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©..  CHAPTER ONE

Introduction ' ‘ - -[

i. 1.1 General Introduction ' o X . - A

In any complex system the overall behavior can be governed entlrelv

.

f@ by the properties Oi a very small part. This applies whether the system is

2 biological, zoological, mechanical or electronic. A great deal of scientific

;j and technological effort today is devoted to the study and nnderstandlng of , /

% such ' microsystems"

~

in an attempt to improve both performance and reliabillty.

® This trend is most dramatically observed in the electronicq.industry. The

.

i'development of the integrated circuit is a fine example, Devices are becoming

® smaller and smaller and today a silicon chip ‘a tenth of an inch square may

. contain well over 1000 seperate electronic components. As the individual

' \

& devices-become smaller the'complexitj of the integrated circuits becones
W greater and the widespread use of large scale integration is just beginniﬁg.

{ Design, production and testing on such a microscopic scale has called for new

v

frtechniques and instruments capable of working within the tolerances required.

As the size of devices decreases, it becomes more difficult

% to perform voltage measurements on the individual devices to ensure that they
" ’

v

i'are operating correctly. In the case of the smallest devices it is impossible

¥ to mechanically contact the device gnd/use conventional measurement techniques.

-

In this chaprer,/tﬁéztechniques Presently used b& industry to perfomm '

R such voltage ;eégg;enente are described. The advantages fand disadvantages of
} 51 s s . .

e

the e/grandard-techniques are discussed and a new technique using the electr

- -
-~ .

beam of a scanning electron microscope as a measuring probe is also introduced.

1.2 Surface Voltage Measurenent Techniques

During the production of an integrated circnir, there are two occasions
when an operational check\bn the performance of the circnit should be carried

out. The first is after the pilot-production run to chack the design and

R ’ FEE N — A
u\ - . .
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The second is on a continuing sample basis to : !

-

' gpd'fabrication procedures.
l ///' ' - . .
monitor the quality and repeatability of the established product process

5 tgchniﬁue. Thesg measurement are performed presently using very small : . -

mechanical probes which are brought into contéét'with the metallic pads of

The proceéB(Lf probing is
. - £

wafer, containing several hundred dice, or iridividual circuits, is placed on a

the circuit.
raightforward in principle. The silicon

mechanical stage and is held in place by a vacuum. The wafer is then

§ oriented and aligned with the axes of the movable stagé using a microscope and e
. o L >
M 3

Y mechanical adjustment consisting of either  micrometers or stepping motors.

A separate mechanical support holds up'to 20 or more Eungstén probes arranged
- i .

f-/in a pattern corresponding to the contact:regions of a single circuit die in

V the wafer. The tips of.these probes are eiectrolyticall& etched to a very

¥ fine radius a fraction of thousandth of an inch in diameté?. ‘When tﬁé.

alignment is correct for é single circuit die, the probes are lowered and

brought into contact with the die and the measurements performed. After the

measurements are complete, the probe array is lifted ‘and the next ciruit A

is moved into position'and'the process refleated. Figure 1.1 shows an example

of a multi-probe system. ' ' ) @

AT T

? Probing circuit dice in this way requires the use of sophisticated

13

PRTr

"optical, mechanical and electrical equipment. It is laborious and time
consuming andxhgnce eipensive. The ﬁrobés infiicF the minimum amount of

' damage on the contact pads on the die ﬁhile sti11l maintaining adequate ¥
cdntact'pressure and area to ensure rgliablenmasurements. Excessive pressure
can result in théimetaliiéation,éﬂdcp 1s typically only .5u thick) béing

scratched or even removed entirely. : ‘ . o B

Improper probing can reduce the reliability of the completed circuit

because scratches on the metallisation will reduce its effective cross sectiomal
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These photographs show typical mechanical . .
probes uged to contact the pads of metallization
on an I.C. for purposes of measuring the p&tentlals
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' was operating correctly.

" being probed, This may result in the erroneous characterization of the

' : - : vl
R ’ . -3~ i . ’

- .ared and although the circuit may still function normally and pass_ all .

electrical tests, "’ the reduced cro section of the metal may lead to over-—

heating due to its'higher 1ocal resistance. This can increase the rate of

eiec romigration due to increased curyent density Qﬁd temperature, 1eading

to premature failuré of the device. ™

!

’1 S Possible_damage to the metaliization makes it difficnlt to use a
proge t Jeasure potentials on areas dther.than the bonding‘pads themselves.\{
It is therefore difficuLt to,obtain operating voltage data.for every component
in the ‘tlrcuit. Such data would be invaluable for checking that the circnit"
Other problems associated with probing are the usual difficulties

of measuring high-frequency characteristics with long leads and large stray
capacitances. In addition, the gmall diameter tungsten probeslhave an
aﬁprec;aﬁie series resistance and a variaéfe contact resistance to the .die

3
packaged circuit or even the rejection of a good die. ) w9

1.3 The Use of an Electron Beam as a Measuring Probe

The problems associated with the probing technique are now gbvious;

. the main problems. are devite'damage and the inability to obtain all the

important voltage data reliably

“ In the production of integrated circu1ts, the bonding and packaging

e

"of the individual die is the most expensive process. It is therefore desirable

to measure the performance parameters in the iwafer stage of production, before
the wafers are cut, mounted, bonded and packaged. An array of probes is therefore
needed in order to apply the operating potent#als, via the bonding pads; to

the unbonded die. If this technique is used with care, then little or no

damage will be inflected on the bonding pads. In addition, a noveable probe,
o a .

_capable of being positioned anywhere on the circuit could be used to perform,
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":voltage measurements so that all the required data could be coilected not

merely the data from the input and output terminals i.e. the. bonding pads.;
It is prOposed that an electron beam be used as the moveable probe.

’y .
An electron beam can be steered at yeryezijtgspeeds and with great-

\\E? addition, it cannot
inflictr\\“hanical damage on the circuit metallisation. Many signal outputs

precision by the use of suitable deflection syst

are generated when\an electron beamlstrikes a metallic or semlconductor
target. Among thes? are, ‘gecondary electron emission, backscattered electrons,
light X~rays and internally generated burrents. If a suitable deteetor could

be developed to detect variations in surface potential via one of these signal

outputs then a very powerful voltage probing system could be produced. The

electron beam can be moved through a sequence of measurement points by

_--u"--

programming the -deflection coil excitation. In this way, the whole process
could be computer controlled_gnd a very high throughput *of devices dttained. *
It is anticipated that Ebzsftype of system will eventually be used for

produccion monitorlng as well as in the research laboratory.

Such a measuring system must also be designed to meet specifications

that are required of any measuring instrument, such.as accuracy, linearity, range,

"
-

sensitivity and response time.

This thesis is concerned with toe development of such a "voltage
sensitive detection system" which can be used in a seanning electuon microscoPel
(SEM). The next chapter describes Fhe operation of ;he SEM and the various
signal outputs generated. Chapter Three reviews the published work on

voltage sensitive detectors and introduces the concept of the new detection

- ~

.-system which is the main subject of this thesis. The following chapters
analyse the operation of the new detector and describe the results obtained

from the test units.

)
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| CHAPTSR TWO . e o

’ Secondary Electron Emission. znd the Scanning Electron Microscope

)

" Introduction

"In this chapter éhe structure aﬁd general obqration of the scanning

eieétron ﬁicroscope (SEM) are outlined. First of all however, a brief study of
electron beam-solid in;eracti&né is presented and the_émissi;n ii/Secondary electrons
and their angulaf and/éﬁérgy distributions are discussed. This is basic to the
description of the SEM.and its modes of operation which follow. The chapter cpnbludés
bg‘introdﬁcing the basic idea of voltage contrast and sgme of the factors which
contribute to it. A - ! _—

2.1 Electron-Solid Interactions B

Hheﬁ a high energy electron impinges on a material, it penetrates the
surface to a depth dependent on the incident-energy of the eléct;on and the atomic
number of the material. As the incident or primary electron enters the specimen
lattice, it may take part in an elastic or inelastic collision. If the former

occurs, the direction of motion of the primary electron is altered but no energy

-

transfer occurs. The primary electran may be deflected further into the specimen

where it will take pArt inm yet another collision, or, it can be deflected cut of

- the Specimeh and be emitted as é'backscattered primary electron with an energy 7
“ - - R ) P
close to or equal to that of the incident electron.

If an ineléstic collision occurs, the host atom is ionized and ‘the primary

e,
-

. ) !
electron looses energy. This process, which generazae—hoie—eleggzggngifi free to drift

through the material lattice, is an avalanche, process with a great many pairs being
produced by one incident electron. The electrons produced can diffuse through the

specimen losing energylin'fu;ther ionization processes unt#lithy have insufficient

.

- . - A a e "'r‘ '_ .
energy to- cause further ionization or until they reach the surface. If, upon reaching
the surface, an electron has sufficient energy to overcome the sutfaceHbarrier work

~ function, it can-be emimged as a secondary e1ectrontwith an energy of up to 50 eV

”
'



or &as a tertiary electron with an energy ranging from 50 eV up to the\grimary electron
energy. The value of @0 eV 1is somewhat arbitrary but is usually chosen as the upper
bound of those electrons known as secondary electrons, electrons generated from the

ionization process. Figure 2.1 shows this, distribution of emitted electrons

schematically. Under the influence of a beam of energetic electrons, a volume
containing many hole"electron pairs is created. This is called a plasma. Murata
et al. (2.1) have theoretically determined the shape of this plasma by tracing the

paths of incident electroms as they are scattered through the specimen. These results

are shown in Figure 2.2. The effect of specigen atomic number and -angle of primary

%

"in Figure 2.3. _S

'1s discussed in section 2.4.

beam incidence on the shape and depth of e induced plasma can be seen. As the
specimen atomic number increases, the plasma is generated closer.to the surface.? Also;
as the primary beam incidente angle is varied from O\to 45%, the shape of the plasma

is tilted. These effects are basic to the emissive que of Operation of the SEM which y
¢ .f_‘\_; . .

Murata et al. (2.1) have also shown that the number of secondary and back-

scattered electrons emitted per second 18 related to their absorption by the specimen.
— 4

. o ‘
Generally speaking, Ssecondary electrons come from apdepth of less than 500 A and

- o _ :
backscattered electrons from a depth of 1000 A to 1u. This is shown schematically

L
Lo

A

2.2 Secondary Electron Emission ' ' .

This section conslders the emission of secondary electrons in more detail.

The secondary electron yield, the angular distribution and energy distribution are.

' . _ !
discussed. ' * ‘

2.2.1 The Secondary Electron Yield
b The most widely investigated property of secondary‘electron emission 1s the
yield as a function of primary ctron energy. Secondaty electron yield; &, 1is
defined as the number of.secondary electrons emitted per incident primary electron.
The graph of § vs. the primary beam energy, Ep, 1s known as the yield'curve and has

the same general shape for most materials, i.e., for low values of EP, § is much less

than unity; it increases with Ep to 'a maximum value, 6y, and theu decreases slowly as
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Fig. 2.1

This graph shows the energy distribution of
emitted electrons created wihen a high energy
beam impinges the surface of a solid specimen.
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Fig. 2.2 )

The results obtained by Murata on electron
tracing of incident electrons in a solid are
shown here. The variations on the plasma
shape resultihg from variations in primary
beam incident angle and specimen atomic
number are illustrated.
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L -Fig. 2.3

An ionized plasma is created within a solid
specimen when irradiated by high energy
electrons. The relative depths of
generation of the three groups of emitted
electrons and the "tear drop" shape of

the plasma are evident here.

Fig. 2.4

The number of secondary electrons emitted
per primary electrgn, depends on the energy
of the primary electron. This is referred
to as the secondary electron yield §(E).
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Ep is further ircreased. This is shown schematical

8 and the primary beam energy at which it occurs,

- .;.,..-‘.c.j

-

fn Figune 2 4. The value of

i Al !
s on the specimen material

and to a greater extent on surface contamination. ﬁ workers have attempted to

overcome these problems in the determination of &, fo different materials but uith df P
u-
little success. However, some experimental values of 6y\and the beam energy at which

L

it occurs have\oeen obtained (2.2,2. 3,2 4). The,value of oy for Al is l.O-and it occurs
at an energy of 300 eV while that of Si 4s 1.1 and it occurs at 250 eV. Two factors

" which affect the yield of secondary electrons are surface work- function and

,crystnl structure.

De ‘Boer and Bruining (2.5) Rave calculated that changes in surface work

function contribute pnIy slightly to changes in sggondnry electron yteld.
Experimental results obtained by Sixtus nnd Troloan (6,7) on surface absorbed layers”
showed a sysfematic increase in\yield as the Surface'nork function was decreased.
Although the results show that the yield does depend on the surface work fumctionm,
what - is most significant is the relatively minor role that work function plays in
governing the shape of the yield curve.

Sufficient experimental resulte have been.obtained to show a dependence of

the secondary electron yield on the crystal structure of the specimen. Knoll and

Theile (2.8) showed that secondary electron yield variations ranging from .1 to 30%

VOVRYD "OIHV.ING . 'YMY

occured for changes in'specimen crystal structure. Although a relationship has been
’ a .
shown to exist between yield and crystal structure, detailed data on this is lacking. ;

The majority of electron yield experiments have been conducted using a
normal primary beam/)pcidence. However, as mentioned briefly in section 2. 1 the
yield varies with primary beam incidence angle. As this angle of incidence, 9,
meaeured from the normal increases, secondaries are generated closer to the surface
and thus have less chance of being absdrbed before they reach the surface. Bruining
(2.9,2.10) .assumed that secondary eiectrons are absorbed exponentially with distance.

He derived an expression for the secondary electron yield at an incidence angle O,

* 8(8) 1in the form .- o
' §(0) = deax'“(l ~ cos 0)

- N L]
IRt St we Wi Btk | a3 S e e
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., i i, ' - -
where § is the ﬂdeld at no 1 incidence, Xm is the mean depth of secondary electron P

’zjzerati and q is the oefficient of absorption of secondary electrons. This 0
. \__' e
ression has been verified experimentally to within 20% and when,pre ented in a . b

neralized form has the shape shown in Figure 2. 5. -
‘ -

st m g e ey

.2.2 The Angular Distribution of Secondary Electron Emission

Past and recert work (2.11 2.12,2.13,2.14) on the angular'distribution of the nnmber

S mmges

o secondary electrons emitted ig in agreement that the number of secondary electrons

- I

€
tted per unit solid angle is greatest in the direction normal to the emitting .<;

o
JEE
of the angle of incidence of the primary beam. Based on these references “and referring T 3

surface and decreases with increasing angle of emergence ¢ as cos ¢.This is independent
i
Figur¥\2 6 if N' is the number of secondary electrons emitted per unit solid angle
in thel dir ction normal to the surface, tnen the number‘per unit solid angle at the
angle ¢, N(¢) is given by"

« N(®) = N'cos ¢.

1+

et

The number emitted between thg curves of semi-angle ¢ and ¢ + d¢ is given by the

B e o S

product of N(¢) and the solid angle involved. This is the solid angie subtended
. |

.

at the point-of emission by the annular strip of area 21r sin ¢ rdd dn the hemisphere

of radius r~described above the point of emission in Figure 2.6. Hence the solid
J [l . .

angle is 2T sin ¢d$ and the number of electrons emitted into it is given by '

WAYVAYD TOIRMY.ING ‘YAMYILIO

Rt L e T 3
3

dN = N'cos ¢. 21 sin ¢d¢.

The number emitted int9 a cone of semi—ang1e3¢' is given by

ﬁ¢' = 27N’ cos ¢ sin ¢dd
0

and the total number emitted is found by putting ¢' = 5/2, 1. e. Total nunber
emitted = TN'. From these expressions the number of secondary electrons emitted
into any cone-angle can be computed.

2.2.3 The Energy Distribution of Secondary Electrons

The energy distribution of emitted secondary electrons has been carefully

documented with data obtained for different materials. . According to Becker



v
’i
¥
%.
£
3
13
:
v
4
t
B'.

NUMBER OF ELECTRONS EMITTED

08

P

F v 3 1 T 1 7 ]
i0 30 60 70 90

ANGLE OF BEAM INCIDENCE MEASURED(G)
FROM. THE NORMAks

-~

FIG. 2.6

.H .



A |

-
-~
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As the angle of primary beam inEidencg on the ™
specimen surface varies from the normal, the
number of secondary electrons emitted increases.
Variations in the angle of p;izary beam incidence
results from topographic changes on the specimen =«
surface. L ) o
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Brinsmade-and others (2.15,2.1&2:\the energy°dlstribution of secondari electrons
approaches a'Maxwellian form. This is shown schematically in Figure 2.7. Recent
experimental: work by Amelﬁ??% 17) has confirmed this distribution.He has determined
experimental values for Epax, the most probable energy of emission for copper and A
j-silicon; These values are compared with the theqretical values in Table 2. 8.
-
_Although specific values of Epyy have been determined for a range of materials,
we shall accept a value of 2 eV for <calculation purposes.
‘This.concludes theldiscussion of the secqndary’electron emission process.
The :ext section describes the structure and.operation.gf the scanning electron

9

microscope.

PR

2.3 The Scanning Electron Microscope
Figure 2.9 shons the essential components of a scanning electron microscope.
‘lhere are three basic groups of components, namely, the electron—ootical column
(and associated power supplies and controls); the vacuum s&stem (including the )
specimen cﬂamber and stage) and the signal detection and'displayaequioment. Each
one‘of'thesé will be discussed below starting with the electronToptical ¢olumn.

The-discussion will be based on the Cambridge Instrument Company's "Steredscan"

T 'OIMYING 'YMY L

scanning electron microscope, which was used for the majority of the work presented '
\ ' .

IOk

in this thesls, and 1s a typical example of these instruments.

2.3.1 The Electron—Optical Column

High energy electrons, produced in a conventional auto~biased triode
electron .gun, are accelerated through an electron~0ptical column con51sting of a
-Series of magnetic condenser lenses. Figure 2.9 shows a microscope using a three

lens system., The electron heam is demagnified as it passes through the electron-— »

® N

- optical column to a final diameter at the specimen surface of approximately 100 A
g' The third lens, which is used to focus the electron beam onto-the specimen;
c ntains a set of scanning colls which scan the bean over the specimen surface

in a T v. type raster. In addition, the be@nrmqrbe scanned in a single line in
] e

either the x or y direction or pos{tioned as a spot which is moveable in both the

% and y directions.

, . o~ . -

1



NUMBER OF ELECTRONS

Emax
ENERGY OF EMISSION

N
 TABLE 2.8

; |
MATERIAL  Emox (MOST PROBABLE) Emax{&?ﬁﬁ@ﬁ)

g : a

: | coppci\ 2.5ev 2.8ev

s © -BILICON.__ 1.8 ev - 1.7 ev
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This graph shows the energy of emission of the
secondary electrons plotted against the number
of secondary electrons emitted.  The parameter .
Ep.. 16 the energy of emission for the maximum : o -

dﬁmber‘of secondary electrons emitted.

—— ’
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 Table 2.8

The ﬁarameter Epax varies from specimen to

specimen as shown in this table.

.
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Fig. 2.9

This figure shdws a typical SEM layout
illustrating the electron optical column
on the left, the detector and amplifier
systems in the centre and the dlsplay '
system on the right.




L _10£‘\ . ) "
The detailed ope;gt;on and performanég parameters of electron-optica’ columns are," >
Beyoﬁd the scope of this thesis. This information is well documented in the

literature (2.18,2.19,2.20).

2.3.2 The Vacuuﬂ“S;stem

The specimen to be examined is mounted in a specimen stage which is

positioned through the front port of the specimen chamber so that the specimén lies

bengath the electron beam. The stage provides movement in the x, y and z axes as

‘well as 360° rotation and 0° to 90° tilt of the specimen with respect to the beam.
Electrical lead ghqoughs are also provided on the stage and at the rear of the

specimen chamber so that specimens and/or experimental detector systems can be bigcad

Several extra ports are provided on the stage and at rear of the specimen

chamber to allow special detector systems to be mounted. N

The chamber and electron-optical column are pumped by means of oil diffusicn

~ - [}
pumps to an operating vacuum of approximately 10™° torr. The electron-optical

C
-
5
<
<.
:,‘:

column is punmped by a separate pumping system and an isolation valve is used to
isolate the column from the chamber. This allows the column to be kept at an
operating vacuum while the chamber is brought to atmospheric pressure for specinen

- -

changing. The use of such an isolation valve is an .aid in obtaining a fast pump

-

Jdown time after a specimen change. c

2.3.3 The Signal Detection and Display Electronics

The electron beam is scanned across the specimen surface ‘by means of

waveforms applied to the scanning coils from the scan generator. Various interactions

e d

occur ﬁhen the high energy primary beam strikes the specimen urface; some of these

“w

have already been describéd in section 2.1. Any spatial varihtion in these phenomena )
can be displayed providing a suitable,getector is provided. The signal from such

a detector is used to intensity modulate a display CRT which is scanned in svnchronism ;
with the primary electron beam. Magnification is obtained by decfeésing the drive

to the scan coils while keé;ing the CRT scan excitation constant. In this panner,

the area scanned on the specimen is reduced while. the display-area is mailntained

constant. The ratio of the two raster siies determines the magnification, which may

|
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be as high as 50 to 100,000 times, ™ 2 ////////ff;”//

2.4 The Emissg;é Mode of Operation’ T
- - v .

The hetection and display of the.secondary electrons,génergted‘by the
pfima;y electron beam striki£g fHe specimen surface is called thg emissive.mode
of operation of the SEM. ‘The.séandard detector system used fdr‘detection of
secondary electrons is the Everhart-Thornley detector (2.21) This is shown in
Figure 2.10. Tﬁe low ene;gyasecondary electrons are attracted towards the p;sitively
biased Faraday Cage (+ 200 volts). On pasging througﬁ the grid,,thg electrons are
accelerated towards the scintillator by a +12 kv potential’apgiied to an, aluminum
coating over thezsurface of the scinfillaéor. This coating is very thin (= 500 g)'
and the électrons pass through it with sufficient energy to cadse'scintillation.

The light generated in this process %s transmitted down é light pipe to a photomultiplier -

amplified and the signal used to inﬁensity modulate thé display CRT. This method of

detection provides a high gain, low noise, broad band-width secondary electron.

c
>
2

collection and amplification system.

: -
. >

“Sources of contrast in the emissive mode have been considered by Everhart,
Wells and Oatley(2.22). Figure 2.11 illustrates some of the effects which can lead to

contrast in the emissive mode of operation. These effects are the topography

S—

of the spec;menﬁ§urface, the atomic number of the specimen and its resistivity.

\_Iu\lg.vu_"‘\ N

As the angiétbflincidence of the primary electron beams varies due to topographical
changes on the specimen surface, the effective depth of generation of secondary
e1?ctrons changes as the induced ﬁlasma is tilted (see sections 2.1 and 2.2). This
results in a va?iation of the number aof secondary electrons which can eScape from

the surface and thus gives rise to contrast in the emiésive mode. A simiiar variation- .
in the number of emitted secondaries occurs due to changes in-Spegimen.étomic number
(see section 2.}). In additiom, centrast may résult’from changes in the surface potenti:

of the specimen with respect to the Faraday cage collector. This effect is discusseal

in Section 2.6. Figure 2.12 showsrsome examples of emissive micropraphs from the SEM.
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_ Fig. 2.10

Shows the E¥erhart-Thormley collector system
~used in the SEM for the collection and

detection of secondary electronms. . The threa_,/ .

sections of this collector system are the
Faraday cage (+ 200 volts), Scintillator

(+ 12,000 volts) and light pipe assembly

and the photomultriplier.

Fig. 2.11

Examples illustrating the possible sources of
contrast in the emissive mode of operation are
shown. The three sources are topographical
changes, changes in specimen atomic nucber

and regions of insulating material on the
pecimen surface.
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Fig. 2.12

This figure shows emissive migfo raphs
in the emissive mode of operatiom~illus' ating
the depth of focus available with the SEM. (

Fig. 2.12(a), (b), and (c) are of insects whereas
g. 2.12(d) shows a group of boron whiskers
grown on sapphire. '

o
—_
—
pas
?

\Hpiﬁarw'pr

‘e



N -12- . ) . . ! o . | :‘

v

Because of the geometry of the final condenser lens pole. plate, the

t
?v
specimen ,and the electron detector, the detector does not collect only secondary

+

electromns. Some of the other possible sources of signal are illustrated schematically
in Figure 2, 13.' Back—scattered electrons can be detected directly or can cause the
i .

emission of secondary electrons from the Faraday cage or pole plate which in turn
can be detected. The degree to which back—scattered electrons contribute to the
total signal detected is important because a siénificant back=scattered electron
- contribution can iimit the spatial resolution in th;t:m;ssive mode of operation.

Resolution in any.mode of coperation of the SEM (see below) is determined ¢
by the area on the specimen from which the signal of interest is emitted. This is
always larger than the area of thejineident electron beam. In the cagse of secondary
electrons, the diameter of this area is shown as, A,'in the schematic diagram, Figure

2.3. For back-scattered electrons, however, the effective area is much larger

as these electrons can escape from-deeper in the specimen (B ii~Figure.2.3).

2.5 Other Modes of Operation of the SEM

The baekscattered primary electrons {see section 2.1) can be collected

and dispiayed using srlicon diode detectors. This mode 1is called thelbackfscattered ) ?f
elecéron or reflected primary mode of operation. Although it is of limited gi
cE i
spatial resolution it can provide useful iﬁfbroation on atomic number variations g;w
in the specimen and it has"been applied to the derection and measutement of thin g
surface films (2.23). |
Usually the specimen in the SEM isogrounded to prevent it charging uo under, o

the influence_of the primary beam.. If the current flow to ground is amplified and

n
v

displayed it gives a mode of operation called the specimen current mode. This mdde

]

gives a low spatial resolution, 1y, and contains similar information to the backscattere

and emissive modes.

4\

The conductive mode of operation relies on the presence of a high field

region in the specimen, such as that at a p-n junction in a semiconductor specimen.

1f the primsry electron beam generates hole-electron pairs near such a region, the ’?

electrons will drift in-ome direction and the holes in the opposite direction under

[ - R
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Fig. 2.13 -
This figure shows the possible sources of detected
signal in the emissive mode when using the
standard Everhart-Thornley detector systems. The
possible sources are: ‘
(1) Secondary electrons originating at the
specimen surface. ’

(2) Secondary electrons originating at the
pole piece with backscattered electrons
acting as a primary beam.

{(3) Backscattered electrons emitted from
the specimen. _ .

L ) "
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the influence of the high field; This process gives rise to a current'in any external N
S ‘ L ‘
circuit connected to the specimen which can be detected and diSplayed. This'mode'

of operation maey be used. to stpdy multicontrast Specimens such as transistors and
complex micrdhircuits“yhich can_be examined under biased conditions. ‘Other efifects
suchnas‘current multiplication, surface inuerSion.layers and localized‘hot spot
formation inay alé§ be ohserved (2.24;2.25)?" ,
The hole-electron pairsﬂin the specimen may] recomhine by the emission
of\photons of energy. Depending on the specimen material and the recombination
:processesfinvolved this emission may - lie in the visible, ultraviolet or 1nrra—
7red_region of the‘spectrum. If this light output signal is detected and displayed,
| . - ' A . o : P
:the spatial Eﬁriations of the recombination pEEEeSseS“operating can be studied.

Tl

This is called the cathodoluminescent mode of operation‘t2.23ﬂ2.26).
X-rays emitted from the specinen'can also be detected(using either a*non-
dispersive hi-drift detector or a uauelength dispersiVe crystal system. The X-ray

B --\-

images pIOVlde information on the chemical coprsition of the specimen and the type,

amount and spatial distribution ‘of any impurities (2 27). . . !

ESRIVAEMA

Another ‘mode of operation of the SEH is known as the voltage contrast mode.

™

This is a special case of the emissive mode]and,will be discussed in the_next section.

Wb
Feied

‘\sf{\ :

-t vy
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2.6 Voltage Contrast Using the Everhart-Thornley Detector

There .are two parameters of importance in discussing the detection of

® . -
- " ¥ i

voltage contrast using the Everhart-Thornley detector (see section 2.4). The : !

firstis the use of an electrostatic field to attract the low energy secondary

electrons towards the detector. The second is- that the detector has a
' - e

po

LA
finite entrance aperture. .

[y

- The positive potential applied to the Faraday cage generates an -electrostatic
field between the: cage and the, surrounding parts of the chamber and stage, including
the specimen. This field accelerates the secondary electrons towards the entrance )

aperture of the Faraday cage and,  depending on the'trajectories of the electrons

and the size of the entqancelaperture of the cage, they may or may not be detected.

. . . . b
» L - . . ' . .

-~ -
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"If the potentiallon the specimen is changed then the electrostatic’field

Abetween the Specimen and the: detector 1s changed also. This produces a change in

the trajectories of the secondary electrons which can result in a variation in the

number collected. Signal arising ecause of this effect is called ‘voltage contrast
‘signal. An example of this e% ect-is shown schematically in Figure 2.14. Here,

the change in the electrom trajectories ptqduced by reverse-biasing a p-n junction | -
results in a lower signsl being detected. from the n~type side of the junction.

Figure 2.15 shows a pair‘of micrographs obtained using a SEM in the voltage contrast
mode. The details are discussed in the caption. The situation is, in fact, more |
complex than indicated above. In the case of a reverse-biased p~n junction,

because the p and the n-type materials are at.different potentials and are_also

physically very close, a very strong local eleqtric field exlgtsaat and above
oL

the specimen surface at theﬁjunction itself. These so-called "transverse microfields Ei

affect the detection of seccndary electrons and, depending on tEF relative magnitude gg%
of the:specimen to collector field and the transverse microfield, différent images i:;
may be optained\- These.effects are discussed in detail in the next chapter. g;i

2.7 Summary

In this chapter some -of the nrocesses which occur when an energetic
electron beam strikes a solid target have been described. The mechanism of secondary
electron emission and the anguiar and energy distribntion of the emitted electrons ;Bl‘
have been discussed with reference to the published literature. It was shown how

o

secondary electrons ate used in the scanning electron microscope to form an image
of the specimen surf;ce and how contrast arises due to tcpogtaphic detail. In
addition, the other nndes of operation of the scanning electron microscope-were‘
described briefly. | '
The final section of the chapter introduced the concept of voltage contrast
“using the Eﬁerhart-THornley detector system. In the chapter that follows, the
mechanism of voltage contrast is examined in more detail and a review of the
published work on detectors designed to optimise this contrast is presented .
¥
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Shows how contrast result¥ from bilasing a =
P-N junction when thé Everhart-Thornley ‘ i
‘detector is used. Such contrast is e
" "t it
termed "Voltage Contrast’. , ’ E




FIG. 2.15

(a) '

_
COLLECTOR

(c)
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Fig. 2.15 ' .
Micrographs (ﬁ) and (b) show a 2N1893 transistor X
in an unbiased and biased state (0 volts

and -5 volts on the base)} showing detected
voltage contrast.
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CHAPTER THREE

The Detection of Voltage Contrasﬁ ~

Introduetion

It is important that the surface potential of a specimen be directly
related to_the output signal of the SEM so that variations in ‘this signal can be
unamblguously related to changes in the surface potential. It is therefore desirable

that the relationship between the specimen pOtEA;&Ei;iig the output signal be linear,

it is imperative that it be monotonic. This is not the case.for the conmonly used.

Everhart Thornley electron det%gtog as will be seen in section 3.3
] . ' . : >

y Several research workers have producéd secondary electron detectors designed

-

to give a near linear voltage contrast characteristic. Although all the detector

designs make use of the change in energy of the secondary electrons produced .as a
v
result of a change in the specimen potential, the detailed approach used allows a

classification of the detectors into two groups: namely, energy analyzer detectors

and trajectory sensitive detectors.
The first type of detector system analyzes the energies of the emitted

secondary electrons and relates changes in this energy to surface potential. The

second type utilizes the variation in the secondary electron trajectories, caused

-

by a change in their emergy to produce a change in the number of secondary electrons

collected. These variations in the number of secondary electrons collected are then
-, % ‘ * 1 s N
related to specimen potential. N )

This chapter presenfs a review of the published work on voltage contrast

-

detectors. Finallf, using this review as a basis, the dengn criteria for a new
4
voltage contrast detector are developed.
First of all, however, the co-existenge of voltage contrast and Fleld

contrast due to transverse micro-fields is discussed.

3.1 Transverse Fields and Field Contrast

)

an'specimens such as intdgfated circuits, therewill, in general, be areas

at many different potentials. Because of this, ‘local transverse micro-fields will
|-‘ \'
1 v




exist at the specimen surface. The observation of voltagr contrast, i.e. changes N
in detected.signal resulting from changes in the net specimen to collector field,.
may be complicated or obscured bylfield contrast-resulting from these local field

regions near the specimen surface. Information. about these transverse fields is

carried by the slow secondary electrons since they are strongly influenced by these

fields.
: Saparin et al. (3.1) have analysed this situation in the case of a e-n
junction. They assumed that the electron density distribution in_the plane of the 1
- sgfhart—Thornley detector was Gaussian, and that the microfield merely displaced

this distribution and did not distort it. The situation is shown schematically
in Figure 3.1. The shift in this distribution was calculated for electrons

emerging at right-angles to the.specimen surface into a transverse microfield
which was assumed to decrease exponentially with distance from the specimen

surface. The normal and parallel components of the transverse fields,

<
e
Is
S
Ja

Ey and E, respectively are thus given by:
Ex'= Egx €xp (-y/24d)
and : 23}:

E‘y = Eoy exp (_YIZd)

where Egx épd Egy are the fiélg\iemponents at the.ﬁoint of'emiesion whieh is also

the origin of the coordinate system and 2d is of the order of the width qf the p-n

junction. Using_;Bﬂs analysis, Saparin determPhed that the type of image | R

obtained would depend on the relative strength of the components of the micro-

field and on the normal comsahent of the collection field at the specimen surface,

Ea. If Ey was opposed to E, and if E, was sufficiently large, then secoudary electrons

could be reflected back into the specimen surface by the microfield and not be

collected. Defining a critical field Ey', at which secondary electrons are just
'collected,‘it was shown ehet for parts of the specimen where E, > Ey' a dark

area wouid be observed. Similarly when E and E are additive a bright area was

predicted. In the case of a p-n junction either a dark band, a 1ight-band or a

multiple band was predicted depending on the detalls of the local electric field
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Fig. 3.1

Saparin et.al. analysis assumed a shift in the
Gaussian electron density distribution in the
aperture plane ofithe Everhart-Thornley
detector, this shift resulting from microfield
components Eyx and Ey.
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'compdnent. Many of the cases predicted hdve been cbserved in practice. - - . é
. . ) -t - R ! . i
_Plows and Nixon (3.2) have analysed the p-n junction using field plotting B ;

techniques. They also predict the co-existence of surface fiela contrast and -

voltage contrast and show, theoretically and experimeﬁtally,_that the surface o T
- field contrast gives rise to a "shadow" or dark band adjacent to the jifnction. 5
Their reasons for this are in agreement with' those proposed by Saparin (see above). '

' 4

Plows and Nixon also show that if the normal component of the collection field is

—

increased, the width of the dark shadow is reduced and the effects of surface /
'field contrast are minimised. This technique is used in many of the detector

designs described below.

3.2 Energy Analysér Voltage Contrast Detector

It is possible to measure the energy of Secondary electrons emitted’
from a specimen surface and to relate changes in that measured energy to surface
potential variations. Many wo

voltage measuré%snts;

this sectibn.

ers have used this technique to perform surface

AN YMYTID

LA

tecﬁniques and detector designs will be described in

VRN

3.2.1 The Plows=Nixon Detector -

The deteétor designed by Plows and Nixon (3;2) useé an arrangement of
three planar parallel grids followed by a sciqtiilator and photomultiplier,
Figure 3.2. This arranéement forms a rétarding field energy analyze® with grids
1 and' 3 held at several hundred volts positive with respect to the specimeﬁ and d‘ !
érid 2 near to the specimen potential. The first grid applies a high.normal . ‘ é
electric field at the specimeh suffac;, the second acts as a velocity filter;
and the third.shields_the velocity filter grid %rom the high scintillator petential.

The operation of this retarding field analyzer may be explcia".;ined as follows.

. . ‘.,
1f we consider a single secondary electron of emission energy Ep, it will be

. =
accelerated from the specimen surface by the electric field generated between
the first grid and the specimen surface. If a potential of Vg is applied to grid
one, then the electron energy at grid oné, E;, will be given by
4

Ey = Ee + eVg1 ' eq. 3.1
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Fig. 3.2

This figure_sﬁows the three grid energ& analyzer
- designed by Plows and Nixon.

Gl: applies a high normal electric field at

the specimen surface. =
: G2: velocity filter grid. .
..~ 63: Screen grid.
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'hThe electron_vi{i‘have this energy as-it enters the retarding field betweé;'grid-

. . R |
. . s . - - . - T
I

//-18—_-f 4.A. S : (

ope and two. This retarding field is generated by applying a potential of Vg S
to grid two, where ch << VGl' This retarding field decelerates the electron, *
reducing its kinetic energy by the amount (é ~ Va2) so that when it passes

through grid two its kinegi?-energy EZ is giqu by

. E;\\“EI - e(VGl -Ved. v | . eq. 8.2

- . -

If the values of Vgz and Vg3 are chosen so that E, becomes zero, i.e.

;1 = e(Vgy - Vg2) then E, becomes.a critical value of emission energy. In reality

there is a spreadvdr distribution of emission energies, in.this case ;heee electrons
with emission energies’ greater than E,.will be transmitted through grid two

'd

(E, positive) and those with energies less than~Ee/§ill be reflected back towards

3 i

' grid one (Ep negapive).

third grid and the scintilletor-by a potential of Vo3 applied to grid three,

'The electrons which pass through grid two are’ accelerated towards the

where VGB >> VGZ.

This process of energy analysis may be likened to a moveable energy '
partiti?n-applied to the secondary electron emission energy distribution curve.

Figure\§.3 shows this schematically. -

- If in equation 3.2, we :fbstitupe for Elcfrom equation 3.1 then

we obtain

Ey = E, + eVGZ . _.eq. 3.3 .

Thus the energy of an electron at grid two depends "Jy on its emiasi&ﬁfenergw

" and the potential on grid two. .;f the specimen is H&ld at a, potential Vg then the

i

equetion 3.3 becomes

Ez = Ee' + e(VGZ "'-Vs).
If the specimen potential, V_, is varied then the effective energy of emission of
a secondary electron is varied also. . The effect of this is to shift the energy

P

distribution of secondary electrons with respect to the  epergy partition thus

producing a change in the number of electrons transmitted through the analyzer and

s
[ IV FERPRN
. me o . A .

detected., The number transmitted and detected is the integral of the:distribution

\ ’ T



- \. : & -FIG_.'3.3 .
EEEEEE?E’D —— ELECTRON TRANSMITTED
NUMBER, OF | ' .
ELECTRON. | - \
L R "™ s EE2  ELECTRON ENERGY =~ - =~
' ‘ AT GRID 2 ——» -
© FIG. 3.4
. 15
- ( ' : _ ' -4 voits
- O volts
. “+4
.13 -
) V62=2600V0“5
. o
>
o 0 -/
& &,
/ i
-, | , N
J/_—_'“"1|1.|_l|w]l .l|lll|l|l]'1<|'l[
8 -6 -4 -2 2 4 6 8 10 12 4
‘ " +—— (Vg2 -Vs) —— voits L
) °

!
-



. -
T N
————

" Fig. 3.3

e

The concept of a movable enérgy partition used ' 3
to describe the operation of the Plows-Nixon
detector and other such retarding field- energy

.
w analysis detectors is shown. X
C.
&t
§ i . =
AN et

Fig. 3.4- q
This graph shows collected electron current Ig
versus specimen potential a, grid two’
potential difference (Vg3 - ¥g) for the Plows
and Nixon detector.
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function from the energy partition up'to‘4°; (f the energy partition always
'lies on the right of the peak emission energy then this integral is a continuous

‘ monotonic function. In this case, the'outpnt of the detector is a continuous,-

monotonic Function of the specimen potential VS. . é/,_ﬁ,/

Plows and Nixon determined that an operating poten.ial & 2.6 kV on the
first grid washsuffiEient to reduce the effects of transverse fields at the $pecimen
surface so that useful voltage contrast information could be observed. This work
was carried out using an interdigitated transistor structure as a specimen.

plotting the detector output Versus (VGZ - Vg) they obtained characteristics

of the form shown in Pigure 3.4.
Assuming that the characteristic is linear in the region‘of maximum slope,

d Nixon estimate that for a one volt change the measurement error would be

C.

——

of the ofder of 1%, for a two volt change 11%, and for a four volt change 17%..

They go on to show that by sacrificing sensitivity the arity can be improved.
If a sinusoidal voltage is applled to the coptrol grid along with a D.C.

-voltage, Vg2,then the operatiop of the detector can be understood fron_Figure 3.5}:

ﬁsing;the‘same pomenclature as Plows and Nixon, when the mean grid two voltage

véélequals V5, the point of maximum slope of the unmodified characteristic then,

assuming ‘linearity within this region, the detected current iQ(t) will depart
negligibly from‘a sinusoid provided that the peak to peak sinusoid, Vpp is
sufficiently small. Hence the mean collected current (IE)Q will equal the unmodified
value of collected current. If véz =0 however, (i )P lies above the unmodified

value while if Vg, = Vi then @, cIr lies below the unmodified value. If the

frequency of the voltage applied to grid two is higher than the bandwidth of the
detector amplifier then 1ip(t), iQ(t) and 1p(t) are integrated and the output of the
amplifier is proportional to the mean values. If this mean cellected current is plotted
against (Vg - Vg), with peak-to-peak value of the grid two sinusoid as parameter, |

+

the family of curves shown in Figure 3.6 is obtained. ' The slope of the linearised

° 4

characteristic is less than that of the unmodified cﬁaiacteristic resulting in a
. ' \ .

-

decrease in the voltage sensitivity.
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Fig. 3.5
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Shows the linearization technique used by
Plows and Nixon. See text of de;;t{ption.
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Fig. 3.6
The family of 'Voltage Contrast Characteristic”
curves obtained using Plows-Nixon linearization
technique is shown here. The parameter here
is the peakyto-peak value of Vop'
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3.2;2 - The Flemming-Ward Detectof

Flenming and Wa;d (3.3) have described.a voitage'sensitive sy;tem_usiﬁg a
standard E?Erhart;ThOtnley detector with two additional grids. The system is shown | ‘
in Figure 3.7. The 1?ner mesh 18 used to prdyidé a high normal field at the
specimen surface to reduce the effects of transvérse'fields. According to the
authors, the second mesh réduces thejznergy of the electrons to facllitate tﬁeir

collection. Imn fact, this arrangement is an energy analySeﬁrsimilar to the ome ﬁ\v

described by Plows and Nixon (see above).
! .
In the present case, a feedback control leoop is used to stabilise the

2

operating point of the secondﬁry electron detector in érder to linearise the
specimen potential vefsus'Output signal characteristic. If the specimen potential
changes céusiﬁg the detector output to change (at point D, Figure 3.7)"then the comtrol

loop reacts to shift the specimen potential to maintain the output of the.detector

SERER IR .Y
.o . P

~—

constant. In this'way, the detector always operates at one point on its characteristic

-

and the relatibnship between specimEﬁ potential and feedback control voltage, the
voltage at poini't, becomes almost linear. The voltage at point C is used as the
dEEFEtor output.

The characteristic obtained with the control loep open is shown in

Fipure 3.8. The.gen%ral shape obtained is similar to that‘obtaine& by %lpws a;d
Nixof> Although no characteristic was shown with the coﬁtrol'ioop in use, ;@g
authors claim that a potential difference of 5 volts appligd to the speciﬁéﬁ ceuld
be measured to within a few perceﬁt from the change in the detector output signal.
No definitive sensitivity or linearity data was provided. The authors conclude that
their results were not critically dependent on mesh voltages, ;mplifier gain or the
position of tHe operat g point on the detectorlg&gggd{::istic. In addition, they

\ . .
noted that d potential of 1 kV on the inner mesh was sufficient to minimise tae

effects of transverse flelds.

g
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Fig. 3.7

The detector desién developed by Flemming and

Ward using a two mesh system in conjuncﬂ&zg_/ﬂ/
with an Everhart-Thornley detector is sho

Fig. 3.8 k¢

This shows the voltage contrast characteristic
for the openJloop gsystem of Flemming and Ward's.

<f
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.3.2.3 Th: Gopinath—Sanger Detector

B

Gopinath and Sanger (3 &) describe a detector similar in operatien to thosé
of both Plows ahd Nixon, and Flemming and Ward except that a normal field is not -

used at the specimen surface to suppress the effects of transverse fields. These
authors avoié’the use of such a field in the belief that it may cause’%istortion of
“the local‘spe.imen potential, affecting the roltages to be measured.” In additiom,
they were unwiiling to run the risk'of high vcoltage fleshovers‘damaging.delicate
specimens.

in order to control the local electric field components at the specimen
surface and to direct-;he electrons towards the collector, a specimen cage is used,
see Figure 3.9. This type of cage was first suggested by Banbury and Nixon‘(3;7),
see section 3.3.1. By adjusting the cage base, back and grid potentia}s the secondary

electron trajectories are directed towards the éntrance aperture of the collector.

-
Z

The detector system is a retarding gri? analyser of the type described

above and it is used in a feedback loop similar\ro the one described by Flemming

-~

and Ward (3.3) except that the potential of the control grid (grid two) is varied
to maintain a constant detector output instead of the specimen-porential as was the EE
case An Flemming and Ward's design. The control system is shown in Figure 3.10. {
The operation of the system is briefly as follows. If the energy of the secondary E;
electrons increases, caused for example, by the primary electroe beam moving iato
a more negative part of the specimen, then the output at A in F{gure 3.10 would
tend to increase also. However because of the.feedback loop, the voltage on the
contrel grid would be decreased thus reducing.the number of electrons transmitted
through the -analyser which would hold the output A constant. ‘Tﬁildetector .
characteristic is obtained by plotting the specimen potential against the control
grid voltage which is the linearised detector output;

The performance of, their linearised detector is illustrated by scanning
the primary beam across the anode to cathode gap of a Guon diocde. This gap wes

-

. \ g
assumed to have a linear resistance profile in the direction of the scan. The

|

I IPY
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‘o Fig. 3.10 ' : ¢
The"feedback control loop used by Gopinath /
and Sanger is illustrated. The potential '
on grid 2 is carried to maintain the
output at A constant. h




characteristic obtained is shown in Figrre 3.11. The bias across tﬁe device is
5.5 volts. No linearity, sensitivity or range specifications are given;

3.2.4 The Driver Detector "\ ' - , o ' - : R . /

v

Driver (3.8) also used a three grid retarding field energy analyzer‘ -

but of different geometry.  The first and second grids are in the form of hemispheres

which enclose the specimen, while the third grid forms part of-a large aperture

Everhart-Thornley detector system. The complete arrangement’ is shown in Figure 3.12.

A potential of +150 Volts is applied,to the first m and a variable potential of
0 'to -30 volts is applied to the sqqond mesh e potential on the third ‘mesh
was set at +500 volts in an attempt to compensate. for the asymme:ry of the

system and equalise the collection efficiency over ti? whole range of segondary

electron energies.

. =

Driver attempted to separate voltage contrast signal from topograph signal
by superimp051ng 'a 100 KHz sine wave on the specimen potentials. The output signal

of the detector is then fed to a Band pass filter tuned to 100 KHz with-a bandwidth

: (o~ . é
of 10 KHz and afterwards demodulated. In this way, only the Woltage contrast signal R

and that component of the topographic signal with a frequency of 100 Kdz.tHS'KHz is

e

_‘\ . Ywa

EIAN . ~4
detected. This is discussed further in section 3.4. . : .

No conclusive results are given in the paper except that the author notes . =

a dégrédatioﬁ of the signal to noise ratio of a factor ,of ten. The linearity,
3 .

sensitivity and range of the system as a voltage sensitive detector are not specified.

3.2.5\~The Wells and Bremer Detector

_ : . 0_{_ p

Wells and.Bremeq (3.9) have reported the use of an 84°~defleétion electrostatic
' .- : o
cylindrical mirror energy analyser in conjunction with a slightly modified Everhart- ,
’ ¢ . -

Thornley detector to measure surface potentials. Thé\system is shown in Figure 3.13.
ijondary electrons are accelerated towards the entrance aperture of the

analyser by an electrostatic field genesated between the lower electroae of the ‘

"analyser, which is held at +40 volts, and the specimen, which is biased at -17 volts

A

-1
- A

for some of the experiments described. Having passed through the entrance aperture,
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Fig. 3.11

The voltage coq%t characteristic for the
Gopinath-Sanger™fetector is shown here,
obtained by scanning ‘the primary beam
across the anode to cathode gap of a ,
Gunn diode. .
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| % Fig. 3.12 =~ - <
Shows the hemispherical mesh design developed
by Driver with energy analysis being performed
ot "the emitted electrons. A large aperture
Everhart-Thornley detector system is used as

a collector.

Fig. 3.13

Shows Well's and Bremer's 84° deflection
electrostatic cylindrical mirror energy
analyzer. '
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the low eﬁeig& secondary electrons are deflected by the elézﬁicstatic fieid betweec
the'upper and lower section of the cnquser towardélthe exit aperture. Depecding
_on the enéréy of the electrons. and the potentials on the analyser, the edgctrons
may pass through the exit aperture: and be collected by ‘the scintillator of the
modified Everhart-Thornley detector, Tﬁe'energy resolution of this type of
analyser is deterﬁined by the stability of the electrostatic.fields and the size

<~y
of the exit aperture.

'Sggcimen potential measurements are made by locating the peak of the

secondary electron distribution amd observing the shift in this peak. As pointed
out by the authors, chgnges in the analyser operating characteristics produce changes
in both the apparent electron energy spread and in the position of the peak. e

For this reason, they sﬁggeé% that the‘specimen potential should be varied so that

the opeq@ﬁLng-characteristic of the analyser can be maintafned constant.

N . ' 4
However, the results discussed in the paper are not obtained in this manner.

It was obsarved thct the signal to noise ratio is degraded by an order pf L
wmagnitude when the analyser is used compared to the Everhart-Thornley detector alone.
By ciasing the deflection plateé clo;e to the specimen (see Figure 3.13) an
improvement in the $igﬁa1 strength was noted. An improvement of up to five times .
could be dbserved in this wafj

‘Wells cnd Bremer list a-number of difficulties with the system including
an error due.to varying the positioc of incidence of the primary electron beam om,
the specimen surface, transverse fields at the specimen surface, specimen’contamination
effects and similcr contamination effects on the analyscr platesAand stray magnetic
fields from the final leng)of the electron optical column. In addition; these authors
discuss the difficulties associated with pecforming measurements on specimens that

. . X

have insulated regions which can charge up under the electron beam: A good exigple

: . A
of this problem is the ceramic lead-throughs commonly used on integrated 01rcf?t

- . o

\ - ' | l

"\ . The system is tested by attempting to plot the reverse characteristics of
(r
a p-n 3unction. Good agreement with the known characteristics was obtained. No

packages.
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detailed data on\sensitivity, linearity or range was provided.

L) ' 1

3.3 TraJectory Sensitive Voltage Contrast Detectors

In the introduction to this chapter, it was indicated how voltage : ﬁ
A i

contrast detectors may be classified into two groups; enprgy sen51tiverdetectors

and trajectory sensitive detectors. The Everhart-Thornley detector,-although not &

speédfically designed for the detection of voltage contrast, can be used for - A

this purpose and falls into the trajectory sensitive class. ‘ | e

The characteristic curve of this detector has been measured. This cuxve,

relating detected output to specimen potential is shown in Figure 3.14. The detailed

1)

shape of the curve depends on the relative positions of the detector and the
specimen. It can be Seen that this curve is only linear over a very small range f/r

of specimen potential. Outside this range, the detector is very non-linear and

-+ .
is therefore unsuitable for quantltative voltage measurement.
h—

In the remainder of this section, the operation and characteristics of

other trajectory sensitive detectors are discussed.

~

3.3.1 The Banbury-Nixon Detector

Banbury and Nixon (3.7) have described a multi-purpose detector for the

scanning electron microscope. This detector consists of the cylindrical arrangement O

o . . .
of electrodes shown in Figure 3.15. In a second publication (3.11), these authors

-
b
-
-
“a

.

B

-

»

¥

have described the use -of this detector, for the observation of voltage contrast.

Voltages are applied to the electrodes producing electrostatic fields
' b

which can exercise a wide range of control over the trajectories of the emitted

secondary electrons. By varying these applied\{zzzages, it ‘'was possible to overcome :

the effects of transverse fields of almost any maghnitude arid orientation. The
particular combiration of a small retarding field at the specimen surface, produced i
by a negative bias applied to grld four, and .2 positively biased collector, grid two,
reduced the effects of transvegse fields while retalning a useful voltage sensitivity.

In additiom, this technique provided 2 symmetrical monotonic characteristic with

the highest sensitivity near to the origin as shown in Figure 3.16. By adjusting .

3 . P




N \
N
~)

FIG. 3.14
o

VOLTAGE

t : : : +- - : t —t
o 8 -6 -4 -2 5 4 '6 8 (0
a SPECIMEN SURFACE POTENTIAL
3} o
o
L-2
L
VAR

e



1

Fig. 3.14

This figure shows the voltage contrast characteristic
__for the Everhart-Thornley Detector.
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Fig. 3.15

Shows the Eylindrical arrangement of detector
\sléztrodes deveibped;by/ﬁandbury and Nixon.

‘Fig. 3.16

. Shows the wvoltage contrasi characteristic for
the Bandbury-Nixon detector.
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the magnitude of the ‘retarding field a 50% increase in sensitivity could b= obtained
for a positive specimen bilas at the expense of aensitivity in the negative region.
The opposites effect could also be produced. A slope of 137 at the origin was .
.achieved in Sﬁ: latter caSe and 8% in the case.of the ‘symmetrical characteristic. W
3.3.2 The Beaulieu-Black—Cox Detector T Y

The rectangular arrangkment of electrodes shown in Figure 3.17 was developed

by Beautieu et.al. (3.8, 3.9) . for the purpose of surface voltage measurements

on integrated circuits. In a similar nanner to that used by Banbury and Nixon (3.11),
the potentials of the.back, sides and front mesh (M1) of the box‘ﬁ%%b:he annular
electrodes were varied to cont ol the trajectories of the emitted setbndary electrons;
Mesh ﬁz was used as a screen [to prevent the high scintillator potential disturbing

the,potlntial distribution within the box The potentials on the electrodes

could be chosen so that a nearly_normal el tric field was produced at the specimen L
- / L

surface. This was verified by plotting th equipotential lines for a two dimensional ;‘:.§§<
model of the box using a field plotter. 'In this way, the effects of Eransverse fields ﬁ;?.iig
at the 5pecimen surface were reduced but ot entirely-eliminated. The_specimen‘ ),r% if
RS

potential versus detectpr_outpuc characte istic obtained is~ shown in Figure 3.18. ffﬂsz,é
‘. ik :3‘

This characteristic is non-monotonic and in this form is’ unsuitable for the
: 3

measurement of voltage contrast. /)

™~

In order to linearise this characteristic, a feedback control loop was used

-

similar to that described by Gopinath and Sanger (3 10). The detector outp\t is
. & 3
fed back to the first mesh (Ml) which was used as a control grid. Thus wheﬁ the

'Surface potential of the specimen is changed the change in the secondary,electron

—

signal output is ‘fed back to the control grid to maintain the. input at the photo= ) Lo

]

<

multiplier of the Everhart-Thornley type detector system at the same level;f A
‘Signal processing technique was also used to redice the topographic content of ° - f
~ “the detector output signal. This technique is described in section 3. Q\_ The

“ .

complete arrangement is shown in Figure 3.19.




FIG. 3.17- - ) -

% .
“ z L
1 FRONT . BACK 2 ’
1| ANNULAR ANNULAR é
H ' . ' R
FRONT MESH. -V
80% TRANSMISS|ON: | é }-INSULATORS
| X |7 |sPECIMEN ZEl
| | : %
ﬂ | al .
| —
A 7777777777777 77777777~

‘ lBEAM
o
! LENS
- | | B
m2 : I - : :
P I
1 mi | |
o + LIGHT PIPE & | ! | SPECIMEN |
p ~ PHOTOMULTPLIER) ; | 7 |
I FA,“‘ 1 BA |
10 =g Y ]
| 1 |
[j - T _,_i__
N - 1
5 . ’ 7/




' l
a . |
t.;
i
19
-
'
.
.
'
s
-
=
;
i
N
"

] _ AN

Fig. 3.17
Shows the rectangular arrangement of electrodes
- designed by Beaulieu, Black and Cox.

s
“
[
g
»
1
‘\
-
PR
’f?l -
ti, A
. N
1 -+ \
©.
| kS
- [+] ,:'\‘ -
) =
¢ 3
F
o & v
- . " .
.

el

. T
—_ LA :
- e
]
|
) l
1
'
1 €




i
L
L &

/'

I E FIG. 3.18 »

?-} 4

(a) RESPONSE

Av/in

VPSD

— T T 1 | : 1

'l -8 6 -4 =2 O 2 a 6

SPECIMEN POTENTIAL

-
v" L]
‘LI r
) '
./ .
;
, ) -/
s oo
— “‘ .
Vd * '
“
) "1
N
- \ ‘_q‘. .

-—

-



Fig. 3.18

The voltage contrast characteristic for the
open loop detector system used by Beaulieu,
Black and Cox is shown here.’
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Shows the control lobp system used by Beaulieu . o
_.et..al. A control voltage is applied to the "
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The desigﬂ of the detector along with the use of feedback leads to a detector *

characteristic which is nearly linear over a.+ 10 volt‘r;nge of spécimen

potential. The characteristic is shown in Figure 3.20. This syStem was used to

P

detect specimen surface potentials as low as 100 mV on a transistor specimen.

 After calibration, the" accuracy of the detector over.a range of * 2 volts was

* 4
was not sufficiently high to entirely eliminate their effectsE

measured. The voltages measured by the detector were consistently low at the ends

¢

of this range by as much as 15%. It was suggested that this is due to residual

®

transverse flelds as the normal electric field at the surface of the specimen

Ny

3.4 The Suppressign of Topographic Contrast

As discussed in Chapter Two, the secondary electron emission from the
specimen in a scanning electron microscope contains a great deal of information

on the.surface topography of the specimen. - However, for surface voltage measurement ‘

and the, observation of voltage contrast, the variation in. the secondary electron - 'f=

signal due to topography must be eliminated if poééiﬁie_as they can hinder, or mask

-

entirely, the effects due to specimen voltage. Gopinath and Sanger *(3.10) have suggestec

a method of reducing the contrast due to topography -in the detector output signal.

‘o

The system is shown in Figure 3,21. o : i ‘ =
The spé;imen potential is pulséd-ét 10 KHz and the detector output signal -
thus contains both t0pographié signal and voltage contrast signal during the

bias-on periods and topographic signél only during the bias-off pericds. The

differences between thése.signals, at 10 KHz, is the required yo;tagg contrast 9

"signal alone.

A

The output of the detector is fed to a band pass filter tuned to 10 Khz

which passes the voltage contrast signal only. This signal is symmetric abogt zero,

e

i.e. thé'ﬁhasa or polarity informatien has been lost. 'In order to recover this, the

symmetric signal is détected using a phase sensitive detector'with a reference input

'

derived from the specimen bias pulse circultry via a phase shifter to compensate

for signal delays. Using this technique, the topographic signal is reduced,

]

aiding the observation of the surface voltage contrast component.
- - ' -__,‘,' ___J ) 5o .

? T
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Fig. 3.20

This figure shows the vdltage contrast
characteristic obtained using the .
feedback control loop, Beaulieu et.al.
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e

Fig. 3.21

Shows the fechni&ge used to suppress topot

graphic contrast, a technique developed -~ -

by Gopinath and Sanger.
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3.5 TheﬂNew Voltage Sensitive Detector

Based on the review of published work on voltage sensitive detectrrs

above, and referring to the Specification required of a measuring sysfe; suggested in

Chapter l, it is possible to arrive at a set of xrequired specifications for a new :

o

detector system. They are discusged in some detail below.

—

3.5, l Design Criteria ' ) o Cet =

-

a) Accuracy, Linearity and Rang_ . . ' &l

" Plows and Nixon (3.2) have achieved a linearity of 172 over a 4 volt range
H .
of sPecimen-potential. By using a linearisation teéhnique, this value was 1mproved

/%ith some sacrifice In sensitivity. Banbury ‘and Nixon (3.7) achieved a linearity

of 13% over a* 2 volt range‘of-specimen potential. This was achieved'without

T, , - . . N . /\
the use of electronic linearisation. The other papers discussed did not provide
- . T . . 4 ]

-

-details.of the linearity and range achieved. ‘ _ Cos
- ; Iihe figures quoted above are of little use for performing routine voltage
.méasurements on integrated circuits. A range of +20 volts to -20 vpltslis
needed in order to cover the range of voltages typically used for rail and bias -
voltages in operationalamplifiersand digital 1ntegrated circuits.' An accuracy
x SZfof full scale, j.e. * 1.volt in 10 volts is needed for most general work. Ny

A Second range of 2 volts with an accuracy of £+ 2.5Z of full scale i.e. £ .05 volts

COAXINV MG 3

S in 2 volts is needed for nore accurate studils. . . :' . ‘. a3t
These figures imply a linearity of 5% over: the ientire range o't 20 volts
and *+ 2.5% over a range of 2 vnlts. IThjese requ1rements are con51derably better - : /)
éhan have been achieved to date. The attainment of godL linearity allows. the)
detector output to be used directly, avoiding the use of- “calibration curves or
complex electronics; Hnwever, for very accnrate work over the entire range, a
calibration curve could be used S '_ ‘ o : v . .

b) Sensitivity, Signal to Noise Ratio and Beam Current

The sensitivity of a voltage sensitive detector system can be defined as

.-the Smallest voltage or change in voltage that can be detected or displayed

'S

Beavlieu Black and Cox (3. 8) have succeeded in diSplaying potent

10 mV howe%er, for the majority of studies, a sensiti?ity of 100 mV would be,




: o e S }
- . acceptable. For exam¥le, this sensitivity woild allow the notehtiéﬁ drop across -

e

a silicon p-n junction.(600 mV) to be observed with:ease;
The sensitivity of a given detector 1is governed by the signpl to noise

' ratio of the system. An expression for this can be derived as foll F' 1f thd -

primary beam current incident upon th sample is Ip amps., then the number of

»

electrons incident per second is Ib/e where e is the. electronic change. ‘The
numher of secondary electrons emitted per second is given by Ibﬁle where S is
the-secondary electron yield (see Chapter Two). If R is the fraction of the emitted
secondary &Nectrons collected and detected, then the totai number detectedlper

second is IpSR/e. ‘ . .
' . . . '
If we now consider the displayed ifmage to be composed of an array of

x 500 picture elements and if the time te scan.one complete raster is T secs,
then the number of electrons collected from each picture element, N, is given }

(3.11) '
I, *6R*T T T
. | (500)2e o . . _
Fhe r.m.s: fluctuation in N will be /N so that ¢§-or Jﬁ'represents the basic

0 Lo
signal to noise ratio of the element being scanned. This signal to noise ratio,

R | 1

SRT % !
S a '
- N e 2

S:N is given by

: i
This represents the signal to noise ratio due to the shoc noise contribution of

the primary electron beam. However, the: generation of secondary electrons is itsélf

" a random process and will also contribute noise. Peace (3. 12) has determined that

this noise contribution will degrade the basic signal to -noise ratio of eq. 2 by a

factor of 4, Thu's ' 3
- - IbGRT 1 o .
2% 109 ( ) oo

This equation shows that the signal to noise ratio can-be optimised by wusing a

S:N =
large beam current, ensuring that the collection factor of the detector system is
as high as possible and by using a long frame,scan time. In addition, the use of

a fairly low valne of beam energy (approximately 2 Kevi will maximise’ the value of

»
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A

§, the secondary electron yield (see section 2.2:1)., -~

Increadng the primary beam current I, increases the electron béam
size and reduces the spatial resolution of the SEM. If a spatial resolution of

1000 A is chosen, then a beam current of the order of 10~ -9 aﬁps. can be used-
'S

For the present following Everhart (3.15), the value of 6 will be taken as 0.3

which is a satisfactory valﬂe at high:beam energy (15 to 20 Key);‘ The avgrage

] ‘

value of the collection factor, R, will be chosen conservatively as 10Z.

o

Substituting these valz;s into equation 3, we can arrive at a relation-

ship between the signal to nois “ratio and the frame scan time.
?n 10
SR R . :
- | S:N /—2 T ‘ eq. 4

The relationship between the signal to noise ratio and the detection of contrast

in an image has been studied by-Rosé (3.13). He found that the minimum contrast

f
U

that  could be detected by the eve was inversely proportional to the signéi to
noise ratio. This minimum contrast is known as the threshold contrast Cp. Thus

K
Ct = 5§

where the proportionality constant was.found to be close to 5.

P If a value of Cp Equél to 0.05 is accepted, i.e. 5% changes in voltage

Béing detectable, then a signal to noise ratio of 100 is required. Substituting'

this value into eqTation 4 yields a frame scan time of 200 secs. This is an

acceptable value. C ) ' o '

A micrograph displaying 5% changes in voltage level could therefore be

obtained-fn 200 secs. assuming the vaiues discussed above. Under these cogditions,

the sensitivity of'the detector over the two ranges discussed in the previous para-

L

graph would be ; 1 V in 20 V and .1 volts in 2 volts when a micrograph was required.

These values seem reasonable as a 10 mV sensitivity has already been achieved

-

with a frame scan time of 100 secs. (3.9).
If a point measurement, rather than a micrograph were required, thgn
significantly better sgnsitivity'could be expected as-the time taken to pexform

; the;;ﬁaéurement could be madé;ésnlong'éé is consistent with system stability.




¢) System Pzsponse Time _ .

The response time required.of tjfe system can be calcolated from.the data v
above. A picture composed of (500) 2 picture elements is to be produced in 200 secs.

This means that the electron beam spends .8 msecs on each picture element. In

general terms, the system'should respond in approximateij cne tenth of this time,

. : -——\ | | 4

implying a'response time of 80 usecs. maximum.
v

q) Suppression of Interfering Effects
- ;

;l

~

One of .the most troublesome effects described by the cther workers is °

that of 1oca1 transverse electric fields at the specimen surface. These‘fields,

which can obscure the observation of voltage’contrast have been controlled by the

spplication of a strong normal electric field at the specimen surface. Such a

field has been generated by the use of a cage structure (3.10) surrounding the
. . i

specimen and by means of a parallel-electrode or grid. Both of these methods

have met with' success and a similar technique'must'be adopted in the present ’

detector design.

Another effect which was described was the presence of topographic

1]
s

Ry

information in the secondary electron 51gnal-as well as the required voltage contrast.

L)

LBIvena

-

'This signal was suppressed by the use of a modulation technique. However, in .

order to obtain optimum results from a voltage sensitive detector, it is necessary

fraiee i 441

i

to eliminate all sources of signal othér than the secondary electron signal carrying
the voltage oontrast information. This means that backscattered electrons, tartiary
Ve

electrons and allsources of secondary electrons produced by boch backscattered

[

electrons and tertiary electrons must be’ ellminated and not contribute to the

detector output signal (see section 2.4). This is an important requirement of Ebe

. present detector design.

#¢) Other Requirements R _ ‘ : | | )

It is desirable that the geometry of the detector be suited tq the ] -

-

existing arrangement,of specimen chamber, specimen sgage, final lens poie piece and
. [ -ov

. -

‘secondary electron photomultiplier and head amplifier assembly so that no major

e
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. o~
modifications are required to fit the new detector system. The-detector should
also allow the-specimen to be changed easily and quickly. This ‘is required so that | R

the detector can finally be used in a production control,eﬁvironment

The detector should interfere with the normal operation of the SEM as
- . Vs - . - B
little as possible. Ideally, conventional topographic images sﬁould be available L

' from the detector in addition to the voiltage contrast displays.

[

Finally, the area on the specimen over whiéh voltage méasurements-can
f

be made should be aa large as. possible consistent with the accuracy requirements - ' L

stated in paragraph (a) above, Ideally, this area should be of the order of

2.5mm x 2.5mm in order to cover the majority of integrated circuit chips.

3.5.2 The Progosed Detector - ' . : " C ' -

[

A schematic diagram showing the arrangement of the new detector is shown

in Figure 3.22. An electrode is used parallel to the specimen Surface, to

t

.2
3
=l
T
o
4
e
Lr

provide a high normal electric field at the specimen surface to reduce the effects

4
-~ ,-fﬁ

of transverse fields. The secondary electrons emitted are accelerated from the

'
'
'
H
!
i
12

surface towards this electrode and pass through a hole into an electrqstatic field-

\ .
free box maintained at the same potential as the.accelerating eiectrode A lateral L

magnetic field in this box deflects the bundle of secondary electrons towards an .

ArAriar e MR A

aperture in the sxde of the box, effectively separating the secondary electron ™. i o D

signal- from all other possible signals. Some of the electrons pass through ’ o X

this aperture and are detected by a scintillator—lightfguide-phptomuﬁtipller p

-,

~assembly. _
. - - T . . oo
Changes in the specimen surface potential produce changés in the energy _ ‘ -

-

of the secondary electrons entering the box as the electrostatic field- between the .

specimen and the .accelerating electrode (the bottom of the box) is change&

‘As the energy of the electrons is varied, the deflection in the magnetic field is
r‘” : :

varied, and the electron bundle.mov§§“w1th respect to the aperture. Aﬁ-the - \\

+

sécondary-eleccron bundle moves over, the aperture,~amsignal variation is produced

,".I a

' which i§ related to the variation in specimen potential.
f _,-.‘

“ : This” arrangement, which is essentially a simple secondary electron

-

Spectrometer, will detect o I secondary electrons emitted from the specimen surface.

] . : o
.-—._.._/ . ) J—- . . . - - : Y
* ' € . - I3 . . " . ; L T
- - . R A . . . - . . v
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This figure shows the proposed detector design TN :

using a magnetic field to separate the secondary
electrons from backscattered and tertiary electrons.

I 4
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_ ) SR
Backscattered énd tertiary,électrons,_Pecausé of their higher energies'will not !.
be deflected sufficiently in the magnetic field to pass through the aperture. : _-:h

Secondary electrons produced by backscattered electrons on the inside top surface . d

of the box will be deflecé;d away from Fhe aperture towards the opposite/ end of*

the box. In fact, sec;ndary electrons ﬁroduced on all the iA;ide surfaces of the box

wili ne}*have the correct direction of trgvel or the correct energy (as they have

net been acceaeratea through the electrosﬁatic field) and hence they will not be

directed towards the aperture plane By the magnetic field. |
Ihiq&ygthod will eliminate all sﬁurious signals‘except the topographic

information in the sécondary elgctron signal which can be rejebtea by using the modula-

tion technique and phlse sensitive detection technique alrea&y described above (3.6).

The detector geometry is ideally suited for use in a conventional SEM

without the need for any major modification. It is proposed that the detector be

mounted »n the base of the electron optical columm and that the specimen.be mounted : ot
on the normal ﬁiécimen stage. This will ensure that specimen changing and manipulation jf

is nor more difficult than with the conventional SEM.
The primary electron beam'phsses';hrough the igteral magnetic field and
will therefore suffer a deflection. However, this can be'compensated for in the

“location of the aperture in the lower surface of the box. The deflection of the

priméry beam and the use of a long working disténce will degrade the resolution of ’
the SEM. It is unlikely that the resolution will be worse than the required 1000 g
however. The .response time of such a system will be 1i@ited by the scintillator- f§
light—guide;photomultipliér detecfor. This has a bandwidth of at 1e1Ft 8§ MHz and
so the response time of the system should be entirely satisfactory.

The brief introduction to the new dgtector illustrates how it meets many
of the requiraments specified.l The'sensitivity, ;ineariti and range etc. can only

-]

be determined by testing a prototype unit. Before implementation of this design

‘ . . ‘
in the form of a test detector, the behaviour of electrons in electric and magnetlc

fields was studied. The results of .this study are discussed in the next chapter. v

o : N S
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The Motion of Electrons in Electrostatic and Magnetic Fields o
!

Introduction

o
‘u

The proposed design for the new voltage contrast detector was intrqdu&ed in

the latter section of Chapter Three. Before such a detector can be designed, the
. \ _ , ~. ‘ . .
motion of electrons in both electrostatic agg)magnetic fields must be studied in

g

order to arrive at an optimum set of design parameters. This chapter describes the

-

studies that were performed and'the conclusions reached.
In the first section the detector model studied is described. The

following -section investigates the behvaiour.of electrons in crossed electric -

fields. Such fields exist at the surface of a specimen due to transverse.and

accelerating fields. The final part of the chapter deals with electron motion

" hpi]

in a magnetic field.

" 4.1 The Detector Model &
' 9 .
- The model of the detector shown in Figure 4.1 is.to be studied. In the

o

presence of transverse fields, secondary electrons are emitted into a crossed
™~

electrostatic field at the specimen surface because of the transverse fields and o
the accelerating field due to the pétential; Vp, applied to the lower mesh of :
’ L] =
the detector. The secondary electrons are extracted from the influence of the :
transverse fields by the accelerating fiéld and pass through thé accelerating mesh

into the region of the magnetic field. Here the secondary ele?trons of 1odfénergy

are deflected more than the higher energy backscattered and tertiary electronms,

see Figure 4.1, If the strength of the magnetic field is adjusted so that the

secondary electrons are deflected through approximately 90°, thenvonly the secondary
electrons emitted from the speciméh will pass through the aperture and be defected.

Aﬁl other low enérgy electrons (for examplé, secondary electrons produced on the

pole piece py backscattefed electrbns from the specimen) will be deflected away from

the aperture, see Figure 4.1. . - ' _ .

The analysis of the motion of electrons in the varlous regions of the

N
s S~ -)R‘j\: "‘\-\
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Fig. 4.1
Shows the model of proposed detector design
studied using the computer programs.

Fig. 4.2

i
This figurd shows the surface electrode con=
figuration studied during the analysis.- )
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detector will be described. First of .all, their behaviour in the crossed ¢lectro-

static fields at the specimen surface will be discussed.

’

- 4.2 Trajectory Analysis in Crossed Electric Fields

In order to analyze elec tron trajectories in the region of crossed electric
fields, the geometry of electrodes shown in Figure.4.2 was used. Altkdugh this
geometry is very s;mple, ;t offers é.good approximation to the geomet;y found in
reality on a typical integrated éircuit.

Because of the complex fields generated between these electrodes and the
accelerating mesh, it is difficult to perform either a rigorous mathematical
analysis or.experimental field plots to determine.the field configuration. It is
therefore necessary to ;pproximate the field conditions near the speéimen surface
and the following assumptions will be made.

Since the ratio of the distances between the surface electrodes and the
plane of the accele;atipg mesh is very large, it will be assumed that the shape
of the transverse field;!is not distorted by the accelerating fieid. 1f the analysis
is performed in the x, z plane (see Figure 4.1) then the net field is the vector
sum of its x and z components assuming that the y components are zero, i.e. the
net field is composed of Eya, the accelerating field vector, and E7 and Ey, tﬁe
components of the transverse fiéld in the 2 and X directions respectively. These
fields and their components are shéwn in Figure 4.3. Also shown in Figure 4.3 is
that the angle bertween the local direction of the transverse or micro-field and
the surface, angle AMF, Qaries with the poiné of study chosen on the metallic pad.
The differential equations describlng‘;lectron motion in fields of this type are

as follows; -

d’x _ =z ' ' eq. 4.1

Freda A Eg exp (Zd) cos AMF q. 4.

2 ., e T h E exn (ZZ) sin AMF) eq. 4.2
. ET =" A (EZA + Ego exp (-z—d) sin q- 4.

where A is the charge to mass ratio, Eg is the magnitude of the transverse field at
the surface, AMF is the angle subtehded by the transverse field at the surface,

d is the separation of the electrodes and Ezj is the acceferating field due to the
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Fig. 4.3
Shows the coordinate system used for the
study of transverse fields, AMF being the
angle of entrance or exit of the micro-

field with Ey and Ey the horizontal or

vertical components of this microfield. |
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lower mesh of the detector. These equations' are developed in Appendix I.

When‘varying angles and directions of transverse fields.are considered,

the solution of equations 4.1 and 4.2 bec()ffq complex. With the aid of al analogue

simulator. program (see Appendix 1), these equations were solved using a digital

computer. A wide range of conditions was studied and the.followigg results were ?
1 - ‘

. obtained. ) e

: s
When the specimen at the point 6f beam incidence is negative, the tr%nsverse

.

field lines emerge from the surface and the vertical componment of this field, Ez, !
will aid the accelerating field Egza, whereas the horizontal com?onent Ey will, in
general, generate a hqrizontal1combonent to EZA and Ejz. If these field lines

are assumed to bé linear in the region of influence of the transverse field and
AN

emerge at the angle AMF, then the degree of elec@ron deflection will depend on the

.~

angle AMF, the magnitude of the transverse field components, which depends on’the

potential difference between the metallic pads, V4, and their spacing, d, and on

the ‘accelerating field strength, Eza, which depends on the specimen to accelerating

%
)

mesh spacing, Z,, and the potential on the mesh, V&L

The degree of electron deflection, measured at the plane of the accelerating o
el

mesh, Z = Z,, versus the specimen potential difference, Vy, is shown in Figure 4.4(a). 3
i ol

The point of study in this case was the negative pad, i.e. with tramsverse field _?3

lines leaving the specimen and the vertical component of ch%\field aiding the

accelerating field. Electrons of emission energy 2 eV, emigted normal to the surface

- .
~ were studied. THe other conditions are tabulated in the figure. “These curves %how

that a linear relationship exists between the deflection produced and the specimEn

-

potential V4 for various values of AMF and V Figure 4.4 (b) shows the variation

of this deflection with the accelerating potential, Vy. It can be seen that as

this potential is increased, the deflection is rap%dly reduced.
The curves shown in Figures 4.4 (a) and (b) 1ndicate that the effect of
the transverse field- under, tHese conditions is to produce a deflection of the emitted

electrons and a consequent distortion of the electron density distribution in the

plane studied. It is also evident fhat the effect of Ebe,tr355verse fields canfBe reduées

e i
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'\l{?g. 4.4(a)

This graph plots the specimen potential Uy

versus electron deflection at the accelerating
mesh plane.

angle of emission = 90° c
ZA = 1.27 x 10~2 mete?g‘*"\

d = 2.54 x 10° meters ,
Emission energy = 2 ev.
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* Fig. 4.4(b)

This graph plots the accelerating mesh potential
versus electron deflection of the gtcelerating
mesh plane. :

Ug = - 20,0 volts

AMF = 0,0°

Emission angle = 0.0
Emission ene gy = 2 ev
d = 2.54 x 107" meters
ZA = 1.27 cnm.
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"Fig. 4.5
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. Fig. 4.5

This figure shows an example of an electron
trajectory in an aiding transverse field.

AMF = 0°

Ud = -20 volts

Um = 500 volts

ZA = 1.27 cm.

Emission energy = 2 ev
Angle of emission = 90°
d = 2.54.x 107° meters.
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by the use of a high value of Vs the accelerating mesh potential.
An éxample of a calculated elegtron tfajectqry under these condipioﬁs
is shown in Figure 4.5. An‘abrupﬁ change of slope .in the trajectory at approximately

1
107? cm from thg surface indicates that the effects of transverse fields are {

limited to a region very close to the specimen surface.
’ “

If the emission of electrons from the positive pad is considered, then

e

~

the transvarse f{/ld terminates at the surface and its vertical component, Ez is

\

pd

opposed to Ezp, while the horizontal component produces a deflection similar to, hat
observed in the case considered above. \

\ ‘.
Because the vertical component of the transverse field now opposes the

accelerating field, the magnitude of these two fields and the energy and angle of

emission of the electron will determine whether ;r not it will Treach the accelerating
mesh. For a given set of conditions, there will be a critical value of accelerating ,
field, Eggy such that an electron will just reach the acceleraLing mesh. If the ’E
yertical component of the transverse field 1s changed such that Ez > ECrIT
then the electron will be reflected back to the specimen surface whereas if
E; ¢ EgriT then the electron Qill pass through the accelerating mesh.

The behaviour of an elllﬁron emitted normall?,with an energy of 2 eV

from the surface of a pad biased at +20 volts with respect to the other pad {see

o i

Figure 4.2) was ;tudied. The value of EgriT as a function of AMF is shown in

Figure 4.6. It can be seen, as might be expected, that as the angle of'the transverse

field incr;ases (i.e. as the field becomes perpindicular with the surface), the

value of EgrIT increases also. Figure 4.7 shows the defleEEI;;*;;ﬂ;;;‘;IEEEFEH‘in

the plane at Z = ZA as a function of speécimen potential difference, Vg4, at Yarious

Values of AMF, These curv?s were derived at a value of acceleratinngieIHJEqual -

to EqgryT at Vg = +20 v01tg The deflection of the electron increases with the pofential
" difference, Vg, and also with decreasing values of AMF, agai? a8 may Pe expected.

Figure 4.8 shows an example of a computed electron trajectory where the

value of E; 1s greater than EcpyT- As can be seen, the electron 1s deflected back

- . ‘ .
to the specimen surface and thus will not be collected and detected. The conditions
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Fig. 4.6

1 ' ’
This graph shows the angle of entrance of micro-field
plotted against accelerating field strength.

Ud = +20 volts
Eo (Transverse field strength at surface) = 8 x 10 volts/meter
d = 2.54 x 10”° meters

ZA = 1.27 x 10~2% meters - .
- [ ;S'\ v

- —

Fig: 4.7

This graph shows the specimen potential
plotted against electron deflection -
at the accelerating plane, angle of entrance
of the micro-field as a parameter.
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Fig. 4.8
This figure shows an example of an electron :_
trajectory emitted into a retarding transverse 2

field.

Ud = 420 volts ' B
AMF = 70° oL ‘ “
Emissiord Energy = 2 ev '
Accelerating mesh potential = 3000 volts
d = 2.54 x 10~ meters P
ZA = 1.27 x 10-? nmeters -




o

Fiz. 4.9

- 0= ANGLE OF EMISSION
8=45° 1% '

i
N
@

il

N
T

b,
]
[

« COLLECTED

i

SECONDARY ELECTRON EMISSION
ENERGY EE ELECTRON VOLTS
o

12—
8—
4]
- I T : S
0 1000 2000 . 3000 4000 5000
volts :
ACCELERATING MESH POTENTIAL
Fig. 4.10
MAGNETIC FIELD REGION
RETARDING _ __ __ _ _ _ L - ' :
MESH 7F O Vm2
RETARD ER 7§
ARDING : |
._ FIELD ,/ ‘2‘;
3 ACCELERATNG _ _ Y | [
|
ACCELERATING EZA | 6
FIELD | N
] 2
/
(\ ( , P

SPECIMEN

1

— — ——SUGGESTED PATH OF SECONDARY ELECTRON
' f

o
L



Fig. 4.9

This graph shows accelerating mesh potential
versus secondary electron emission energy with
the angle of electron emission 6 as a parameter.

AMF = 90°

Vd = 420 volts

d = 2.54 x 10~° meters

ZA = 1.27 x 107? meters. ’

Fig. 4.10 , .

This figure shows the arrangement of accelerating
and retarding field.
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fo this-ttéjecfbry ar%_tabulated in the figure. ?efore any conclusions are. -
drz;nuﬁrom these data, the effect of varying theﬂéggle and energy of emission i

of the electron must be studied. This data is shown in Figure 4.9 where the !

boundary conditions between the collection'and\refiection of an electron are shown

against emission energy and accelerating mesh potential for two values of the emission
angle. The curves were derived for a normal angle of transverse field and a value

for Vq of +20 volts. The curves show that under these worst case conditions, an

electron with an emission energy of 2 eV will not be collected even at the highest

value of accelerating mesh potential and a zero emission angle, 8.

The data presented so far shows.tbat at a high value of accglerating
.field of ~ 5 x 10" volts/meter (Vy = 6000”§olts, éA = 1.27 cm iﬁ igure 4.9)
the effects of transverse fields can Ee reduced so that low energy electrons can
be collected. However, the effects can never be eliminated entirely. The two
most difficult conditions are, 1) strong transverse fi;lds normal to the surface |
which will reflect electrons and 2) transverse fields at high angles which will

produce the largest lateral electron deflection. In the case of a measurement

performed on the typé of structures shown schematically in Figure 4.3, a near .
normal field will exist near the.centre~of the pad but the’ highest field yill exist’ ;E
at the edges. It seems reasonable, therefore, that measurements may be performed c
near the centre of a pad where the field, although normal, is the weakest. - : i

-
This has been confirmed by the experimental work (see Chapter 5 and 6). S

1f, as suggested agove, the electrons are accelerated from the specizen
surface by a potential of 6 KV on the accelerating mesh, it may be shown (see
next section) that a magnetic field of approxiﬁately 10~2 webers/m? would be required
to deflect these 6 KeV electrons through am angle of 90° and onto the aperture
plane of the detector. It will be shown in * Chapter 5 that the generation of

a magnetic’ field of this magnitude would result in a high power dissipation and

resultant heating Problemssul : v
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A possible sdﬁhtion to this problem is-to use-a retérding fiéld iﬁmediately |

after the accelerating field, to reduce the energy of the eiectron; so that they l
may be deflected with lower magnetic field strengths. This arrangemeﬂf is shown l

schematically in Figure 4.10. Using a modification of the computer program cited

earlier, an analysis of this sifuation was carried out to determine if the presence

of the retarding field w0uld‘limit the effectiveness of the éccelerating field

in controlling transverse fields at the specimen surface. It was found that the
lateral electfdn deflection.produced by the transverse fields, measured in the
plane of thé retarding mesh Mp, was very sensitive to accelerating field potential,

~

Vg1, but very insensitive to retarding field potential Vp2. These results are

shown in Figures 4.11 (a) and (b). Electrons emitted normal to the surfaée with
energy of 2 eV into a pafallel transverse fie&d were studied. The curves éﬁow that ) !
if the potential on the retarding mesh, V2, is varied from zero-to 5 KV with 5 KV

on the accelerating mesh, a deflection of only .01 em is produced, whereas, if the f%i‘
accelerating mesh potential, Vp1, 1s varied from zero to 5 KV with 200 volts on

the retarding field mesh, a change in deflection of .24 cm is produced. The fact

that the retarding field has little effect on the behaviour of the transverse field

[

supports the argument that transverse field effects are limited to a region very

close to the specimen surface.
o

It is interesting to note the effect of the transverse field on the shape

of the electron density distribution at the accelegating plane. Assuming that the
electron emission density distribution is Gaussian (3.1), the effect of transverse

fields of varying angles is shoén in Figure 4.12 (a), (b), and (c). Figure 4.]2&3) )
shows that thg/ﬁistributién is,distorte& very little by a transverse field which

is parallel to the surface; a large lateral shift is noted however. This is in

agreement with the assumptions made by Saparin (3.1). However, in Figure 4.12 (b)
considerable distortion is evident at a Gr;nsverse field angle of 309 and in the

case of a normal transverse field, Figure 4.12 (c), no shift and only a slight

distortion are evident.
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Fig. 4.ll(a)

This graph shows accelerating field potential
plotted against electron deflection at the :
retarding field plane. '

4
Retarding mesh potential Upz? = 200 volts //é?ﬁ
AMF = 0.0° . ' v )
8 = 90°
Ud = +20 volts
d = 2.54 x 107° meters -

ZA = 1.27 x IL(}'2 meters

[~4

Fig. 4.11(b)

Retarding field ﬁotential versus electron deflection
at the retarding field plane is plotted in this graph.

Accelerating mesh potential Upy = 5000 volts
8 = 900 A ' '

AMF = 0°

Ud = +20 volts

d = 2.54 x 10~° meters

ZA = 1.27 x 1072 meters
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Fig. 4.12

This figure shows the electron deflection
at the accelerating plane plotted against U
the number of secondaries arising at the
plane under the following conditions.
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a) Electron emission energy = 2.0 ev

AMF = 0.0
d =2.54 x 10~° meters
6 = 90° -
ZA = 1.27 x 107? meters
b) electron emission energy = 2.0 ev
AMF = 30°
d = 2.54 x 10~° meters
8 = 90°
ZA = 1,27 x 10”2 meters
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Fig. 4.12

electron emission energy'= 2.0 ev

6 = 90°

d = 2.5 x 107> meters AN
zA = 1.27 x 10-2 meters
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; the motion of electrons in a magnetic field.

34
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Before any conclusions are drawa from this_analysis we shall investigate 1

4.3 The Motion of Electrons in a Magnetic Field

The secondary electrons, having been collected by the electrostatic field, . i
now enter & magnetic field area, free of any electric fields. The magnetic field has
the directit;\and magnitude such thq& tﬂese secondaries of enexrgy Epy, are deflected
through an angle ¢ towards the aperture plane, see Figure 4.1.

The force on a charged particle in a magnetic field differs from the force

exerted by an electric field in two important respects. There is a force only when
1S

the partlcle is in motion and the force is always at right angles to the direction

of motion. . A constant magnetic field can change the direction of motion of an

electron but not its kinetic energy. With reference to Figure 4.1 and using the

right hand rule, it may be determined that in order to deflect the.electrons along

the positive x axis, the magnetic field must be in the direction of the negative y “xF

axis. . . . I

¢ . =

y
The differential equations governing electron motion in a static magnetic v

- R . e !

field may be developed to the following form (4.1).

d%x -e d dz

atz (Bzﬁ% - Bygp)
2

d°y _ e dv dx.
at? = (Bxgp - Begp)

ﬁz- = —_e— dx Bx_dl)

dt2 m (Bldt - dz’”

where all the terms have their usual meaning and e/m is the charge to mass ratio
for the electron.

If Bx = Bz = 0 and if the aperture plane is positioned on URg positive x

axis, these equations become,

j= "

'// 2y - eBy dz

t

i
B
(%
(ol

=0 " eqs. 4.1

(=N =1
(nd
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¢ Fig. 4.13

This graph plots magnetic flux density versus
electton deflection at the aperture plane.

Aperture plane 2 cm. from beam axis.
Enefgy of electrons entering magnetic field = 200 ev
R(angle of entrance into magnetic field) = 90°
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These equations may be solved to yleld the followirg expressions (gee Appendix 2)

A\
L
x -t Vx By Sin —-By t iE-Vsz Cos —-By t—sz l }
] eBy i l ‘
y = Vyt " eqs. 4.2 “ol
+m Vx e -m Vz e -mVx i |
z = — — Cos — By t — — Sin — —_— ‘
e By m Y e By Sin m By t eBy - !
The value of By may be determined from the equation (4.1), a
e a
C ¢ - By v eq. 4.3

where ¢ is the deflection angle, By is the magnetic field, a is the length of the

magnetic field region, V is the elgctron'velocity and e/m is the charge to mass

ratio for the electrom as before.

I1f ¢ is chosen as 90° and 'a' as 5 cm and if the electrons have an
energy of 200 eV then the flux density is i
By = 1.55 x 10”3 webers/m? = 15.5 gauss.

The analogue simulator program was again used to study the electron trajectories

in the magnetic field. If the electrons entering the magnetic field are assumed

.

» ha |

to be moncenergetic and enter the magnetic field at right dngles to the o
retarding plane, then their point of incidence on the aperture plane is dependent ' Tk
o
-4
on the magnetic flux Zensity as shown in Figure 4.13. It was shown, that at higher 'iE
' u}

values of By, (2 3 x 1077 webers/m?) gﬁe electrons are deflected below the retarding
plane (i.e. Z, negative) at the aperture plane. At very high values of By (2 8 x
10~? webers/m?) the electrons are made to spiral in the magnetic field.

1f now, an appropriate value of flux density is chosen (By = 1.5 x 10-3
webers/m?) and the entrance energy of the electron 1is allowed to vary, the variation
of electron incidence position on the aperture plane with entrance energy is
shown in Figure 4.14. This curve shows that the incidence position varies linearly
with entrance energy over a range of 40 eV centred on 200 ev. This is equivalent
to a + 20 V specimen pote;tial change with a retarding mesh potential of 200 volts.
The position parameter, Zo, 1S again measured from the retarding field plane as

in Figure 4.13.
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Fig. 4.14

3

» .
This graph plots entrance energy of ‘electrops
into magnetic field versus electron deflection Zo.

By = 15 gauss
B = 90%

Fig. 4.15

This graph shows angle of entrance of electron
{nto magnetic field (B) versus deflection of
electron on the aperture plane-Zg.

-

entrance energy of electrons = 200 ev,
By = 15 gauss
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As may be expected, the magnetic field causes a defqcusing of the bundle
of secondary electrons as these electrons are not, in reality, monoenergetic.

The bundle size arriving on the aperture plane is further enlarged by the fact

that electrons may enter the magnetic field at a-variety of angles. The effect
of ghis variation is shown in Figure 4.15. It is estimated that the combined effect

r

of defocusing due to the presence of different electron energies and different
angles of gntrance into the magnetic field results in a bundle gsize at the aperture
plane which ié'approximately 5 times larger than the bundle size at the entrance

plane (retarding,field mesh):'

4.4 Conclusions -

From the above analysis, an appreciation of the magnitude of the potentials
and fields involved in the design of a voltage sensitive detector can be gained.
In addition, some of the processes involved and the factors of importance are
indicated. Because of the assumptions made, hogevér, it was decided that an
anaiysis of the total operation of the detector in an attempt to predict the
sensitivity, linearity and range etc. would not be worthwhile. The determination
of these parameters is to be ‘carried out on an experimental basis in the

next two chapters.

The above analysis does lead to the following general conclusions.
a) The contrast resulting from changes in specimen surface potential is
composed of a field contrast component and a voltage contrast component. ihe field
contrast component results from transverse fields which exist between elemenﬁs on

the surface at different potentials.

b) Thé transverse fields lead to a deflection of the emitted elecqﬁgps or

1 3
even the reflection\of electrons back to the specimen surface under extreme
conditions. Both of Xhese effects hinder the observation of voltage contrast.

c) The effects of transveyse fields can be reduced by the use of a

normal accelerating field at the surfice of the specimen. A field of the order
of 5 x 10* volts/meter is required to adequately suppress the effects under the

worst case conditions. ) o o
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d) Even though transverse fields cannot be entirel} eliminated, it
may be possible to perform voltage measurements away from the edges of pads and

metallization strips without ché'efﬁects of transverse field interference.

e) The use of a retarding field after the acceleratipg fie d doks not
disturb the action of the accelerating field in the reduction of transverse field

effects.

f) A magnetic field of -~ 2 x 10~? webers/m®? will produce the desired :

.
deflection of electrons of 200 eV energy. This means that a potential of the order

of 200 volts should be used on the retarding mesh if the value 'of magnetic field is not

to be increased.

¢ o~
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- CHAPTER FIVE"

|
|
Experimental Testing of the New Detector i

Intreduction

In the last chapter,an analysis of the new detector was carried out and
approximate values were “determined for the important parameters. Th§ analysis
showed 'that the detector design proposed would, in fact, operate a ticipated.
In this chapter the desién of the first prototype detector is described along
with the results obtained from it. The first section discusses the construction

of the detector.

5.1 Detector Construction

The detector design used in the first experiments is shown schematically |

in Figure 5.1. It consists of three main sections, the specimen box, the

wire mesh cage and electromagnetic coil assembly and an Everhart-Thormley é

type electron detector. The collection field is generated between the lower sur- $.

‘ A

face of the mesh cage (the accelerating plane) and the specimen and its surrounding %_

. 'J -

area. The surrounding area is of complex geometry and in order to majntain N\ . O}

i - | r

a symmetrical and controllable field around the specimen, the specimen box E;

. ‘ =4

arrangement shown was used. This box is made  of aluminum and has a hole in the _é’
centre which allows the specimen to be moved in the x and y directions within

the hole. Photographs af the actual detector are shown in Figure 5.2. P
The specimen box is suspended from the base of the mesh cage so that

the base of the cage, which acts as the accelerating plane in the present

experiments, is close and parallel to the specimen surface. The analysis

indicated that the secondary electron bundle could be up to Zcm in width and

a cage width of 4cm was_chosen on this basis. The length of the cage is 6ecm.

and its hHeight is 2.5cm fhese dimeaisons were dictatad by space limitations.

The top and bottom surfaces of the cage are made of Ni mesh. This mesh is made

‘up of .002" wires with a .018" spacing and has a transmission factor of 82%. These :

meshes were used to provide an electric equipotential surface with a high |

rﬂ +

electron transmission factor. ‘ .. /2 o

SR g
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Fig. 5.1

This figure shows the detéctor used in the
first experiments.
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Fig. 5.2(a)

These photographs show an expanded view of '

the proto-type detector showing the Everhart-

Thornley electron detector on the left, the -
specimen box and specimen in the bottom and

the wire mesh cage and electromagnetic coil

assembly in the upper right.

"

Fig. 5.2(b)
This figure shows the top view of the detector
system with the electron detector assembly on
the right and the wire mesh cage and electro-
magnetic coil assembly to the left. The
specimen 1s viewed through the cage.

v

Fig. 5.2(c)

'y

This shows the front view of the cage assembly .
showing the mounting of the aperture.
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The colls used to generate the magnetic field are mounted on the sides:

of the cage, ;eé-Figures 5.1 and 5.2. The dimensions of the magnétic pole pieces ana
the mggnetic air gap beiﬁg determined by the dimensions of the cage. A low reluctanhé
path is used tq complete'the magnetic circuit,‘see Figure.S.Z. The dimensions of the
magnet ;oiis and the circuit are shown in Figure 5.3, The number of ampere-turns
needed to generdte the required flux density in the gap was determined using the

data provided by Dawes (5.1) and the formula,

0.4 N-T
By.A »——= eq. 5.1
2/uA

where By ig the flux density in the gap 1in ‘gauss, A is the cross-sectignal area
of the pole pieces, % 1s the path length in the air gap, U is the permeability
of free space and NI is the number of ampere-turns.

The analysis carried out in the previous chapter showed that a flux density
of the o?dér of 15 gauss was needed. Accepting this value, and using the values
of 2 and A for the coils used, a value for NI of 128 Ampere-turns is calculated from
equation 5.1.

The coils consist of 540 turns of #30 magnet wire wound on cold~rolled steel
pole pleces. A current of ,24 A 1is needed to provide t&e flux density specified
and this results in a power dissipation of 150 mW. This value was considered
sufficiently low for operation in a vacuum environment. .

The third part of the sy;tem is an Everhart-Thornley‘type of electron detector
with an aperture mounted in front. The aperture plate forms one ‘end of the cage and
it is supported by two cross bars. The Everhart-Thornley detector is supported by its
‘light guide. 1In all the experiments reported, the Faraday cage of ﬁhe Everhart-

'Thornley deteator was held at the same potential as the mesh cage. The aperture and

detector can be seen in Figure 5.2.
o
5.2 Experimental Testing of the Defector~-The Magnetic Characteristic

The first series of experiments carried out was of an exploratory nature,

r

designed to determine the general operating characteristics of the system. In these
L od
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Fig. 5.3

1
The dimensions of coil formers and magnetic :ﬁ
shunt used in the first detector test model At
are shown here. !
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experiments, the cage potential and the specimen and specimen box pot:zntials were

b

R

held constént'and the output signal was observedqggﬁzaghﬁﬁgnetic field was varied

from zero to a value well in excess of that required. Nb“éperture was used, with the

end of the box covered by a plece of wire mesh to maintain the electrostatic field-

free region.

It was expected that the output signal versus magnetic field curve would
show a single broad peak as the segoﬁﬁary electrons from the specimen surface we}e
deflected towards the detector. In addicign, a shift in the apparent position of

the epecimen, as observed on the viewing CRT, was anticipated as the primary electron

beam would be deflected away from the detector by the magnetic field.

X

" The shift in the specimen position was observed but the output signal

showed five distinct peaks as the magnetic field was varied rather than the single
peak expected. The.experimental arrangement and conditions are shown in Figure 5.4,
together with the output signal versus magne;ic field strength characteristic

obtained. Because the primary electron beam is moved across the specimen suriace with

changing mdgnetic field, a scanned line rather than a single spot was used in order

™
P
=
bl
=
9!

to integrate the effects of changing topography which would otherwise confuse the

LS

r\slt__l;rs obtained.

v Tt was suggested that the first peak, peak 1 of Figure 5.4, was due t0
secondary electrons generated at the lowver mesh of the cage by backscattered e2iectrozs
from the specimen surface. _These electrons would have a lower energy than those
emitted from the specimen surface and consequently be detdcted at a lower value of
magnetic field. In'order to verify this, a ﬁiece of aluminum foil was used to cover

P ‘
the lower mesh of the cage. A hole allowed the priimary beam to pass through to the

specimen and the secondary electrons to re-enter the cage. The wire mesh was also
removed from the area of the hole to minimizeﬁihe number of secondary electrons
generated, The characteristic curve was again plotted and it was found that ;eak
lhad been severly reduced where the remaining peaks were unaffected. It is apparent
from this test that peak 1 is due to low energy sec;ndary electrons generated at

the lower surface of the cage.. f

J
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Fig. 5.4

This graph shows the magnetic field flux
density versus detected secondary electron

signal.
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The peaks numbered 2 through 5 in Figure 5.4 were thought to be due to

electrons arriving at the detector via unwanted paths. - In order to determine

these patﬁs and eliminate the unwanted peaks, the Everhart-Thornley detector was

replaced by a phosphor screen. A viewing port was installed in the specimen chamber °

so that the electron patterns produced on this screen could be observed and

photographed as the magnetic field was varied. The arrangement used is shown in

Figure 5.5(a). Th;'éecéndary electron bundle obeEyed on the phosphor screen

and the correspending scanning electron ﬁicroseope images observed on the viewing

CRT were photographed for a series of values of the magnetic field. These results are

shown in Figure S.ﬁ(a) through (f), for magnetic field strengths from zero to

30 gauss, covering the range of peaks 1, 2 and 3 of Figure 5.4.

It should be noted at this poimt, that the SEM images shown in Figure 5.6

were taken at a magnification such that the prima}y electron beam scanned the inside

SUiTGE

P s L

of the lower surface of the cage. This technique proved useful as it helped to
determine the sources of the varlous signals involved. Under normal operation cof the

.detector, the beam would not scan these areas.

N

Photographs Al and A2 of Figure 5.6 were obtained at zero magnetic field.

Photograph AZ shows that the source of signal cbserved in both the upper mesh (the ¢

ER I N
Rt e o g -

large squares) and the lower surface of the cage as these appear bright. With
no magnetic field present, secondary and backscattered electrons from these areas can
be detected. No signal is observed from the specimen. As expected with zero
magnetic field, no defiﬁed bright spot is observed on the phosphor screen. A
rectangular area of light is observed however, the edges of which are defined by

/’

the edges of the end of the cage facing the screen. .
As the magnetic field is increased from zero, a number of things occur. First
of all, a steadily increasing signal is observed from the specimen in photographs
A2, B2 and C2, rSecondly, the signal observed from the inside lower surface qf the
cage reaches a peak at approximately 14 gauss (photograph B2) while the signal from

the top mesh of the cage appears to remain substantially constant over this

- range. A well defined bright-regilon appears on the phosphor screen at low fields and

[P
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Fig. 5.5(a)

The phosphorous screen is shown here mounted

facing the aperture plane of the cage
assembly.

A plece of aluminum foil was placed over the

top mesh of the cage to eliminate peak 2 of
“the magnetic characteristic.

.







Fig. 5.6

This figure shows the results obtained using
the phosphorous screen to observe the secondary
electron bundle, 1) electrons arriving at the
pposphorous screen, 2) Ficrograph of cage and
specimen.

1

a) B=20

b) B = 14 gauss

¢) B = 20 gauss
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d)
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e)

f) B = 29.5 gauss
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= 23 gauss =~

= 26.5 gauss
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rapidly moves down the screen as the field is increased. Its brightness position

is shewn in photograph Bl and it corresponds closely to the field value ét which

< : .

maximum Etgnal‘is observed from the inside of the bottom of the cage, photograph B2:
Referring mow o Figure 5.4, it 9é£{be seen that the position of peak 1. of the
magnetic characteristics,the peak in signal from the inside of the bottom surface

of the cage and the brightest position of the spot on the phOSphDr screen are all

coincident. They al oceur at a value of magnetic field equal to 14 gauss. It is

apparent that peak 1 "Gf the magnetic characteristics is caused by secondary electrons

génerated on the inside of the base of the cage as ‘proposed above. This is shown
schematically in Figure 5.7A;

As the magnetic field is increased Seyond 14 gauss, the first defined
bright‘area on tﬂe phosphor-screén disappears and a second one begins to appear
at the top of the screen. Photograph Cl shows this second area appearing. Both
this bright area.and the signal from the specimen grow more intense as the magnet}c
field is increased and are theﬁ reduced in intensity again to a ‘signal trough at
épproximately 26 gauss., The signal tro;gh igs shovm in photographs El and g2. If
the magnetic field is increased fdrther than the signal from- the specilmen increases

apain and reaches #nother peak and an intense, well defined inverted ~"U'" appears

-~

on the phosphor screen.

Both the signal from the specimen and the intenaity of the inverted "U"
— .

on the phosphor screen reach a maximum intensity at a magnetic fiel strength close

to 30 gauss. The intensities of the siénals from the inside of the bottom surface
of the cage and the top mesh of the cage are now undetectable.

If the values of the magngtic field shown in Figure 5.6 and those of
y

Figure 5.4 are compared, it can be seen that peak 2 corresponds to the appearance of

the second bright area on the phosphor screen and the trough between, pegks 2 and 3

corresponds to photographs El and E2, where both the light outpuh of the phosphor

~ P e

screen and the signal observed from the specimen show a dip in intensity. Peak 3

then corrq&pﬁGAS to the appearance of the intense inverted "U" on the phosphor

screen and the large signal observed from the specimen.
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Fig. 5.7

This series of diagrams follow the teXt in
explaining the possible reasons for peaks
1 through 5 of the magnetic characteristic
given in Figure 5.4.

a)

b)

c)

d)

e)

£)

Peak 1 results from secondaries produced

on the lower mesh.

Peak 2 results from secondaries produced

on the top mesh near the aperture plane. -

The trough between peaks 2 and 3 results
from the secondary electron bundle
sweeping the top support bar.

Secondary electron bundle arriving at
the aperture plane, peak 3.

Peak &4 results from secondary electrons
produced at the lower mesh and aluminum
foil.

Peak 5 is caused by electrons deflected
directly towards the phosphorous screen
(electron detector system).

i
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It is ﬁroposed that peaks 2, 3 and 4 are caused b& the secondary electron
bundle of interest sweeping,'first of all across the top mesh of the cage, then
dédn the end mesh ;pposite the phoéphor screen and finaily onto the bottom of the
cage .as the magnetic field is Increased. Referring now to Figure 5.7. Peak 2 of

Figure 5.4 corresponds to Figure 5.7B .where the secondary electron bundle is

arriving at the top mesh of the cage just in front ?f the cross bar used to
support the énd of the cage. A further increase in the magnetic field sweeps
the secondary electron bundle onto the cross bar and produces a fall in the signal
observed (Figure 5.7§% and photographs El and E2). As the field is fuéther increased,
the bundle of electrons reaches the screen directly as in Figure 5.7D and peak 3 is,
produced corresponding to photographs Fl and F2 of Figure 5.6. Another décrease
in signal is ca%fed by tPg lower cross bar followed by peak 4 where the secondary
electron bundlé strikes the inside of the bottom surface of the caée as shown

in Figure 5.7E. The final peak, peak 5> is pfoduced by electrons, deflected by
the fringinglmagnetic field below the bottom plane of the cage, following path;
éirectly to the phos;hor screen as shown schematically in Figure 5.7F.

This explanation is supported by the fact that when aluminum foil was

placed over the entire top and bottom surfaces of the cage, see Figure 5.5 (b),

peaks 2 and 4 disappeared. Also, preventing electrons travelling directly from the
specimen to the phosphor screen, again by using aluminum foil, eliminated peak
5.

The inverted '"U" shape of the electron bundle arriving on the aperture ﬁlane
(phosphor screen), shown in ?igure.S.ﬁF was-explained by the presence of a non-uniform
magnetic field within the cage. This field wa; measured using a small Hall probe
and the walues deterﬁined were used, together with the computer program, to predict the
éhape of the electron bundle arriving at the aperture plane under ghese conditions.

The inverted "U" shape ‘predicted by the computer analysis is in agreement with.

the results obtained. A typical result is shown in Figure 5.8.
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Fig. 5.8
This figure shows the computer results
showing the inverted "U" shape of the
secondary electron bundle arriving at
the aperture plane.
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The Hall probe also showed that a relatively éfroﬁg fringingﬂmagnetic‘
field was present between the bottom surface of the cage and the specimen. The
presence of such a field in fhe neighborhood of the specimen surface would se very
undesirable as it would introduce a third force vector on the electrons emitted into
the combined effects of the acceleﬁsping and trangverse fields. Such a fringing field
would have an umpredictable effect on the detector characteristics.

Before any further measurements were made, this field was reduced byitsplacing
the mesh and forming the base of the cage by a piece of cold-rolled steel to provide
a low reluctance path for the fringing field. ‘This reduced the flux density at the
specimen surface by about an order of magnitude. This new base contained an aperture
for the primary beam and for the emitted secondary electrons. Figure 5.9 shows
the steel baselfitted to the cage. |

When the detector was again used in the microscope a shadowing effect

was observed. Only secondary electrons emitted from the rear part of the specimen,

away from the aperture plane were detected and, as the inside of the base of the

™

T

cage was scanned, secondary electrons generated on the rear inside edge of the hole -
. @
- 2

i‘ the cage base were also observed. This is shown in Figure 5.10. These eifects Cy
i =

are explained with the aid of Figure 5.11(a).

,The primary electron beam is deflected away from the aperture plane as ic

I . .
-~ passes through the magnetic field. The beanm thus passes through the aperture In

the base of the cage at a tilt with .respect to the normal to the base of the cage.

This explains why the inside back edge of the aperture {s scanned and a singal obtained

from it. As a horizontal velocitﬁ component 1s impressed on“the primary beag, the

beam scans an area on the specimen which is not directly below the aperture, see

Figure 5.11(a). As only the rear part of the épecimégﬂzs scanned; this explains

why a signal is not obtained from the whole area of the specimen in Figure 5.10.
To compensate for this effect, the entire detector assembly is tilted

as shown schématically inuFigure 5.11(b). In this way, the primary beamspasses -

through the aperture normal to the base of the cage and the area scanned on the

specimen is now directly below the aperture in the base of the cage. By tilting the
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Fig. 5.9

The magnetic shield is shown here mounted
to the bottom of the wire mesh cage.
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Fig. 5.10

Because of the primar¥ beam deflection in
the magnetic field the rear inside edge of
the magnetic shield hole is scanned. The
aperture plane is at the top of the photo-
graph.

!

!

i
.

JHET H3INVA



o FIG. 5.11

PLANE OF PRIMARY
BEAM DEFLECTION
N SCQ SYSTEM

fiﬂ ‘ | FIG. 5.12 -‘
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Fig. 5.11
A) The primary beam scan displacemeﬁt
due to deflection in the magnetic
field is shown here.
B) The detector assembly may be tilted

to compensate for this displacement
as shown.

Fig. 5.12

This photograph shows the detector
assembly in the tilted position.
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specimen also, a normal electrostatic field at the surface of the specimen is main-

tained. The tilted detector is shown in Figure 5.12 and the results obtain;E\Ske i

[

shown in Figure 5.13. This figure ‘'shows that emission 1s now observed from the whole !

specimen area and the shaduwigg effect has been largely eliminaééd. By carefully

adjusting the value of the tilt le, the shadowing effects can be entirely -

eliminated.

At this stage in testing the-defector, an aperture was placed in the
Ny .

aperture plane. For these initial tests, a rectangular aperture 2.5cm X 0.5cm was

used and the magnetic characteristic was again measured. This is shown in Figure . //’
5.14. This curve was obtained at'a high value of photomultiplier gain. In spite ’ ,;'
of this, only the single pem& of interest was observed. It is apparent that_the

detector is now operatfig/as required and all unwanted electron paths to the detector
have been eliminated. . )

The next section deals with the operation of the detector system in‘a
more normal manner, i.e. the magnetic fiéld is maintained constant and the
potential on the cage is varied. The problems associated with the primary electron
beam moving on the specimen surface are thus eliminated.

5.3 Experimental Testing of the Detector-—TJe Accelerating Field Characterisaics

Beforg operating the detector at a fiixed magnetic field it is ingtructive
to determine the magnetic characteristics/b ained at various values of
accelerating field, with the specimen and specimen box potentials constant. It
is expected that, as the cage potential ié increased, the sécondary electron bundle
diameter from the specimen surface would decrease as indicated in the analysis of
Chapter 4,.and that the s;condary electron current densitx passing through
the aperture in the accelg;qtiﬁg plane (base of the cage) would increase with
increasing accelerating potential giving an increase in the detected signal peak.
The signal would reach a maximum with increasing accele:;ting potential when all
the secondary electrons emitted from the specimen surface are collected.

The magnetic field characteristics obtained at various values of accele:atlng

potential are shown in Figure 5.15. As predicted by the analysis, an increase in
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Fig. 5.13

With the detector assembly tilted, the
primary beam passes through the magnetic
shield normal to it as,shown in this
micrograph.
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ig. 5.14

This graph shows magnetic flux density versus
detected secgzg;ry/electron signal showing a
single secon y electron peak.
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Fig. 5.15 \ .

This graph shows magnetic flux density
versus detected secondary electron signal :
with accelerating mesh potential as a
parameter.
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the peak-siénél detected is observed as the accelerating potential on the lower 4
surface of the cage.is increased qu‘ 100 volts to 300 wolt Further increase
. ) g

of this potential produces little further increase in the peak signal detected.
o
The shift in these peaks is due to the increasing energy of the secondary electrons 4

entering the magnetic fleld as the accelerating field is increased. This necessitafes

-

the use of increasing values of magnetic field to produce the required deflection
oﬁ the bundle onto the aﬁerture plane.

 ’f The peaks observed in the curves of Figure 5.15 at low values of magnetic >
field are possibly due to sécondary electrons generated at the edges of the aperture

in the base of the cage by backscattered electrons from the specimen surface,

@ee previous sectior). It is not clear why these peaks were observed in the

present case and not in Figure 5.14. However, as these peaks will not interfere

with‘¥pe proposed operation of the detector, they were n&t/id;estigated\further.

N

In the next experiment, the magnetic field was maintained constant -and

the output signal versus accelerating potential characteristic was plotted, again

]

with constant specimen and speciqéﬁ box potential. As expected, a shape similar

¢
to the magnetic characteristics yas obtained. This is shown in Figure 5.16.

The shape of this curve is important as it is similar to that expected when the

specimen potential is varied (see next section). As can be seen from Figure 5.16,

-

the output signal is nearly linear with accelerating potential over a wide range

on both sides £;>the peak.

-

The specimen voltage characteristic at cdastant magneﬁic field and

accelerating fleld is discussed in detail in the next section. , | .

)

5.4 Experimental Testing of the Detector-—The Specimen Potential Characteristic

If the accelerating potential and the magnetic field are held constant

and the output,K signal as a function of specimen‘potential is observed, a characteristic

similar to that of Figure 5.16 would be expected. This is because it matters little
whether the éccelerating field is varied by varying the accelerating potential on

the lower surface of the cage or the specimen potential. A characteristic obtained

by varying the specimen potential is shown in Figure 5.17. . —
‘ . /
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Fig. 5.16

Accelepating field potential versus
detectéd secondary electron signal is
shown in this graph.

B = 39 gauss \*\

Specimen Potential = 0.0 volts
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Fig. 5.17

This graph shows specimen potential versus
detected secondary electron signal. \

B = 39 gauss _
Accelerating potential = 200 volts.
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The useful range of the detector is that over which a nearly linear
]
/

variation of output signal with specimen potential is obtained, tbis range 1s
{ndicated in Figure 5.17. It should be noted that thel zero specimen potential

point on the horjzontal axis can be positioned anywhere on the pﬁéracteristic by

{

ad]usting the accelerating potential and the magnetic field gtrength.

Figure 5.17 suggests that the leading edge76f the peak is the useful
range; the trailing edge could also be use@ if this proved to be mpré—i;near and of
better range and:sensitivity. These are the three paramet?rs of i%terest in Sl
the type of detector characteristic shown in Figure 5.17 i.e.,'théfrange, the
sensitivity and the linearity over the specified range. .These three parameters
are obtained in the following manner. The best straight line approximation to
the curve of interest is superimposed on the curve over the range of interest.

The sensitivity over this range is then given by the slope of the linear approximatien
to the curve either in millivolts/volt or as a percentage. The linearity over the

specified range is given by the maximum deviation of the actual curve from the

<7
) =g
Prid
IJ
—

linear approximation in the range divided by the totalogﬁtput signal excursion
over the range.

As the characteristics of the secondary electron bundle arriving at

the aperture,plane are fixed by the specimen potential, the magnetic field
and the accelefating potential, the three parameters-of interest may be empirically
L]

optimized by'altefing the shape of the analysis aperture ysed. Some magnetic ' /,)
“characteristics for different aperture shapes are shown EP Figure 5.18. As can //'
be seen; the detailed shape 6& the characteristic can be tailored by the shape of
the aperture chosen. Table 5.19 shows a more complete list of the results obtained
.from a variety of aperture shaaes used.

From these ‘preliminary tests it can be concluded that; %or.che specified

operating range of the detector of +20 volts, the best aperture shape is the large

rectangle. This gives a range of +24 volts with a sensitivity of 15.6 mV/V and a '

linearity of 3% over this range. ' ‘
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Fig. 5.18

‘This graph shows magnetic flux-density‘versus
detected secondaryj/electronvsignal with the
aperture shape and‘\size as a parameter. .
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TABLE 5.19 -

4

Aperture Shape K Sensitivity Voltage Range Linearicy
. ~
Large Rectangle 15.6 Mv/v 48.1 3.0%
Small Rectangle 12.'9 Mv/v 46.2 4.8%
star SRR 113.0 | 462
Large Diamond S 6.3 MV/V 113.25 | '\ 3.2%
Small Diamond 149 MUV ’ 18.8 Y
Circle . 17.0 MV/V 32#68 o 2.7%
Half Diamond 21.1 Mv/v - 37.0 3.5%
. Flat Top Half 15.7 MV/V 47.0 ’ 4.1%
- Diamond
Crescent 10.6 MV/V  98.15 . 8.6%
—
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Table 5.19
The results of the aperture study are given
here. '
(
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5.5 TréhéVerse Field Studies

. b VA. ° ’ { .
The experiments carried out above were performed on a planar specimen

with little topogr®hic detail on the surface. The specimen used was a
highly polished plece of silicon. For the work in this section, a new speéimen

is needed on which contrplled transverse-fields can be generﬁjﬁd’so that the c-_u‘,’f'ecté.“r

of such fields on the operation of the detector can be obser%ed.

- .
The specimen used is shown in Figure 5.19, This specimen, which was.
> :

S N

designed specifically for transvgrge field studies, c&néists of nine aluminum
electrodes evaporated onto a silicon wafer.' A central electrode is coupled to
a.large bonding pad_at the top of the spetimen in Figure 5.19. -Pairs of electrodes
are then spaced on either side of this central electrode at four different spacings.

The spacing varied from 10u to 25U and the central electrode was 10u wide. The

specimen was mounted on a transistor header and bonded conventionally so that potentials

[

/

could be applied to the individug;égggctrodes.
As was discussed in Chapters 3 and 4, at low values of accelerating
potential (noqpal field at the specimen surface) the presence of transverse fields

¢

at the specimen surface‘will affect tﬁe c&i}ection“qf the emitted.secondary.

i
3

A

e with '

electrons., If the area scanned by the primary electr
respect to the éurrounding area, then the transverse field will Opposé’
acceleratiﬁg field and, depending on their relative magnitudes, a red
the number of electrons collected can be produced. It.wa; also shown ho

transverse

fields parallel to the surface of the specimen canfdeflect the emitted electrohs and
. . Tk

~

effect their collection. -
‘Figure 20 A) and B) show some preliminary results.obtained using the
detector sys tem to examine one of the gﬂds of the specimen shown in Figure 5.19.

The accelerating potential used was 500 volts which, with theLgeometry used would
' . . 4 . : 1 .

produce a normal field strength of 5 x 10" volts/mekre at the specimen surface.
In Figure 5.20 A), the pad.is nade prégngssively more ,negative ih steps: -3,

-10, -15 and ~20' volts while the other pads “and the substrate were-held at ground

. .
potential. The width of the dark shadow around the edges of the pad increases in .

- W 2
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Fig. 5.19

y .
The test specimen used to study transverse &
fields is shown in this figure(
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Fig._S.ZO(a)

The study of transverse 'fields using the
test specimen (one mesh detector)} is
followed in these photogravhs. The specimen

potential is indicated below the photographs.

Accelerating mesh = 500 volts
Specimen potential is the parameter.
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Fig. 5.20(b) -
The transverse field study is continued in -
this series of photographs with a change in ’ . i
specimen potential. T ;g
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vidth as the bias vol.age in_increased. ‘This is due to the increasing vertical b

| : ' i
% component of the transverse field at the edges of -the pad. Aj\diswssed in - o

. Chapter 3, cthtrast is known as Field Contrast and is one of the effects T
produced by transverse fields which hinder the observation of voltage contrast. ' . A

It is difficult to detect voltage contrast in Figure 5.20 &) with any certainty because
of this. The,cause of the extended dark shadow on the right in these thj.erographs

has not been ex‘alained, however, it was thought that this may be assoclated

with the 'non—parallelism of the sp_ecimen surface and the bottom plane of the detector
cage but this was not confirmed.

In Figure 5.20 B) the pad is biased progressively more positive in steps:

%

+5, f.lo’ +15 and +20 volts. Again, the dark .shadow due to the vertical transverse
field component at ;che edges ..?f the pad is evident. 1In additioen, ohe emission
from the pad is reduced as the pad is made ﬁore positivelindicat;.ng' that secondaty
electrons emitted from the pad are ‘being returned to the pad by the local field

The extended dark shadow on the left in these micrographs is similar to that =
! pw

observed in Figure 5.20 A} and again it was not fully.ex_plamed), nor/,were the

i . : /

other detailed effects observed -in these micrographs. '

In spite of the unexplained details of the micrographs shown in Figures 5.20 A)
“and B), they do serve to illustrate Some of the effects of transverse fields

discussed in Chapters 3 and 4.

H

e

T . (o
1t is clear from the above results that .a normal fiEld._;gt the surface of
. i

the specimen of 5 x 10* volts/m, which was determined from the analysis of , \—

Chapter 4, 1s not sufficient to control the effects of transverse fields

adequately. Using the present'detector arrangement, it is difficult to increase
th1s field because if the potential on the base of the cage is increased then the

v

strength of the magnetic field must also be increased. The increased power dissipation

in the magnet coils produces an ipcrease in the outgassing rate of the wire

ipsulation which spoils the vacuum environment and the coils are eventualg destroyed

l
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In Chapte 4 It was shown how?an extra gr%d may be introduced between
the base of the cage and the specimen. This grid ¢ Ehen be-used to provide the o &
‘normal field at the specimen surface, and the base of khe cage the; acts to retard
the electronS'again so that a low magnetic field strength can be ﬁaintained. An
extra grid was fitted to the detector syetem as 1s shown in Figure 5.21.

This grid was positioqed 0.25" above the.specimen surface and the insulation
used allowed potentials up to 2 kV to be applied to the grid before breakdown

i
occurred. This produces a normal field strength of up to 3 x 10° volts/m. This

Lt

ew arrangement .was. used to observe one of the pads on the sPecimen studied above.
' The results are shown in Figure 5.22. The pad was biased at -+20 volts, the base

of the cage (retarding electrode) was blased at +200 volts and the accelerating

mesh potential was varied from 500 volts to 2 kV with a fixed cagnetic field.

The micrograph obtained at an accelerating potential of 500 volts,’as

in thute 5.20, showsdvery little signal from the pad due to the effects ofuﬁtansverse
fields. as the accelerating potentialAis increased, an increasing signal is

obtained from the pad as the retarding transverse flelds are overcome by the

accelerating field. ' At an accelerating potential of 2 kV, although'the shadow

effect is still evident at.the edges of the pad, the central area of the pad

shows no shadow and its contrast is related’to its voltage cnly i.e. voltage contrast
can now te seen with some degree of confidence.

At this point it was.felt that the present detector had provided as much
data as was needed in order to be able to design a more versatile detector.
‘The design of this second detector is described in the next chapter together
" ) with’ the reeults obtained.from it. E '

5.6 Summary and Conclusions

The design and testing of the first prototype surface voltage detector

has been described in this chapter It has been shown that the prcpoeed detectot
configurations using an electrostatic field and a lateral magnetic field operag

S“CCESSEU1i§. In order to meet the design criteria laid out in Chapter 3

however, a new'detectdr-must be built Pased‘on the experieﬂce and results gained from . -

4 . . . ‘ [
" . - Ld

. the one-déscribed in this chapter.: - N ‘
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FIG.
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A second gri
box, this gr
accelerating

Fig. 5.21

4 was mounted on the specimen
id to generate a high normal
field at the specimen surface.

.
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| (b
¢ Vm= 1000.

(d) ‘
Vm= 2000.
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’ This series of photographs illustrate the trans- .
verse ffwld studies performed using the two -
mesh system. The accelerating mesh potential SN
is the parameter. : f

. . . - N -,
Retarding mesh potential = 200 volts ]
Specimen potential = +20 volts. \\\ 3
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Before this new detector is discussed and

E. ¢

the results from it are described,

several conc‘lusions can be drawn from the .experiments which have been discussed
. ' ' o
in.this Chapter. These conclusions -are best- described in point form.

a) The use of aluminum foil to eliminate unwanted electron paths to the

detector and the resultant peaks on the magnetic characteristic {section 5.2)

]

] - .
suggests that the electrostatic cage should have solid rather than mesh surfaces.

A non-tﬁ}i\gnetic material such as aluminum would be suitable except for tl"le base
plane (the a’ccelerating plane) which should be m;de of a n:lagnetic material to
reduce the stray fringing magnetic field at the specimen surface. -

)N To compensate for the primary beam deflection within the magnetic field
) . ) - . P .
and to.ensure that the beam scans an area of the specimen directly below the

. .

apkeicure' in the base plane of the detector, this base.ﬁlane should be tilted at an

angle dependent on the magnetic field strength and the energy of the primary electron

) )
beam used. Also, the specimen must be tilted at the same angle to ensure ".hat the -
!

accelerating p.lane of the cage and the specimen surface are parallel. k
- \

c) It is apparer;t from the prelimi@ary empirica‘l tests carried out to
determine the best aperture shape that a_lar.ge rectangwkla aperturm%s the
best overall range, sensitivity and linearity. A range o 2.26“4\:01(:5 with a sensitivity . ‘ g.j
of 15.6 mvlvblt and a linearity of 3% were achieved ,lgsinlg‘ the first prototype.
d) In order to keep the physical'_size of. the d.etector szall
. -
so that 1t ik&:erferes as little as possible with the normal operatio% of the SEM,
the sizé of the magnet coils must be kept to a minimum. Becausqe of power dissipation
problems, uhich are compoundéd» by the fact that the coils must be operated’' in a
" vacuum, the detector must o];erate at a low value of magnetic field. This also
produces the ‘minimum primary electron beam deflection and distortion. The use of .
a low magne'tic field in turn implies that 'tﬁe energy of the electrons entering \
the, magnetic field must be kept as‘ low as possible by the use of a,'rletarding field '
in addition to the accelerating field.

e) It appears that the us'e-' of ahigh normal electric“ figid at the specimen

. -

surface ‘(of the order of 5 ); 10° foltS/_m) will effectively control the i_nflugnq&;f :

- . "
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. transverse Fields so that meaningful voltage measurements can be made, as long

. . o M . ‘ . by . Y
"’ as such measurements are performed at a distance of approximately 5u from the ’/

interface of two.areas at different potentials. In the interface region, field, -

r

effects canhot be controlled amd voltage measurements cannot be made. a S

)
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s CHAPTER S IX

FINAL 'DEIEC'I‘OR DESIGN AI"D TES'I‘ING ‘. ™~

o

Introductlon “ ‘ - -
__——--—-_'- v

The experiments described in Fhapter Five have shown that the basic
- .

jerector ar"ra“gement performs as a%fa_ce‘ volnage detector. The data obtained.

indicates that -in order to optimize the design, some modifications must be made. '

The construction of a new detector which includes these modifications and improve-

ments is described in this chapter. The results obtained using this new

dejector are discussed and ‘suggestions for further work on this type of detector
b . . . . I
system are outlined. )

6.1 The Detector Construction

When a deaccelerating ‘grid is used with the detector, the size of the

&

decondary electron bundle arriving at the aperture plane will b‘; much smé\ller

. i v , t q ‘.
than in the case where only a single grid is used. -This has ‘been shown by the
- : .
results of Chapter 4. Because of the reduced sfze of the secondary electron

- —— ~

b'undle, the size of the detector can be reduced. A cage width of .75" and a length
of 1.5" were chosen. The new detector is shown schematically in Figure 6.1 and,
photographically in Figure 6.2. The main bodv of the cage 1is made of aluminum

and a cold-rolled steel cage base plate is used to*reduce the-stray fringing

nagnetic field strength at the specimen surface. This/bdse, plate is pivoted at’ K

the aperature plane end of the detector so t'hat it can be tilted to compensate
for the deflection of the primary electron beam in the magnetic field. 1In

. ¥
addition, this base plate was designed so that an accelerating mesh could be

-

B

mounted beneath it. This is show'n in posfbion in, Figures 6.1 and 6. 2 Also shown
A

is an extra section located between the cage and the Everhart—Thornley type of

electron detector. This section is included so that a retarding field energy

analyzer can be added to the detector at a later date (see future work).
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Fig. 6.1 '
» - . \-/ .
This figure shows the schematic drawing of the redesigned '
detector system showing the sikx important sections.
1) Detector support plate’
2) Electrostatic cage;\
k)] tCOil former ' o //’
4) Shield and mesh assembly T
- “ - V4
5) Aperature and energylanalysis section

6) Everhart-Thoruley collector.






Fig. 6.2
These photographs show the -redesigned detector system.

ed mesh assembly showing the two mesh system.

The hin
ACéElerjting mesh, and magnetic shield plate may be seen

in the top photograph.
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As in the case of the first detector, the magnetic co

cold-rolled steel pole pieces and_the magnetic circuit is c' 1éted by a cold—l

rolled steel plate at the rear of the detector. Each of the coils is wound with-

»

500 terns of #30 wire and a flux demsity of 15 gauss was measured in the cage ‘

at'; coil current of 110 mA. The c9ils were potted using Epotch 360 (available
fron the Epoxy Techmology Corporation). This provides a low out-gassing load
for the vacuum pumping system of the SEM. The entire assembly is mounted on
-<an ‘aluminum bése plate so that it could be suspendea from the bottom surface

of the electron optical column of the microscope rather than on the specimen

.’

stage as was the“cmse for the first detector:

The first part of the testing of this new detector was carried out using

the Mini-SEM. This is an instrument designed and built at the Communications

/

Research Centre. The specimen stage for the Mini-SFM was used, with a small

\\ f \

addition to support the specimen at the correct height and tilt angle relative
. . :

to the detector. However, the final tests were again carr®d out using the

]

Stereoscan SEM hecause of an electronics problem on the Mini-SFM associated
with the scan amplifier. Figure 6.3 shows the view through one of the ports of
the specimen chamber of the.Stereoseon showing the detector mounted in position

-

and 5he Mini-SEM specimen stage. oo

6.2 Results obtained using a Orfe Electrode sﬁsqem

The experimental testing of the new detector was carried out in two
~ E\J ! .

parts. The first part studied the behaviour of the detector using the c?ge'base
plate as an accelefating eie&tro@e whereas the second part of the work was

carried out with an‘accelerating gridfitred, thé cage base plane then acting as
é reta;ding field electrode.

In the first experiment, using the.cage base plane as the accelerating

electrode, the aperature in this plane was covered with nickel mesh (.002" wires

’







e

Fig. 6.3 - ' ,

The detector i's shown mounted cn the pole piece of the
Sterosqaﬁ SEM, the specimen socket, support bracket and

stage can be seen below and to the right of the detector.
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ar .018" sp.a.cing) in order to reduce the dist’ort‘ion of the eléctros‘tatic field -
at the' specimen surface produced by this aperature. TFollowing the general -

procedure described in Chapter 5, t)he magnetic’ characteristics for the

detector were obtained with a recta;ngular aperat@e fitted.in the aperature plane

of the cage. The magnetic characteristics obtained at ree different values

w—!
of a cage potential are shown in Figure 6.4 at a fixed base plane tilt angle of “
5°. These curves. show that only the secondary electrons of interest are being

der.ect.ed and that no unwanted electron paths to the detector a;ce present.’

An increase in the peak heights of these curves was expecté(; ag the
cage potential w.as increased (as was observed using the first detector, see
Figure 5.15). However, a ..reduction in peak signal was observed at 600V
compared to 400V. It‘Qéé suspected that this was because | \
. results were obtained at; a fi\..xed value of tilt angle although three values of -
magnetic field were used. Tﬁiss suspicion was supporr_eq by the observation of a
~shadowing effect of the spécimen at a cage pote\m:i‘;’l of 600V as discussed in
section 5.2. This could reduce the number of secondary electrons collected and

produce the peak signal reduction observed at 600V. This explanation was

verified by increasing the tilt angle of the base plane at 600V whereupon an

increase in the signalﬁ was produced.
The electrostatic cage potential characteristics were plotted by measuring

the detector ouf:put signal versu.s the cage potential at a constant magnetic

field, a base plane tilt angle of 5° and a specimen potent'igl of.zer'o volts.

These Tesults Are shown -in'Figure 6.5. As anticipated from the results ‘obtained

in Chapter 5, an increa;e in the peak signal detected wa;s observed at the

h'igher value:.s of magnetic fileld (and consequently, the higher values of

3y - : :

E}Ct‘elerating potential). In addition, a prOnounce'd b?oadening \of the peak was

observed at the higher value of magnetic field. The reason fqr the broadening of

1cee 4m avnlain rhe
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Fig. 6.4

This graph shows flux density versus detected

|

. se%pndary’electron signal, electrostatic cage

N

potential as.a paf%méter.
Specimen poﬁential = 0.0 volts
Cage base plane ﬁilt = 5°
1 Beam = 5 x 10—9 amps .
Electron gun potential = 20 KV

Rectangular aperature used. .

x
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Fig. 6.5

1

-

This.graph shows accelerating caée potential vessus
secondary electrbn signalldetected with magnetic
field as a paremeter.

S;ecimen potentiali= 0.0 volts

Cage base plane tilt =5
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detailed processes which occur in the detector. For the present, the work -«

vas limited to the characterization of the total gystem as a surface voltage
M

-~

detector. . , )
: %l

Again, using the optimum rectangular aperature “'shape d?etermined in

Chapter 5,  the spzcimen potential versus output. signal characteristics was

measured using @ unipotervt/ial specimen i.e., with no transverse fields

’ -

present. The characteristic obtained is shown in Figure 6.6. ’A cage po;entié&
of 400 volrs and a magnetic field strength adjusted to yﬁbié\peak signal at a Kv'
specimen potential of + 20 volts was used. This corresponds &) operation on t.he
leading edge of a characteristic very close to the central one Bf Figuréi&.s.

This characteristic shows a linearity of 12% over a * 20 volt range of
. / ’ ~ \“

speciren potential with. a sensitivity of 40.4 mV/volt. The measurements were

performed at a pri;;;;\kii? current of 3 x 10-9 amps and a beam-.energy of 20 XeV.

¥

U#ing the multi-electrode specimen described in section 5.6, the effects

of transverse fields were investigated. Results similar to those obtained in © e

‘Chapter 5 were recorded. " The cage bask plane potential could not be raised

to a sufficiently high value to reduce the effects of transverse fields

because of power dissipation problems in the magnetic field colls. At this peint, ' P

the second grid waé fitted to the detector and the results described helow were

obtained.

6.3 Results Obtained Using a Two Electrode Svstem

The detector with the extra grid mounted is shown in Figures 6.

6.2. It was shown analytically in section 4:2 that,\as the accelerating potent

increases, the net lateral electr#n deflection at the retarding field plane

decreases resulting in an Increase in the secondary electron current density

" + N T
within the bundle. This should result in 2 higher secondary electran currens

he éage base plate which will give an

'}

" 4

density passing through the aperature in ¢

e l9 .
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Fig. 6.6

T .
This graph plots specimen potential against
detected secondary electron current.

Cage potential = 400 volts.
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. P
{ncrease in the secondary electron detected signal peak. The curve presented
\

in Figure 6.7 shows the variation ‘in peak signal with accelerating mesh

potential. The magnetic field stréﬁgth was adjusted to give the peak signal at
acaggpotential of 400 volts. The predictad signal increase is observed up ¢

‘i,} accelerating potentlal of 4.KV after which the s1gnal decreases again. )

ThlSdECFEESE in signal is probably due to the collection of secondary electrons
by the accelerating mesh at high positive potentials.  This would result in a
decrease in the number of electrons transmitted to the Everhart-Thornley |
detector and a consequent reduction in the detector output signal.

Because the accéleraging field does not, affect the energy of the

. , - . .
electrons entering the magnetic field because of the retarding fleld due to the

cage base potential, it is expected that the characteristic of output signal versus

oy

magnetic field at constant accelerating and cage potentials should be similar to.

that obtained without the accelerating mesh fitted to the detector (Figure 6.4).

These curves are shown in Fizure qVS for an accelerating potential of 4RV
(corresponding to the peak of Figure 6.7) and cage base potentials of 200, 300 .

and 400 volts. An increase in.the peak signal detected is obtained from 200 to

.t

300 volts whereas a decrease is observed from 300 to 400 volts. This was again

caused by the shadowing effect discussed in the previdus section as the results
- v

vere obtained at a constant value of cage base tilt angle. A broagening of the
' /

-

peaks at higher values of cage potential was noted, similaf to that observed in

S

section 6.3. Theufsyétortion of the leading edge of the curve obtained at 400 gflts
{ -‘

was repeatable buf has not been explained. It was not evident when the specimen

potential characteristics were plotted.

With a cage potential of 400 volts and an accelerating potential of

. [l N
4 ¥V, the characteristic curves of specimen potential versus output signal were
A ]

plotzed on both the leading edge and the trailing edge of the peak by selecting

| 4
two different values of magnetic field. Figure 6.9 shows these two, character-
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Fig. 6.7

&

This graph shows accelerating mesh potential

versus *detected séconééry electron signal. . !
Cage potential = 400 volts
By = 29.6 géuss’

Specimen potential = 0.0 volts
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' o Fig. 6.8
{ y

This graph shows magnetic field By versus detected
secondary ‘electron signal with cage .potential as a

parameter
o
Accelerating mesh potertial = 4000 volts.
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_Fig. 6.9
Specimentpotential Vd versus detected. seondary electron
signal is shown in this graph. |
Accelerating mesh potential = 4000.0 volts
Cage potential = 400 volts
By ~ 9.6 gau;s'
Curve A) Linearity B.Si‘
Range * 20 volts.
Sensitivity 110mu/volts
Curve B) Linearity 19.3%
Range * 20 volts

Sensitivity 67.5 mu/volts ol
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jstics. Curve A, obtained from the trailing edge, yields a linearity of 8.5%
over 3 + 20 volt range with a sensitivity of 110 m\f/volt. Curve B, obtained

from the leading edge was linear to within 19. 3/ with a s?sitivity of 67.5 mV/,

volt over the same range. Both curves were obtained at a beam current of

5x 10-9 amps, and a beam energy of 20 KeV. The rise—-time of the measuring_ ' \v
system was 30y secs and an estimated signal to noise ratio of 300 was cobtained. |
The' effectiveness of the detector in controlling transverse field effects,
may be judged from the preliminary microéraphs shown in Figure 6.10. These
micrograpﬁs are of a single pad on the surface of the specimen described in

Chapter 2. Micrqgraph a) shows the pad, biased ar + 20 volts with respect to

the substrate and the other pads which were at gtound spotential, with an

)

accelerating potential of 1lKV. The shadow effect due to rransverse fields 1s

present not only at the edges of the pad but also over a large part%‘f the

s

surface of the pad. As the accé.lerating field is increased, the shadow area 1is )
reduced in microgrlaphs b) and c) ‘taken at an accelerating potenti'al of 2KV and

I KV respecz?v‘ely. 1n micrograph c), the shadow area 1is limited to.the inter-—

face regiom befween the pad and the_Aubstrate. In micrograph d), taken at an
accelerating p.or;e.ncial of &4 KV, the shadow region is further reduced on the

left hand side of the pad but an anomalous SFECGJ re—appears on the right hand

side of the pad, around and beneath the bonding wire. Although no detailed

explanation of this effect 1is proposed, it seems apparent that the shadow

¥
is associated with the gross topographic change resulting from the presence of the

bonding wire. - .

The measurements made so far in this and the previous chapter have been

on an area on the specimen as close as- possible to the axis of the aperature

in the cage base. In ordexr toO determine the suitablility of the present

detector system for the measurement of surfade potentials over the whole area

- ’

of a specimen, the output signal versus specimen potential characteristic was
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Fig.- 6.10

These micrographs show the ef

transverse field by 3 hi

mesh potential.
»
a) Accelerating mesnh poten

b) 2000. volts
¢) 3000. volts

d) 4000. volts
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peasured at five different points on a tpecimen. The electron beam was moved

" 0.005" up,-down, to the left and to the right of a c tral position and the

/
N

X

characteristic pbtained at each point. ‘These characferistics are shown in
Figure 6.11. I;\Eé apparent that a large change in the characteristic isﬁ

produced by varying the measured point om the specimen surface. ,

The final test carried out on the detector was that of measuring
\

unknown surface potentials. The potential on the base.region of the a 2N1893

transistep™shown in Figure 6.12 was varied from — 20V to + 0.5 volts and the _ /

Y
\Wput 51gnal versus specimen potential characteristic was determined The base
voltage was then set at random values and the voltage set was measured by
both the detector and a voltmeter. This was carried out at two different

points on the base region€ the results are shown in Table 6.13. The first

measur&ment made at each point were accurate to within 47 and 1.6Z-resp53;ively.

A reduction in accuracy was observed with the time spent on anv measuremeLt point.

This is attributed to the interfering effects of contamination as observed by

other workers €3.2). CL /
6.4 Conclusions ' /
The Scanning Electron Microscope offers a method of production measuring
. >

of all the potentials of a micro-electronic circuit or device without damage to

the devite. In order to achieve this, a suitable SEM is needed with a voltage

? “.,

sensitive detector and a sophisticated instrumentation system. Surface potential
measurements have been demonstrated (eefs. 3.2, 3.3, 3.4, 3.5, 3 6, 3.7, 3.8,
3.9, 3. 10) using commercially available SEMS, a variety of voltage contrast.
detettore and elementary instrumentation. However, the performance of these
detectors is not sufficient to justify-~the development of a production system.

This thesis has been concerned with the design of 'a prototype voltage detector

which is adequate to justify the development of an overall system.
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Fig. 6.11
This graph shows specimen potential
versus detected secondary electrons

signal with the primary beam position

‘ag a parameter.
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FIG. 6.12

TABLE 6.1
“ CHARACTERISTIC l.

3
DETECTOR
“

1) 9.10

CHARACTERISTIC 2.

2) 13.33

DETECTOR

1) 10.0

2) 8.84

3) 18.00

VOLTMETER

9.49
15.28,
VOLTMETER

2t 10.16

9.10
\ 16.41



Fig. 6.%2
This ‘micregraph is of.a 2Nlé§3 transgstor with
the base ;;tential set at — 5.0 volts.
Accelerating mesh potential = 4000. volts

Cage potential = 400 volts

By = 29.6 gauss

Table 6.13

These results are from the voltage measuring
experiment indicatigg a reduction, due to

beam contamination, in the measuring accuracy.




The specifications of the detector system are reviewed in Chapter 3,

where it is indicated that anm overall accuracy of 5% over * 20 volts and 2 %Z‘

-

over * 2 volts is required, with provisibn for differential measurements of

t 50 mvolts. These figures must be available in the‘presencé of interference of
noise and other sources of contrast iﬁ the emissive mode of the SEM. in order

to obtain this performance, the basic performance of'the,detecfbr can be improved
by electronic instrumentationItechniques whiéh imprové tgé lineariﬁy and tﬁé
‘rejection of unwanted éignals. Although linear measurements have béen demonstrated
using highly‘non—linear devices, (refs. 3.8, 3.9), it is preferable to use-a
detector which is geasonably linear forla production~system:

The two major sources of unwanted emissive mode signals are transverse

fields and detected electrons other than those secondaries emitted from the surface

-

of the specimen. The detector described in this thesis différs from”those
described in previous publications in that it employs an eléctron energy selector
usiﬁé a lateriél magnetic field in addition to an accelerating electri; field to
suppress the effects of transverse mi;ro—fields.'¥?he preliminary results
described above have shown thaF such a combination of electric1and magnetic
fields is capable of detecting and measuring changes in specimen gurface voltages

and does so with a substantial improvement in linearity and sensitjvir ver

. '//"‘ ’
previocusly published works. .

The performance of the new detector can be‘assed by comparisop with the.
work of Plows and Nixon (32) and\Banbury and Nixon (37). Regarding iinearity,
it is important to make comparisoms in terms of basic Linearity, independent of
the instrumentation system with whicK)it is used, because the instrumentation
system allows the use of feedbacgﬁf chniques to improve these figures. Plows and

Nixon obtained a basic linearity of 12.5% over a 30 volt raﬁge where as Banbury

and Nixon achieved 13% over a ¢ 2 volt range. The present detector has already
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achieved B8%Z and 2.5% over similar ranges. Noise measurements indicate that the

* detector can achieve a voltage resolution of 10 mvolts with a bandwidth of 100 kHz,

-

with these figures being more then adequaﬁe for the system specifications. _ . !
Comparative figures from the above references have not be published. Althoughﬁ
sensitivity figures have b published, it is not possible to make a cdmparigon
of sensitivity without noise and bandwidth figures because the sensitivity is a
direct function df the amplifier systéﬁ associated with the detector.
’ .

There are two major areas for 1mproveﬁent of thié detector. Ag\indicated E

in Chapter 3, it is.desirable that.the detector be able to perform as a conve tionél
. : <

emissive-mode detector yhen voltage contrast measurements are nof required. :"
The presence of the magnetic field in the primary beam path reduces tLe useful
magnifications to about X1000 and it is apparent from the preliminary results that
the -areas over which voltage measurements can be made on a specimen is liﬁited '
to an area with a diameter of approximately 5 mils. Both of these effects result .
from inhomogeneities of the magneric field and improvements in this direction can

be the subject of future deﬁelopment.'

6.5 Sugpestions for Future Work ’ 2

The most obvious starting point for continuing work on the surface voltage
detector is the investigation of the &etailed behavicur of the system in order to
arrive at the optimum operating conditions. A& computer aided analysis of the )
shape and density distribution of the electron bundle arri@ing at the aperture
plane would allow the optimum values of retarding field, magnetic field and aperture
_shaﬁe and geometry to be determined analytically rather than experimentally.
) {

Such an analysis would also help teo explain the broadening of the peak widths

observed with increasing values of magnetic field (Figure 6.5 and 6.9). The

decrease in signal detected above an accelerating potential of 4 kV (Figure 6.7)

:
g
i
A
H
o
i
R}

was explained by the collection of electrons by the accelerating electrode at
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high posiéive bias.  This shoyld be verified by measuring the current collected by

gl .
the accelerating mesh as a function of accelerating potential.
.Further work on transverse field s-is needed in order to determine the
conditions under which the detector can and cannot be used to méasure surface

voltages with an acceptable accuragy. Limits must be placed on the size and’

.proximity of unipotential "areas on which mea<%rements can be made as well as in

the potentials of such areas. P

3
One of the problems encountered with the present design of the detector

1 ]
is the power dissipation of the magnet co;Is. This problem could .be solved and .

the detectorbéimplified by the use of permaﬁent magnets in place of the coils.
Under thesz‘condicions, the detector vbg;é operate with a constant magnetic field
and retarding field unless small coils Hére used which could either aid'or
oppose the perﬁanent magnets in order ro produce-a change in magnetic field without
large power dissipations.

As ment;oned earlier (section 6.2), the detector was designed so that a
retarding field energy analyser ¢ould be tested at a later date. in this case,
the magnetic field would be uﬁed only to select the secondary electrons of
. interest. The energy analyser would then relate changes in the energy'of these
electrons Eo specimen potential changes. The first section of the detector would

be operated with negative feedback to maintain a constant input to the recarding

- -

grid analyser and the aperture could be removed.

When these remaining problems have been solved and the defector further

developed into its final form, thea it can be incorporated fnto a fully instru-
hsia —

mented production, voltage measuring system for use in the micro-electronics

industry.

R iy i
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APPENDIX 1

’

The Motion of Electrons in Electrostatic Fields

£53

: \
To completely understand the operation of the proposed detector designm,

an analysis of electron motion in electrostatic and magnetic fields was carried
out. The basic equations used in this analysis (see Chapter 4) are developed </(
below. 7 “

1f we consider a two dimensional electric field, the differential

equations governing electron motion in such a field are (Al):

d?z e-
de2 m Ez
d?x e
dat? m Ex

where e is the charge of the electron and m is its mass. Thejfield Ez is generated
between the specimen surface z = 0 x =0 and a planar electro%e at z = zp. The
transverse field components Ex and Ey and the entrance or exit| angle of the
transverse field, AMF, ‘are used with Saparin's (3. l) approximations of this field
to give -
Ex = Eo e-ZIZd Cos (AMF)
Ez = Eo e 2/29 sin (AMP)
where d 1is the separation df the two surface electrodes generat ng the
transverse fiel& and Eo is the strength of the trénsversg field lat z = 0.

Therefore, the equatioms of motion become, by ‘substitution:

2 ) .
- %E% = -% (Eo e-led Sin (AMF) +EzA) _ (1)
42 - . :
g—é - -f;zoe-z/?-D Cos (AMF) (2)

These differential equations may be solved using a digital computer and
Rt ‘ o~

a special pnrpbse programﬁing language known as an analogue simulator. The
programme quﬁ'is~SL-1 which was prepared by Xerox toO operate on their Sigma 7

computers. |

L]
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The primary function of the language is the solution 6f sets of ordinary
or partial differential equations. The first step in setting up an SL-1 program ‘\\\

is to describe the system to be simulated in terms of equations rePiesénting

the system events. The differential equations developed in this section serve

that purpose. The dynamic fﬁhctioning of the describéd aystem 1s éimulated by
repeated digital integration of the system equations. The repetitidh rate is
specified in terms of an increment of.the independent variané t.

Explicit structure blocks of the Si-1 program of major intere;t are the
Initial, Dynamic and Terminal egions. The Initial region contains staté;Liis
for initializing the simulation, and for information that i1s to be fed out once
at the beginning of the simulation run only. The Dynamic region 1s where the
actual simulation takes place.r It contains two types of.subsxructure, the dérivative
and the parallel sections. Each derivative section contains only simulation
equations that are to be integrated with the same algarithms and integration
step size. There mdy be as many derivative sections as there are algarithms
and step sizes used. The parallel sections contain otﬁer simulation 'equations
that do not require integration In the termi§¥: section, ﬁests, which deterzine
if the specified simulatiom® goals have been fulfilled are executed. If these tests

fail, the program returns to the dynamic région and starts a new-pass through this

region. When the tests are passed, the program will prqceed to the terminal

region where the necessary wrap-up operations are performed. .
The S£-1 program written to simulate elgctron'trajectories in electrostatic
fields is 3hown in .this appendix. The differential equations derived are

included in the Dynamic section with the following initial conditions supplied.

zp1 = 42 - VZ = 5.93 x 105 VElectron Sin (angle of
dE £=0 Emission electron emission)
" _. Energy \
‘ XDl = ax| . Vx = 5.93 x 10° /Electron Cos (Angle of elect%\
- de t=0 ‘ Emission . emission) -
Energy

3,

3
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APPENDIX 2
N
The Motions of Electrom in a Magmetic Field .
The differential equations governing the motion of an electrom in a
L 4 - !‘;
magnetic fleld may be de:g}sped from equations 4.4 in Harman (A2-1) (if Bz
and Bx are equal to zero) to be
éz—xﬂ .A.EL(-'-B d_z ‘ ' : (1)
de2 ‘m T '
2
%y . 2
a2 ° - ,\ (2)
a2z e, . dx " g
- W ~ 3 ‘
€
wvhere e is the charge op the electron and m is its mass. - -
Multiplying Eq. 1 by dt and integrating gives:
dig_E_Ez'z.'.C. . ) (1')
de m
where C may be evaluated from the initial condition that
dx _yx . | . © O (A2-1)
de :
(t =0z=0)
Therefore C = Vx and equations may now be substifuted into equation_ 3 to
give
- 4%z e 2 ey . !
‘= - — (+By’= Z -By V : (3"
e o (+By o y Vx)
dzz € 2 = € T
wzt G By)* 2 4;3? vx)
One solution obvious by inspectiom-is: : "
‘ Vx
. 2=y @ .
However, any solution of the characteristic equation of 3’
d’z . e 2 - (&)
—— - Z- 0 . -
gzt (< By)" Z=¢ . \
may be added to this and the sum will also be a soldfiou of Eq. 3'. The
solutions of Eq. 4 are trignometric functions and hence the total solutien .

including the constants is:




&
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-2~
\ g . . ‘
Z=Cy cohﬂ‘;}’- t + Cp sm'EgX. t+Ux O (5)
! - -_— e, .-
¢ . By . ‘
The constants Cy and Co may be evaluated using the rinitial conditioms
-that Z|- =0 and dz = U;‘ The constants are : ) .
¢ = deje =0 - : , : .
J . oo 25. . tmUz
C1="g 3y .o =™ G2 gy
Therefore Eq. (5) becomes
_.mUx . eBy  oUzg eBy _ Uxm (5
Z = e By Cos = t 4+ e By Sin - t + By(e) (5%)

Substituting Eq. 5' into equ;tinn 3',1;ntegrating with respect to t

and applyingfthe initial conditions that x = 0, the equation for x is _
- t =20 ~
obtained as follows ) o p
. g
-e e —-e e mUz
bd - UxBy Sin o ?y t - UxBy C?s o Byt + eBy )

Edﬂation 2 may be simply integratgd twice and by applying the conditions that

4y - ' = ain:
dclt =0 Uy apd y ‘ 0 we obtain:
t =20
y = Uyt
Therefore, the fiqal equations are:

e e ] e mVz
[ J —_— — Byt + ——
x o VxBy Sin; Byt - Vz{C@g i A 4

edy
y = Vyt .
m Vx eB m Vz . eBy Vx,m
e — + — — 8§81 t + ——(=
yA = Ty Cos _EZ L+ g gy 0T JY(E)

. by
The values of the parameters Vx, Vy and Vz may be determined from the
energy of the electrons and the angle of entrance of the electron when it enters

the magnetic field using the éxpressions:'

vk = 5.93,x 10° * Vﬁlectéﬁn Energy * Cos ( B) * Cos (a)
! Vy = 5,93 x 103 * YElectron Enerzy * Cos ( )Y * Sin (a)
Vz = 5.93 x 10° * J/Electron Energy * Sin ( B )~

where the coordinate system 1s described with the aid of Figure A2,
T

A2-1 W. W. Hérman "Electronic Motion" McGraw Hill, 1953.
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A VOLTAGE CONTRAST DETECTOR FOR
‘USE IN THE
SCANNING ELECTRON MICROSCOPE

Abstract

The Scanning Electron Microscope in its secondary electron emissive
mode can be used to measure surface potentials of micro-electronics
- devices if unwanted signals can be suppressed and monotisity achieved.
The thesis describes the design of an energy selective detector,
which achieves a high deggee of suppression of unwanted signals, a
basic linearity of 8% over a *20 volts range and a resolution of 10

mvolts with a bandwidth of 100K Hz.

* T.M, Black
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