage of the negative-ion-implanted

isolated electrode was estimated from the measured data of sccondary electrons. The

estimated voltage has showed good agreement with the direetly measnred charge. and

hence it has been revealed that the low eq ging in neg;

is achieved owi

to the low-energy secondary electrons pulled back 1o the clectrode. In
addition, it has been demonstrated that the slope of the energy distribution extending

toward the high-cnergy region determi

es that the charging voltage is proportional to the
yield.

Chapter 4 described the charging phenomenon of the insulating

als during

negative-ion implantatio

‘The implanted and unimplanted regions on the insulating

surface are not necessarily charged uniformly, and therefore it is difficult to measure the

ng voltage using a voltmeter. Hence, the charging voltage measurement for th

charg

negative-ion-implanted i

nsulating materials was carried out by secondary-clectron energy

analysis. This is based on the phenomenon that the encrgy shitin t gy distri

ene

ion
is associated closely with the surface charging. The preliminary experiment using the

biased isolated electrode has indicated that the encrgy shift agreesd fi

rly well with th

voltage applied (o the clectrode.

Indeed, the energy distribution measurement of secondary electrons emitted from

the charged insulating materials during negative-carbon-ion implantation has showe the

energy shift toward the high-cnergy region with increasing ion energy. This energy shift in

dicates that the charging voltage decreases with increasing ion energy. A charging voltage

estimation of the insulating material was done in comparison with the energy distribution

of the uncharged insulating material, i.c., a thin oxide filin. As a consequence, it has been

discovered that the charging vollage is negative and the absolute value increases almost
in proportion to the yield of secondary electrons. In addition, it has been demonstrated

that the magnitude is as low as several volts in carbon-ion bombardment below 40 keV.



118 Chapter 5 Conclusions.

To examine the negative charging of the insulating materials during negative-ion implan-

tation. a simplified charging model bascd on an electric double layer was proposed. This

ot from

ely. It has become evi

model has explained the charging properties qualitatis

the model that the energy shift 1oward the high-energy region results from the increase

in the potential barrier permitting the escape of only the excited clectrons with higher

energy.

d knowledge on negative-ion-induced secondary electron emis-

study has obtain
sion throngh the measurement of the secondary electrons emitted from the materials.

arthermore, the charging mechanism of the insulating o the insulated materials during

Rative-ion implantation has been understood through the study of the secondary clec-

trons. As a consequence., an ip between th secondary clectrons

and the eharging of the insulating or the insulated materials during negative-ion implan-

tation was confirmed. In addition, it has been verified that the negative-ion implantation

i inherently less prone to charging. This study should be useful for charging.free impla

tation into the insulating or the insulated materials by using negative ions in future LSI

and “TFT (abrication. surface modification, ete.
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