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The application of the scanning electron microscope to studirg
of current multiplication, avalanche breakdown and thermal
runaway, (I) - General physical basis,

(1) Introduction

Scanning electron microscope studies of avalanche breakdown
have already been reported in the literature (1),(2),(3),(4), and
(5) . Usually these initial studies have been concerned with the
qualitative detection and study of relatively gross but localised

variations in current multiplication at voltages below the voltage,

Vb, at which the device breaks down. Under such conditions the
device is thermally stable, the dark current flowing through the
device is minimal and the difference in beam induced signal from
the region of localised breakdown and the rest of the active area is
large. Also there are no quantitative data in the literature and so
the method is capable of considerable extension., In view of this

and because of the poteutial of the method in the solution of practical
problems it was considered worthwhile to establish the full worth

of the method by examining both the q;'zantita‘tive extension and the

extension to problems involving bulk breakdown and thermal runaway.
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The maiun pmrpose of this paper =s 1o eatabligh the physical has:s
af the approach and to examine the practical Timstationgs of the
me thad,

The paper 15 divided into the following mar n sectionsg

(3) A guilitative diseuscion of the way v which curtent
mulliplu atron can lead to coptrast i the scannming elect ron
microscope (SEM),

(b) An assessment nf the experimental systems thatl cin b
vaed to exploit these contrast mechanisms,

(r) A disrussion of the problems involved in avalanche studies
hecauvse of the variability in the roise behaviour,

(d) A shert discussion comparing the application of the SEM
to this and similar problems with the use of other Lechniqees,

1t should be emphasised that the treatment given here is 1ntended
Lo give a general background and not a detailed treatment of
particular aspects, Although some topics are considerad in
detail other topics only have the problems ouwllined as the work 1s
still in its early stages. Although the discussion throughout is
limited to diode studies the method can be applied to bhrrakdown

processes in bulk devices such as Gunn diodes, for example and
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3.
| to dielectric structures such as passivating layers and thin
film capacitors,

(2) Zontrast due to current multiplication

3 2(a) General

We are concerned he.re with the conductive mode of operation
of the SEM in which current flow in a junction device due to the
charge collection of the electron beam induced carriers by a
depletion layer is used to study the device properties. The
normal use of the conductive mode is illustrated in figures 1(a)
and 1(b). A fraction of the electron-hole pairs created by the
scanning electron beam are created in, or diffused to, the
depletion layer where each pair is separated by the high electric
field inherent in the depletion layer. The electrons flow towardis
the n-type contact and the holes flow towards the p~type layer,.
To a first approximation this process represents a charging-up
of the 'condensor' represented by the depletion layer, This
perturbation of the voltage across the junction is neutralised by
current flow in the external circuit. This external current can be

detected as a voltage change across a series load resistor and

used to intensity modulate a CRT which is being scanned in

synchronism with the primary electron beam. When the reverse
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heas applied across the junction is high enouglh tha boar wdue od,

e

carteers are acceelerated to high energres so that they can cause
tmpact wnreation’ L, v, the tormation of further clection binly
palrs which o turn cause further tonization so that a multiplic .ooom

of the beam mduced current occurs i the manncr doprctaed 1

iiguies 1(¢). This is the effect wath which we are conceined., [o
develop the method further we have to establish an equivalent

circuit for the process., At the same time it is essential to establigh
the predicted voltage dependence of the charge colleclion process and
to relate it to other processes occurring at the same time,

2(b) The charge collection signal as a function of bias

jigure 2(a) shows a first approximation equivalent circuit of
the charge collection process., The depletion layer is represcnted
by 2 capacitor, Cj » in parallel with a shunt resistance Rs whaich,
represents the leakage processes through the depletion layer, T
junction is in series with the bulk resistance of the n~ and p-type
layers etc, This internal series resistance is denoted by .RL’.

Finally, the external load resistance is denoted by R We have

L@

neglected here any capacitance associated with the device contacts

R TRE

i.e. we are assuming the existence of ohmic contacts, In addition ,

we have ignored the complexities introduced by stray capacities.
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[{ the primary beam excitation tollowed by the charge collection
pro:« ¢ss8 result in an mstantancous current Ig\(f)} flowing through

the capacitor careunt at a dinde bias. V. a current I‘ . Bven by
(V) lgvg RS(V)[ (RE(V) + RL(V) + R'L) vese e €. 1

If the corresponding current from the same device element at

zero applhied bias 1s Tg?) we can define the reifective multiplication,

Motse PY ;
_—_— oy H !
WY1 )e Mg = Q) Mg R(O)/(R(0) + Ry (0) + Ry )

vee €9, 2
Equations 1 and 2 enable us to predict the behaviour of 1C . 28
a function of applied bias, In particular it enables us (o separate
variations i ]‘“‘; due to changes in the charge rollection process
from those due to other processes, We should perhaps consider

in more detail the exact meaning of RS and R It should be

;La'a
remembered that we are dealing ultimately with a scanning system
and are concerned with the way in which the current from a small
given element of surface is detected. Therefore RS and RL_I

are, in fact, the local values of the shunt and series resistances

and_in general, these parameters can vary across the active area

and are not to be identified with diode shunt and series resistances.
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The variation of Icc with bias is shown schematically in
figure 2(b). Region 1 may be termed the 'normal' voltage range
where the bulk of the published work has been done, For small

'
reverse biasses the resistances R, and R_. do not vary significantly

S L
with voltage and Icc is either nearly constant or slowly increases
as the bias is increased, The major contribution to this small
increase arises from the increase in depletion layer width with
applied bias. In region 2, where the device is forward biassed, the
nett electric field falls and significant minority carrier injection
occurs, The minority carrier injection opposes the charge collection
process, so that the beam excitation is 'neutralised' by an internal
process and the external signal falls, Or, in terms of equation 1 and
figure 2(a), minority carrier injection decreases Rs compared to

!
(R, + RL) so that the measured signal decreases. Usually at applied

L
voltages approaching the 'built-in' voltage Icc fades rapidly into the
noise,

The remaining regions (3 to 6) are concerned with current
multiplication. In region 3 the multiplication increases relatively
'

slowly with bias, The total current flowing is small and Rs and R’L

are effectively independent of the applied voltage. (However, see

section 2(c)). As a result there is an increase in I, with increase

——l
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7.
in voltage which reflects the voltage dependence of the multiplication,
M. This increase accelerates rapidly at voltages approaching the
breakdown voltage of the devices because of the essantially
exponential increase in M with increase in voltage, This rapid build.up
in signal leads to very high signals (region 4) at the breakdown voltage,

’V’b. Above the breakdown voltage the current flow through the device
increases to such an extent that the shunt and series resistance vary
and the multiplication decreases. (See section 3(c)). As a result the
detected signal decreases with increase in bias(region 5,) Iinally, the
high diode current leads to Joule heating and to instabilities in the
device and, because the current multiplication process is temperature
dependent, to variations and 'drifts' in signal, (region 6)

The discussion above is concerned mainly with the signal from one
area on the device i, e, the primary electron beam is considered to be
stationary, If we now considex the case of a scanning electron beam we
can establish the main factors which lead to contrast associated with
multiplication, In terms of equation | the signal resulting from a
scanning electron beam will vary from place to place because of local

variations in the fraction of pairs collected at low biasses (variations in

, 1(2920), variations in the local value of the effective multiplication, Mo

1

o
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and changes in the effes twre valnes of RS and RI:. Finallyv, he auge
T(rogn, M@ff and bath Rs and RL‘ ate tamperature dependers o1 g
possible that local tamperature change~ arwging from Joule b atirg
can lead tn contrast,

2(r) The etfect of fueld emission

The possibilities of detecting field emission by sci ining eled tron
microscopy 18 a topic in its own right, but it 18 relevant to outline
the possibilities heve, as field emission is offen intimately ronnected
with avalanching in devices, In genaral field emission requires hrgher
fields than avalanching and so tends Lo occur mamnly in diades w th
varrow depletion layexs i, o. diodes with high doping levels in the bulk
regions, In practical terms this means that diodes which breakdown
below about f volts do so by tunnelling i, e. internal field emiasinn.
while those which breakdown in excess of 14 volts do sn manly by
aurvent multiplication, For diodes with breakdown voltages between
these limits both mechanisms play a significant role (6). It 18 also
possible that tunnelling has a wider role in that it may be operative 1n
regions wherce the junction is not uniform, Consider for example the
model illustrated in figure 1(d), Undewr certain conditions of applied
voltage it is possible that the breakdown mechanism in the zenfre

region is mainly by tunnelling and that the mechanism around the «entre

S
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14 by avalanching, ‘T'he suze of the central tunnelling region can,
principle, varv with applicd volrtayge awd with temperature, Tuonpellng
can be taken govount of 1w an imtial manper woteras of the oot o
fignire 2(a), The multiplication itself can decreage towards the cerr s
ag mdicated m tigure i(e).  Tn addition the tunnelhng e haniam 1y
m fact, a source of carriers i, e, condurfivity, and, as a result, «an

¥

affect the local value of both tha serics 1¢s18lansc, R..L, o oand the gt ot
resistanse, Rs'

These effects would produce contrast otiects very sinalar to
thoge arismg {10om local temuaerature distributions (see section 3).
There are two indications that can be used to separatre these two
possibilitics, (a) A high degree of carcular svauaetry 1g probably
wdicative that remperature effects are important ag busilt v varo o
arc likely to be ungymmetrical; (b) a delay of seqomdy alter apphicatio
of a bias increment before the observed contrast is established mavy be
indicative of a thermal delay, Whereas a rapid approach to the final

state probably indicates that temperature effects are nnimportant,

3. Experimental methods to study avalanche effects in the SEM

3(a) Introduction

In exploiting the SEM in this problem we need to establish methods

to obtain both qualitative and quantitative data as quickly as possible,

L L e e
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Ideally we wish to

(1) take 1aicrographs of the whole device and preseclected areas
of interest.

(2) Measure the charge collection signal as a function of bias from
chosen points and selected areas.

(3) Make maps of the current multiplication as a function of bias.

(4) Extend (1), (2) and (3) to high currents by using pulsed conditions
to avoid thermal effects.

(5) Incorporate s~fety circuits so that the conditions approaching
thermal runaway can be studied.

Not all these methods have been exploited fully to date but it is of
interest to discuss the various possibilities bearing particular attention
to the ways in which quantitative data can be obtained reliably and
qQuickly.

3(b) Intensity modulation of CRT

This is the standard method of obtaining micrographs. It is a very
v ersatile system with variable gain, a facility for 'backing'off' the
bulk of the signal so that the fop of the ;ignal can be e:éamir‘ed at l;igh
gain and a non-linear element (a.ndycontrol) which attenuates the high
signals compared to the low signals and so allows more detailed

examination of the regions giving lower signals, It is this versatility

4
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11,
that makes it difficult to extend the method to make reliable
quantitative measurements, as it is necessary to calibrate the
gain, the degree of back-off and the departure from linearity,
Three methods are currently in v.se to obtain two dimensional
data, These are termed doflection modulation, the comparator
technique (7) and what may be called contour ploiting, Each of
these finds application in avalanche studies. Consider deflection
modulation (8) first, Strictly speaking this technique, which has been
exploited previously in X-ray microanalysis and electron diffraction,
does not exploit intensity modulation as the signal is fed to the Y
plates together with the frame time base while the line time base is
fed to the X plates, Figures 3(a) and (b) show the value and
limitations of this approach. Figures 3(a) and (b) are displays taken
of devices with a simple geometry., The display is pleasing in that it
makes an immediate and clearly understandable impact, On the other
hand if the technique is used with a device of more complex surface
structure the display can have little or no use as it immediately rises
interpretative problems, This is one limitation i. e. it is of value only
for simple structures., A further limitation is that further processing
is required to obtain quantitative information i. e, the values have to
be measured off the film. As there are easier ways of obtaining the

required data the method only has a limited application,

i
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As more geperal mothod as (o teed e o 0 vl o Ly
grid ol a GR'I' through a comparator ciroqit. which psianpg & o o
constant valuce, i, and ouly i, the aspel sagnl ooy oo
range ol a pre-chogen comparigon sigrar,  eewgoiog tig P
ihe comparison signal contours of constanl sional cun be abtis « 4
I'igure 3(c) shows such a sct of contours and gives an i nged st
mnapression of the quality of the device, ‘Lbis approd.h dore e
from what might be termied an overquantisation of the data ¢, it ¢
information comes out in black and white signals only ard it is
necessary to obtain a normal micrograph to intesprat some ol the
observations, llowever, it is reasonably veisa‘ile it gomowhat
laborious and is complementary to the contons traciog wekbgd st 1
cormhbines both quantitative inforiwation wills thve noaval Ppytos od”
wlformation, ‘I'he basis of the method is owllivaed i Figove 1 o
experience with this method is based entirely on the recer) weorle of
Flemming (9). An input signal is fed to a threshold detectpiyg o i

which feeds an output pulse to a logic circuit whenever the vt <oy o

falls outside either an upper or a lower limit. The number and . gi o

these wulses are counted, stored and used to gencrube a 'wvilal bagh!
ramp in the manner shown in figure 4(b), This gwitch Lack rarnp rn

fed in antiphase to the input circuit, As a result the signal i kopt
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13,
within the preset limits (see figure 4(c)) and after further amplification
is used to form a micrograph. On this micrograph the di:contir.xuous
jumps at B, C etc, give sharp changes in signal from'high white' to
'black' and so represent a series of contours at known levels (e. g, 10mV

9

or 10”7 amp levels). The 'greys' which occur between each jump contain
the pictorial information which allows the quantitative data in the contours
to be related to the surface detail. With an ability to vary the step height,
a variable gain and, possibly a differential input a versatile system is
available wuich can be calibrated with a variable sine or square wave.

Figures 4(d) to (g) show actual results using this technique,

3(c) Measurements of multiplication

The discussion of the previous section was concerned solely with the
relative behaviour of the whole device at a fixed bias, but, having located
the areas of special interest, we need to examine the behaviour of these
as a function of bias. A relatively straightforward way of doing this on a
point to point bias is blocked out in figure 5. By using a stationary,
chopped beam and 'ramping' the diode bias we can obtain charge collection
plots of the form shown in figure 6(a). This approach has two limitations -
one that it is a point by point method, and secondly, because the voltage
ramp takes a finite time there is some uncertainty with regard to effects
arising from temperature changes at the higher currents. The first of

these difficulties is not a major limitation and, if needs be, can be

. s 5
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removed by using a step and repeat programme which automatically
deflects the beam by a fixed amount and then repeats the diode bias
voltage ramp, The presence of temperature effects can be determined
by reversing the voltage ramp and seeing if any hysteresis has been
introduced into the curve (as in figure 6(b)). (10). This hysteresis
has its origin in the temperature dependence of the avalanche process.
If hysteresis is found some method is isolating the effects due to local
temperature rises has to be found.

Probably the best way of studying temperature effects is to use a
pulse technique similar to that shown in figure 6(c). A modulated or a
D.C. electron beam is used but the diode bias is pulsed with a low duty
cycle., The voltage pulse developed across the load resistor is due to
both the pulsed 'dark' current flowing in the device and the beam induced
signal, The bulk of the dark current is backed off using a differential
input amplifier., The leading edge of the diode pulse is used to start
a delayed trigger or gate which passes only that part of the signal
occurring between f7and (f + Af)‘rl where ™ is the pulse length and <1
and _%_f < _1_16_ . In this way we can build up & micrograph of the charge

collection behaviour at a given interval f‘rl after the current has been

applied. As the bias (pulse height) is increased the device can be protected ?I f
by decreasing the duty cycle. .Within certain limitations of gain x bandwidth 3

this facility is already available in the Tektronix 547 scope with, for example,
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a type'D'differential plug-in unit, The approach does not enable us
to investigate thermal effects right up to the onset of thermal runaway.
At very highbiases the pulse length has to be reduced right down to
submicrosecond duration. The normal amplifier systems have not
got sufficient gain band width product and it is ne cessary to use the
frequency conversion facility that is inherent in sampling units. Such
units have sufficient back-off for this purpose so that the top of the
signal can be studied. Instead of sweeping the sampling time through
the cycle as is done in the strobing technique the sample is taken at
a fixed time in the cycle, integrated for a fixed number of cycles and
then displayed, In this way it is possible to extend the technique so
that 100ns pulse lengths can be examined at 10ns intervals., This
ability to study dynamic events is, of course, achieved at the expense
of an increase in integration time,

Finally, we should not forget that we have cine-techniques
available. This method can be used to photograph ''one off'' events
occurring in time intervals of one second or longer.

5, Signal to nnise ratio under avalanche conditions

5(a) General
If a primary beam delivers a current IP of electrons of voltage
Vp on a specimen giving a back scattering yieldq and a secondary

electron yield ONthen a total wattage, W, is absorbed in the specimen

T AR
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where W 18 given by
'
W=IlV(i-av ' -av !l ). r1v eq 4 |
pp pi v 5 V P p
P P
1
In this equation \/p 18 defmed as the mean ene rgy of the hack scattered
«lectrons and V8 18 the mean (ncrgy of the sceondary electrong ‘This
exculation energy will « reate a distribution m depth, N(z), of cicctron
hole pairs per second such that
r
N = 'N(z)dz=FI V /E cq. 4
S p p 1
where Ej 1s the 1omization energy in the target material A fraction
f of these pairs will be collected by the depletion Jayer of the gnntron
dev,rc being studied and so contribute fo the charge collection curront
The magnitude of the rurrent which flows as a resull of this «harg
collection depends on the rate at which the charge 18 collectod The J
signal consists of three components in general - those carriers ¢ reated
in the depletion layer itself and those minoritycarriers ¢ reatod 1 the i
;
bulk regions and which subsequently diffuse to the junction Figure 7
shows the time scales of the various events which occur during the
excitation process. A primary electron will lose its energy by forming t :
o 1A -10
a plasma of electron hole pairs in about 10 seconds. Those electron }}

hole pairs formed in the depletion will 1immediately begin 1o be separated
and so contribute to the c¢urrent flow., This contribution will be complete

within a time T, where To is given by
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1+

eitbier {a) A weighted meas b the warrier bifetimes in the deplelion
layer. 1f the I ietimes are Jess than the transit time requi~cd
by the cariiers 10 vooss the depletion layer

or (MY the trapsit fime. ot the Lfelunes are longer than the
frane L ope

or () f one carricr gets Lrapped. the value of T will be Less
thar rhe transt trme M the catner romains teapped. T the
carcietr 18 subsequently released further curvent tlow may
ocour

In silicon devices, which is our main preoccupation here,
we are concerned with cases (a) and (b).

Thoge carriers created in the bulk and diffuse to the junction
will reach the junction after delays which vary from practically zero
up to several times the minority carriex lifetirne, Subsequently they
will be collected in times of the ovder of those given abwe.

One other time is important in this context and that is the
time v that the primary beam spends on one element of the device
area. It the Charge colleation time is greater than T, there is a

dange r that both resolution and contrast may he adversely affected

because while the collection 1s c‘muuxrz:mgﬂtha spot will have maved wurb
anothes element so that the tail of the signal from the first area will

appear to come from the second leading o a loss in contrast and an
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appatrent merging of the ¢lements

S50 tar we bave only vonside rod the hebaviour of the junction i
perlatyerc from the resy of the grongr Je pavticular wo bave anguined
that the exterpnal crrout respouges mgtaptly to the unbalat ¢ cauged by
the harge olicctiop pro ess I't1s 18 equivalert tn assunmang that we
vart, 't pract e nutasure the ghort carount current generoted by an
Bolated Juretyen In practice 1hg 18 1ot the +age Returrang tn nigure
Ala) we gsce that 1tor sigrifreant signal to be detected 1 the amplitber
vivoant the majer part of the beam induc cd exi1tation has 10 be
niutraliged i the exfernal careunt rather than by inie rnal pros esses
thraugh Rs This 1mplies certan hmutations on RS, 1f signifiv ant
s1gral 18 10 he obtained RB,:;,,R 4+ R this 18 nnot always possible even

L. L
woth RI.W” small, Under these ¢onditions the obscrved signal  an
ordy bt v reased by wne reasing the primary vurvrent,
The above disiussion shows how quickly the apecimen responge
1o the beam excitation, how trapping <an effect the contrast and

resolution unless some limit 1s imposed on the scanning speed.  If

frapping 18 absent the useful scanning speed 1s limited by the response

t'me of the amplifier hy the noise problems introduc.ed by low inte gration

times 1 ¢ by fast scans ov by oscillations in the specimen (see scction
5(e)) This is the background aganst which the signal to noise problem

has to be vonsidered,
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h(b) Signal to roise ratio under non-avalanche conditions

If a beam of electrons of energy qu carries a current Ip
ard remains on a suvface element for T seconds, the number of
rlectron hole paits collected by the corresponding element of under-

lying junction 18

[
> A vy
N - () V) P eq. 5

whern E1 18 the impact ionization enexrgy of the specimen studied,

f( Vp) is the fractiou of the created pairs that is collected by the junction
and F(oygﬂ) takes account of the loss due to backscattering and second
electron emission (see section 5(a)), Under these conditions the two
main contributions to the noige are the shot noise on the signal itseli

(of magni‘tu.da«ﬁ\r‘t) and the shot noise on the dark current, I_, being

D
passed by the diode, Of these two the latter is the bigger contribution.

On this basis we can write the signal to noise ratio as

1 I ,

SN =N (Tr @)f = (=B) (L)L) gv ) F(&?)T% ciees eq, 6
td q I d Ei P

In gemeral terms equation 6 implies that very good signal to noise

ratio can be obtained with a primary beam of 10'11 amps injecting

charge into a diode passing, say, 10"6 to 10 -3 amps with frame times

of between. 1 and 100 seconds., This is observed in practice unless

"™

internal neutralisation processes cause f(Vp) to fall, in effect, to a
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very Tow vablin, ‘Phe ostenpion @ theg apprasab Lo avalanching
vordipaang on et glrasghttorwaed heoange of rhanges in the charactes
wof The tedege,

) Dopbe pnder auaelashe ool lone

The simplest wav Lo viadergtond the barpe chirges in the
shevac s riats n Of The teovae a8 Ty recall that oo froatnynty of the shot
v ke probdeoy b clevtrong ot ributimg to the potge yurrent gre
swnhadercd ag ondopeoderd partacles tlowmmg at random intervalsg, Under
avalanebe conditions @ degree of «orrelation s mtroduced. As a
tepult the currvent consists aof 2, ralatively few random 'hwrats! of
vhectrors ingtead of independent, particles. As a result the noise
inrreases Al the orgel of enrrent multiplication because the root mean
tretnation in current increases, Io brief each aloament of the device
vat, under avalanehing conditions, be in one of two states, cither jt
van be avalanching ("on") ar not avalanching ("off'), Jf a caxries
Arviveg at the element while the clemenrt 1s off then it stands at a.
bronte ~hange of causing curyont molriphcation of value M, 11 11
arrwes when the element, 18 'on! it causes no multiplication, Thervefore

the intal noige current flow can be written a8

.l ! :QNT”:" {)ﬁl’lﬁn),,M‘f*n (1”5&]}}‘}? I I I A eq‘u’?

n

a——




al.

when r g the ni w.e1 of carriers reaching the junction element
per wecond and (f)l 18 the froction of time the elamoni is 'oif!,

Q
&

| 18 funition of the applied bijas. Tf we consider the (ase where

. » iheu since Mno) the above expression reduces Lo zlf;ﬁlMQx, To
obtam an estimate of the merrease in no1se under avalanche conditiors
w¢ tan vse the theory developed by Shockley and Plerce (11) to
calculate the noise in electron multipliers, Tf we take an oversimplified
view of the avalarche process and regard it as atwo stage process - the
arrival of n1 electrons onto the elament followed by an overall

multipiic ation M we can find a lower limit to the increase in noise duc

Lo avalanching, We know from Shockley and Pierce (11) that

(N - W) W2 o -m) %% 4T (M- M) eq. 8
I ihe incident noise carriers follow a random distribution (n -"Jr'i)2 12 n1
therefore o —
bkl e ' : v 2 ’ : - wesn
(N, - N)? fﬁmzi‘uw—;:gﬂ [1‘$nmz~r eq. 9
n n M

! el —— r—
Since the current flow through the element is I:n = N, 2 nq § 1M we obtain

the expected {luctvation i, e, the noise as

S I S v
((Nn Nn) ) =@ M) m(]ﬁn r Q)¢ M eq, 10
Therefore, compared to the element passing the same current under

—t
non avalanching conditions, the noise is greater by M® or more.
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Therefore as the element nears its breakdown voltage (which can
be detined as the voltage for which Pl = 4) then the noise incieascs
because hoth Ini and M increase, Once the breakdown voltage has
been exceeded another situation develops,

Above the breakdown voltage the multiplicotion pulses bhepin
to arrive so fast that they give the impression of a steady D, C,
current with small 'dips' in it i, e, the element is continually 'on'
except for short and rare intervals, As these small and rare
intervals constitute the main fluctuation the noise drops. The
development of this model for a uniform dinde leads to a noise voltage

1,

given by ve (noi::u:a)@gl":l i. e. the noise voltage decreases as 1 °

RMS

beyond the breakdown voltage Vb (12) .  In practice the situvation
is more complex, in all but the smallest diodes, because the diodes
consist of a distribution of elements witl varying breakdown voltage

(13). As a result the curve takes the form shown in figurc 8, At

Vb

figure 8(a), At slightly higher voltages the 'tail' of the distribution.

most of the elements avalanche and give the behaviour known in

start avalanching and give additional peaks (the case shown in figure
8(c)) or a departure from the I'% law (see figure 8(b)).

Finally, we should recall that microplasmas (regions of
enhanced field) occur and have breakdown voltages below ""\7b\. As

a result additional 'spikes' in the noise occur (see figure 8(d)),

S—

Fou

P 3

g
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5(d) Signal to noise ratio under avalanche conditions

The previous section indicates the types of noise behaviour
observed under avalanche conditions, To calculate the signal to
noise ratio we have to recall that the signal (i. e. electron beam

induced) carriers have to compete with the nad se carriers for a

change to cause multiplication i, e, the probability that a beam induced

carrier will cause significant multiplication depends on the relative
numbers of beam induced and noise carriers reaching the element,
If we neglect the carriers that arrive while the element is 'on' then
we can write the beam induced and noise currents respectively as
' s
Ig =N (N'?/{Nt + NOBM

!

1 = Nn(Nn/Nt + N)pM

eq. 1l

If we assume that the noise signal arises from the shot noise on

both these components we have a signaito noise ratio S:N given by
‘ _— . ' 1 -—.%
N = =) {I I M .12
S:N = NG (NN, + N_)r M /{( PG L) } eq

Finally, two other points should be mentioned., One concerns
the behaviour with a modulated beam and the second concerns the

te mperature dependence of the noise. If a modulated beam is used

P R

ssvonfht e
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the coupling interaction outlined above means that the "dark envrers?
carriers become more effective in causing multiplication during the
reriods when the beam is off, As a result the noise curient 15
modulated at the frequency of the primary beam and in antipbane with
the beam. This noise signal will not be detected by u narrow hand
phase detector if we just use the in-phase component. ‘I'berctors,
provided the factor Nt‘ /(Nl: + Nn) is included in the signal tevm, the
usual cxpression forthe enhanceiment of signul to noise
ratio by band width limitation is still valid,

The problem of temperature variation is complex, The noige
bebaviour is temperature dependent in certain cases, If the diode

1
is small and obeys the idealised I ¢ law mentioned above the noise
curront is independent of temperature (13), Howevesr, if localired
‘ ],

variations occur and cause significant departures frowmn the | Liew
there is a temperature dependence which varies with current in o
quite complicated manner. Haitz (13) has recovded data indicating
that the noise increases with increase in temperature at low currents
and decreases at higher currents for a diode breaking down at L3V,
On the other hand, Melchior and Strutt (14) have shown that the noisne
can decrease with increase in current at low currents for a diode

breaking down at 18V,

s
S s}
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h(e) Practical implications

The complexities outlined 1in the previous scction bave seve 1 gl
muphications i prachice. ‘'hey mean that

(1) lThere are regions of the current voltage vurve (ot e ol
to the peaks) ove r which vseful mac rographs cavrnot be obtained  uor
thege are relatwvely Innited 1o extent and by careful coutaol ol s
t! 18 possible (0 oblain micrographs just below and above the peak avd =o
srageket! the "forbidden zone!',

(2) Because of the large variation 1n noise any contrghutos fio
top-imizing the nowse 1s welcome . This requiremoent means thil phaoo
sensitive systeins using tuned elements of relatively high Q find « 1als
m s work.

(3) N e dufticult to predicl the behaviour ot a given deve o
Lo addifion to the noise problems outlined above (he commbimation
device af, or neatr, breakdown and a scanmng eleclion bearn can oo
to ascillatory effects which can take a varicly of toris postieulely
there 18 any tendancy towards an "S" type negative vesistance i the
current voltage curve., Figure 9 shows the type of behavionr observes
under this condition, Faigure 9(a) shows the structure used, while
frigure 9(b) 1llustrates the charge collection behaviour al the hase -
collector junction at voltages just below the 'knee' 1y the VI ecvrve

‘Lhie yemaming nmicrographs are similav micrographs fakon gt the kpoo
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e the 2L, igure 9) was taken with fast line gcsans,  The :

Bobarrnstrgag oy e ST3tg o o geereg G dots with agsocaatoed tarls, TS ey

ol fed A o ans e s o enplos koo with Slow grarn maneg, 3

Pevceoe ket gtvuotnt e oy ttd sonlaged wito the ﬂ“;“’.l;.w*ug'wph, !"l}‘,’”" 3

A(t) to (h) were obtaived at slogphtlv redneed hias with whc omedias Frog

spocds and allugtrafe how the apparent Tocalion of the signal oo i

viade Ly vary by changaig the scan divection, the bepin o orend, L

Pransiptor hissing, Srmilar variations cau be obtained by changis o
e esiarnal cirenit elemeants inelnded in the streost, This van of
be used to restore the digplay fo s more form without the elemen,

ot 'statisticality! present bere,

e Ceampamsou wilth other fochnigues

Ll R Ak B © Mk i B T Y R T Y 3 SR

Atthouph the applwatior of the SEM to zolatively deep quantiiatioe

sindies of sepconductor materials and devices has only just hogoen ¢

L3 of intevest o compare its usefulness with other wstruments used
e ostadves ol the avalanche process,. We have the flying light spot
techoigue, the wmlra-red nmeroscope, the SEM, the micawanalyser b,

Eo complerncal the conventional electrical measurements by providang

faxralisad infurmation,

M
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t(a) Gumparison between the SEM and the travelling light spol

in terms of resolution, easy and variability of scanming, control
o e surement ot excitation level the SEM is preferable o the
“oesatbag Lgpbe spol, o openeral tevms the SEM gives a renolution

¢ 0

v o5 appligidion of L,000A 1o 3,000A except al very high curveuts o-
Lo beam voltages,  The excitation level van be varted by six orders
¢ auegnitude,  To deternune the excitation lavel une simple cur cont
vowene cutient using a Faraday cage is needed. The resolution of a2

celbag lught sput 1y i;f:.aL the best, the control of scanning is
Lmaed or enpensive if variability 1s required. It is difficult to vay
aud nivasuwi e the excitation level over more than three orders of
cospperade with a light beam and still retain tho resolution unless a

- s owweerd, Tuowhich casc the range of penetration is limated, The
vrgi weah which an electron beam can be modulated at high speeds is /

probably greater than an the case of a light beam although the vse of

F.eerr cells 1o modulate light beams has become more extensive in recent

P

vrars and the use of microwave Lechniques to modulate high focussed |
eioctron bheams has yet to be assessed.

The two situations in which the light beam has advantages are when

i +s required to inject carriers deep into the material (unlikely in the
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present application) or when it is necessary to study the effect of
ambient gases at relatively high pressure (1. e, approaching atmospher.i)
on the breakdown properties, With these problems the use of the SEM

5 limited to penetration depths of about 204 and to gas pressures of

the order of a millimetrz of Hg,

6(b) Comparison between the SEM and the infra-red microscope

The IR microscope measures relative temperatures with fair
accuracy, with resolutions down to 7{‘* . The measurements are some »
what laborious. The method is sensitive to a.t_:out 1°C but care 18
required if absolute measurements of temperature are required,
particularly in regard to the use of the correct value for the sur face
emissivity. Thce SEM can only give information about temperature
distributions indirectly, i.e, by studying the spatial and time variation
some temperature dependent effect and, from the known temperature
coefficient, estimate the temperature variation, So far the quancitative
application of this technique has only jus* begun (15), In the present
problem we can, in principle, use the temperature dependence of the
avalanche process to investigate the temperature variation, Before we
can fully exploit the resolution, the speed and ease of scanning of
electron beams we have to use the infra red microscope to establish the

worth of the SEM in this application and to calibrate the method. Tt is

&

© it s
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most lik ely that, in the immediate future, the SEM and IRM will
be used in a complementary manner in much the same way as the

SEM and the X-ray microanalyser are exploited.
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Captions to figures

Figure 1,

Figure 2,

Figure 3,

(a) Schematic illustration of the use of electron
beam induced carriers to give a charge collection

current, (b) showing how, under non-avalanching
conditions, each pair drifts under the effect of the
local field, (c) showing 2 contrasting situation

under avalanching conditions in which the initial
pair areaccelerated by the field and cause further
pairs (indicated by small carriers), (d) and (e)
showing how tunnelling can, in principle, complicate
the interpretation of localised multiplication studies;~
(d) idealised variation of junction thickness leading
to both increase in local multiplication and field
emission, (e) corresponding variation of

multiplication,

(a) A first approximation equivalent circuit for the
charge collection process, showing how the internal
excitation current, Icco’ is related to the measured
current, I . (b) Schematic drawing show how the
measured current (under constant excitation) can vary

as a function of applied voltage

(a) and (b) deflection modulation displays of the charge
collection signal under non-avalanche conditions from

two planar diodes, (a) V = 0 volts, (b) at 'knee!

applied
in VI curve, (c) Multi-exposure comparator display



Figure 4,

Figure 5,

30,
of similar diode Vapplie q4° 9.91 volts, comparator
set at 0,19 volts then increased by 0,1 steps up to
3.19 volts at centre,
(d) A conductive micrograph of a microplasma array
taken under noisy conditions with normal intensity
modulation display, (e) Same as (d) but taken with
contour system, (N, B, The 'tearing' on this micro-
graph is due to the scan generator having limited

performance at slow line scans),.

Illustrating the contour plotting system (9).

(a) typical continuous signal showing how it can be
divided up into equal increments at B, C, D etc,

(b) quantised version of the signal shown in (a) obtained
by counting the points B, C etc., and storing the signal;
(¢) resultant signal obtained by compounding (d) with (b)
in antiphase, (d) to (g) actual system in operation,

100 c. s signal, 3 volt steps output, clock frequency -

400 k c; (d) input signal = .2 volts, 4 steps, second trace
shows counting pulses, (e) as (d) but with the second trace
showing the quantised signal; (f) input signal = , 85 volts,
16 steps; (g) limit of satisfactory behaviour, input signal
= 2,4 volts, 48 steps.

Block diagram showing how the signal from a given

location can be plotted a.s a function of bias.



Figure 6,

Figure 7,

Figure 8,

Figure 9,
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(a) The behaviour of the measured charge collection
signal as a function of bias, when thermal effects are
unimportant; (b) As (a) but for the case where Joule
heating introduces inertia into the curve; (¢) block
diagram showing how conductive micrographs can be
obtained with a pulsed system in order to study the role

of thermal effects,

Schematic diagram of the time scales of the various

processes contributing to the charge collection process,

Nlustrating how localised variations in breakdown voltage
can lead to variations in noise behaviour,. (a) The idealised
distribution giving that I'i noise law; (b) the presence of a
continuous 'tail' giving departures in the I'% law; (c) the
presence of subsidiary peaks giving in the noise curve

and (d) 'microplasmas' giving noise peaks at lower currents,

Complications due to beam induced oscillations in devices
biassed at or near to breakdown. (a) the device studied,

(b) charge collection micrograph of the collector base
junction at V = 93 volts (the 'knee' in the VI curve and with
fast line scans (arrow indicates the direction of the line
scan); (d) and (e) are micrographs taken under similar
conditions to (c) but with slow line scans; (f) to (h)

similar micrographs to (d) and (e) taken at suitable line
speeds but with different circuit conditions, (f) with emitter
base short-circuited, (g) with emitter base forward biassed

and (h) with raster scan directions rotated through 90°,
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