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ABSTRACT

In addition to the study of surface topography, the
Scanning Electron Microscope is proving to be a powerful tool
for measurement of the microproperties of semiconductor devi-
ces and materials. This thesis is primarily concerned with
the information which can be obtained from the correlation of
results of the microscope used in several modes. Particular
emphasis is given to the conductive mode of operation.

An analysis based on the photovoltage generation, which
applies for low generation rates, shows that the signal is pro-
portional to the derivative of the resistivity variation in the
sample. An applied electric field results in a decreased ampli-
tude and a shift in the phase of the signal relative to the
resistivity variation.

Experimental results do not agree well with the analysis
and three possibilities exist. Relevant bulk properties may
have been overlooked, surface properties may be responsible for
the observed results, or because of the high resolution of elec-
tron beam measurements, the theory based on bulk phenomena may
not be valid. More work is required to determine which of the

above three possibilities apply.
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LIST OF SYMBOLS

Area irradiated by the electron beam

un/up, the ratio of electron to hole mobility
Electron, hole diffusion constant

Electric field intensity

Electric field due to a variation in impurity
concentration. :

Electronic charge, 1.6 x 10~ !? Coul.
Quasi fermi levels for electrons and holes

Ionization energy for the creation of electron-
hole pairs

Electron beam energy

System bandwidth

Generation rate of electron-hole pairs
Beam~induced current and voltage respectively
Primary electron beam current

Secondary electron current

Reflected primary electron current
Boltzmann's constant, 8.63 x 10 5 eV/°K

The irradiated length along the specimen

The diffusion length of generated carriers in
the semiconductor

The diffusion length in the metal contacts
The specimen length
The diffusion length of the minority carriers

The drift length of the minority carriers




N Concentration of impurities

N., Nv Effective density of states in the conduction
and valence band

An Generated carrier demnsity

nj Intrinsic carrier density

ng, Equilibrium electron density

Ang Maximum value of generated carrier demnsity

Po Equilibrium hole density

Q(I) Distribution of minority carriers

R Range of penetration of electrons in the
irradiated specimen

AR Beam—induced resistance change

Rg Equilibrium specimen resistance

T Absolute temperature

Ve Chemical emf

V4 Dember emf

Veff Effective beam accelerating voltage

Vo Accelerating voltage

Vph Photovoltage

Vg Surface potential

Xo Coordinate defining the position of the elec-
tron beam

A The period of resistivity wvariation

Uns Hp Mébility of electrons and holes

Ens Ep Chemical potential of electrons and hole ensembles

Eno’ gpo Equilibrium chemical potential of electrom and

hole ensembles
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Po

The average value of specimen resistivity
The amplitude of the resistivity variation
Equilibrium specimen resistivity

Secondary electron yield

Conductivity

Beam—induéed change in conductivity
Equilibrium conductivity

Chopping period

Excess carrier lifetime

Signal period
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INTRODUCTION

The present trend in microelectronics is the size reduction of
components to allow large packing densities. The benefits are reduced
costs and increased reliability. The reduction in size results in prob-
lems of material evaluation before device manufacture and device assess-
ment after manufac;ure. The need to examine microscopic phenomena over
the substrate suggests the use of a Scanning Electron Microscope.

Proposals have been presented to incorporate the Scanning Micro-
scope (SEM) in an integrated manufacturing processor. Two such proposals
will be outlined below, the first is by K.R, Shoulders(l), and the sec-

ond is by G. Glinski(?),

In Shoulders' system an electron-beam and an ion-beam machine are ‘
enclosed in a three chamber vacuum system where the following procedures f
can be carried out.

1. Material deposition by evaporation from an electron-beam heated

source.
2, Resist deposition followed by exposure with an electron beam.
3. Etching the unprotected layer with a molecular beam which forms
a volatile compound of the material being machined.
4, Examination with a Scanning Electron Microscope.
The deposition of the various layers is carried out in an ultra-

high vacuum chamber. The electron beam machine is located outside of this

chamber and the substrate must be moved to the electron-beam machine for




exposure of the resist and for examination. This system involves a regis-
tration problem and a mechanical problem of transferring the substrate
from one chamber to the other.

In Glinski's system called the Multipurpose Microelectronic Processor
an electron-beam machine and an ion-beam machine are incorporated into a
single high vacuum chamber. The substrate is fixed throughout the various
operations required to produce a microcircuit. The electron source is
mounted along the specimen axis and the ion source is mounted normal to
this axis. The ion beam is directed to the surface of the specimen by a

magnetic field(a’“).

Tiie main advantage of this system is the reduction
of the registration problem.

In order to implement the MMP concept, many areas must be investi-

gated. Some work has already begun, but some areas are still open for
future work. Some of the aspects of the MMP project that need to be con-
sidered are listed below.
1. The bending of jion-beams including pulsed ion-beams.
2. The development of ion sources.
3. The study of high resolution ion doping of semiconductors.
4. Methods of identifying compositional variations.
5. The use of the lon-beam for machining.
6. The use of the electron beam for qualitative and quantitative
study of materials and devices.
7. Chemical analysis by the use of Auger electron and X-ray spec-
troscopy.

(3,s)

Studies have begun or. a number of these topics. Samaroo has

designed magnetic circuits to bend an ion-beam. Development work on high
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current density ion sources was begun by Jirafe( ), and continued by Tsai(s)

A study of solid state detectors to be used in pairs for the detection of
compositional variation has been conducted by Ramana(7). Hayes(e) has
begun a study of high resolution ion beam inplantation, and Caloia(g) has
studied the limiting packing density of active devices from the point of
view of maximum allowable heat dissipation.

The Scanning Electron Microscope can be used as a tool for analys~
ing semiconductor devices in different modes of operation depending which
signal is detected. These modes are:

1. Emissive Mode

Primary reflected electron detection
Secondary electron detection
2. Conductive Mode
Beam induced conductivity
Specimen neutralizing curiont

3. Cathodoluminescent Mode

In the emissive mode of operation, either primary or secondary
electrons are detected and amplified. 1In the conductive mode of operation,
the variation of current flowing in an extermal circuit is detected and
amplified. The specimen current is the charging current which flows into
the specimen due to the difference between the incident beam current and
the back-scattered current. In the cathodoluminescent mode of operation,
light emitted from the specimen during electron bombardment is detected
and amplified. In each case, these amplified sigrals intensity modulate

the display.




All the modes of operation can be used to obtain the most informa-
tion possible in the analysis of material or device quality. The standard
emissive mode of operation gives information about surfaces only. This
may be important in the evaluation of device quality by showing faults in
the metallization, bonds and oxide layers. The conductive mode gives the
resistivity variation and hence, the impurity concentratiom variations in
the specimen. The cathodoluminescent mode of operation gives an indication
of fhe concentration of bulk impurities and of surface contamination. These
last two modes of operation give information which is not evident in the
emissive micrographs, which show only surface information.

In the following chapters, the application of the Scanning Microscope

to material physics and device technology is discussed. The emphasis is

\
Y
placed on the conductive mode of operation considering in detail, the mag- \%%
K

nitude of the detected signals.

In the first chapter, a discussion of the Scanning Microscope, its
modes of operation and its fields of application is presented. In the sec-
ond chapter, a theoretical discussion of the conductive signal is presented.
The discussion begins from a consideration of the continuity equétion and
applies the theory of photovoltage generation due to irradiation of the
semiconductor specimen. Chapter III is concerned with measurement techni-
ques and results obtained from a series of Gallium Arsenide devices. Ab
discussion of the results obtained is includéd. ‘The results of the computer
analysis are compared with the experimental results, and it is concluded

that bulk theory cannot fully explain the observations.



CHAPTER I

THE SCANNING ELECTRON MICROSCOPE

As mentioned in the introduction, the Scanning Electron Microscope
can be used to advantage in device technology. It is a high resolution
instrument having applications in the manufacturing and analysis of micro-
circuits. The latter use is the one of interest and will be discussed in
the following chapters. The Scanning Microscope will first be described,
then the modes of operation will be considered along with some particular
display téchniques. The discussion in this chapter will be concluded with
a review of the applications of the microscope.

l.1 The Instrument

The main functional blocks of the Scanﬁing Electron Microscope are
given in Figure 1. The physical basis of operation is the interaction of
an electron beam with a solid specimen. A primary beam of electrons from
a cathode is directed through a system of condenser lenses to the sample
to be studied. The last lens supports the scanning coils or plates which
deflect the beam in a raster over the specimen. 1In its usual form, the sig-
nal to be displayed is constructed from the emitted secondary electrons.
These are collected and converted to an electrical signal with semiconductor
detectors or a scintillator-photomultiplier combination. The magnification
is accomplished by varying the deflection ratio of the cathode ray tube and
the specimen. This is accomplished by an attenuator network between the
scan generator and the deflection coils or plates.

The instrument in the form described, can be used in the life sci-

ences for direct observation of specimens. For application in the physical
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sciences, some modifications are possible. These modifications involve
the use of different detection systems for the production of the electri-
cal signal. The modes discussed are:

1. The Emissive Mode

2, The Conductive Mode

3. The Luminescent Mode
The discussion to follow will apply to the particular system used in this
work.

1.1.1 The Emissive Mode

In the emissive mode, the primary reflected electrons and the sec-
ondary electrons can be collected and the variation of the electron emission
with position is converted to a contrast variation on the CRT display. The
energy difference between primary reflected and secondary electrons is the

basis of selection of the reflected electrons from the total emission. 1In

the instrument used in this work, a scintillator response to high energy
electrons is converted to an electric signal by a photomultiplier tube.

The secondary electron energy is far lower than the threshold energy for
activation of the scintillator. This technique then reproduces only infor-
mation carried by primary reflected electrons. To select secondary electrons
the collector must be placed out of the path of reflected primary electrons.
Inside the collector, which takes the form of a Faraday cup, a scintillator
is placed at a high potential to give the captured secondary electrons suf-
ficient energy to produce scintillation. The Faraday cup is held at a
small positive potential which can easily bend the trajectory of the low
energy secondary electrons(lo) but not that of the high energy reflected

electrons.




The total back-scattering coefficient is defined as the ratio of
all emitted and reflected electrons to the number of primary electrons.
This coefficient lies between 1 and 1.5 for metals, the maximum occurs at
values of primary energy in the range of 300 to 800 eV. For insulators
these quantities are larger(ll). Secondary emission does not vary sub-
stantially for different materials and cannot be used for measuring com-
positional variation.. The back—scattering coefficient which is a measure
of the reflection efficiency of electrons, depends on the atomic number
of the specimen being'irradiated. For this reason, the reflected ‘primary
signal has been used to detect compositional variations where there is a
(11,12)

large difference in atomic number

A problem in using the above method, is that the angle of incidence

.of the beam is an important factor affecting the contrast in the emissive
mode(la).

Consider an electron beam which is not normal to the surface. If
the surface is not smooth the surface vector varies from point to point.
An increase of the angle between the direction of incidence of the electron
beam and the surface vector results in an increase of secondary electron
emission due to the higher number of scattered electroms reaching the sur-
face of the specimen. The variation in secondary emission is directly rela-
ted to thé variation of the surface angle. In the absence of other mechan-
isms, the emission of secondary electrons yields information about surface
topography.

1.1.2 The Conductive Mode

In the conductive mode of operation, the changes in beam induced

conductivity are converted to a contrast variation on the CRT display. It



is convenient to treat the effect of the electron beam in terms of carrier
generation. If a specimen is irradiated by an electron beam, electron-
hole pairs are created which can drift through the specimen if there is an
electric field. This field could be caused by an inhomogeneity such as a
P-n junction or by an externally applied potential. The current which
flows in the external circuit is called the beam induced current.

At high values of electric field, avalanche can occur. Usually
avalanche begins in some localized area since the impu?ity concentration
is not uniform over all of the device. These areas of high electric field
have a large generation rate and will be clearly visible in the conductive
micrographs(lu).

The specimen current is an important effect which can be used to

B

reveal information about the sample. This is a neutralizing current which
flows into the specimen to compensate for the net emission of electrons.
The specimen current can be written in terms of primary beam current, sec-

ondary emission current, and reflected primary current as follows:
Ip - (Ig + Irp)

This current depends on the variation of secondary emission and the reflec-
tion coefficient at the surface. This signal is small and is detectable
only if the charge collection current is not present or very inefficient.
This process is detectable only in specimens not containing p-n junctions.
The importance of the conductive mode of operation lies in its
applicability to quantitative measurements. The method of signal retrieval
must be modified from the conventional contrast variations on a CRT display

in this case. Such modifications will be discussed in a further section.
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1.1.3 The Luminescent Mode

Cathodoluminescence is the luminescent phenomenon which results
from excitation of electrons in a material by electron-beam bombardment.
The electrons and holes which have been excited to the conduction and
valence band can recombine directly or via impurity levels in the forbid-
den band gap. For direct recombination emission of light is the important
mechanism, but in the case of indirect transition, phonon emission predom-
inates. The luminescent signal is strongly dependent on carrier lifetime,
the probability of a radiative transition increases as the lifetime incre-
ases. The luminescent signal is therefore sensitive to the various effects
affecting lifetime such as:

1. The presence of trapping centers in the bulk.

2. The presence of dislocations in the bulk.

3. The presence of surface states.
Cathodoluminescence has been studied in the Scanning Electron Microscope
as an aid to assess semiconductor material quality. The luminescent infor-
mation and surface evidence of dislocation structures can be related(IS).
The presence of p-n junctions can be detected by a fall in luminescent sig-
nals at the junction(ls).
This mode of operation, although potentially an important technique,

has assumed a role of minor importance.

1.2 Display Techniques

The display described in preceding sections is an analogue techni-
que. The dhtput in the display is a continuous variation of brightness or
amplitude. There are some improvements possible in cases where quantitative

measurements are required. Two such improvements are:
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1. The Contoured Display

2. The Deflection Modulation Display
In addition to these, the signal to noise ratio can be improved with
electron beam modulation and signal detection with a phase sensitive
detector network.

1.2.1 The Contoured Display

An analogue signal display has an amplitude limitation given
by the saturation value of the device. This may be a saturation vol-
tage in the case of an amplifier, or a saturation light intemnsity in
the case of a CRT phqsphor or a photographic emulsion. This imposes
a limitation on the gain of the system and may render the amplifica-
tion of some detail impractical. In such a case the contoured display
technique is useful,

This technique presents the information in a series of closed
contour curves, The signal is amplified and passed through a network
digital multilevel which produces a stepwise approximation of the input
signal. Adding this signal and the original signal in antiphase, gives
a new signal which varies in amplitude by constant value equal to a
double step. The step size is chosen to be less than half of the sat-
uration value, and the gain can be made as large as required to reveal
the detail sought. As the specimen is scanned in a raster, the positions
of the minima and maxima change slightly in position in each successive
scan line. In the final micrograph, all these maxima merge to form a
contoured display. This technique is useful in the conductive mode of

(17,18)

operation and will be discussed further in Chapter III.
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1.2.2 The Deflection Modulation Display

The second modified technique of signal presentation is the
deflection modulation display. This display produces a curve whose
amplitude variation with position indicates the signal variation along
the scan line. If several line scans are included in one figure, a
three dimensional plot results, The line scans can be calibrated and
serve as the basis of many measurements. Some applications of this
technique are the measurements of:

1. The depletion layer width

2. The lifetime and diffusion lengths(lg)

The depletion layer width can also be measured from a beam induced
conductivity micrograph(zo). The deflection modulation technique 1s
more accurate but the beam induced current micrograph clearly shows

its variation along the specimen.

1.2.3 Modulated Beam and Modulated Bias Operation

As mentioned above, the techniques of contoured display and
deflection modulation display can benefit from reduced noise under
beam modulation. In devices where bias 1s applied, the bias can be
modulated and thereby obtain a modula:ted signal, Both techniques of
modulation allow a phase sensitive detector to be used and results in
an improved signal to mnoise ratic. The second technique can be used

to operate a device under high power operation at a low duty cycle.




-13~-

In the first case, modulation is applied in order to allow
the use of a phase sensitive detector in recovering the signal. 1In
such a system, the modulated signal input is multiplied by a square
wave, whose amplitude varies between -1 and +1 and which is of
the same frequency and phase as the modulating signal, The result-
ant waveform is passed through a low pass filter and the output is
proportional to the signal amplitude. Noise discrimination is obta-
ined if noise is not modulated with the signal. Of the noise that is
multiplied in the modulation process, only that noise falling in the
band width of the low pass filter appears at the output,

1.3 Applications of the Scanning Electron Microscope

The Scanning Electron Microscope has been demonstrated to be
a versatile instrument with applications in the Biological and Physi-
cal Sciences. The instrument evolved to a modern design by 1955, At
this time it was applied in the life sciences tc observe specimens
without having to prepare replicas. Similar uses exist in the textile
and in the pulp and paper industries. The SEM is now used as a res-
earch tool in the physical sciences and a diagnostic tool in the tech-
nology of electronic device fabrication.,

A brief outline of the major applications of the instrument

will be given below. Review papers have been published on this topic

(21522,18) -

The discussion of the applications will be presented under the

headings of:
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1. The Biological Sciences

2. The Analysis of Materials and Devices
3. Pattern Generation

4. Registration

5. Machining

6. Failure Analysis

1.3.1 Biological Sciences

The first studies conducted with the Scanning Electron Micro-
scope gave topographical detail. This was adequate for biological
studies. The transmission microscope requires very thin specimens,
therefore replicas of thick specimen must be made. Specimens which
are too thick for the transmission microscope and too small for rep-
lica techniques can best be studied in the SEM. Irregular surfaces
cannot be examined with the reflection microscope because these req-
uire a low angle of incidence which results in high distortion and
loss of surface detail. Depressions in the surface would be lost.
The SEM, when used to detect secondary electrons only, can reveal
detail from within the depressions(lo). The usefulness of the scan-
ning microscope in the biological sciences has been established, but

the applications of the instrument in the analysis of materials and

devices shows its versatility.

1.3.2 Analysis of Materials and Devices

The Scanning Electron Microscope yields different 1nformétion

in each of its different modes of operation when applied to materials
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and devices. The three basic modes of operation are listed below
with the emissive mode subdivided into three categories.
1. The Emissive Mode
(a) Primary reflected electrons
(b) Secondary electron collection
(c) Vo}tage contrast detection
2. The Conductive Mode
3. The Luminescent Mode
These modes can be applied to measurements of physical properties of
materials and observations of surfaces. The first two categories (a)
and (b), are applied to the study of spatial aspects of the sample,
such as'the surface texture and the geometry. The third category (c),
reveals variations in surface potential. Voltage gradients along
(22)

resistors in microcircuits can be observed and the location of

p-n junctions can be accurately determined(za). The topography and
voltage variations are evident even with much of the surface covered
with passivating layers. The beam induced conductivity results in
the surface of the insulator attaining the same potential as the semi-
conductor insulator interface(zu).

The conductive mode can be employed to obtain a measure of
the carrier diffusion length and'to measure the thickness of the oxide
and aluminum layers on integrated circuits(za). A pulsed beam tech-

nique can be used to measure carrier lifetime. Complications arise

because of excess charge introduced by the electron beam, and charging
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effects on the passivating layer or a contamination layer. These

problems must be taken into account when making lifetime measure~

ments.

1.3.3 Pattern Generation

A promisiﬁé‘;pplication'of the SFanning Electron Microscope
is the exposure of a photoresistlwith éﬁ electron beam, This tech-
nique could increase resolution over the current masking and photo-
graphic techniques. It is possible to produce isolated lines with

edge sharpness of 0.14um(22)

, taking into account the minimum prac-
tical photoresist film thickness and the effect of exposure by back-
scattered electrons. Optical techniques can produce edges of 1,5um
sharpness. This implies an improvement of edge resolution by one
order of magnitude. The importance of this improvement is well ill-
ustrated in the case of an insulated gate device(zz). The optical
method has an edge definition of 1.5um or an uncertainty of #0.75ym.
If another uncertainty of *0.lum due to lateral diffusion of the
source and drain region is added, the channel will have an uncert-
ainty of *0.85um on either edge. The channel length uncertainty is
then #*1.7um, and if a 107% variation is allowable, the total length
must be 17uym. For the electron beam method the edge uncertainty is
+0.075um. With the additional #*0.luym lateral diffusion margin, the

channel length uncertainty is 3.5um, A five time reduction in device

size appears feasible with this technique.
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- 1.3.4 Registration

The problem of registration in device manufacture can be facil-
itated with the use of the SEM. The electron beam induced photovoltage
at a p-n junction can be used as a bench mark during all stages of fab-
rication. 1In the example stated above, a fraction of the resist poly-
merizing electrons penetrate into the bulk and create electron-hole
pairs.' A photovoltage results as these diffuse across a p—n junction.
This photoresponse can be used to locate the beam at the centre of the
gate and the beam scan range limited to the required gate length using
the central point as a reference. The disadvantage of this system is
that leads are required to detect the photovoltage. Tarul et al.(zs)

have used a reflected primary electron signal to establish beam posi-

tion. A reference mark must be made which will not be destroyed by

evaporated thin films deposited over the surface.

1.3.5 Machining

The Scanning Electron Microscope can be used for micro~machining
if it is modified to produce a high power density electron beam. El-
Kareh(zs) designed such a machine with a beam diameter of 0.001 inch,

a beam current of 5ma at 100 kV to give a power density of 100 megawatts/

cmz L

1.3.6 Failure Analysis

In the above discussion, some applications of the SEM in micro-

circuit inspection has been mentioned. This topic is usually termed,
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failure analysis and has been discussed by Thornton et al.(18’27).
In failure analysis, the SEM must be equipped with facilities to
heat or cool the specimen. The application of the heat sink arises
when a device must be studied at rated output. A heated stage may
be required to study anealing effects.

The next chaptér will be devoted to a more complete descrip-
tion of the conductive mode of operation. Particular emphasis will
be placed on the application of this mode to the measurement of res-
istivity variations and variations in impurity concentration of a

semiconductor specimen.
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CHAPTER II

THEORY OF THE BEAM INDUCED VOLTAGE

In Chapter I, a brief discussion of the Scanning Electron
Microscope, its various modes of operation and its areas of applica-
tion was presente&. It was pointed out that the conductive mode of
operation is important in obtaining quantitative information. The
conductive mode implies a beam-induced current. However, a beam~
induced voltage also exists which can be equally important. In this
chapter a discussion of the beam induced voltage will be presented,
and its applicability in the measurement of resistivity will be dis-

cussed.

2.1 The Beam—Induced Current

The conductive mode of operation is based on the change in
conductance which results in a change in current. This change in
current is called the beam-induced current and occurs when an elec-
tron beam scans the specimen. This current change can be obtained

from Ohm's Law and is given by the following expression.

AT = 2L - IR ¢S

where:
AI, AV are the beam induced current and voltage

R is the equilibrium specimen resistance
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AR  is the change in R upon irradiation

A is the specimen bias voltage
From the above expression, it can be seen that the beam-induced
voltage plays a role in the generation of the beam-induced current.
In the case that the change in specimen resistance is small, com-
pared to R, then the beam—induced current and voltage are directly
proportional. In the sections that follow, the beam-induced volt-
age will be considered in detail. A criterion will be developed
which will allow a determination of the magnitude of ﬁ%- and hence

the importance of the second term in equatiomn 1.

2.2 The Beam—Induced Voltage

In the preceding section, the beam-induced current was
found to consist of two terms. One term depends on the bias vol-
tage and resistance variation upon irradiation with the electron
beam. The other term is a voltage variation. This beam-induced
voltage is the basis of the technique to be discussed below. The
beam~induced voltage can be important in itself as a means of anal-
ysis whenever the ratio AR/R? 1is small making the second term neg-
ligible.

If a light beam impinges on a semiconductor specimen, and a
voltage appears across fhe contacts, this effect is known as the
photovoltage generation(za’zg). A similar process occurs upon irra-

diation with an electron beam. The photovoltage is proportional to

the gradient of specimean resistivity, and hence, the resistivity
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variation or the variation in impurity concentration along the
specimen can be found from the photovoltage,
The photovoltage in an inhomogeneous semiconductor can be

written as the sum of two terms.

Vph = V¢ + Vg

where:

Ve is a chemical emf due to variations of the chemical
potential of electron and hole ensembles along the
sample,

vVa is a Dember voltage due to the differences in the

mobility of electrons and holes,

It can be shown that for an n-type semiconductor, the above emf's

can be written as follows (see Appendix I).

_ kr dpe

Ve = py J Ao dx dx (2)

Ve, = - kT Hn ~ Hp po 98e gy (3
d e up + g dx

The photovoltage becomes

kT 2 - J Ao deo (X) dx (4)
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where:

U
b = ;g', the ratio of electren and hole mobilities.
Ao = (un + up)An, An is the density of injected
carriers, and is a function of beam position.
Po(x) = the equilibrium resistivity as a function of x.

These equations apply for the one dimensional case where all varia-
bles are functions of one coordinate only.

The above equation of photovoltage is applicable to the case
of electron beam irradiation of the sample. The only requirement is
for a radiation-induced change in conductivity. This conductivity
modulation can be obtained by evaluating the density of generated
carriers as the integral of the distribution of carriers obtained
from a solution of the continuity equation, and multiplying by the
sum of the electron and hole mobilities. The photovoltage can then
be obtained from equation 4, if the resistivity function p_(x) is
known. In this discussion, the photovoltage will be evaluated for
arbitrary functions pg (x). A comparison of the functions of resis-
tivity with position and of photovoltage with position will then be
possible. This procedure will illustrate the usefulness of the tech-
nique of photovoltage detection in the analysis of resistivity varia-

tion.




-23=

2.2,1 The Continuity Equation

The calculation of photovoltage was discussed in the above
section., It was shown that both the variation of equilibrium res-
istivity and the conductivity variation as a function of electron
beam position are required in the calculation of photovoltage. The
solution of the continuity equation will give the distribution of
minority carriers Ap, from which the conductivity variation can be
found,

The continuity equation is the relation giving the time rate
of change of the quantity of charge per unit volume and is written

as follows.

9 = _ bp a2 - 4
s 0p = 8 = + D = Ap UE 3 fp (5)

This equation holds for the ambipolar case where both electron and

hole conduction takes place.

g = the generation rate of electron-hole pairs
T = the excess carrier lifetime
p + n . . '
= the ambipolar diffusivit
B = n-_ P is the ambipolar mobility

p/up, + nlup

E = the component of the electric field in the x direction
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For an n-type semiconductor, the constants D and yu become Dp
and up, the diffusion constant for holes and the hole mobility.

Equation 5 becomes:

DA = Ao b d

and gives the number of carriers generated per unit volume per

second.

Ip is the beam current

A is the area of the specimen which is irradiated

E is the beam energy

Ei is the ionization energy for the specimen

R is the range of the electrons in the specimen
Equation 6 can be reduced further by making the following substitu-

tions.

g = /Dt Diffusion length
Le = TUE Drift length

The continuity equation becomes:

d? le d Lp T
per i A el s S o R Y (7
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This is the equation to be solved to obtain the distribution of
minority carriers in the specimen. In the following section, the

solution of this equation is obtained for different boundary con-

ditions.

2.2.2 Solution for an Infinite Bar

The solution of the continuity equation will be obtained

(30) 4

for a specimen having an externally applied electric field
specimen shaped as a narrow bar of infinite length is first consid-
ered in this section. An electron beam irradiates a small region

of width L. The specimen can then be divided into three regions

for analysis, as shown in Figure 2.

Fig. 2 Infinite Bar Specimen
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The generation rate is non-zero in region C and zero in A and B.

0 . -L>x>0
g=
I E
2_  _s > o>
AeR Ej ° 0-x_-L

In region A the equation to be solved is

2
2 _ e S =

@ 75z D 2d2) Ap 0 (8)
This is a linear homogeneous differential equation of order two with
a solution of the form:

bp, = clex/’z'1 + cze—x/'?'2 )
where:

22,d2
2, = Ta + (a2 + 4232)% (10)
2242 (

2 = 11)

2 - e t (2,2 + 4242)%
In region B the solution is of the same form:

bp, = can/zl + cue_X/lz (12)
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In region C, the generation term must be taken into account; this

results in a non-homogeneous equation. The particular solution is:
App = gT

Therefore, the solution in region C becomes:

Ap, = c:.,ex/’q‘1 + cse—x/zz + gT (13)

The solutions are subject to the following boundary conditionms.

bp, (0 = Bp,(0)
Ap, (<L) = Ap,(-L)
=2 8p,(0) = 5= Bp,(0) (14)
g}a{' Ap, (-L) = ﬁ Ap, (-L)
dpr(+ =) = Bp,(-® = O

Applying the boundary conditions 14 to the equations 9, 12, and
13, a system of six equations in ¢c; to c¢g is obtained. The
values of ¢, to ¢, are then found and substituted in equations

9, 12, and 13. The following equations are then obtained for the

distribution of minority carriers. In region A, the solution is:

L - -
by = ETgy g, 1 e s)
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In the region B, the solution is:

21 [l _ eL/'Q’l] ex/.Q,l

b = =Ty 3,

(16)

In the region C, the solution is:
Ap3 = gT Zi—l { Lq [l - e(_L + x)/zzl + 2, a - ex/ll) }
1 X2

(17)

This analysis applies for the case of an infinite specimen with an
applied field. The approximation of an infinite bar is wvalid in

cases where the diffusion and drift lengths are small with respect

to the specimen length and the electron beam does not approach the

contacts.

2.2.3 Solution for a Finite Bar with E = 0

In cases where the previous approximation based upon a solu-
tion for an infinite bar is not valid, a solution for a finite bar
(31,32) .
must be considered . In this case, the electric field is assu-

med to be zero. The electron beam irradiates a region about a point

Xo as shown in Figure 3.
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The specimen length
there is no applied

equation becomes:

(»* -

where:

Fig. 3 Finite Bar Specimen

is £ and the spot position is x Since

o*

electric field &%, = O, and the continuity

1 R

'Q‘dz) Ap = g 242
0 R -r >x>r
» “r2x2r

(18)
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The solutions in this case are of the form:

Ap, = clex/zd + cze-x/Zd
Ap, = caex/ﬂ'd + c,‘e“x/ﬂ'd (19)
bp, = c_,’ex/’Z'd + cse_xlzd + gTp

The boundary conditions are similar to the previous case and are

given below.

x = 0 Ap,(0) = O

X = X, -T bp, (x, = 1) Apa(x° -r)

Jlﬂpz(xo - 1) a=0p, (x, + 1)

ox ox
(20)
X = X, +r Apy(x, + r) = Ap,(x, + 1)
JiA (X, + 1) = -iiAp (x, + 1)
3x P3\¥o 9x 1 7e

x = 2% bp,(R) = 0

Substituting the boundary conditions 20 into the solutions 19,
the constants C1 to Cs are evaluated and the solutions become:
In region A
Ap; = gTpg ——2—— Sin h (&) Sin h —2°) sin h (X)
1 P £ Q.d ld R'd

Sin h (—)
%d (21)
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In region B

2 r >4 L - x
Ap, = gT, ———F— Sin h (§7) Sin h (%) Sin h ( )
P sinh (zi) L4 Ld Ld
d (22)
In region C
_ : 1 . X L - X0 - T
Ap; = 8Tp {1 - [sin h CE—) Cos h G———jf————ﬁ
Sin h (2—) d d
d
2 - x Xo — T
+ Sin h ¢ 2 ) Cos h (——EE——)] } (23)

These solutions apply to a finite bar with no externally applied

electric field.

1 4

2.2.4 Solution for a Finite Bar with E # O

In the previous case, a finite bar was assumed, but with
no applied electric field. 1In order to generalize the solution, an
electric field will be considered in this section. The specimen is

irradiated in a region of width L as shown in Figure 4.
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B 1 C ' A
-a -L b
x =0
Fig. & Finite Bar Specimen
The concentration of minority carriers is zero at x = - a, and
x. = b ‘to satisfy the condition for ohmic contacts. The solu-

tions are given by equations 9, 12, and 13, and must satisfy

the following boundary conditions.

x=0 ApI(O) = Ap,(0)
27p.(0) = =24p.(0)
oxX P, 9% Pj

x = - L Apz(- L)y = Ap3( - L)
2Ap, (- L) = =2p.(- L)
ox P2 ox-P3

-a, b Ap, () = A4p,(- a) = 0

(24)
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Substituting the boundary conditions 24 in the equatiomns 9,

12, and 13, the following system of equations is found.

L L 0 0 0 c, O
0 0 /"1 e 3/ %2 0 0 c, O
1 1 0 . 0 -1 -1 C3 gT
o o L/2, L/%, LI, L/%, ¢, et
1/%, 1/%, 0 0 -1/, -1/2, c, ©
0 0 e e M Ciyee e ciyg e e 1yp,e e ¢ o

If numerical values are available for a, b, &,, 22, and gt then
the values of C, to Cg can be found by numerical techniques. This
can be conveniently solved by computer. The values of C;, to C4
are then substituted into the solutions (equations 9, 12, and 13),
and the distribution of minority carriers can be plotted.

The following is a list of constants used in the solution.
These are based on physical constants of n-type gallium arsenide as

used for Gunn-Effect diodes. The gap length of the diode is 100um.

a = 5.0 x 107° meters
b = 5.0 x 107° meters
L = 0.045 m2/V.Sect®?
T = 2.0 x 107° sec(®*s®%)
T = 300°K

k = 8.63 x 10 > eV/°K
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e = 1.6 x 107!? Coul
Ec = 20 x 10° ev
Ei = 4.6 ev'®
Ip = 1.0 x 10-10 amps
L = 5.0 x 1077 meters
Area = 1.963 x 107!3 meters
R = 1.0 x 107° meters

The solution of the minority carrier distribution is obtained for
three values of electric field and plotted in Figure 40. The flow
chart for the complete program is shown in Appendix II. The sub-
routine performs a solution of equation 25 to obtain the values

of C;, to Cg.

2.2.5 Conductivity Variations

As was stated in section 2.2.1, the conductivity variation
as a function of beam position is required in the calculation of
the photovoltage. In the preceding section, a solution of the con-
tinuity equation is developed. A minority carrier distribution is
then obtained for a given electron beam position. The total change
in carrier concentration for this beam position can be obtained by
integrating the minority carrier distribution over the specimen

length. The conductivity change is then given by:
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b
Ao = elug + up) J Ap (x)dx (26)
=a

where:

p(x) 1is the minority carried distribution for a

given beam position.

Since the conductivity variation with beam position can
be found, the photovoltage can be calculated if the equilibrium
resistivity variation with position is known. The photovoltage
will be evaluated in the next sections for arbitrary resistivity

functions.

2.2.6 Photovoltage Calculations

It was shown in section 2.2 that a beam—-induced voltage
(photovoltage) is generated when a beam of electrons impinges on
a semiconductor. This photovoltage is proportional to the con-
ductivity variation and the derivative with respect to the coor-
dinate x, of equilibrium resistivity of the specimen. The
photovoltage is written as follows for an n—-type semiconductor.
do

AGT;' dx %)

Then substituting for Ao(x), and assuming the mobility to be

independent of x, this expression becomes:




)
)
!
i
;
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b
d
V = —— up J Ap I dx (27)
-a

In order to obtain a value for this integral, the variation of
equilibrium resistivity p, with x is required. 1In practice,
the function pg,(x) must be found from the variation of the
photovoltage. The above procedure, however, will allow a com-
parison of the photovoltage and resistivity functions. A sinu-
soidal and a step variation of equilibrium resistivity will be
assumed.

In the case of sinusoidal resistivity variation, the

following relation is assumed.

Po = P, + Op sin (2mx/A) (28)
where:
p, = the average value of resistivity
Ap = the amplitude of the resistivity variation
A = the period of the resistivity variation

From the equation 27 and 28 the following expression for photo-

voltage is obtained.

b
vV = QEEEXAQ_ER J Ap cos 2mx/A dx - (29)
-a




-37-

In the case of a step variation in resistivity, the follow-

ing notation can be used.

P, » -~a £ x < ¢

o = 1P, » d < x £ b (30)
P = P
p = P, + —2;T:fé'x , ¢ £ x £ d

From equations 27 and 30 the expression for photovoltage becomes:

b

v = A;lupj Ap K dx (31)
-a

where:
- P
Qi—:le c £ x £ d )
K = (32)
0 » -a £ < c

These integrals can be evaluated by a numerical quadrature method.
For the case of sinusoidal resistivity, a 1.0Q - cm sample with
a 10%Z resistivity variation is assumed. The amplitude of varia-
tion Ap, is then 103 Q - m. The period of the resistivity
variation is taken such that gA~! = 5. For the case of the
step rise in resistivity, a linear rise of resistivity in a dis-
tance of 10~® meters is assumed. The increment in resistivity is
caken to be from 1.0 x 1072 Q - m to 1.1 x 1072 @ - m. The

dp
slope E;& at the step is then 10® Q.
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The program := Appendix II solves the continuity equa-
tion for two hundred beam positions, at each of three values of
electric field. The carrier distribution for three values of
electric field are then found and the photovoltage variation
with beam position is evaluated. The results are plotted in

Figures 41 and 42.

2.2.7 Conditions for Negligible Internal Field

In the previous sections the continuity equation was
solved, thereby obtaining the distribution of minority carriers.
In these solutions it was arbitrarily assumed that the internal
electric field due to impurity variations are negligible. In
this section a criterion will be derived which will serve as the
basis of a decision concerning the importance of the internal
field.

The continuity equation given in equation 7 can be
written as follows; assuming no externally applied electric

field.

where:

E! = the electric field due to impurity variations.

(33)
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The second term in equation 33 is negligible if the following

inequality is satisfied.

1
e/E"/% a4 An
—Rr ax & < g
or
1 kT
/E / << eR.d

The electric field in a semiconductor due to impurity variations

is given'by the relation below.

gl oo _kr 1 N
e N dx
where:
N = the impurity concentration as a function of
position.

The following linear grading is assumed:

|

I

x =0

N,

The internal electric field is calculated from equation 35.

(34)

(35)
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The maximum value of electric field occurs at x/2 and is
given by:
o2kt Ny - N, | 1

1 = A
E"max e N, + N, Ax (36)

From equation 34 and 36 and assuming N, > N, the following con-
dition for negligible internal field is obtained.
Ax >> 2%,

The internal electric field is negligible, if the distance over
which the variation in impurity concentration occurs, is large

with respect to the diffusion length of the minority carriers.

2.3 Condition for Equivalence of Current and Voltage Information

In the previous sections of this chapter, the photovoltage
has been considered as a means of acquiring information about the
specimen. The photovoltage is related to the specimen equilibrium
resistivity and hence is useful to determine the impurity distri-
bution in the semiconductor. It was shown in section 2.1 that the
photovoltage is proportional to the beam-induced current, if the
ratio of the change in resistance to the equilibrium resistance
upon electric beam irradiation is small. In this case, either a

voltage or a current can be detected and the information will differ
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only by a multiplicative constant, that is, the specimen res-
istance. The analysis performed in the previous sections is
equally valid for a beam-induced current. In this section, a
criterion for the applicability of the assumption of a propor-
tionality between the beam-induced current and voltage will
be derived.

Consider a specimen of length £ irradiated by an
electron beam at x = x,. The distribution of generated car-
riers will be assumed to be exponential and the conductivity

variations will be exponential also.

Ao

X = X4

Fig. 5 Conductivity Variation in a Specimen

Irradiated by an Electron Beam
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The conductivity can be expressed by the relations given below(ss).

Q
|

, = 0ol + A0 exp(x - x,)/241, %, 2 x

v

0 37

Q
N
|

= O, L1 + Ao exp(x, - x)/%g1, & > x 2 x, (38)

where:
O, is the equilibrium conductivity

Ao is the maximum conductivity change

If the specimen cross-section area is taken as A then the

specimen resistance becomes:

(Xo
1 dx
T1 T ag, Jo 1+ kexp(x - x;) /2 (39)
2
- 1 dx (40)
T2 AG, ) 1+ k exp(x, - x)/R,d
Xo
Evaluating these integrals the following expressions are
obtained.
1 1+ k
1 = Zog { %, - 2g Wl oxp -xo/ld] } 1)
1l + k
2 x 24 fnl ]
T2 = I {1-2~ - & T ¥ k exp - (£ - %50/} (42)
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The total specimen resistance is obtained by adding 41 and 42.

The equilibrium resistance is given by:
R = &/Ac,
The decrease in resistance due to electron beam irradiation is

given by the difference between R and r, + r,. This res-

istance decrease can be written as:

br = - %i [&n 1+ t :xg - %Xo/%a + in 1+ k exp1—+(§ - xo)/ld]
(43)
The maximum value of Ar occurs for x, = £/2 and a diffusion
length which is small compared to the specimen length &.
This value of resistance change is given below.
Ar = -2’;—‘1 2n (1 + k) (44)

For a specimen with a diffusion length much smaller than the
specimen length, the ratio of change in resistance to the equil-
ibrium specimen resistance, is very small. The second term of
the equation 1 is therefore negligible and the analysis given

in the above sections is applicable to the beam—-induced current.




4t

2.4 Sources of Error

In the preceding sections, a discussion of the theory
of beam-induced voltages was presented. The assumptions of
negligible internal field and of the equivalence of beam-indu-
ced current and voltage were also treated. In the sections to
follow, some possible sources of error in the photovoltage
measurements will be presented. These are:

1. The effect of electron emission on the photovoltage.

2. The effects of contacts on the photovoltage.

2.4.1 Effect of Electron Emission on the Photovoltage

Any factor which causes a specimen potential variation
will lead to an error in the photovoltage measurement. One
such mechanism arises in the case of electron emission due to
specimen bombardment by an electron beam. This case will be
considered below.

If a specimen is irradiated by an electron beam, secon-
dary electrons are emitted from the surface. The yield varies
with the beam accelerating potential. For most materials, the
maximum yiold is of the order of 1.5 which occurs at a potential
of 500 to 800 volts. The yield is defined as the ratio of the
number of emitted electrons per unit time to the incident beam

current.
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Oy = IS/Ip (45)

If the yield Oy is different from unity, the specimen will
acquire a charge. 1If Oy > 1, the surface becomes positive.
The yield, however, is a function of the net accelerating vol-
tage and will vary with the specimen potential and can be

expressed as follows:

Oy = £(Vegg) (46)

This relation is not well defined mathematically, but is of

)l

the form given in Figure 6(37

Veff

Fig. © Yield vs Net Accelerating Potential




—4,6—

The net accelerating potential is:

Vegg = Vo + V
where:
Vo, is the accelerating potential

Vs is the specimen potential

Assuming a specimen resistance of R ohms to ground, the sur-
face potential can be written in terms of the specimen current

(Is ~ Ip).

Vs = R[Ig - 1Ip]l = Vesf - Vo

From equation 45 and 47, the expression for yield becomes:

Vesf Vo

o, = - ( - 1)
y RIp RI,

The effective accelerating potential can be obtained from a
solution of equations 46 and 48. The surface voltage can then
be obtained.

The surface voltage gives rise to an error in the meas-
urement of the photovoltage. However, under certain conditions,
the error can be negligiblé. From equation 48 a condition for
negligible error can be deduced. The equation can be re-written

as follows:

(47)

(48)
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_ 1
|1 - oyl = R1_ I Vs (49)
P
The maximum value of 1 - Oyis unity then Vg can be taken as
negligible if RIP is sufficiently small.
Vs ~ RI, (50)

For a given beam current Ip, the surface voltage is negligible
if the specimen resistance is small. For example, if a beam
current of 10”2 amps gives rise to a lmv photovoltage, the sur-
face voltage will be negligible if the specimen resistance is

less than 10° ohms.

2.4.2 Effect of Contacts on the Photovoltage

In the previous section, it was pointed out that any
variation in specimen potential will lead to an error in the
photovoltage measurement. In a practical case where contacts
must be made to the semiconductor, a change in potential occurs
when the electron beam scans the region of the junction of the
two materials. An error is then produced in the photovoltage
measurement.

The voltage produced at the contacts can be calculated

from the expressions of the chemical and Dember emf's of equation
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7 (Appendix I). In order to apply these relations, the distri-
bution of minority carriers must be known. The Figure 7 illus-

trates the situation to be considered.

Fig. 7 Finite Bar Specimen with Contacts

For ease of calculation, the specimen length is taken to be
twice the beam diameter. The diffusion length in the semi-
conductor will be taken as L' and in the metal as L'', where
L'' < L,(aa). At the edges of the irradiated region, the
concentration of generated carriers will be different. The
distribution of minority carriers can be found from a solution
of the continuity equation. For the case of no applied elec-

tric field, the continuity equation can be written as follows:
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D, 5 lfn - — + g =0 (51)

where:
0, -2<x <0

K., 0<x < 2

The boundary conditions are:

An = O R x=-2

An = XAng » x=0

‘An = Ang R x ~2/2 where 2/2 > L (52)
An = bAn, s x =2

An = O s X + ®

The following relations also hold

at x = £ Ang; = An,
(53)
d - 4
dx An, = dx An,
The solutions of equation 51 become:
\J
An, = lAn, ex/L
— ]
An, = An, (1 - ke */LTy
-— )
pn, = bng [1- ae(x 2>/L ] (54)

An, = An b expl-(x - 2)/L"]



From equations 53 and 54:

LV
S AR A
L"
L AR

The distribution of minority carriers can then be plotted as

shown in Figure 8
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Fig. 8 -

Specimen Irradiated Over the Right Half.

The generated voltage can be calculated from the expres-

sions of the chemical and Dember emf.

Distribution of Minority Carriers in the

(55)
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g, - kI | Mo + Vp o doo
c e Upn + UpP n, dx x

7 (Appendix I)

Ve = kT J Hn - Hp dAn dx
d Hpn + UpP dx

1f op, is constant, that is if there is no variation of
impurity concentration along the specimen, then Ve = 0.
The voltage generated is then a Dember emf. The Dember emf

can be re-written as follows:

bn = ¥
vyg = - o= noJ 1 dig 4x (56)

e un + up (Opo + 80)0n, dx

For the case of large generation A0 > Op,- The equation 56

then becomes:

_ _ kI ¥n-1Up i
Vi = % Tm+ip J i~ dbn dx (57)

Substituting for An from equation 54, the potential becomes:

kT Un - Hp L L'
Vd T T e Hn + Up [ L' + 2n2 + 2n(1 + L")] (58)

If the analysis is repeated for the beam irradiating the left

half of the specimen, the expression of the generated voltage is:
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Hn - U !
_’IQ'_n—R[Z_"i‘QRZ'*‘ln(l-FL)]

Va = e Un + Up - L' FAl

L" (59)

The voltage generated at the contacts is negative when the
right half of the specimen is irradiated and positive when

the left half is irradiated. The expressions 58 and 59 rep-
resent error terms in the photovoltage measurements. If these
voltages are large with respect to the photovoltage measured,
then a more exact analysis must be done in order to apply a

correction. -

2.5 The Case of Small Impurity Concentrations

In all the previous analysis, it was assumed that the
impurity concentration is high and the potentials are determ-
ined by ensemble averages of electrons and holes. The varia-
tion in photovoltage is then the result of a variation of the
enseﬁble average along the specimen. If the concentration of
impurities and the electron beam diameter are sufficiently
small, then the photovoltage generated as the beam scans along
the specimen, could undergo large random variations. This
variation would depend on the random distribution of impurity
atoms.

In this chapter, the beam induced voltage was studied.

If the change in specimen resistance upon irradiation is small,
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compared to the equilibrium resistance of the specimen, then
the beam-induced voltage and the beam=-induced current are
related by a multiplicative constant. When the change in
resistance is not negligible, or when the bias voltage is
high, the second term of equation 1 must be taken into acc-
ount. In the analysis, the resistance change was assumed
negligible.

In the next chapter, the methods of measurements used
to obtain the resistivity variations are given. A list of
results are then presented, including the results of the com-—

puter analysis.
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CHAPTER III

MEASUREMENT TECHNIQUES AND RESULTS

In the previous two chapters, a review of the modes of
operation of the SEM and an analysis of the conductive mode of
operation were presented. In this chapter, the measurement
techniques and the obtained results will be given in order to
demonstrate the applications of the SEM in the field of mater-
ial and device evaluation. All the modes of operation were
used to obtain information about the specimen with emphasis on
the conductive mode. The following section is a description
of the actual system and measuring techniques used in obtaining
the measurements. The chapter concludes with a section on com-

puter analysis results.

3.1 Measurement Techniques

The discussion of the measurement techniques will be
divided into sub-sections, corresponding to each mode of oper-

ation and display technique.

3.1.1 Emissive Mode Measurements

In the emissive mode of operation, either the secondary

electrons or the primary reflected electrons are collected. An




electrical signal proportional to the yield of electrons is
used to modulate the intensity of a CRT display.

In the apparatus used, the primary beam of electrons
strikes the specimen surface at an angle of incidence which
can be varied. The emitted electrons are collected by a
Faraday cup; held at a positive potential which can also be
varied. The Farada& cup encloses a scimtillator behind a
wire mesh, the scintillator is aluminum plated, and biased
at a high positive potential with respect to the Faraday cup.
The variation in the number of collected electroms gives rise
to a variation of light generated at the scintillator. The
light signal is channelled to an S;,; photomultiplier by a
light pipe. The signal is amplified and displayed on a CRT
screen as an intensity modulated image.

The apparatus described above allows the variation
of the angle of incidence of the primary beam and the coll-
ector potential. This allows the collection of either pri-
mary electrons or secondary electrons. To collect primary
electrons, the wire mesh is biased negatively with respect
to the sample and the angle of incidence is adjusted such
that the primary reflected electrons enter the Faraday cup.
To collect secondary electrons, the wire mesh is biased pos-
itively with respect to the sample and the angle of incid-

ence is adjusted such that the reflected primaries are not
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captured by the Faraday cup. In this way, secondary or prim-
ary reflected electrons can be detected to yield the desired
surface detail of rough surfaces, or to increase contrast of

smooth surfaces.

3.1.2 Luminescent Mode Measurements

In the luminescent mode of operation,.the light emit-
ted by a specimen is converted to an electrical signal which
modulates the intensity of a CRT display. In order to collect
as much of the emitted light as possible, a large diaméter
photomultiplier is mounted as close as possible to the speci-
men, thereby subtending a large solid angle at the specimen.
In the apparatus used, an S) photomultiplier is mounted in
the specimen chamber. The output signal of the photomultiplier
is amplified by a d.c. amplifier, having an input impedance
of 1000 ohms, a transfer impedance of 10° ohms and a bandwidth
of 20 Kilohertz. The output of this amplifier is connected to

a video amplifier and CRT display.

3.1.3 Conductive Mode Measurements

The conductive mode of operation is one which can be

applied in obtaining quantitative information. This mode of
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operation is important, and Qill be discussed in det;il. In
the conductivemode of operation, the beam—induced current is
detected by an amplifier connected to the device in a suitable
configuration (Fig. 9). The voltage output from the amplifier
modulates thé intensity of the CRT display.

The amplifier can be the d.c. amplifier, described
above, or an a.c. amplifier. The a.c. amplifier used in the
experiments has a transfer impedance of 2 x 107 ohms, and
an input impedance of less than 100 ohms. The bandwidth of
the amplifier is 1MHz with a lower cutoff frequency of app-
roximately 10Hz.

Line scans of beam-induced signal can be obtained by
applying the output of the above amplifier to the Y-axis input
of an X-Y recorder. The X-axis signal is obtained from the
SEM scan generator, therefore the electron beam and the recor-
der pen move in synchronism. The scan generator can be trig-
gered externally which allows single line scans to be plotted
on the X-Y recorder. The system can be calibrated with the
.use of a voltage or current source. The calibration procedure
will be discussed in section 3.1.6. The measuring system is

i{llustrated below. The amplifiers are transfer impedances.




a.c. Coupled

Electron Current Amplifier
Beam t
|
' l I DISPLAY
i 10K
= Specimen m—

d.c. Coupled
Current Amplifier

I DISPLAY

L]

—

Fig. 9 (a) The measurement circuit for conduc-
tive micrographs.

(b) The circuit fur specimen current
micrographs.

3.1.4 Contoured Conductive Measurements

The signal variation in a two dimensional plane is
{l1lustrated as an intensity modulation in the conventional

display technique. This technique does not lend itself to
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the retrievai of quantitative information. One method of
displaying quantitative information in a plane is through
the application of the contouring technique described in
section 1.2.1.

The contouring network is a circuit which adds a
stepwise approximation of the input signal in antiphase
with this signal. The resulting signal has the same infor-
mation as the original signal, but the amplitude is limited
to the difference between the upper and lower threshold
voltages. An example of a triangular input signal is shown

below.

Fig. 10 The output of the contouring network
for a triangular input.
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When the input voltage reaches the positive threshold, a
voltage equal to two threshold intervals is added in anti-

phase. The circuit is illustrated in block form in Figure
39
11( ).

Upper Threshold

o/p Detector
Summing
Amplifier |+
i/p UP
DOWN D/A
COUNTER
—  Lower Threshold
Detector
Fig. 11 Block diagram of the Contouring Network

The amplifier in the contouring network has variable gain.
Increasing the gain of this amplifier increases the number
of contour lines in the output and thereby increases the

information content of the micrograph.

3.1.5 Phase Sensitive Detection

wWhen the contouring network is used, a phase sensi-

tive detector can be employed to improve the signal to noise
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ratio. The signal must be modulated by a square wave. Then
the phase sensitive detection can be obtained by multiplying
the modulated input signal by a gating function of the same
frequency and phase as the modulating square wave. The out-
put is then obtained from a low pass filter with a cutoff
frequency, high enough to let only the signal frequency pass
unattenuated. The phase sensitive detector was considered
in section 1.2.3.

The system employed in the experimental work is

illustrated in Figure 12.

| 1] {15y TU ]— osc.

PSN.

BPF. PSD.

| L —{DISPLAY
| Q=1

Fig. 12 Block diagram of the measuring
system using the phase sensitive
detector.
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The system used in the experimental work included a minor
modification. The modulated signal was filtered in a band-
pass filter before detection. This improves the signal-to-
noise ratio in the presence of a wide-band noise source.

The signal is modulated by chopping the electron
beam with deflection coils, which deflect the beam over an
aperture. The signal is detected and amplified, then fil-
tered and appligd to the phase sensitive detector. The
reference signal is obtained from the oscillator, which
also determines the chopping frequency. The reference sig-
nal is then passed through a phase shift network to allow
adjustment of the relative phase of the modulating and ref-
erence signalsi

The phase sensitive detector system described,
improves the signal to noise ratio, but limits the rise-
time of the overall signal recovery system. This then,
1imits the scan rate possible for a given resolution. Ass-
uming a line scan of 0.4 sec. and a required resolution of
1/8 mm. in a 10 cm. CRT display, a value of system Q and
bandwidth can be found. The signal period from the above
data is T4 = 0.001 sec. By the Nyquist criteriom, the

chopping period must satisfy the following inequality.

Tc < %TB
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The value T¢ = 0.0002 sec. is taken. The bandwidth of
the system must be sufficient to allow the risetime to be
no larger tham %Tc. The bandwidth risetime relation is

given by:

Af Ty = 0.4 (40)

The bandwidth for the present case is 4KHz. The modulating
frequency is 1/1¢ = 5KHz, and the Q of the network is
1.25.

In the experimental work, values of Q nearrunity
were used whenever the phase gensitive detector was used

in the measuring system, i1lustrated in Figure 13.

=]
I

o 0SC.

PSN.

| BPF. |
0 =1 PSD. CNT.

— i DISPLAY

Fig. 13 The phase sensitive network system
used to obtain contoured informationm.
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3.1.5.1 Cabacitively Coupled Measurements

Another use of the phase sensitive detection system
described above arises in the case of capacitive coupling.
Capacitive coupling of the signal refers to the situation
where a stray capacitance occurs across the device, which
results in differentiation of the signal. Consider the con-

figuration illustrated below.

Fig. 14 Capacitively Coupled Specimen

The sample has a resistance Rg shunted by a stray capaci-
tance Cg. If the time constant CgR 1is small with respect
to the time T taken by the beam to scan one picture ele-
ment, the output signal will be differentiated. It is pos-
sible to chop the electron beam at a frequency 1/‘rS and
recover the information from a phase sensitive detector. T¢

is the pulse width and must satisfy the following:




—-65-

Tg <VTc < RCq where R is the parallel
sum of resistances (Rg//Ry)
Ts 1s the signal risetime.

The pulse width must be less than the time constant RCg but
greater than the signal risetime Tg. If it is assumed that
the signal risetime is determined by the risetime of the pul-
sed electron beam, then Tg 1is negligibly small for practical
purposes.

The waveforms shown below illustrate the possible
cases for the time constant of the shunting capacitance and

load resistance combination.

T << RCS — —_

T > RCg \
T > RCS
< T, < RCg -JLMLI o IL_

Ts < T¢

Fig. 15 Capacitive Coupling
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In the first case, no difficulties with capacitive coupling
arise. The second case shows the effect of differentiation
while the third waveform illustrates the result of chopping
the beam when differentiation occurs. This signal is the
input to the phase sensitive detector which effectively
integrates the signal, the output then approaches the signal

of the first case.

3.1.5.2 Line Scan Measurements

The phase sensitive detector system can be used to
advantage in obtaining line scans. The phase sensitive
detector is used to eliminate noise from the system which
would mask some of the information. The overall system is

1llustrated in Figure 16.

1Yy Ju osC.
PSN.
BPF. | PSD. X -Y

Fig. 16 Network used to obtain line scans.
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It is sometimes necessary to chop the bias at a
given frequency with a reduced duty cycle and comparing the
results withwéhose obtained at a 1:1 duty cycle. This tech-
nique is useful to study heating effects in the specimen.
The measuring system for this case is illustrated below.

Such measurements were not obtained in this work.

1 <1000 BPF. | PSD. |4 X-Y

@ fLi'L_—
Jul

PSN. <4 0SC.

The amplifier in this case is a differential voltage amplifier.

Fig. 17 System for heating effect measurements.
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3.1.6 Calibration Techniques

In the previous section, two measuring system block
diagrams were givén for ploting line scans. These are impor-
tant since they can be calibrated and therefore serve as the
basis of the quantitative measurements; A method of cali-
bration of each of the above two measuring systems are given

in Figures 18 and 19.

; , - ml oscC.
‘ PSN.
: 1
MR BPF. psD. [ X - Y
Fig. 18 Calibration of current detection system.
N osc.
| | PSN.
Y
Eui il w —%— ‘ BPF. |~{ PSD. X-Y

Fig. 19 Network for Voltage Calibration.



-69-
The beam current can be measured by placing a Faraday cup
in the chamber and directing the beam into the cup. The

cup is connected to ground through an electrometer.

3.2 Experimental Results

In Chapter I, a review of the applications of the
SEM was presented. In this section, some of these appli-
cations will be investigated. Results will be given which
§ indicate the power of the technique in material quality
assessment and manufacturing process evaluation. The dev-

ices studied were transferred-electron devices, although

junction devices can also be studied.

3.2.1 Devices Investigated

The devices studied in the experimental work are
Gallium Arsenide Gunn-Effect diodes. Two types were con-
sidered. The first type are planar devices where the con-

tacts and active region are co-planar. The active region

is in an epitaxial layer of Gallium Arsenide (GaAs) on a
gemi-insulating GaAs substrate, and the contacts are strips

of gold alloy on the surface of the epitaxial layer. These
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devices are labelled as the R-series. The R-200 and R-450
devices hajg active gap widths of 20 and 45u-m respectively.
The second type of device is shaped as a small bar with tin
dots at each end which serve as contacts. One face of the
bar is coated with an epitaxial layer of GaA;, the bar it-
self is semi-insulating. These devices are labelled as fhe
F-series and have a length of approximately 1 mm. between
contacts.

The specifications of the two devices are tabulated

below.
R DEVICES F DEVICES
Layer Thickness 5.5u-m 10u-m
Carrier Concentration 3.1 x 10! ~10%2
Resistivity 0.32Q-m
Substrate Fe doped High p concent:ation
Gap Length 20 and 45p-m ~1 mm.

3.2.2 Measurement Results

The devices described above will be examined in the
three basic modes of operation. Line scans of beam induced
current will also be taken. Each mode of operation is expec-

ted to give different information. The emissive mode will
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give surface information such as the presence of scratches
and contact defects. The luminescent mode will give the
location of dislocaticns, and the relative conceﬂtration
of impurities among specimehs. The conductive mode will
give information of variation of potential and impurity
variation in the specimen. The information expected from

each mode is tabulated below.

| | MODE ' INFORMATION EXPECTED

1. Emissive Surface information:
- presence of scratches
- bond damage
- metallization damage
- etch pits

2. Luminescent Surface and bulk information:
- presence of dislocations
- gsurface scratches
- variation of impurity concen-
tration

3. Conductive Bulk information:
- variation of impurity concen-
tration

Conductive line scans:

- occurrence of current multi-
plication

In addition to the SEM results, electrical data and thermal

plots are given for the devices.
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3.2.2.,1 The Use of Multipie Modes to Examine
Semiconductor Devies

The R-200 Devices

The utility of the Scanning Electron Microscope is
illustrated by the series of micrographs in Fig. 20(a) -
20(1), which show an R—200 series Gunn diode before and

after catastrophic failure.

- Emigsive Micrographs

The general appearance of the device is given by
_the emissive micrographs in Fig. 20(a) and 20(b), where
Fig. 20(a) was taken initially and 20(b) after failure.
The emissive micrograph is used as a general frame of ref-
erence for the micrograph taken under other modes of oper-
ation and to locate gross faults. In this example, it
{l1lustrates how the device failed as a result of electro-
migration of the metallizing materiél, causing a short

circuit between the electrodes.

Luminescent Micrographs

The epitaxial material can be examined using the

cathodoluminescent mode (Fig. 20(c) and 20(d)). The first
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micrographlshows the device at a slightly lower magni-
fication than the emissive micrographs. The dark areas
are regions of low }uminescence efficiency and indicate
faults or regions of damage. A region of damage between
the electrodes can be identified on the emissive micro-
graph (Fig. 20a) as mechanical damage, probably incurred
during the bonding operation. It may be observed that
the eventual failure of the device was not related to
this damage.

A section of the substrate away from the device
itself is shown at a higher magnification in Fig. 20(d).
The dark areas represent dislocations, the spots could be
points at which edge dislocations meet the surface. The
row of regularly spaced dots indicates a series of rela-
ted dislocations, usually called a low-angle tilt bound-
ary(ul).

The cathodoluminescence of GaAs has been studied
by several researchers whose work allows a tentative
explanation of the above results. A discussion follows
which explains the variation of luminescence efficiency
of the device in Fig. 20(c) and 20(d).

The cathodoluminescent signal intens$ity in GaAs
is proportional to the impurity concentration at low

doping levels. At high doping concentrations 10 %cm™?)




Fig. 20(a) Emissive micrograph
showing the device
R-204 before failure.

Fig. 20(b) Emissive micrograph
showing the device
R-204 after failure.

Fig. 20(c) Luminscent micro~ Fig. 20(d) Luminescent micro-

grapb of device
R-204.

DC Amp. Transfer
Impedance;: 50 MR

DC Amp. Phase:
Invert

Beam Accelerating
potential:20kV

graph of device
R-204

DC Amp. Transfer
Impedance:100 MQ

DC Amp. Phase:
Invert

Beam Accelerating
potential: 20kV



Fig. [20(a) - (d)] ¥missive and Cathodecluninescent
“icrographs of Device R-204.



(b) 150X 70u

(c) 130X 75u
—

Fig. [20(a) - (d)] Emissive and Cathodoluminescent
Micrographs of Device R-204.



Fig. [20(a) - (d)] Emissive and Cathodoluminescent

“icrographs of Device R-204.




74—

the luminescent signal decreases with increasing impur-

itj;concentratiop(uz). Sinée segregation of impurities

Py (43)

occurs at dislocations » the luminescent efficiency

can increase in the reéion of'dislocations if the over-
all impurity concentration is léw. The dislocations
thémselves have the effect of reducing carrier lifetime(~~).
The dislocations are therefore, expected to be regions

of low luminescent efficiency and may be surrounded by

- regions of higher luminescent efficiency(ks’ba). Sur-

face scratches also add trapping centers which leads to

reduced luminescent efficiency, if these are present.

Conductive Micrograéhs

The micrographs of Fig. -20(e) to 20(i) are all
in the conductive mode. Fig. 20(e) shows a general con-
ductive view of the device. The dark areas between the
~ electrodes can be related with the dark areas of the
cathodoluminescent micrograph of Fig. 20(c). Fig. 20(f)
shows the gap at greater magﬁification and Fig. 20(g) a
contoured version uﬁdet the same conditions. The con-
toured version yields better Z component resolutibn,
amplitude in this case, and produces rmuch the same infor-

mation in two dimensions as does a line scan (see below)



Fig. 20(e) Conductive micrograph of device R-204.

AC Amp. Transfer Impedance: 400 KQ |

AC Amp. Phase: Non-Inverting ' E

Bias: 0.05V -V, on 1 Signal taken from same tab
as that of applied bias ' . :

RL: 10K

Beam Acceleratiag potential' 20V

Fig. 20(f) Conductive micrograph of device R—204.>

AC Amp. Transfer Impedance: 20 K
AC Amp. Phase: Inverting -
Bias: 1.26V + Vo on 1 (6.85ma)
. Rp: 10K
Beam Accelerating potential: 20kV

Fig. 20(g) Contoured conductive micrograph of ‘device erdﬂ}f,fﬁ;

AC Amp. Transfer Impedance: 40 KR

AC Amp. Phase: Inverting '

.Bias: 1.26V +-Ve onl (7.35ma)

‘Rpe 10K

. Beam Aceeletating potential' 20kV
Contour circuit gain: 10 '

Contour. circuit phase: Invert
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in one dimension..'Note that the contoured micrograph
by itself indicates increments only, and an uncontoured
micrograph is required for its interpretation.
Mechanisms which occurred during the failure
of the device can beiinferfed from a comparison of the
contoured micrograph';f Fig. 20(h) taken immediately
before failure with the electron emissive micrograph of
Fig. 20(i) taken immediately after. Note that conduc-
tive information is not av;ilable after the device has'
shorted. It can be seen that the short circuit occurred
at a region of minimum conduction indicating that the
material transport, which céused the short circuit, res-
ulted from majority carrier current flow as distinct
from the minority carrier current of the conductive image.
The above series of micrographs was taken of a
non-typical device. Hicrographs of a more typical dev-
ice of the same series are shown in Fig. 21(a) and 21(b).
" The first is an emissive micrograph and the second a
contoured conductive micrograph. The device is quite
| good but has a small flaw between the bonds which may
be attributed to the bonding process. This micrograph
was taken ﬁith the use of the phase sensitive detector
and shows a definite reduction in noise. The VI charac-~
teristic is given inAFig. 22 and shows the current sat-

uration characteristic which is expected from such a



Fig. 20(h) Contoured Conductive Microgfaph.
of Device R-204%

Ac Amp. Transfer Impedance: 40 KQ

Ac Amp. Phase: Invert '

Bias: 6.9 V. + Ve on 1 (27.9 ma)
RL: 10 KQ :
Beam Accelerating Potential: 20 KV

Contour Circuit Gain: 10

Contour Circuit Phase: Invert

Fig. 20(i) Emissive Micrograph of Device R-204 after failure.

This micrograph helps to relate the failure
area with the resistivity wvariation.

'
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Fig. [20(h) - (i)] Contoured Conductive
and Emissive Micro-

graphs of Device .P-204.



Fig. 21(a) Emissive Micrograph of Device R-205.

\

Fig. 21(b) Contoured Conductive Hicrogtaph of Device R-205.

"Ac Amp. Transfer Impedance: 400 KR

Ac Amp. Phase: Invert

Bias: ' 0.05 V #2 pos.
RL: . 10 KQ :
Beam Accelerating Potential: 20 KV

Contour Circuit Gain: . 10

Contour Circuit Phase: Norm

Beam Chopping Frequency: 10 kHz: _3 . : -



(b) X500 |20u|

Fig. [21(a) - (b)] Emissive and Contoured
Conductive Micrograph
of Device R-205.
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(u6)

device .

3.2.2.2 The R-450 Devices

The micrographs of the R-450 devices. show sim~-
ilar information to that of the R-200 devices. The .
devices will thefefore, be discussed briefly, with empha-

sis on details of particular interest.

Device R-451

The micrographs of Fig. 23(a) to 23(e), the
effects of dislocations can be seen in all modes of
operaéion. Fig. 23(a) and 23(b) are emissive micro-
graphs showing gtch pits at the surface of the epitax-
ial layer. Fig. 23(c) and 23(d) are luminescent and
specimen current micrographs both of which show the
above dislocations and others which do not appear at
the surface. These dislocation patterns affect the
conductive signals and are clearly evident in the con-
toured conductive micrograph in Fig 23(e).

A comparison of the micrographs in Fig. 23(c)
and 23(d) shows that the same infbtmation can be obta-

ined ftam'the specimen current and the luminescent mic-

rographs. These two modes of operation camnot always




Fig. 23(a,b) Ehissive Micrographs of Device R-451
- showing dislocation -etch pits on the
+ - surface of the device.

Fig. 23(¢) Luminescent Micrograph of Device R-451
showing dislocations.

DC Amp. Transfer Impedance: 50 M
DC Amp. Phase: - Invert
Device Resistance: 313 Q

Beam Accelerating Potential: - 20 kV-
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Fig. 23(d) Specimen Current Micrograph of Device R¢451.

Aé Amp. Transfer Impedance.3

Ac Amp. Phase:

\

4 MQ
Invert

Fig. 23(e) Contoured Conductive Micrograph of Device R-451

Ac Amp. Transfer Impedance:
Ac Amp. Phase:

Bias:

Ry,:

Beam Accelerating Potential:
Contour Circuit Gain:
Contour Circuit Phase:

Beam Chopping Frequency:

400 KQ
Invert

0.1V #2 pos. (0.3 ma)
10 RQ
20 KV

- 10

Non-Inverting
10 kHz



- (d) X200 50u

(e) X200 50u

Fig. [23(d) - (e)] Conductive and Contoured
Conductive Micrographs of
Device R-451.
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be used. If the impurity concentration is very low,
the Iluminescence efficiency is also low, making this
mode of operation impractical. The specimen current
mode cannot be used in a specimen containing p-n junc-
tions, since the charge collection efficiency is very
high at the junctions. When both signals can be detec-
* ted, the luminescent mode is.preferable, éince no con-
tacts are required. |

The speciﬁen current micrograph (Fig. 23c) was
taken with the a.c. amplifier giving phase inversion.
The areas of mechanical damage and the dislocation pat-
terns are dark in this micrograéh. Since the total
back-scattering coefficient is less than unity at high

(37)

beam energiles , an electron current flows into the
amplifier (see gsection 1.1.2). This implies that at
the regions of mechanical damage, the total backscat-

tering coefficient increases.

Device R-452

The emissive micrographs of Fig. 24(a) and 24(b)
show evidence of electromigration. The electromigration
effect is the transport of metal ions under the influ-

ence of the electric field or the momentum transfer from




Fig. 24(a,b) Emissive Micrographs of Device R-452
showing electromigration effects.

Fig. 24(a) X200

Fig. 24(b) X2000
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the electrons to the ions.' If the electric field is
high with low electron momentum transfer, as in poor
electron conductors, the ions may move toward the
cathode.  If the momentum transfer is the more impor-
tant factor, themn the ions will migrate towards the

anode(u7,us,u9).

The migration in this case was from -
the anode to the cathode which could be an indication
that momentum transfer is not an important factor in

these devices.

Device R-453

Th; specimen current micrograph of Fig. 25(a)
shows the presence of a large area of material damage
at the top of the micrograph and between the contacts.
The contact metallization on the right of the micro-
-graph is nearly broken completely across.

| The contoured conductive micrograph in Fig. 25(b)

shows symmetry only at the boitom of the micrograph,
where the bonds and material are free of faults.

The VI characteristic is shown in Fig. 26, and

is typical of devices with contacts which are damaged.

Device R-454

This device shows éome characteristics of a

~ good device. The metallization of the contacts is poor

‘
i
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Fig. 25(a) Specimen Current Micrograph of Device R-453.

Ac Amp. Transfer Impedance. io M@
Ac Amp. Phase: Inverting
Device R: - 295 Q

Fig. 25(b) Contoured Conductive Micrograph of Device R-453.

Ac Amp. Transfer Impedance: 100 R

Ac Amp. Phase: Inverting

Bias: ' 0.2V #1 + Vg (0.85 ma)
Ry, 10 RQ

Beam Accelerating Potential: . 20 kV

Contour Circuit Gain: 10

Contour Circuit Phase: Non-Inverting

Beam Chopping Frequency: 10 kHz.
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Fig. [25(a) - (b)] Conductive and Contoured
Conductive Micrographs of
Device R-453.
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(Fig.'27aj, but the material is free from major faults
(Fig. 27b). The contoured conductive micrograph (Fig.
27c) shows a high degree of symmetry. The temperature
profile of Fig. 28 shows a similar high degree of sym-

metry.

Device R-455

The speéimen current micrograph, (Fig. 29a),
shows many small material faults between the bonds of
the device. The conductive and contoured conductive
microgréphs of Fig. 29(b) and 29(c) reveal a region of
high signal on the left side of the micrographs. The |
temperatures distribution in the surface of the device
is given in Fig. 30 and 31. The region of maximum heat-
ing lies in the region of lowest conductive signal in
Fig. 29(b) and 29(c). This information substantiates
previous evidence that the conductive signal can be
related to the variatioﬁ of minority carrier current,
while the majority carrier current is responsible for

device heating and failure (see 3.2.2.1 Conductive

Micrographs).




Fig. 27(a) Emissive Micrograph of Device R-454

i

Fig. 27(b) Specimen Current Micrograph of Device R-454-

Ac Amp. Transfer Impedance. 10 MQ
Ac Amp Phase. : Inverting

Fig. 27(c) Contoured Conductive Micrograph of Device R~454

Ac Amp. Transfer Impedance: 40 KR

Ac Amp. Phase: Inverting

Bias: 0.46 V #2 pos. (2112 ma)
RL: ‘ 10 KR

Beam Accelerating Potential: 20 kv

Contour Circuit Gain: 10

Contour Circuit Phase: - ~ Non-Inveérting

Beam Chopping Frequency: 10 kH=z.
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Fig. 28 Temperature Distribution in the Device -R-454 °

Bias Voltage: - . 10v
Bias Current: : 25 ma

Contours of relative radiance
are plotted.

Radiance given in milliwatts

Steradians™! cm



Fig. 28 TEMPERATURE DISTRIBUTION IN
THE DEVICE R-454




i ' Fig. 29(a) Specimen Current Micrograph of Device R-455

Ac Amp. Transfer Impedance. 10 M
'* Ac Amp Phase: .  Inverting

3
)
i

Fig. 29(b) Conductive Micrograph of Device R-455

© Ac Amp._ Transfer Impedance:: 4 M
Ac Amp. Phase:- Inverting
Bias: . ' ' 0.01 Vv

Fig. 29(c) Contoured Conductive Micrographs of Device R—455

Ac Amp. Transfer Impedance: 200 K2

Beam Chopping Frequency: 10 kBz

Ac Amp. Phase: Inverting )
, Bias: 0.2V #1 pos. (0i69)
Ry : 10 KR
Beam Accelerating Potential - 20 kv
Contour Circuit Gain: 10
Contour Circuit Phase: Non-Inverting
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Fig. 30 Temperature Distribution in the Device R-455

Bias Voltage:
Bias Current:

3.

13.5 Vv
18.5 ma

- Radiance g:lven in milliwatts
steradians =l em™2.

~—.



Bonded Wire

Fig. 30 TEMPERATURE DISTRIBUTION IN
THE DEVICE R-455

Ultrasonically




fig. 31 Tempgratuté D1stribut1on in thé Device R-455 -

Bias Vbltagez{ ;f ;fiiﬁg" 13.5 V
Bias Current: .~ "' 18.5 ma.

¢Tf';'Radiance given in milliwatts ’
'»*_3steradians -1 em™2:
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'3.2.2.3 The F-216 Devices

The F-216 series are transferred electron dev-.

ices having a completely different geometry and contact .

‘configuration. "The electrical characteristics of these

devices are substantially different and the results of

3 the SEM observations show 1nteresting ‘effects not pres-.

ent.in'the previous,series,:""

. A Device F-216§s!

The results will be listed under the headings

of the modes of operation.} Emphasis.will be placed on -

B those results which differ from those -given above.

3

 Emissive Micrographs

Figures 32(a) and (b) are emissive micrographs

of the device showing evidence of surface scratches.

" The first micrograph was taken at a low value of beam-
' current while the second was taken at a highet current.

 The dark areas at the two contacts could be contamina- '

tion of the surface occurring during the bonding Ptof‘

cess. |
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S

Fig. 32(a,b) Emissivé‘Micrpgfapﬁs of Deﬁice Ef216a.

32(a) Taken at low beam current

.--32(b) Taken at high beamvcurrgqt

Fig. 32(c) Luminescent Micrograph of Device F-216a.

Dc Amp. Transfer Impedance: 2 MQ

Dc Amp. Phase: Invert
Beam Accelerating Potential: 20 kv
Beam Chopping Frequency: 10 kHz

Device Resistance: 107 - 108 @
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Luminescent Micrograph

The luminescent micrograph of Fig. 32(c) was
taken with a phase sensitive detector. The signal was
tno small to obtain a good micrograph otherwise. The
amplifier inverted the phase of the signal so that a
dark area on the micrograph corresponds to a low lumin-
escent efficiency at the specimen. A low efficiency
region results in a decreased electron current geﬁer—
ated in the‘photﬁmultiplier and a decrease in output
voltage of the current amplifier (transfer ixpedance).
The scratches in the surface resulted in a decrease in

luminescence.

Conductive Micrographs

The micrographs in figures 33(a) to 33(g) show
the variation in the beam induced current as a function
of bias. Figure 33(a) is taken at zero bias, Figs. 33(b)
to 33(d) are taken with increasing positive bias and
Figs. 33(e) to 33(g) are taken with increasing negative
bias. 1In each case, the top of the micrograph teﬁres-
ents the biased end of the device. In this series of
micrographs, the a.c. amplifier produced phase inversion.

An increasing white signal represents an increasing




(a)

Bias:

Fig. 33 Conductive Micrographs of Device F-216a.

0 Volts

Ac Amp.
Ac Amp.

(c)
Bias:

Ac Amp.
Ac Amp.

+

Transfer Impedance:
4MQ

phase: .

Inverting

9.68V

Transfer Impedance:
2M0

phase:

Inverting

C))

Bias: <+ 200mV (top contact +Vc)
Ac Amp. Transfer Impedance:

LM
Ac Amp. phase:

Inverting

(d)
Bias: + BV (0.8 a)
" Ac Amp. Transfer Impedance:
1M :

Ac Amp. phase:
Inverting
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Fig. 33 Conductive Micrographs of Device F-216a.

(e)

Bias: . ~250 mv (neg. on top contact)
Ac Amp. Transfer Impedance: 4 MQ :

Ac Amp. Phase: Inverting

(£)

Bias: "9065 V

Ac Amp. Transfer Impedance: 2 MQ

Ac Amp. Phase: Inverting

(8)

Bias: ‘ S -13 v

Ac Amp. Transfer Impedance: 1M
Ac Amp. Phase: Inverting
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electron current collected by the amplifier. Fig;
25(d) is the measuring circuit used to obtain this 3
information.

The results in Figures 33(a) to (c) may be
interpreted to mean that the minority carriers are
electrons and that these drift to the positive con-
tact under the influence of the applied field. The
largest beam~induced current is then detected when
the beam is close to the positive contact. Similar
arguments can be applied to the case where the pol- i
arity of biés is changed. In this case, the minority
electron current is toward the bottom contact which
corresponds to a flow of electrons from the amplifier
into the top contact. This produces a negative going

output signal due to the phase inversion of the ampli-

fier. The micrograph, therefore, appears black in
the region of highest signal. |
The behaviour of this device can also be analy-
sed using conductive line scans obtained using the
measuring network of Fig. 16. The line scans obtained
for the positive bias applied to the top contact is
shown in Fig. 34.. The Fig. 35 shows the behaviour of ‘

the conductive signal for negative bias. In both cases

asiitr.



Fig. 34 Line Scans of Beam-Induced Current
with Position of the Beam

Ac Amp. Transfer Impedance:
Ac Amp. Phase:

Bias:

Ry,:

Beam Accelerating Potential:

. Beam Current
Magnification:

Beam Chopping Frequency:
PSD Time Constant:

X~Y Amplifier Semsitivity:
Device R:

NOTE:

(a) (b) (c)
10 MQ 10 MQ 4 MR
Inverting
ov +0.15 Vv +2 Vv
10 KQ
.20 kv
6.0 x 1071° Amps.
140X
10 kHz
10 mSec.
~500 mV/in.

107 - 10% @

Bias is applied to the top
contact, signal. is taken from
the top contact.
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Fig. 35 Line Scans of Beam~Induced Current
with Position of the Beam

Ac Amp. Transfer Impedance:
Ac Amp. Phase:

Bias:

Ry,

Beam Accelerating Potential:
Beam Current: :
Magnification:

Beam Chopping Frequency:
PSD Time Constant:

X-Y Amplifier Sensitivity:
Device R:

NOTE:

(a) (b) (e) .
10 MQ 10 M@ 4 MQ
Inverting .
ov -0.12 V -3.0V
10 RQ '

20 kV

4 x 107'° amps.

140X

10 kHz

10 mSec.

~500 mV/in.

107 - 10% Q

Bias is applied to the top
contact. Signal is taken

from the top contact.
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the beam is scanned from the contact #1 to which bias

is applied, across the device to contact #2.

Device F-216(b)

Emissive and Luminescent Micrographs

The emissive micrograph in Fig. 36(a) shows
no evidence of surface scratches or dislocation net-
works in the specimen surface, however, many such
flaws are evident in the luminescent micrograph in

Fig. 36(b). The dark regions in Fig. 36(b) corres-

.ponds to regions of low luminescence efficiency.

The drying stains at the surface cause a reduction
in luminescence efficiency which may be attributed
to the presence of surface traps which reduces car-

rier lifetime.

Conductive Hicrograghs

The micrographs in Figs.. 37(a), (b), and (c)
show the variation of beam induced current as a func-
tion of bias. The a.c. amplifier does not invert the
phase in this set of micrographs. The results are

substantially different than those obtained for the




Fig. 36(a) Emissive Micrograph of Device F-216b.

Fig. 36(b) Luminescence Micrograph of Device F-216b.

Dc Amp. Transfer Impedance: 50 MQ

Dc Amp. Phase: Inverting
Beam Accelerating Voltage: 20 KV
Device Resistance: 4.5 x 10° Q



X125

(b) X125 80u
O
Fig. [36(a) - (b)) Emissive and Luminescent
“icrographs of Device F-2146b.



Fig. 37 Conductive Micrographs of Device F-216b.

(a)

Ac Amp. Transfer Impedance:
Ac Amp. Phase:

Bias:

Ry,: .

Beam Accelerating Voltage:
Beam Chopping Frequency:

(b)

Ac Amp. Transfer Impedance:
Ac Amp. Phase:

Bias:

RL,:

Beam Accelerating Voltage:
Beam Chopping Frequency:

(c)

Ac Amp. Transfer Impedance:
Ac Amp. Phase:

Bias:

RL:

Beam Accelerating Voltage:
Beam Chopping Frequency:

400 KQ

Non-Inverting

+2 V (Top contact + Ve)
10 RQ

20 kV

5 kHz

10 MR

Non-Inverting
0 Volts

10 xQ

20 kV

5 kHz

400 KQ
Non~Inverting

-2 V (Top contact - Ve)
10 KR

20 kv

5 kHz

A 14



(a)

(b)

(c)
X125

80L

Fig. [37(a) - (c)]

Conductive Micrograpns
nf Device F-2160b.



-85-

devices F-216(a). The line scans in Figs. 38 and 39
also show the variation of beam induced current with
bias. The mechanisms responsible for these results

are not understood.

3.3 Results of Computer Analysis

In the preéeding sections, experimental results
were given. These results illustrate, primarily, the
type of qualitative information which can be obtained
from an SEM. This section will present the results of
the computer model, developed in Chapter II, for the
interpretation of the quantitative measurements.

The results to be discussed below, are obtained
for an analysis of the beam-induced voltage or current
in the special case of small resistivity modulation, as
discussed in section 2.1. The continuity equation has
been solved to obtain the distribution of generated car-
riers from which the photovoltage (beam-induced voltage)
was calculated. The photovoltage was obtained for two
assumed specimen resistivity variations. The details of

the solution are given in sections 2.2.4 to 2.2.6.

i
B
B
g

2
A




Fig. 38 Line Scan of Beam~Induced Current
with Position of the Beam

Ac Amp. Transfer Impedance:

Ac Amp. Phase:
Bias:
RL:

Beam Accelerating Potential:

Beam Current:
Magnification:

Beam Chopping Frequency:

PSD Time Constant:

X-Y Amplifier Sensitivity:

Device R

(a) - (b)

1 MQ 1M
Non—-Inverting

ov 0.52 Vv
10 RQ

20 kv

8.4 x 10~° Amps.
X125

10 kHz

1l mS

~500 mV/in.

4.5 x 105 Q

(c)
1 MQ

2.0V
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Fig. 39 Line Scan of Beam-Induced Current
with Position of the Beam

Ac Amp. Transfer Impedance:

Ac Amp. Phase:
Bias:
Ry,:

Beam Accelerating Potential'

Magnification:

Beam Chopping Frequency:
PSD Time Constant:
X-Y Amplifier Sensitivity.

Device R:

(a) (b)

1 MQ 1 MQ
Non-Inverting
ov -0.52
10 KQ

20 kv

X125 -

10 kHz

1 mSec.

~500 mV/in.

4.5 x 10° Q

(c)
400 K

=3.0



Wviad Jd0 NOILISOd HLIM
INTYUND QIONANI WVAE J0 SNVOS ENIT 6€ '31d

SAWV ,-0IX6

SAWV ,;_0IXG'2

SAWV ,_0IXG'2

1OVINOD dOlL
NvJ3S 40 NOILONIq—»



-86-—

In this analysis, a one dimensional geometry was
assumed. This is equivalent to the assumption that
the specimen width is small with respect to the
diffusion length.

The.first part of the analysis consists of
obtaining the distfibution of the generated carriers
as a function of beam position. The Fig. 40 shows
the distribution of generated carriers when the beam
~ is at the centre of the specimen. The curves show
the effect of an applied electric field in the nega-
tive x direction. At zero field, the distribution
is symmetrical, but as an electric field is applied,
the distribution-becomes assymmetrical. The minority
carriers, holes in this analysis, are subject to a
force in the negative x direction. The effect of
the electric field may be minor in the given case,
when the béam is in the central region. However,
the device length was taken to be 100u (see section
2.2.4) for a device with a short active region, the
effect of the electric field would be important.

The results of the photovoltage calculations
are given in Fig. 41 and Fig. 42, The photovoltage

. is obtained by integration of the minority carrier




MINORITY CARRIER CONCENTRATION M-I (x10-21)
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MINORITY CARRIER DISTRIBUTION
SAMPLE =GA AS
se*s+ APPLIED ELECTRIC FIELD=0.0 V/M
APPLIED ELECTRIC FIELD=20000 V/M

—=——APPLIED ELECTRIC FIELD=40000 V/M

BEAM POSITION (METERS x10+4)

Fig. 40 MINORITY CARRIER DISTRIBUTION
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distribution, multiplied by the specimen resistivity
for beam positions at regular intervals along the
specimen. Since the appl?ed electric field affects
the carrier distribution, the generated photovoltage
is also modified. 1In Fig. 41, the photovoltage and
the specimen resistivity are plotted as a function
2f electron Beam position. The specimen resistivity
is assumed to vary sinusoidally along the specimen.
The photovoltage is expected to be proportional to
the derivative of the resistivity variation (see
section 2.2). The computer results show this with
an error in the phase shift. The applied electric
field results in a further phase shift which can be
attributed to the modification of the generated
carrier distribution. The photovoltage decreases

in amplitude near the contacts, due to a decrease

in the peak value of the generated carrier distribu-
tion.

In Fig. 42, the results of a similar analysis
are given. In this case, the resistivity variation
is a step function. The photovoltage approximates
the derivative of the resistivity distribution of the

specimen. The best approximation occurs with no applied

electric field.
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INDUCED VOLTAGE (MV)

2.00=—

ELECTRON BEAM INDUCED VOLTAGE
175 - SAMPLE =GA AS .
— —— — APPLIED ELECTRIC FIELD =0.0 V/M
APPLIED ELECTRIC FIELD = 20000 V/M
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In both cases of sinusoidal and a step resistivity
variation, the photovoltage could be integrated to obtain
an aﬁproximation of the resistivity variation. The best
approximation would be obtained in a region several diffu-
sion lengths away from the contacts with no applied elec-
tric field.

In section 2.2.7, the condition for negligible
internal electric field‘was derived. It was shown that
the electric field is negligible, if the variation in im-
purity concentration occurs in a distance large, compared
to 2Lp. In the above discussion of the photovoltage, it
was assumed that the built-in field is negligible. However,
substantial built-in fields are possible in practice if the
impurity gradient is large in the specimen. This occurs in
specimens which contain p-n junctionms.

The computer results showed that the conductive
mode of operation yields the resistivity variation of a
specimen. This variation showed expected deterioration at
the contacts and a phase shift relative to the actual res-
istizity variation when ;ﬁ electric field is established in
the spécimen. However, a decrease in the amplitude of the
signal with increasing electric field is predicted, which
is not consiétent with experimental results. The model dev-

eloped for the interpretation of quantitative results 1is,

therefore, only partially valid.
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" 'CONCLUSTION

The analysis given in the previous chapters ill-
.ustrates the large amount of data, both qualitative and
quantitative, that can be obtained from SEM measurements.
This inforﬁation is obtained over a two dimensional sur-
face and is equivalent to large numbers of point data. The
micrographs of Chapter III give comparisons of impurity
concentration in the cathodoluminsceﬁt mode of operation;
surface information, such as metallization and bond quality
are obtained in the emissive mode. The areas of high elec-
tric field are detected in the conductive mode.

The SEM is only one member of a class of electron
beam instruments. Its major difference from the other ins-

truments is its scanning feature. It yields lower resolu-

tion information than other electron beam instruments such
as the transmission electromn microscope, with a resolution of
52. However the SEM's resolution in the emissive mode is
higher (1002) and its depth of field is greater than that of
an optical microscope.

In.any give mode of operation, the resolution of a
measurement may not be determined by the beam diameter. The

phenomenon giving rise to the signal observed can be the lim-

iting factor.
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In the luminescent mode, the resolution is lower
than the above, because the escape distance of generated
light is larger than for electrons. In the conductive i
mode, the resolution is also lower than in the emissive %
mode because the signal originates from the plasma of :
electron—h&le pairs. §

The factors discussed above vary with the speci- . a
men because the ionization energy determines the number o
of collisions which an electron beam suffers before com-
pletely losing its energy. The larger the number of 2
collisions, the larger the extent of the plasma region. :
Thus, in general, it is more correct to consider the res-
olutiqn of the phenomenon in a given specimen rather than

the resolution of the instrument in discussing the resolu-

tion of the measurement.
The versatility of the SﬁM can be extended by the

incorporation of X-ray and Auger electron detectors and

in this role becomes a microprobe analyser, making it pos-—
sible to obtain a positive {dentification of impurities in
a sample. Because of the scanning facility, the presence
of a given impurity can be located over a two dimensional
surface. The technique of x-ray microanalysis can detect a
weight of 10—15 gn in a volume of IO(ﬁm)3 assuming a density

of 10 gm/cm’. ;
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The technique of Auger spectroscopy is applicable
to elements of low atomic number and, therefore, comple-
ments x-ray microanalysis. The amplitude of Auger peaks
depends on the deposition thickness and, therefore, on
changes in surface coverage. A change of a few percent

(s0)

of a Monolayer can be detected from this variation

Interpretation qf Results

¢ e . . cae . '

The ébove discussion illusta£es the versatility
of the SEM. However, the main difficulty lies in the
interpretation of the results¥® Proposed interpretations
have been based on bulk properties, and are not comple-

tely satisfactory. Three reasons for these difficulties

are possible.

a) Some relevant bulk property may have been

overlooked.

b) Surface properties may be responsible for

the observed behaviour.

c¢) Because of the higﬁ resolution of electromn
beam measurements, the theory based on bulk

phenomena, may not be valid.

% See the computer analysis results in section 3.3.
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Of these three possibilities, the last two are more likely
to yield an explanation of the observed results. The
reason for this is that the validity of bulk theory dep-
ends on the significance of the statistical nature of the
observed quantity in the volume, defined by the limits of
resolution of the technique. For example, if in the vol-
ume defined by the resolution, few impurities are found,
then the analysis of the beam—induced voltage to determine
resistivity variation no longer applies.

A theory for dealing with the above type of problem
might be developed from the hypothesis of secgion 2.5,
where it was suggested that a field structure will exist
in any lightly doped semiconductor when observed with the
above resolution. However, the hypothesis was based only
on the results presented in this thesis and many more data
will be required for the development and testing of such
a theory. Thus, this thesis shows that the Scanning Electron
Microscope is an instrument which allows a new type of data
to be collected about devices and materials. It is not sur-
prising that new theory may be required for their interpre-
tation. This thesis presents typical data and an attempt

at an hypothesis. .
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APPENDIX I

The Photovoltage Generation in Semiconductors

From thermodynamics, the expression of photovoltage
(29),

can be expressed as follows

Vph =-t— § (tp dEn - tp d&p) 1)

. where:

tn = O'n/C'
tp = 0p/0

En, Ep = chemical potential of electrons and
hole ensembles.

The following diagram gives the chemical potentials.

£,
.._Epn

- - - -'—'EFp

Energy notation in a homogeneous semiconductor with excess
carrier concentrations under non-equilibrium conditions.
Epn, EFP are Quasi Fermi levels.
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Defining AE, and AEP as follows:

Agn = En - Eno
BEp = & - Epo
where:

Enos Epo are the chemical potentials at equili--

brium conditions of electron and hole ensembles.

The equation 1 becomes:

-

since:

thg + tp = 1

The emf Vpp is zero when the semiconductor is

not illuminated, that is A& = AEP = 0. An emf

exists only at non—-equilibrium conditions. The emf Vph

is also zero when the gsemiconductor is homogeneous, that

is:

d d
d—x'AEn = EAEP = 0

(2)
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The generation of an emf depends upon the simultaneous
presence of inhomogeneities and non-equilibrium cairier
concentrations. The most important case of an inhomo-
geneity is a variation in donor and acceptor concentra-
tion along the sample.

A number of assumptions are made in the analysis
of the photovoltage. These are made to simplify the
derivation to follow and any analysis involving photo-
voltages. The assumptions are:

1. The crystal is neutral even during illumin-

ation.

2. One dimensional geometry is assumed. The

thickness of the sample is small compared

to the diffusion length.

3. All the impurities are ionized at room temp-
erature.

4. The ratio of the mobilities, b = un/up
is a constant. ‘

5. Classical statistics hold, even though the
specimen is il1luminated, that is,
n << N, and p << Nye

From Maxwell-Boltzmann statistics, the density of

free electrons and holes can be written as follows:
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n = Nc.exP(EF - Ec)/kT

or . n = Nc exp En/kT *

P = Ny exp Ep/kT

and then
Agn = gn - Eno = kT n n/no
or Mg = KT fa 1 + 5B
No
A
A = KT fn (1 + =E
Ep m ( Po)

The rate of change of Afp and AE, with position

- d d
are given by = AE, and ax AEP.

d 1 d
=— AE; = kT —F— = >— An
dx d 1+'§£ no dx
)
Y
1+22 o
Mo
d 1 * .]'__.d_
E;AEP le.;.éR o Ap
Po
1 Ap. dpo
+ kT (- e %)
1+52 pP &=
Po

Substituting ‘equations 3 and 4 into 2, the following

expression- is obtained:
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1 J M & - Ag -dn -
Vo, = = | [tn (kT 4o 1 1 d
g no
1 - pdpo kKT 1
1+ Ap " po? dx 1+ bp po dx )] dx
Po Po (
5)
However:
on Hnn
t = ——— = (LI S
n o (l-lnn + Up
op Hpp
t =
P o (llnn + UPP)
n = ng + AOn , On < ng4

Substituting these relations into equation 5, the follow-

ing expression is obtained:

kT Hn An dno ¥n dAn
vh = (- e &t
e HUpn + UpP To dx HUgn + HpP dx

Up M dro _ up dAx1 gy
¥an + HpP Po dx Hpn + Wpp dx @

From the relation mngPo = niz the equilibrium hole

concentration po c¢an be eliminated, and the equation

6 becomes:.
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1 J n+Fp Ao 4o

Vh = ==
)]

e Hpn + UpP dx

This equation applies for n-type material, a similar
expression for p-type material can be obtained by

eliminating no, from equation 6. The first term is

Vo, the second is Vg.

Ve is the chemical potential

Vg 1is the diffusion potential (Dember emf.).

Further simplification is possible for the

case of weak i{llumination: - In this case, the change
in conductivity is small relative to the equilibrium

conductivity.

Ao < Oy

also

From 7 V. can be writteam as follows:

§

EI B (Yo + ¥p) Bn

Ve = T7e Hono? + upniz + An ng(up + ¥p) dx

dx

!
5
[
¥
i
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which becomes:

G o Lk (Ao do .
© e J gF ™ ®
‘
but

do = 1/po
hence

kT dpo
ve = K on 90 ax )

From equation 7, V4 can be written és follows:

U -
kT Fn URJ(Un-i-UplLAn dx

v =
d e Y + Up ) Hpno + UpP dx

or

Vg =

_ kT “n-“nf dpo .
e Un ¥ ¥p & S dx (10)

The photovoltége can be written from equations 9 and

10 as follows:

kT 1 dpo
Vph = 2?(1+b)f bo G U an)

This equation holds for n-type materials. For p-type

materials:

kT b dpo 12
Veh = Z27e 1+1>JA"r x = az)
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Equations 11 and 12 express the photovoltage for the
casé of weak illumination and are the basis of the

analysis of Chapter II.
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APPENDIX II

The Computer Program

The flow chart given below describes the pro-
gram written for thg calculation of the photovoltage.
The sample is assumed to have a sinusoidal resistivity
variation.

The main program calculates the distribution
of minority carriers for a given beam position and
finds the photovoltage generated for this beam position.
The photovoltage is computed for 200 positions along
the specimen, and these calculations are repeated for
three values of applied electric field.

Two subroutines are called in the main program.
The first is a Gauss elimiﬁ;tion to solve a family of
six linear equations in six unknowns. These are the
constants in the solutions of the continuity equation.
The second subroutine is an IBM numerical quadrature
program from the system 360SSP package. This subroutine
evaluates the integral to obtain the photovoltage from
the product of carrier distribution and the first deriv-

ative of the specimen resistivity.
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MAIN PROGRAM

AM = 200.0

AN = 1.0

AK = 0.0

D = 5.0D-07

AJ = 0.0
Sets the value
of electric E = 20000 * AK
field

‘ WRITE E ’
|
Sets che AE = =5.0D-07-AJ * D
= - - * g ~anf
position BE 9.95D-05-AJ * D
A
iic‘;i:fes CALL SUB(E, AE, BE, A
stants C(I) B, C, ALL, AL2, 6)
|
Calculates
first der- |[DOI = 1, 201
ivative of |AA =% 0.5 * (I-1)
resistity |CO(I) = Dcos (AA)
at 200 F(I) = AE + (I-1)*D
points with
spacing D.
<0 Qa

Calculates See Equation 12
the minority
carrier
concentration

at 200 points




Calculate the photo-
voltage for one pos—
ition of the electrom
beam. (Integration
routine from the

IBM 360 SSP).

Repeat the calcula-
tions for 200 beam
positions.

Repeat all the calcu-
jations for - three
values of electric
field.
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<0

See eqn. 13

Q(1)

See eqn. 9

o¥oNo

Q (1)

CALL DQSF (H,W,
Z,NDIM)
See eqn. 29

A = AJ + 1.0
K = AJ

l

-AE
Z (201) *CNST

AX(K) =
zz(K) =

AK = AK + 1.0 |
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The Subroutine SUB(E,AE,BE,A,B,C,AL1,AL2,G)

DATA

ALE
ALD
ALl
AL2

Calculate and store
the elements of array
A and B from the
linear set of equa-

tions to be solved. l

i.e., [AGx,y)]lc(M]

Array A(x,y)

=B ] Array B(y)
(See eqns. 25) |
K =1
I
I = K+ 1

Exchange rows
to select the
row with the
largest A(K,K)
in order to

reduce roundoff
errors in the I=1+1
Gauss elimina-
tion process.
J =K

Y = A(K,I)
A(K,J) = A(L,T)

A(L.T)<=2>Y @ @




J=J+1

\
Zz . = B
B(K) = B(L)
B(L) = 2
|
I = K+1
NG
M o= TR
A(I,K) =0 i
1
J = K+ 1
A(I,J‘) :

= A(I,J) -AM * A(K,J)

Gauss Elimination- #
to solve the set of ’ 1 J=J+1 T
linear equations.

[a] [c] = [B] A B(I) = B(I) - AM * B(K)
The arra A] and
array [B] are known
and the values of
the elements in [C]
can be obtained.

| K=K+ 1




-106-

O, ©

S = S+ A(I,J) * C(J)

J=J+1

I=I-1 |
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11.
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