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Abstract

There are six distinguishable types of charge
collection (CC) signal. Consequently specially
designed CC detection systems are needed to ob-
tain e.g. true EBIC and EBIV measurements and
make quantitative electrical microcharacteriza-
tion possible. EBIC and EBIV can arise from
fields due to barriers such as p-n junctions or
due to changes in doping e.g. p to p+. Materials,
defect and device parameters are calculable from
these signals. Hot-cold stages are important for
temperature dependence studies of contrast, for
improving signal to noise ratios and reducing
leakage currents. Image processing and pattern
recognition methods are vital for rapidly locating
and evaluating the information in CC micrographs
of large scale circuits. Some recent applica-
tions of these techniques to junctions and
Schottky barriers in devices, to dislocations and
grain boundaries, to microplasmas and to the
Jocation of defects in large scale intergration
(LSI) devices are presented.

KEY WORDS: Charge collection, Electron beam
induced current (EBIC), Electron beam induced
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Introduction

Each mode of the Scanning Electron Microscope
operates by transducing into electrical video
signals some form of energy into which a part of
the incident electron beam energy is dissipated.
Electron bombardment of any material that has a
low equilibrium density of free charge carriers
results in significant additional charge carrier
generation. This is because the incident elec-
trons have typically tens of keV energy while the
average formation energy of hole-electron pairs,
ei, is about three times the forbidden band gap
energy. For example, in silicon ey = 3.6 eV.
Hence in silicon thousands of electron-hole pairs
are generated in the energy dissipation volume,

a few microns in diameter, for each incident beam
electron. The generated carriers constitute an
"injected" current given by

Ig = G Ib (1)
where Iy is the electron beam current and G is
the generation factor i.e. the number of electron
hole pairs produced for each incident electron.
[t can be written as

G=vy, Iy (1-K)/es (2)

where Vi is the electron beam accelerating volt-
age and K is the fraction of the incident elec-
trons "backscattered" from the specimen without
loss of energy. Ig/e is the number of electron-
hole pairs generatéd per second where e is the
charge on an electron.

"Charge collection" is due to the separation
of the pairs by an internal, "built-in" field
(this is an electron voltaic effect - EVE) or by
an externally applied bias (this is the B-conduc-
tive effect). The result in either case is that
the beam-induced electrons are "collected" by one
contact and the holes by a second contact to a
specimen. Thus the charge collection (CC) or
conductive mode detects currents or voltages.
These are already electrical signals, so there is
no need to employ transducers for detection. This
is one reason that what has misleadingly come to
be generally referred to as electron beam induced
current microscopy, has tended to be carried out
with Tittle thought given to detection (Holt
(1981)). The second reason is that, because the

numbers of electron-hole pairs generated per




second are much larger than the beam currents,
electron beam induced currents (EBIC) are rela-
tively Targe. Thus any convenient amplifier con-
nected across the specimen can be used for EBIC
microscopy e.g. for Si devices. Moreover the
practical purpose of such investigations, such as
integrated circuit failure mode identification,
is often quite adequately served by visual exam-
ination of such micrographs (see e.g. Schick
(1981, 1985)).

CC Mode Signals and Detection Systems

However there are three signal generating
mechanisms: the barrier and bulk electron voltaic
effects (EVE's), analogous to the barrier and
bulk photovoltaic effects, and the B-conductive
effect analogous to the photoconductive effect.
Each of these mechanisms can give rise to well-
defined signals represented by analytical formu-
lae under two different detection conditions.
Thus there are six physically-distinct and math-
ematically-interpretable types of signal obtain-
able in the charge collection mode as Tisted in
Table 1. From the measured values of these
signals, quantitative values for a wide variety
of materials properties and device parameters
can be computed. What is unique about these
electrical measurements is that they have spatial
resolutions of the order of a micron. These
techniques are therefore coming to be referred
to as electrical microcharacterization.

TABLE 1
Quantitatively Interpretable Types of CC Signal

Mechanism Forms of Interpretive
Signal References
Barrier elec- Isc  Voc Czaja (1966)
tron voltaic Holt (1974)
effect (EBIC) (EBIV) Balk et al
(1975)
Huang et al
(1982).

Bulk electron [sc Voc

voltaic effect (EBIC) (EBIV) Munakata (1966,
1967a, 1967b).
Holt (1974).

B-conductivity AIB AVB Munakata (1968a
(Ve = (I..- 1968b, 1969),
cc cc Gopinath (1970)
const.) const.) Gopinath and
De Monts De
Savasse (1971),
Ho1t (1974).

In order to obtain well-defined signals, to
which analytical expressions can be applied,
special detection systems are needed. This is
primarily because the input characteristics of
the detector must meet the particular require-
ments for that type of signal. It must have a
very low input impedance, compared tc the speci-
men to detect short circuit currents Isc. It
must have a very large input impedance in order
to obtain the open-circuit voltage due to a bulk
or barrier EVE. It must provide either constant-
current biasing or constant-voltage biasing to
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the specimen to obtain quantitatively interpre-
table B-conductivity signals as indicated in
Table 1. In addition the detection system must
be able to deal with currents, voltages, fre-
quency bandwidths and noise levels of the magni-
tudes encountered in practice. Biasing, backoff,
electronic signal processing and monitoring facil-
ities and a computer interface are desirable
features of such a detection system (Lesniak et
al (1984)). A block diagram of such a system is
shown in Figure 1.

The computer-controlled, beam-chopping and
phase lock amplifier system developed by Ourmazd
et al (1983b) and Wilshaw et al (1983) is shown
in Figure 2. These authors emphasise the impor-
tance of fast computer data recording for minimi-
zing the total irradiation time of areas on which
measurements are to be made and for obtaining re-
producible results.

As Tlittle work has yet been done using B-con-
ductivity, attention will be concentrated on the
use of true EBIC and Electron Beam Induced Volt-
age (EBIV) signals, i.e. the CC short-circuit
current Isc and the CC open circuit voltage Voc.
These provide information of great interest for
semiconductor device studies.

BLOCK DIAGRAM OF THE MARK Il DETECTION SYSTEM

PORT MOUNTED
MODULE RACK MOUNTED MODULE
HEAD AMPLIF SIGNAL PROCESSING  METERING
INTERFACE AMPLIFIER NIt
CURRENT AMPLIFIER oo
FOR 1, KD Vg
PpLY
©__&» DETECTION FU e orf cument LINEAR GAIN |DIGITAL MULTIMETER
% SOURCE { AMPLIFICRS 840 | AND COMPUTER
T VOLTAGE AMPLIFIER [Sichar SIGNAL PROCESSING|  INTERFACE
FOR V. _DETECTION MODE AND GAIN SYSTEM
L o SUBBLY | SWITCHING SYSTEM
SPECIMEN I |
HOLOER €M SPECIMEN CHAMBER VOLTAGE | CURRENT CHART SEM
e MODE | MODE ) RecoRoeR | [ cho
SYSTEM | SYSTEM
POWER SUPPLY 10
MODULE COPUTER

Figure 1. Block diagram of a conductive mode de-
tection system. The port-mounted module fits

through a vacuum port on the side of the specimen
chamber of a JEOL JSM-35 with the head amplifier

inside and the operating controls on a box outside.

The power supply is based on rechargeable batter-
ies so high voltage floating biases can be ap-
plied across devices and for freedom from a.c.
ripple. The rack-mounted module contains final
stages of amplification, differentiating, square
rooting and filtering facilities and digital and
analogue monitoring of signal strengths and op-
erating parameters. A Faraday cup is placed next
to the specimen for beam current and diameter de-
terminations. (After Lesniak et al (1984)).

Detection and Interpretation of Bulk and
Barrier EVE EBIC and EBIV Signals

The principles of the barrier and bulk elec-
tron voltaic effects are illustrated in Figure 3.
Whenever the position of the Fermi level alters
relative to the conduction and valence band edges,
there must be band bending, since in equilibrium
the Fermi Tevel (the electrochemical potential of
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COMPUTER CONTROLLED LOCK-IN
EBIC SYSTEM

SEM

PULSE PULSE -l
GEN AMP -

CHOPPING
| ilwu

TEMP

SENSOR SAMPLE

LOCK-IN HEAD
DETECTOR AMPLIFIER

L ==

GRAPH CHART VIDEO FRAME
PLOTTER RECORDER OISPLAY STORE

COMPUTER

Figure 2. A computer-controlled, Tock-in EBIC
detection system. (After Ourmazd et al (1983b)).
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Figure 3. Built-in electric fields in specimens
that can produce charge separation i.e. charge
collection can occur (a) at barriers such as p-n
junctions or (b) bulk regions across which the
doping concentration changes markedly. The first
gives rise to the barrier electron voltaic effect
and the second to the bulk electron voltaic effect
(see Table 1) (Holt (1974)).

the carriers) must be constant. That is, there
are diffusion potential jumps, V4, and built-in
electrical fields in such regions. Hence at a
potential barrier such as a Schottky barrier or a
p-n junction (Figure 3(a)) or a "bulk" region of
gross doping concentration change such as a p-p*
layer (Figure 3(b)) charge separation will occur.
These are the barrier and bulk EVE's respectively.
The EVE's generate electromotive forces in the
specimen which transfer energy from the incident
electron beam to an external circuit to drive the
signals. It is not necessary for the specimen to
be semiconducting for this to occur. In the case
of (semi) insulating specimens the coupling be-
tween the separated charges and the contacts may
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be capacitative. For example, "EBIV" signals can
be obtained from extremely high resistivity ZnS
platelet crystals (Holt and Culpan (1970)).

Thus not only well-understood detector char-
acteristics but also a knowledge of the specimen
equivalent circuit are necessary in order to in-
terpret the contrast in micrographs or the signal
strengths measured for quantitative electrical
microcharacterization. This becomes a severe
problem when the electron beam is incident at a
point in the interior of a large-scale integrated
circuit. There will be many current paths from
the signal generating point to the charge collec-
ting contacts. Many of these paths will be in-
terconnected in complex series and parallel net-
works. Moreover they may contain active amplify-
ing components such as transistors and Togic
gates.

To get the most out of the CC mode as ap-
plied to Large Scale Integration (LSI) circuits
will not be easy, but the prize justifies the
effort as will be discussed below.

Analytical Expressions for True EBIC and EBIV

The best understood and most important case
is that of the barrier EVE. Specimens containing
p-n or heterojunctions or Schottky barriers act
as rectifying diodes. The simple drift-diffusion
recombination theory for such barriers leads to
the well known diode current equation:

Ij = Ly (exp(-eV/nkT) - 1) (39

where Iy is the saturation reverse bias current

V is the diode voltage, k is Boltzmann's constant
T is the temperature in degrees Kelvin and n is
an "ideality" factor, n = 1 corresponds to zero
carrier recombination at the barrier. Increas-
ingly larger values of n are characteristic of
barriers in ill-developed materials in which re-
combination-1ike complications arise.

When the electron beam is incident on a
barrier like that in Figure 4(a) the electrons
flow to the low, n-side and the holes rise to the
p-side. The resultant net charges, -ve on the
n-side and +ve on the p-side, forward bias the
diode. Consequently a diode forward bias current
I:, tends to flow back in opposition to the
c%arge collection generated current, Ig, as shown
in Figure 4(b). Hence the net, externaliy ob-
servable signal current is given by

I = Ig = Ij = Mo G Ib = Io(exp(eV/nkT) -1) (4)

where nce 1S the charge collection efficiency of
the barrier for the particular experimental geo-
metry employed.

The barrier EVE short circuit current is ob-
tained by setting V = 0 in equation (4). This is
the true electron-beam induced current (EBIC)
signal and is therefore given by:

Isc = Tee G Ib (5)
Similarly the open circuit voltage for the bar-
rier EVE, the true electron beam induced voltage
(EBIV) signal, is obtained, as first pointed out
by Balk et al (1974), by setting I = 0 in equa-
tion (4):

VOC = (nkT/e) In (1 + Ig/IO) (6)
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Figure 4. The barrier electron voltaic effect at
a p-n junction: (a) the electron beam induced el-
ectrons and holes are separated by the built-in
field at the junction so that if an input impe-
dance r comparable to the resistance of the speci-
men is connected externally a current and a volt-
age will be generated. (b) The beam-induced for-
ward biasing of the junction leads to a junction
current Ij flowing back in opposition to the gen-
erated current Ig.

Balk et al used this method to obtain the barrier
height i.e. the built-in diffusion potential V4
of a p-n junction. This was the maximum value of
Voc as the beam current Ip and hence Ig was in-
creased. To apply these equations to particular
cases, however, expressions and values that are
appropriate for the particular type of barrier
and experimental conditions involved must be sub-
stituted for the parameters in equations (5) and
(6). Some examples of such applications will be
given below.

More complete theoretical treatments of EBIC
and EBIV signals will be found in Holt (1974),
Bresse (1977), Davidson (1977), Davidson and
Dimitriadis (1980) and Leamy (1982).

Hot-Cold Stages for EBIC Microcharacterization

It was first reported by Kimerling et al
(1977 ) that the EBIC contrast of defects in Si
could be altered by raising the specimen tempera-
ture. The principle is that the Fermi Tlevel
moves from its position near a band edge at low
temperatures to the mid-gap position at high, in-
trinsic-conduction temperatures. Thus in n-type
material it can be made to sweep down over the
top half of the band gap. As the Fermi level
passes through the energy level or levels of a
defect they will become less completely electron
filled. The defect EBIC contrast should then
change. In practice, subsequent workers (Ourmazd
and Booker (1979), Ourmazd et al (1983a, 1983b),
Lesniak et al (1984)) have found it more valuable
to use Tiquid nitrogen stages to study tempera-
ture-dependent contrast at reduced temperatures.
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This is because changes in dislocation contrast
occur below room temperature in Si and because
lowering the temperature reduces electrical noise
and leakage currents. The latter changes have
effects on the quality of micrographs that are
often dramatic.

Examples of Applications

The volume of work in this field is now so
large that no attempt was made to achieve a com-
plete coverage. Instead certain particular app-
lications in which progress has been very rapid
were chosen for presentation here. Even in these
topics an exhaustive literature review was not
attempted. The most important applications for
microelectronic device studies are those to ac-
tive barriers such as p-n junctions and Schottky
barriers.

EBIC Line Scans Across Devices

By scanning the electron beam in a direction
at right angles to a p-n junction over a surface
normal to the junction as shown in Figure 5 a

Tine scan trace like that in Figure 6 is obtained.

Iy

/Z___ O A

P N

Figure 5. Scanning normal to a p-n junctign re-
sults in an I signal of such forms as shown 1in
Figures 6 to 8 and 11.

Wittry and Kyser (1965) showed that if (a) sur-
face recombination effects were neglected and (b)
the carrier generation was assumed to be spheri-
cally symmetric, the variation of the charge col-
lection current, Iges the true EBIC signal, with
x, the distance of the beam impact point from the
junction, should have the form:

() = Im exp(-x/L) (7)

where L is the minority carrier diffusion length
in the material on that side of the junction and
Iy is the theoretical maximum collection current
i.e. the value of Ig. (equation (4)) for ncc = 1
i.e. 100% efficient charge separation and x = 0,
i.e. the beam incident on the junction plane.
Good approximations to expression (7) are
sometimes found so values of L can be reliably
evaluated. By extrapolating back to the junction
from straight Tine portions of the curves in log
I(x) plots, the value of Iy can be found. The
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Figure 6. The variation of the true EBIC current
with distance from a p-n junction in GaAs (After
Holt and Chase (1973)).

value of the charge collection efficiency of the
Junction is given by
"ee ~ Ia/Im (8)

where I3 is the actual, maximum value of the
charge collection Ig. current for x =0 i.e. at
the junction.

Several effects were found to complicate the
form of I(x). In GaAs Wittry and Kyser (1965)
found two exponential terms in the curves on the
n-side, which can be seen in Figure 6. Holt and
Chase (1973) showed this to be due to short range
collection of minority carriers (holes) by diffu-
sion plus long range self detection of infra-red
photons by the junction acting as a photovoltaic
diode, as assumed by Wittry and Kyser. In scan-
ning across the m (low doped p-type) - p - n+
layers in Si avalanche photodiodes, two exponen-
tial decays were found on the m-p side as shown
in Figure 7. These were due to the fact that
Lo 2 Ly
Mchonald and Everhart (1965) pointed out
that if the depletion region at a p-n junction
was wider than the resolution of the EBIC techni-
que, a plateau would be observed in the EBIC line
scan as shown in Figure 8. By applying a reverse
bias to widen the depletion region, the doping
can readily be measured if one side is highly con-
ducting and the other is highly resistive. In
this common type of junction, the depletion width
increases effectively only on the high resistivity
side and the width is given by

W= g (e vyt (9)

where € is the dielectric constant, Np is the
impurity concentration (of acceptors, say) on the
high-resistivity side of the junction, V, is the
applied voltage and Vp is the diffusion potential
(barrier height) of the junction and e is the
electronic charge. Their measurements, as shown
in Figure 9, followed equa?%on (9) well and gave
a value for Np of 4.7 x 10'~ atoms cm™>. The

I <107 A ELECTRON BEAM

1= 2.9x10

ik V= 25KV

1: ESB: [max 21262x107° A

il

]

Al

5

N

3

2

1

a
L1 = 2.1um
tall LOG [I , 1 H
- sl /N Ls = 3.1um
L5 ‘ = 25.3um
106
1077
i, . : : . I .
10 um DISTANCE
b
Figure 7. Barrier EVE Igc (true EBIC) line scan

through half the thickness of a Si avalanche
photodiode (a) Tinear current and (b) log current
plot. The straight line regions in (b) follow
equation (7) and the relevant values of the
minority carrier diffusion lengths can be ob-
tained for these regions (After Lesniak et al
(1984)).

dashed lines are for values of Np of 1013 and 10
1014 cm3 and indicate the precision of the
method.  Schick (1981) developed the use of
differentiated EBIC Tine scans to determine de-
pletion widths as a function of the reverse bias
applied to Schottky barriers. The results were
similar to those of MacDonald and Everhart (1965)
but the spatial resolution was improved by
differentiating the signal.

In a study of line scan traces across Si
power diodes Davidson et al (1982) found that due
to the presence of pt p and n nt* bulk EVE's as
well as a p-n barrier EVE as indicated in Figure
10, the EBIC line scans had the three peak form
shown in Figure 11. Moreover as can be seen
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Figure 10. (a) The geometry of line scans a-

along the Tlinescans of (a) for BYX49 devices.

Figure 8. The form of an EBIC Tine scan across a (After Davidson et al (1982)).

p-n junction with a resolvable depletion region
of width extending from one dotted line to the
other. (After Georges et al (1980)).
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Figure 9. The depletion region width versus the
square root of the p-n junction voltage for app-
Tied reverse biases V.. (After MacDonald and

Everhart (1965)).

the form of the curves changed markedly with the
beam power. In particular the application of
equation (7) to the exponential regions of the
curves in the p region gives an apparent varia-
tion of L with beam power. Davidson et al de-
veloped a theory which ascribed this to injection
level effects. The essential idea is that if the
injected carrier density An becomes larger than
the equilibrium density p, the recombination
statistics may alter e.g. the recombination cen-
tres may become "saturated" so the effective re-
combination time T would increase. The diffusion

length is given by:

=
where D is the diffusion coefficient for the min-
ority carriers. Therefore it would also increase.

This would account for the collection of larger
currents from greater distances seen in Figure 11.

(r D)2 (10)

12

EBIC (A)

260 160
distance from junction (pm)

Figure 11. EBIC Tine scans recorded as shown in

Figure 10 for electron beam powers of (1) 11 uW

(2) 3 pW (3) 0.9 pW (4) 0.3 uW and (5) 0.1 uW.

(After Davidson et al (1982)).

An obvious alternative is that the combination of
the overlapping bulk p* p EVE and the barrier p-n
EVE produced the observed effect. Such a model
was proposed for similar observations on InP p*
p-n junctions by Marten and Hildebrand (1983).
Quantitative studies are necessary to establish
the relative importance of the two effects in
particular cases.

What were discussed as complicating factors
above are, of course, sources of additional in-
formation. For example the form of line scans
Tike those 1in Figure 11 can provide information
on the non-uniform doping in the p p* and the n
n* regions as well as on the position and proper-
ties of the p-n junction and the material adja-
cent to it. Further development of interpretive
theory for such phenomena is thus desirable. Com-
puter analysis of such signal traces can then be
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used for rapid quantitative microcharacterization
of specialized device doping profiles.

EBIV Measurements of Schottky Barrier Heights

Huang et al (1982) substituted into equation
(6) for the true EBIV signal the specific expres-
sion for Schottky barriers to obtain:

Voo = nlBg+ (kT/e) 1n(GIb/AdA*T2)] (11)

where @, is the Schottky barrier height, A is the
diode area and A" is the Richardson constant.
They made measurements on a number of PtSi, PdpSi
and TiSip contacts to silicon, with the beam in-
cident on the metal. They plotted Vo versus the
log of the beam current Iy and found straight
lines, as shown in Figure 12, to confirm the
applicability of equation (11). The slopes gave
values for n, the ideality factor for the bar-
riers, of 1.02 for all three. By measuring G,
values for @p were obtained that were in agree-
ment in each case with those obtained from cur-
rent voltage measurements. Huang et al pointed
out that the EBIV method is particularly good for
the study of changes in barriers of small heights
and they used it to study the effect of annealing
Ti on Si as TiSip formed in situ as shown in
Figure 13.

-
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10710 10 1078
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Figure 12. Plots of Vyc against log Ip for Si
Schottky diodes with PtSi, PdpSi and TiSip sili-
cide contacts. (After Huang et al (1982)%.
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o
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If the beam is kept incident on a fixed
point at a suitable distance, usually a few times
L, from a barrier and chopped at a time t = 0 the
EBIC signal will fall from the initial value,
I(x) = I(x,0), given by equation (7) as:

I(t) = 1(0) exp (-t/t) (12)

where T is the minority carrier lifetime. This
method was developed by Zimmermann (1972) for
measurements of spatial variations in the value
of T and used e.g. by Hunter et al (1973), Balk
et al (1975), Blenkinsop et al (1976), Davidson
(1977) and Georges et al (1980).

Quantitative Studies of Electrical Defects

Studies of the electrically active defects
in semiconductor materials and devices are of
obvious importance for materials assessment,
quality control and process validation in produc-

73

;: ; — T — —7
— Si + Ti(40 nm) 114 um diam.
I 021 uAs Deposited
ha ® 600°C 0.5h
=
o e
> s
o
8 2 p 4 ‘/
= E y
a »” a
Z ¥ o ‘r/"
= o
= ¥ -
< O s = = = §
(58]
m
| | I | L L | L !
S el 1078 1078 1078 fio?
INCIDENT BEAM CURRENT ( A )
Figure 13. Vg versus log Iy for Si/Ti contacts

as deposited and after annealing to allow sili-
cide formation. (After Huang et al (1982)).

tion environments. Much of this work is of a
qualitative micrographic character. Quantitative
studies of defect contrast can provide fundamen-
tal data on the properties of defects and this
can then be used for the identification of de-
fects seen in testing and inspection.

There is also great fundamental interest in
the electrical and Tuminescent properties of dis-
locations in semiconductors. This is due to a
combination of developments including (i) the in-
creasing theoretical understanding of the quantum
mechanical states arising from the atomic core
structure of dislocations (see e.g. Labusch and
Schroter (1980), Marklund (1983), Heggie and
Jones (1983)), (ii) a substantial body of experi-
mental data on the influence of dislocations on
the electrical conductivity and Hall effect in a
few materials (Ge, Si, InSb) (Labusch and
Schroter (1980), Schroter et al (1980), Schroter
(1980)) and the availability of (iii) the atomic
resolution TEM technique for determining the
atomic core structures and (iv) the SEM, EBIC and
cathodoluminescence (CL) modes for observing
directly the electrical and Tuminescence proper-
ties of individual dislocations of identifiable
types. The Tatter identification can be done
most directly in scanning transmission electron
microscope (STEM) microscopes with EBIC or CL
facilities or both (Petroff et al (1978),

Petroff et al (1980), Fathy et al (1980)). An
example of STEM, CL and EBIC micrographs of the
same dislocations, taken from the second of these
papers, is reproduced in an accompanying review
of CL mode dislocation studies (Holt and Saba
(1985)).

Interest in this field arose in the
with the observations that small plastic strains
sufficed to convert lightly-doped n-type Ge to
p-type conduction and that the dislocation den-
sity as determined by etch pit counts was the
best means of assessing crystal quality.

Shockley (1953) pointed out that the cores of
dislocations with an edge component, in materials
with the diamond crystal structure, would contain
atoms bonded to only three nearest neighbours.

1950's




The fourth valence electron would be in a broken
or "dangling" bond. The "edge states" to which
these correspond should interact to give rise to
one-dimensional energy bands in the forbidden
energy gap.

The details are still partly controversial
but it appears now to be agreed that there are
two types of states forming narrow energy bands
in the gap. The half filled band or filled-and-
neighbouring-empty bands near the mid-gap position
are thought to be associated with Shockley's
dangling bonds. These may well occur only at
some type of special site such as a kink in a
partial dislocation, however. Shallow levels are
drawn out of the valence and conduction bands by
the localized deformation potential due to the
elastic strain fields of dislocations.

One or more of these dislocation bands, and/
or impurities segregated to dislocations, act as
recombination centres. These reduce the numbers
of hole-electron pairs that can be collected by a
p-n junction or Schottky barrier. Consequently
the CC signal is reduced locally and so some dis-
locations appear as dark lines in EBIC micro-
graphs. This means of observation is important
because it is the only one that, at present, has
the spatial resolution to allow electrical
measurements to be made on single dislocations.

A serious problem in all dislocation studies
in semiconductors is that of avoiding the effects
of impurity segregation into Cottrell atmospheres
round the dislocations or into decorating precip-
itates. These effects dominate in as-grown and
device processed material (Holt (1979)).

Dislocation Contrast. Dark dislocation contrast
in EBIC micrographs is interpreted as due to en-
hanced recombination at or near the dislocation
(Czaja (1966)). The contrast is defined to be

C = (IB - ID)/IB {13)

where I and Ip are the BEVE Igc (EBIC) current
values for the bulk material i.e. for the beam
incident far from any defect, and at the disloca-
tion respectively, as shown in Figure 17(a).
Evidence that impurity segregation and the
type and core structure of dislocations are both
important in determining the magnitude of the
EBIC contrast was provided by comparisons of
transmission electron microscope (TEM) and EBIC
micrographs. In Figure 14, for example, it is
clear that the visible precipitates marked by the
arrows in (b) give increased dark contrast in (a).
The bright regions flanking the dark lines at the
90° (pure edge) dislocations at B and C were in-
terpreted by Blumentritt et al (1979) as evidence
that segregation to the dislocation lines had de-
nuded the surrounding volume of impurity atoms.
The 60° disTocation marked A gives rise to no
dark contrast in (a) and is not surrounded by a
brighter denuded (gettered) zone. Figure 15 con-
cerns a specimen deformed by single slip under
constant (creep) stress at low temperatures and
strain rates. This type of deformation is known
from EPR (electron paramagnetic (or spin) re-
sonance) studies to be essential to introduce
clean dislocations that are at least relatively
unaffected by impurity segregation (Grazhulis and
Osipiyan (1970, 1971), Schmidt et al (1974),
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Alexander et al (1975)). The arrowed area shows
clearly that the two well-separated partial dis-
locations give rise to EBIC contrast but the
stacking fault between them does not. Figure 16
shows a Frank partial dislocation that consti-
tutes the Tlower boundary of the stacking fault
visible as a dark area in the TEM micrograph.
This gives dark contrast in the EBIC micrograph
where it runs straight along a <110> direction
but it is invisible where it bulges downward in a
<211> direction to the right of point B. Again
the stacking fault gives no significant EBIC con-
Erasts

A theory of CC (EBIC) defect contrast was
produced by Donalato (1978/79, 1979a, 1979b,
1979c, 1980,1981). This considers dislocations
as line sinks for minority carriers. Their ef-
fect is represented by introducing a cylinder of
radius r round the dislocation line in which the
minority carrier lifetime has a value t' < 1,
the bulk value. Computer simulation was used
(e.g. Donalato and Klann 1980) to predict the
contrast due to a dislocation, an oxidation-in-
duced stacking fault loop intersecting the sur-
face and a tetrahedral stacking fault, for various
values of the incident beam voltage, etc. The
results were in good qualitative agreement with
micrographic observations. The theory was ex-
tended to the case of EBIC contrast profiles in
STEM conditions by Donalato (1981). Quantitative
measurements of dislocation EBIC resolution and
contrast in Si Schottky barrier observations were
in agreement with the theory (Toth (1981)).

The original theory represented dislocations
as having some characteristic strength or recom-
bination efficiency. Ourmazd and Booker (1979)
determined the recombination efficiency which is
proportional to the contrast for dislocations at
the same distance from the charge collecting bar-
rier. It was found, in the case of edge disloca-
tions, to increase with the percentage of their
length that was dissociated into partials.
Ourmazd et al (1981) used relative recombination
efficiencies to compare the electrical activity
of screw and 60° segments of hexagonal disloca-
tion loops in Si.

Recent applications of the theory for the
quantitative evaluation of the EBIC contrast of
dislocations were reviewed by Donalato (1983a)
and this account is followed in this paragraph.
The recombination efficiency of a dislocation can
be expressed by means of a Tinear recombination
velocity:

(14)

v = mre it

Kittler and Seifert (1981) introduced a method
for obtaining v from experimental data. Pasemann
et al (1982) determined the line recombination
velocities of numerous 60° dislocations and found
that the value for dissociated dislocations was
more than twice that for contracted (unit) dislo-
cations, as shown in Figure 17(a), in agreement
with the earlier findings of Ourmazd and Booker.
If it is assumed that the recombination of min-
ority carriers inside the dislocation cylinder is
due to N recombination centres per unit volume of
capture cross-section o, the reduced minority
carrier lifetime there can be written as
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Figure 14. (a) SEM EBIC and (b) high voltage TEM

micrographs showing the influence of dislocation
type and decoration on EBIC contrast in Si. B
and C are heavily decorated 90° disTocations
giving rise to strong dark contrast in the EBIC
picture whereas the 60° dislocation A has Tittle
Contrast due to visible precipitate par-
(After

effect.
ticles occurs at the arrowed sites.
Blumentritt et al (1979)).

TEM
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Figure 16. (a) SEM EBIC and (b) TEM 220 strong

beam montage of a stacking fault. The Frank
partial along the lower edge of the fault varies

in EBIC contrast with line orientation. (After
Ourmazd and Booker (1979)).
5 = 1/(No Vth) (15)

where vty is the carrier thermal velocity. Com-
bining equations (14) and (15) and introducing
the Tine density of recombination centres
N' = Nmr2 (16)
leads to the expression
_ ]
v=No Vih (17)

If the recombination centres are intrinsic shal-
Tow (deformation potential) or deep (dangling
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Figure 15. (a) Weak-beam TEM and (b) SEM EBIC
micrographs of dislocations in deformed Si. The
arrows indicate the widely separated Schockley
partial dislocations of a dissociated screw dis-
location. There is no EBIC contrast due to the
stacking fault between them. (After Ourmazd et al
(1983a)).

bond) states; they will have a line density, of
course. The value of vip is known so experimen-
tal values of v yield values of the product N'o.
If a value of o can be deduced, the value of N'
can also be obtained. Kittler and Seifert (1981)
used equation (17) to estimate the sensitivity
of the EBIC technique. The minimum EBIC contrast
observable is 0.05%, which they found to corres-
pond to a value of v/D = 0.03, where D is the
minority carrier diffusion coefficient. Assuming
that the recombination is due to impurities with
cross sections o = 10714 cm2, they obtained N'yin
n, 200 pm-1. That is, a dislocation must have at
Teast one impurity recombination centre every
5 nm to give observable EBIC contrast.
Subsequently so-called higher order approxi-
mations were introduced into the theory by
Pasemann (1981). These concern the use of the
actual electron beam injected minority carrier
density p instead of the equilibrium value pg,
used as a first approximation by Donalato, in
certain of the expressions to be evaluated to ob-
tain the contrast for particular cases. This im-
proved theory is in better quantitative agreement
with experiment at a single temperature. An ex-
ample of the agreement between theoretical and
experimental EBIC line scans across a dislocation
is shown in Figure 17(b).

The Temperature Dependence of Dislocation EBIC
Contrast. Despite its success in accounting for
EBIC defect contrast, the Donalato theory and its
higher order modifications have limitations. One
of these is an inability, without modification,
to account for the temperature dependence of dis-
location CC contrast. This was shown by the
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Figure 17 (a) Theoretical curves and experimental
points for the variation of dislocation (maximum)
contrast with depth for 0 contracted 60° disloca-
tions, x dissociated 60° dislocations and e screw
dislocations. (b) Experimental (continuous curve)
and theoretical (dashed curve) EBIC contrast pro-
files of a 60° dislocation in Si. (After Pasemann
et al (1982)).

pioneering work of Ourmazd and Booker (1979) and
Ourmazd et al (1983a, 1983b) who studied disloca-
tion contrast in EBIC micrographs as a function
of the dislocation type and the specimen tempera-
ture.

From this point of view, the most important
results of the work of Ourmazd and Booker are
shown in Figure 18. Ourmazd et al summarise the
result of the Donalato theory in the form

C = (mrd/fr" JF(L,d,R)
= v F(L,d,R) (18)

where the form of the function F(L,d,R) depends
on the experimental geometry. d is the depth of
the defect below the beam entry surface and R is
the electron penetration range. They therefore
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measured a normalized contrast:

Cn(T) = C/CRT = V/Vpr (19)
where C and v are the values for the experimental
temperature and Cgpt and VRT are the room tempera-
ture values. Assuming L to be temperature inde-
pendent, the geometrical function F will be elim-
inated and the normalized contrast should be the
same for all dislocations of the same type. More-
over if two dislocations have the same type of
recombination centre but in different concentra-
tions N so the contrast must be written

C=NvF(L,d,R) (20)

the use of the normalized contrast eliminates N
also.

Ourmazd et al (1983b) point out the signifi-
cance of the fact, shown in Figure 18(a), that
the normalization of the contrast does not elimin-
ate the differences between different dislocations
with the same character. Instead they found that
the temperature dependence of the EBIC contrast
from different dislocations had the empirical form

dC/dT = a Cpr + B (21)

where o and B are constants. Figure 18(b) shows
that equation (21) is well obeyed.

This cannot be accounted for by the simple
Donalato theory. This was demonstrated by

Ourmazd et al (1983b) as follows. Differentiating
expression (18) gives
dC/dT = (dv/dT) F(L,d,R)
R S R
Gy AT Vpr 9T
fe & = (v1TT ) o = (22)

which passes through the origin, as shown in
Figure 18(b). This is unaffected by the higher
order corrections of Pasemann (1981). Ourmazd et
al (1983b) showed that allowing the minority
carrier diffusion Tength to have different values
in the bulk and inside the cylinder of influence
of the dislocations, instead of assuming it to be
constant as in the Donalato theory, leads to a
relation of the form (21).

The fact that contrast changes occur well be-
low room temperature indicates that the disloca-
tion recombination levels are shallow. They could
therefore be due to shallow-level impurities seg-
regated to the dislocations or to the intrinsic
shallow levels arising from the deformation po-
tential of the dislocation. The latter would
still arise in the case of dirty dislocations.
The deep dangling bond levels would not be ex-
pected to show a strong temperature dependence
at reduced temperatures in Si and such levels
would be eliminated by connecting the dangling
bonds to appropriate types of impurity atoms.
Parallel work on the CL contrast of dislocations
is also making progress (see e.g. Holt and Saba
(1985)).

It is clear that EBIC contrast measurements
are a powerful means to determine the electrical
properties of dislocations and that low tempera-
ture measurements are important. Further evi-
dence of this importance will be presented below.
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Figure 18. (a) Plot of the normalized EBIC contrast
versus temperature for two dislocations (m, +).

(b) Plot of the rate of change of EBIC contrast
with temperature versus room temperature contrast
for a number of different dislocations. (After
Ourmazd et al (1983b)).

Grain Boundary Contrast. Interest in the elec-
trical effects of grain boundaries (g.b.s) in Ge
and Si arose in the 1950's because they were a
problem in the early days of semiconductor crys-
tal growth. In Ge it was found that g.b.s. pro-
vided acceptor levels in the energy gap as did
dislocations. Consequently g.b.s. had negative
surface charges, produced energy band bending and
tended to produce local p-type layers in n-type
material. The resistance across g.b.s. was high
but that along them was Tow. For a review of the
early work on Ge and Si see Sosnowski (1959) and
for the theory see Figielski (1960). Interest
then largely disappeared to be revived particu-
larly by the interest in polycrystalline Si and
other materials for use in low-cost, large area
photovoltaic cells for terrestial solar power
generation. With g.b.s. as with dislocations a
continuing problem is the role of impurity segre-
gation in modifying or controlling the inherent
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electrical properties of the defect.

Recently, too, powerful new crystallographic
theories of grain boundary structures became
available. These had been developed through
studies of g.b.s. in metals and ceramics
(BolImann (1970), Baluffi et al (1982), Pond and
Vlachavas (1983)). Initial applications of the
coloured symmetry, group theoretical approach to
the analysis of interfaces in semiconductors were
published by Pond and Holt (1982), Pond et al
(1984) and Holt (1984). This follows from
earlier work on the crystallography of grain
boundaries in semiconductors (Hornstra (1959,
1960), Holt (1964). Atomic resolution can be
applied to observe the core structures of g.b.s.
One of the first such micrographs showed a g.b.
core structure in Ge predicted by Hornstra
(Krivanek et al (1977)). As yet theoreticians
have not turned their attention from the quantum
mechanics of dislocation cores to that of g.b.
cores however.

SEM studies of g.b.s. began with one of the
earliest voltage contrast observations showing
the occurrence of two p-n junctions back-to-back
due to a p-layer at a g.b. in n-type GaP (Alfrey
and Wiggins (1960)). These boundaries had been
observed to be electroluminescent except for those
of the coherent twin boundary type (Holt (1964)).
An EBIC micrograph of g.b.s. in GaP is shown in
Figure 19. In it can be seen both bright and
dark contrast and changes of contrast with orien-
tation. Salerno et al (1981) observed dark,
zero and bright contrast at different g.b.s. in
CL micrographs of heavily Zn-doped GaAs. Spec-
tral analysis indicated that many of the observed
features were due to local variations in impurity
concentrations. Russel et al (1980, 1981) used
both CC and CL SEM microscopy to examine poly-
crystalline ZnSe. Bright EBIC contrast was ob-
served at the grain boundaries but not twin
boundaries. This was attributed to the effects
of engery band bending due to negative charges on
the g.b.s.

Recently EBIC line scans across grain
boundaries were treated analytically (Seager
(1982), Donalato (1983b)). An interface recom-
bination velocity can be obtained in a manner an-
alogous to that used for dislocations as describ-
ed above.

The electrical inactivity of twin boundaries
has been confirmed by several techniques and can
be understood in terms both of the lack of dang-
ling bonds in the core of coherent boundaries and
of the low elastic strain and hence the lack of
impurity segregation to twin interfaces.

A good impression of the interest in the el-
ectrical properties of g.b.s., particularly in Si,
can be obtained from the proceedings of the 1982
Meeting of the (American) Materials Research
Society on Grain Boundaries in Semiconductors and
the (French) CNRS International Colloquium on
Polycrystalline Semiconductors in 1982, papers
from both these are included in references. One of
these contains a recent reviewof the interfacestate
model of grain boundaries and the methods used
to measure the density and capture cross section
of these states (Broniatowski (1982)). The other
contains five papers reporting the results of
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EBIC studies (Ast et al (1982), Cunningham et al
(1982), Frye and Ng (1982), Paz et al (1982) and
Russel et al (1982)). Cunningham et al found
that although coherent twin boundaries in Si are
electrically inactive, dislocations in such boun-
daries can act as efficient recombination centres
for minority carriers. In this field, too, rapid
advances can be anticipated.

Microplasmas in Si Diodes Some recent results
are presented here to iTTustrate one way in which
CC measurements at low temperatures can be ex-
tended to obtain information about the energy
depths of traps.

"Reach through" avalanche photodiodes (APD's)
are large Si devices which detect photons in the
near infrared by means of the barrier photovol-
taic effect. CC mode examination using the EBIC
signal thus gives directly relevant information.
The structure consists of n* and p layers on a 7
substrate as indicated in Figure 7. They are op-
erated under reverse biases of hundreds of volts
which widens the depletion region of the p n*
junction so it "reaches through" the whole Tlow
conductivity m layer. Thus in operation the
whole thickness of the device is a high-field re-
gion. Carriers generated by photon or electron
bombardment will be strongly accelerated. On
reaching a sufficiently high energy the electrons
produce "impact ionization" and more hole-elec-
tron pairs and so on until an "avalanche" of
charge carriers results. This device functions
in a manner similar to that of the Li-drifted Si
detectors used in the energy-dispersive x-ray
microanalysers that are fitted to many SEMs.

Localized breakdown can occur prematurely at
field-concentrating defects to produce highly un-
desirable "microplasmas". Figure 20(a) shows a
diffusion induced dislocation network near the
p n* junction and Figure 20(b) shows that, at a
high reverse bias, bright microplasmas are pro-
duced by the electron beam at a number of nodes
of the dislocation network. The ability to ob-
serve devices under large reverse biases was
essential for this work.

Individual microplasmas occur at precipi-
tates and have characteristic "turn-on" voltages.
Well below these voltages they are off and a
steady, low current is passed. Well above it
they are on i.e. they pass a steady high, ava-
lanche current. Near turn on they are unstable
and emit random current pulses which are electri-
cal noise in the device. When the SEM beam is
incident on a microplasma site in the unstable
state, it is switched on. Consequently micro-
plasma sites appear in bright contrast in Figure
20(b). The effect can be seen in the line scan
EBIC records of Figure 21. In Figure 21(a) the
bias voltage is well below threshold and the cur-
rent is stable and varies smoothly. In Figure
21(b) the bias is in the unstable, noise region
for the microplasma site at the highest (double)
peak near the left hand side. When the beam is
incident on thic peak the current is stable and
high. When the beam is incident elsewhere, ther-
mally triggered noise pulses at the microplasma
are added to the Tlocally generated EBIC current
giving the noisy, jagged trace. Particular cur-
rent steps at certain critical voltages in the
soft reverse bias current voltage characteristic
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of noisy APD's were shown to be due to the turn-
on of specific microplasmas in this way.

Due to trapped space charge in the micro-
plasma volume, microplasmas have switch-on delay
times that are temperature dependent (Nield and
Leck (1967), Nuttall and Nield (1975)). At re-
duced temperatures, in the unstable region just
below switch-on, this can result in a fairly reg-
ular switching between the on (high current) and
off (low current) states as shown in the EBIC
line scan trace of Figure 22. Comparing this
with Figure 21(b) the current is quiescent (sta-
bly on) when the beam scans the microplasma (peak)
site. Elsewhere the noise has a constant ampli-
tude. This produces a zig-zag trace of constant
height and fairly regular spacing. The tempera-
ture dependence of the delay times for switch on
after pulsing the voltage up past the turn-on
value can be determined. This can be done after
a previous avalanche pulse to fill the traps and
without such an initial trap filling. This gives
information on the trap depths. This technique
supplements the well-known capacitance deep Tevel
trap spectroscopy. Because the current pulses
emitted by avalanching microplasma sites are
large, signal strength is not such a problem as
it is in scanning deep level spectroscopy (SDLTS)
and high spatial resolutions are attainable. It
is found that microplasma sites are surrounded
by secondary sites and the relative amplitudes of
the two types of site are variable. It is not
clear how widely applicable such low temperature
EBIC methods will prove, but they appear to be
worth further exploration.

Computerization of the Electrical Defect

Microcharacterization of Integrated Circuits

VLSI (very large scale integrated) circuits may
have on the order of 1M components where M in
t?és field is a 'binary Mega' i.e.

2= 1,048,576. The appearance of such circuits
will differ radically, not only with the choice
of two out of 80 or more pins from which to
take the CC signal, but also with the logic
state of the circuit and the supply voltage.
Detailed interpretation will be complex. If
the beam 1is incident at a point in the
interior there will in general be many current
paths from the beam impact point to the two CC
contacts. These will contain e.g. amplifying
transistors and Togic gates and they will be in-
terconnected into complex series-parallel net-
works. The amount and complexity of the micro-
graphic information rapidly obtainable is beyond
human interpretive capabilities. Just as CAD
(computer aided design) and CAM (computer aided
manufacture) have had to be adopted, so too will
CAT (computer aided testing). Fortunately, SEM
data, including EBIC, but also stroboscopic vol-
tage contrast and OBIC (optical beam induced
current), is ideally suited for integration in-
to a complete CADMAT (computer aided design,
manufacture and test) system.

To analyse the data produced by SEM inspec-
tion, powerful image processing and pattern re-
cognition methods will be necessary. Some in-
itial results of an exploration of a variety of
such methods will be reviewed here.

VLSI devices with periodic structures such
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Figure 19. EBIC micrograph of grain boundaries
in polycrystalline GaP. (Lesniak, unpublished
results).

Fig 21. EBIC signal recorded along a line
crossing a number of dark lines and microplasma
sites in an APD like that of Figure 20 at
reverse biases of (a) 360 and (b) 365 V.

(After Lesniak and Holt (1983) ).

as a memory or a CCD TV (charge coupled device
television) sensor will give rise to two dimen-
sional periodic patterns in micrographs. By an-
alogy with TEM it can be understood that the
Fourier transform (diffraction pattern) of such a
micrograph will be a regular array of spots.
Moreover, imperfections in the circuit or device
that give contrast in the micrograph, will give
rise to effects in the diffraction pattern analo-
gous to those familiar from the selected area
diffraction patterns (SADP's) obtained from thin
crystals in TEM's. Photographic transparencies
were made of SEM CC (EBIC) micrographs of such
periodic large scale array devices as shown for
example in Figure 23(a). These transparencies
were placed in front of a lens and illuminated by
a laser. The diffraction patterns recorded in
the back focal plane of the lens as e.g. in
Figure 23(b) did indeed Took much 1like SADP's
from a TEM.

In a laser optical bench it is possible to

carry out image processing by "spatial filtering".
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Figure 20. The active junction of a Si avalanche
photodiode containing diffusion-induced defects
at reverse biases of (a) 0 and (b) 265 V. (After
Lesniak et al (1984)).

Figure 22. Line scan EBIC trace, at a temperature
of 77 K. The microplasma, at the smooth peak po-
sition, switched between two current levels ex-
cept when the beam was incident on the microplas-
ma, when it was continuously "on". (M. Lesniak,
unpublished results).

This
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requires the production of masks with a pat-
of transparent areas designed to transmit
selected parts of the light in the diffrac-
pattern. By using only the light in the reg-
array of spots in the diffraction pattern to
form a new image via a second Tens, the enhance-
ment of clarity of the pattern shown in Figure 23
(c) is obtained. This is the usual purpose of
image processing. In the present case, however,
the requirement is to filter out the pattern to
locate the various forms of imperfection. To do
this a photographic negative of the first spatial
filter is made. This passes only the light fall-
ing outside the spots of the regular array. The
image reconstituted from this 1light does indeed
contain only the imperfections as shown in Figure
23(d) (Holt et al (1983)). Thus the first prob-
lem in VLSI inspection, that of defect location,
is readily solved. The same process




can be carried out by fast Fourier transform

(FFT) calculation in a computer. The Fourier
transform (FT) of the micrograph, the signal for
which is said to be in the time domain, is a
Fourier-tranform pattern said to be in the fre-
quency domain. This can be video displayed to
obtain a two dimensional pattern much 1like Figure
23(b). The different points are then described

as representing the various frequency components
in the micrograph (signal). An obvious method

for producing frequency filters to treat such in-
formation is to use a micrograph of a good device,
compute its Fourier transform and subtract this
from the Fourier transform of the device on test.
The inverse Fourier transform of the difference

is the reconstituted image of the difference be-
tween the two original micrographs. This too was
found to work (Holt et al (1983)). An obvious ex-
tension is to frequency-filter the EBIC micrograph
of the device on test with the stored FT computed
from CAD data, in order to find the differences
between reality and the designer'sintention. This
method does not depend on periodicity in the VLSI
pattern but can be applied to devices and circuits
of any form.

In the feasibility studies carried out thus
far a few other methods of signal and data pro-
cessing have been tested. The particular image
processing computer we used, a Microconsultants
Intellect 200, had facilities for frequency fil-
tering via a simple function with adjustable para-
meters. The result of the use of such a frequency
filter program is illustrated in Figure 24(a).

The contrast of the elements of the pattern in
the device has been reduced relative to that of
the irregular features in the micrograph. By
windowing the video signal strength range dis-
played, i.e. in effect turning down the screen
brightness, only the points of excessive EBIC
current strength (above a certain threshold, or
within a certain range) can finally be imaged as
shown in Figure 24(b).

Another approach that immediately occurs to
microscopists is electronic processing of the
video signal to modify the contrast before dis-
play to record the micrograph. The effectiveness
of differentiation applied to an appropriate type
of defect is illustrated inFigure 25(b) incompari-
son with the Tinearly amplified EBIC micrograph in
Fig. 25(a). The horizontal lines of the pattern
were also very effectively suppressed. Clearly
prior electronic signal processing can be follow-
ed by computer image processing of the micrograph.
Much work remains to be done in determining the
optimum methods or combinations of methods for
selective defect location in VLSI circuits and
devices. An important form of selection is in-
herent in the use of CC mode micrographs since
only electrically active defects will give rise
to contrast.

Once the defects have been located they have
to be characterized. In part this will be done
by computerized application of the methods of
defect identification in terms of their electri-
cal properties determined by the sort of funda-
mental defect studies outlined above. In addi-
tion, consultation with device and circuit de-
signers and the results of CAD simulations will
be useful. The practical objective must be the
rapid ("real time") classification of the defects
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located as outlined above. Categorization by
type, magnitude and Tocation will indicate the
defects causing various types and levels of mal-
functioning. Knowledge of the initial materials
characterization data and of the processing pro-
cedures used in manufacture should then identify
the cause of the defects and serve to guide ef-
forts to improve yield and reliability.

The versatility of the SEM with its ability
to record e.g. voltage contrast, topography, com-
position (using electron probe microanalysis
(EPMA)), and CL to supplement the information in
CC or OBIC micrographs is a great attraction of
the instrument. The relative ease with which the
video signals lend themselves to computerized
image and data processing is the other. This
line of development alone appears to have the ver-
satility, resolution and speed to be useful for
production Tine testing in the VLSI plants of the
future. Consequently the activity in this field
is expanding and will continue to expand rapidly.
For reviews of the use of the important strobo-
scopic voltage contrast technique see Menzel and
Kubalek (1981), Wolfgang (1983), Feuerbaum (1983)
and Menzel (private communication).

OBIC Microscopy for Metal Oxide Semiconductor (MOS)

Integrated Circuits

The CC mode and the EBIC method in particu-
lar have a drawback for applications to VLSI prob-
lems. This arises because virtually all VLSI de-
vices and circuits employ MOS structures. Elec-
tron bombardment results in charging of the oxide,
destroys the value of the device and would alter
the Togic state under examination. The charging
can be minimized by the use of appropriate condi-
tions such as high beam voltages and low currents
and raised specimen temperatures. It can be
avoided altogether, in principle,.by adopting the
method sometimes referred to as SOMSEM OBIC
(scanning optical microscopy in an SEM - optical
beam induced current).

This method has been demonstrated to be
feasible (Maher (1983)). A layer of a phosphor
is scanned by the electron beam. The resultant
scanning light emitting spot is focussed onto the
surface of the circuit below by a Tens., The
light spot scanning over the surface of the speci-
men induces barrier and bulk photovoltaic effects
and if the short circuit current is detected a
true "OBIC" signal is obtained. In principle an
optical beam induced voltage (0BIV) method employ-
ing the open circuit voltage as signal is also
possible. The method is in its infancy but its
interest and possible practical importance are
obvious.

Multi-technique studies. It is important for the
enthusiastic advocates of any technique to recall
its limitations. The SEM is less Timited than
many instruments by virtue of the availability of
at least six distinct modes each yielding infor-
mation about a different group of properties and
device parameters. These are the emissive mode
(including voltage contrast), the x-ray mode
(EPMA), the CC and CL modes, STEM and the recently
developed electroacoustic or thermal wave mode.
Even so it is important to bear in mind the fact
that the SEM is unlikely to be able to solve all
problems. Moreover, even if it can, there may be
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Figure 24. Computer processed SEM EBIC micro-
graph of an area of a Si CCD image sensor like
that in Figure 23(a). (a) Result of use of a
real space masking and (b) after additional win-
dowing. (After Luther et al (1984)).

Figure 23. Information on a portion of a large
CCD (charge coupled device) TV image sensor. (a)
SEM EBIC micrograph. (b) Diffraction pattern of a
transparency of (a) produced on a laser optical
bench. (c) The reconstituted image produced by
spatially filtering out the light other than that
in the regular array of spots in (b) and (d) the
processed image produced by the light in the
diffraction pattern excluded from (c). (After Figure 25. (a) SEM EBIC micrograph of an area of
Holt et al (1983)). a Si CCD image sensor containing defects block-
ing charge transfer along two sets of vertical
columns. (b) Differentiated and filtered EBIC
micrograph of the same area. (After Luther et al
(1984)).
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more cost effective and quicker methods for get-
ting the same information. The value of etching
and light microscopy, x-ray topography, trans-
mission and emission infrared microscopy, and the
importance of TEM methods must not be forgotten.

Most industrial problems, even in the semi-
conductor industry, are relatively simple to rec-
ognise (see e.g. the review by Richards and
Footner (1983) on failure modes). Many yield and
reliability problems still arise from blemishes
on masks, insufficient cleanliness in processing,
and rough handling of devices. Quick and inex-
pensive optical examination should generally be
the first thing tried.
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List of Symbols

Ag diode area

A™ Richardson constant

C Contrast

D minority carrier diffusion coefficient.

e the charge on an electron

e; the "ionization energy" of the material i.e.
the effective average value of the energy to form
a hole-electron pair.

e the dielectric constant.

F geometrical function appearing in the Donalato
contrast theory.

Pg the Schottky barrier height.

G the generation factor i.e. the number of hole-
electron pairs produced per incident electron.

I the actual value of I(x) for x=o.

Ib the beam current.

Ig the value of Isc with the beam incident on
defect-free bulk material.

Ip the value of Igc with the beam incident on a
defect.

Ig the current generated in the specimen by the
beam.

Ij the junction current back through a barrier.
Im the extrapolated value of I(x) for x = o.

Io the saturation reverse bias current of a rec-
tifying diode.

I(o) the initial, steady value of Igc at t =0,
when the beam was cut off.

Ic the short circuit current (true EBIC signal)
due to a barrier or bulk electron voltaic effect.
I(t) the value of Igc a time t after chopping
the beam.

I(x) the value of Igc for a beam to barrier dis-
tance x.

k the Boltzmann constant.

K the backscattering coefficient i.e. the frac-
tion of beam electrons that are back scattered.

n ideality factor of a barrier.

N (volume) density of recombination centres in
the cylinder of influence round a dislocation.

N' (line) density of recombination centres in
the cylinder of influence round a dislocation.

Np acceptor density.

nce Ccharge collection efficiency of a barrier.

r radius of the cylinder of influence round a
dislocation, within which the minority carrier
lifetime is reduced.

o capture cross-section of the recombination
centres associated with a dislocation.

T minority carrier lifetime.

t' reduced minority carrier Tifetime in the
cylinder of influence round a dislocation.

v line recombination velocity (index of recombin-
ation "strength" or "efficiency") of a disloca-
tion.

Vit thermal velocity of the minority carriers.
Va applied voltage.

Vp the beam voltage.

Vq the diffusion potential drop across e.g. p-n
junction.

Voc the open circuit voltage (true EBIV signal)
due to a barrier or bulk electron voltaic effect.




D.B. Holt and M. Lesniak

Discussion with Reviewers

J.D. Schick: You mention beam-chopping and phase-
lock systems. What application utilizes this
approach and what advantages and/or disadvantages
might be gained by beam-chopping techniques?
Authors: So far as we are aware nobody has tried to
compare beam-chopping .and phase-lock amplification
with other methods. The obvious advantage of the
method is, of course, that the noise occurring in
the absence of beam bombardment can be subtracted.
In our experience there is no difficulty in backing
of f the steady "dark" background currents in the
cases we have studied. Something like the phase-
lock method would be necessary if dark noise of
large amplitude relative to the signals were en-
countered. This is unlikely to happen in well deve-
loped materials and devices because the generation
factor G is so large that the CC signals tend to be
well above specimen noise levels. This might not be
the case, however, for example for pg-conductivity
signals from semi-insulating GaAs. We are begin-
ing to make such observations but so far have not
experienced this difficulty.

J.D.Schick: In charge collection measurements,

such as those performed by Huang et al (1982) where
there is a grain structure associated with a

metal film through which the electron beam

energy is penetrating to excite the signal,

how is the variation in signal due to the

variation in absorbed energy accounted for?
Authors: Neither Huang et al (1982), nor any

other published work of which we are aware,
attempts to make such a correction.

J.D. Schick: In the case where trap depth infor-
mation is obtained from temperature dependence

(it seems to be like what are sometimes referred
to as thermally stimulated conductivity measure-
ments) are the traps referred to physically locat-
ed at the defect where the microplasma takes place
or throughout the bulk material?

Authors: The measurements concern the contrast due,
for example, to dislocations and the spatial resolu-
tion is that of the CC mode, i.e., of the order of
a um. The question whether intrinsic dislocation
levels have been detected or whether the observed
effects are due to point defect segregation is at
present an open one. In most published work it is
clear that the large contrast often seen, of the
order of a 10% reduction in EBIC signal, is due to
segregation. The observation of smaller contrast,
of the order of 1% at presumably cleaner disloca-
tions may or may not be due to intrinsic disloca-
tion recombination centres.

J.D. Schick: You mention the use of an internal
head amplifier and you discuss switching connec-
tions among many possible connecting points in a
chip. How is this switching accomplished outside
of the vacuum system of the SEM?

Authors: Miniature sealed relays could be used in-
side the specimen chamber. Dr. S. Davidson
(private communication) has successfully used a
ribbon cable to an external plug board.
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J.D. Schick: In your last statement you mention
that "most industrial problems are relatively
simple to recognize..." Many of the semiconductor
device/circuit failure analyses that I perform or
witness are pushing the technology capability in-
volved near to their 1imit already. They may be
simple, but they are not easy.

Authors: I am well aware that many industrial
problems, especially those arising at the frontier
of development of new materials, new devices and
larger scales of integration are extremely
challenging. Your own work indeed exemplifies
this most impressively. What I was referring to
was the frequent recurrence, possibly with minor
variations, on many processing lines, of well
known phenomena such as "cosmetic" defects
(visible blemishes) due to dust or scratches on
reticles, microplasmas, diffusion shorts and
other soft junction phenomena due to contamina-
tion, etc. I understand that many such problems
are solved by visual examination or etching

and 1ight microscopy plus experience and “good
housekeeping" on the production Tine.

G. Koschek: Please comment on the attainable spa-
tial resolutions of the mentioned CC-modes especia-
11y EBIC/EBIV.

Authors: The spatial resolution of the CC mode
techniques is not entirely understood. In principle
the incident beam diameter, the electron penetra-
tion range and the minority carrier diffusion
length should all help to determine it. In practice
the resolution is generally found to be about equal
to the penetration range (and so beam voltage
dependent). The beam diameter is usually negli-
gible by comparison, but why little dependence on
diffusion length is found is not entirely clear.

G. Koschek: A very important new method for micro-
characterization using the CC-mode of the SEM is
scanning deep level transient spectroscopy, which
you merely mention by one sentence. Could you
comment on this method more comprehensively,
especially the possibilities for microcharacteriza-
tion of suitable materials e.g. semiconductors or
electronic ceramics?

Authors: The scanning deep level transient spectro-
scopy technique should be an extremely powerful

one as it would combine spatial resolution with

the well-known advantages of deep level trap
spectroscopy (P.M. Petroff, D.V. Lang, J.L. Strudel
and R.A. Logan (1978) Scanning Transmission
Electron Microscopy Techniques for Simultaneous
Electronic Analysis and Obervation of Defects in
Semiconductors. Scanning Electron Microsc. 1978;

[: 325-332). 1Its use has been inhibited by the
weakness of the signals. The recent development of
a more sensitive detector (0. Breitenstein (1982)
A Capacitance Meter of High Absolute Sensitivity
Suitable for Scanning DLTS Application. Phys. Stat.
Sol. a71, 159) appears to have made the method

more widely applicable. As yet few results have
appeared but several groups are known to be working
in this field.




	Recent Developments in Electrical Microcharacterization Using the Charge Collection Mode of the Scanning Electron Microscope
	Recommended Citation

	tmp.1605298404.pdf.ttT2i

