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Application 3. Thermal runaway in multi-finger power transistors.

1. Introduction

In a previous report (1) we outlined the ways in which the

dependence of avalanche processes upon temperature may be made
to give information about thermal effects in transistors. In this
report we describe the application of the SEM to the study of thermal

effects under non avalanching conditions. The device studied is a

developmental high frequency, silicon-planar, power transistor,

which is subject to 'thermal jumps' above a certain power dissipation.

To be specific the device is the developmental XK523 made by STC
Footscray. If the emitter current is gradually increased with a

. constant collector base voltage, V ., a sudden decrease of about 50mV

cb
) - occurs in the emitter base voltage, Véb‘ ‘When the emitter current
] -is subsequently reduced Veb will suddenly increase to its previous

-value at an emitter current slightly below that at which it fell initially,
At relatively low collector base voltages this change is reversible
and no degradation of the device occurs provided the sink temperature

~is kept low, If-the collector base voltage is increased too much or the

sink temperature allowed to rise permanent damage can result. The

current at which this effect occurred varies from one device to another,




-2 -

A working model of this effect can be summed up by saying that

the 'thermal jump' represented by the sudden decrease in V b
e

represents an initial reversible stage in the build-up of a hot spot

~ which leads first, to current crowding and, finally, to irreversible

thermal runaway.,

- This affect represents a reliability problem of some generality
as the physical mechanisms involved are also important in second
breakdown. El:ilis problem is one in which the scanning ciactron
microscope can, in principle, be used to complement electrical
measurements.| However, if this technique is to be applied to problems
of this nature, it has to be extended in the sense that new temperature
sensitive contrast mechanisms have to be established, pulse techniques
have to be applied to problems of this nature, and the stability and
safety of devices operating at high currents have to be considered.

T he following sections describe the experience gained in this type of
‘work. After an initial description of the experimental method used,

the report|describes first the results of a search for a temperature

-dependent contrast which is operative under non avalanching conditions

and then outlinés an7
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attempt to observe 'hot spots'! directly in the SEM using a water

cooled stage, [\The report also describes a study of the rnéchanica.l

defects built=in the device. Included in the work is a discussion of

initial confirmatory measurements made on other devices to

establish either the correct interpretation of thé results described
or to illustrate the generality of the results. As the work was

incomplete at the time of writing this report//(should be regarded as

3 progress report rather than a completed study.

2. Experimental methods

(o 2t s bt

The devices used had the configuration shown in figure 1(a)
and were mounted in TO3 headers which were, in turn, mounted on
a heavy-duty heat sink, It was found ne cessary to provide a water-
cooled specimen stage for the SEM in orderrto keep th’e sink temperature
low while the device was dissipating up to 30 watts in the SEM vacuum
chamber, The circuits used to examine the device in the SEM are
shown in figures 1(b) and (c), Using these circuits it was possible to
examine the charge collection behaviour at the enﬁitter-base and base-

collector jun. ous as a function of bias and current level. To obtain

some indication of the relative temperature we monitored the value of
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Vb vequired to give a certain emitter current, Most of the initial

e

work was done using the circuit shown in figure 1(c),  Afteran
examination of the device to deterinine the nature and extent of any

‘mechanical faults present the followirig types of studies were made:-

A, Before the oc:curirenceborf th_e tiheriha‘l Jump,
(1) A given emitter current is passed through the device
until V_
s e

b’ which is continuously monitored, has dropped to a constant

value, Then a micrograph is taken of the device with the curwent

,fl'owing through the device.

(2)  The curvent is then removed énd the tér’hpératu.x:e,a"ll()wed.

to drop, V . is monitored. ‘When. 'V'eb has risen to a suitable value -

a micrograph is ta,k’eni)vith the emitter -base ‘Juiicﬁ on shorted.,

is measured again and a mean value of Véb G0 espond.

‘Aftervx}a:rds V ,
, g éb

ing to the inic'rograph was tﬁéréfbre obtained.

(3) = Ounce a general picture had been obtained by taking
suitable micrographs move detailed studies were made by uge of line:
-~ gnavg, in which the electron beam is constrained to scan along a

§

prése}.ectﬁd ].ilie and the reﬁsixli;aQnt éhaﬁi?ge cidlle‘;cti():ix} sxgnal fed to thc,

axis of an xy recorder while the distance signal is fed to the x axis.




B,

In this way plots of the charge collection current, lcc’ as a furction
of distance can be obtained and compared with infra red observations,
B, After the thermnal jump had occurred;

(1) Micrographs, line scans etc. were taken of the “hz g
collection signal from the collector-base junction of the "jumped
device under as wide a range of current and bias conditions as p
compatible with device safety i, e. under conditions such that the
thermally-induced changes are reversible,

(2) Devices that had been permanently degraded, either with

intent or inadvertently, were examined so that the nature of the danieg-

and its relation to the reversible changes was recorded,

2(b) Infra red microscopy

We used a Barnes infra-red microscope in these studies, [ h«
mode of use of this instrument was conventional an ' will not be des< -
here. In the bulk of these initial studies we were only concerned with
lative estimates of the temperatures and so were not concerned wiftl

calibration troubles arising from uncertainties in surface emissivity

To study the relative thermal behaviour of the ‘fingers' the total »ad s
failling within the collection angle of the microscope was measured a¢ =

function of position along each finger under stable conditions. Due

o



was taken to stay within the Al strip along each emitter finger,
Subsequently we made measurements on devices which had
P
had a carbon film (~400A thick) evaporated onto them, This film did

lead to an increase in leakage current flowing through the device under

a given bias, but the fractional increase in wattage is small,

3, Experimental results

3(a) Initial search for variations in electrical behaviour along
the emitter fingers

We examined the charge collection signal from the collector
base junction using the circuit given in figure l(c). By using relatively i
bigh beam currents we were able to detect differences in charge collection
behaviour along the various emitter fingers. Figures 2 and 3 show a
typical set of observations. The device had been heated by passing an '
emitter current of . 19 amps through it with a collector bias of 26 volts,
The device was allowed to cool and micrograpus taken as a function of
Veb (to give .19 amps) with the emitter and base shorted. As the device
cools the very bright, white signal observed in the emitter fingers decavys
away until the emitter fingers reach a uniform 'grey' against the ‘off
white' signal from the base area, See figure 2(i) which is typical of the

cold device with no emitter current flowing, The main point about the
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bright signal from the emitter fingers 1s that it differs in extent,
in position, in persistence from linger to finger and in the temperature
at which it becomes apparent as the device 1s heated, This effect is
reversible and occurs at emitter currents well below that at which
the thermal jump occurs.

For completeness we have shown (in figure 2(j)) the etffect of
mcreasing the emitter current without any associated heating ef fect.
The main effect, compared to the zer§ current case shown in figure
2(1), 1s to tucrease the signal from the emitter region compared to the
base arvea, In this case the signal, although increased, is much more
uniform over the emitter area. Only when heating occurs does the
signal vary greatly along a given finger and from finger to finger,

It is important to establish whether this temperature sensitive
contrast is of importance in thermal runaway problems or whether it
has a trivial origin. It i1s therefore convenient to consider the inter-
pretation of this contrast at this point,

3(b) Initial interpretation of the 'temperature sensitive' contrast

The ‘off-white' signal characteristic of the base-collector
jnnction remote from the emitter fingers occurs by the mechanism

mavked 1 in figure 1(d) i, e. the electrons collected by the collector flow




to earth through the preamplifier and the holes gathered by the base
region are neutralised by flow through the base contact. (Process 1
in figure 1(d)). In the absence of an emitter current (figure 2(i))
this process is impeded near the emitter junction probably because
the emitter base junction impedes the diffusive flow of electrons to
the collector base junction from above. However, when the device
is cold but the emitter-base is forward biassed (figure 2(j)) (i.e. an
emitter current is flowing) then the holes collected by the base near
the emitter can flow to earth by being 'minority carrier injected'
across the emitter base junction, (Process 2 in figure 1(d))., The
presence of this relatively high conductance path leads to a local

increase in the charge collection current. So far the implication is

that the base impedance plays an important role. The question arises

as to whether it plays a rol¢ . .he 'temperature sensitive' contrast,
It is thought that the temperature sensitive contrast arises
because, as the temperature of a given finger increases, the probab-

ility of minority carrier injection at a given location increases so

the observed charge collection signal from the base collector junction

in that region will increase. All these effects, the temperature

dependence,the effect of a self biassed and forward biassed emitter -

S - ;- ———y o——; — — —— W—
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base junction - can be summarised in terms of figure l(e). The

self biassed emitter base junction affects the short circuit current,
Icco(z) at a given location z. A forward biassed emitter-base juaction
leads to a large reduction in Reb (zT) and so to an increase in Icc(z).

An increase in junction temperature also reduces Re (zT) and so

b
increases I (z).
cc

The relative magnitude of "he enhancement of the charge
co'lection signal by minority carrier injection at the emitter junction
depends on the magnitude of the base resistance Rb (zT). As the
magnitude of the base resistance is considered to be of importance in
t hermal runaway there is liope that we have here a method of examining
the localised aspects of thermal runaway. To confirm this idea we
examined the charge collection signal from the emitter base junction

under the same bias conditions,

3(¢c) Confirmatory studies of the above interpretation

Using the circuit shown i= figure 1(b) the series shown in figure
‘P was obtained, The first micrograph was obtained with zero emitter
current and outlines the emitter base junction area. Figure 3(b) was

taken with IE = 170/‘a and apart from being slightly less intence there

1s no significant change. This decrease in signal from a forward biassed
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junction is typical as has been shown by other independent experiments
on forward biassed diodes (2). Figure 3(c) however, shows a definite
decrease in the signal from the centre of the emitter fingers, This
decrease continues with increasing emitter current until, in fact, the
signals from the centres of the emitter fingers and from the main
emitter centre strip become black or negative, This is jusi the behaviour
predicted on the inferpretation given above., Firstly, there is normal
charge collection at the unbiassed emitter base junction. At small
forward biasses this signal 1s reduced by minority carrier injection,
This mechanicam can result in a diminution of signal but cannot result

in a reversal of the signal because the charge collection signal cannot be

o

W‘\r_----——-——

&

%—_ less than the compensating minority carrier injection, To account for the

E

£ change of sign we ha. to consider the behaviour of the adjacent base

%; collector junction, When the emitter is forward biassed the charge

S

ié collection signal at the collector base junction takes the path through the

£ emitter discussed in section 3(b), and so flows through the preampl-fier.

: As this signal opposes the charge collection signal at the emitter base

junction, it first reduces it, then overwhelmms it, i,e, leads to a 3

- reversal in sign. i
|
H

E
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I* 1s therefore reasonable to conclude that we have established
a means of studying variations 1n base resistance along the emitter
fingers of a multifingered device. This method i1ssimilar tothat already
used 1in surface barrier studies (3) The next problem 1s how to apply
1t to the present problem of the 'thermal jumps' observed in this
transistor In order to do this, 1t 1s important to establish whether we
can relate these varmations to temperature differences or not.

4. Imtial infra-red maic roscopy

4(a) Comparison between SEM and IR studies.

We made comparison studies between the SEM studies on a given
device and the relative temperature distribution as measured by the IR
mic roscope. In this case the device was examined with its surface
untreated 1. e. emissivity unchanged., The SEM observations are shown
in figure 4(a). It can be seen that the fingers give a variety of behaviour
but the two main groups are those which give a near uniform signal

along the length of the fingers and those which give a peak signal near

the end of the finger, We shall see below that this is an oversimplification

but 1t will suffice for the present. Figure 5(a) and (b) shows relative

Iy
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fempetabure measurements made belove the SKKM studies, We

are cancernod bere with the essentially horizontal parts of these

curves Lhe apparvent rapid rise m temperature at the tinger ends

15 probably dice fo the fact that the emmssivity changes from that of

the Al strip £+ that of the oxide ILhe drop in temperature along the

centre ‘apline’ 18 probably genuine as the emissivity of the spline

14 the same as that of the fingers, I'he probable cause of this

dropas the prescnce of the hive substantial Au bonds and the

asso-iated thermal conduction and nett increase in surface area,

It 12 not possible o detect any correlation between the charge collection

bebavionr and the relative temperature studies, Neither the temperaturve

distribution along the hingers nor the average temperature bears any

discernable yelation to the varniations observed in the SEM, The mean

Lemperatures are shown an Table 1. In considering the results shown

tigrire D oand Table 1 it should be remembered that the bonds can
ihivante rgept some of the radiance from some lingers and so can

eliect the measurements from the right-haud fingers. lu general terms

«v trom these yesults that the variations along the fingers are

0 00 M0

S=:c sder of 12% which is about 3 times the random error and that

it
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Table | Measurements of relative temperature of the emitter

fingers of the device shown in figure 4,

Finger number Maximum Minimum Mean
relative relative relative
———— temperature temperature temperature
29 34 32,5 33.0
27 35:0 34.0 34.5
25 350 34.0 34.5
R 36.0 33.5 35.0
21 35-0 34.0 34.5
19 35.0 34.0 34,5
17 3.5 315 32.0
16 32,0 29.0 31.0
14 32. 5 30.0 =D
EZ 34.0 31.0 3255
10 33,0 29.5 31.5
8 3355 295 31.0
6 34.0 31.0 32;5
1 32.0 30.0 31.0
- S 29.5 30.0

these small variations do not correlate directly with the variations

in charge collection, To check further on this absence of correlation
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we examined a group of four fingers in more detail. The fingers
hosen were 2! te 24, In this group 2 of the fingers gave a low but
uniform signal (fingers 21 and 24) and the other two gave a varying
signal particularly finger 22, To remove one cause of uncertainty -
the fact that the observed changes were only a few times the probable
error  we heated the device to a higher temperature and obtained
the plots showr in figure 5(c). The shape of the curves are
remarkably ssmilar in all four fingers, Only in the maximum
temperature s there any indication of the variations seen on the
conductive mic rographs. 1n that the most uniform finger has the
lowest temperature of the four, while the finger with the most
variation in signal has marginally the highest temperature. In fact
the maximum temperature cerrelates with the variation in charge
collection signal for al! four fingers, but the variaticns in maximum
temperature are small. To attempt to put some figures to this
correlation we obtained line scans along the fingers.  Some of these
line scarg are shown 1r figure 6, If we plot the maximum fractional

variation in ] 4ganst maximum temperature we obtain the results

i table 2, As the variation in maximum temperature is of the order of

et
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Table 2. Maximum temperature against fractioral change in [

CC

1 i " te = n 3 .M o = n
Finger M/Imax max" temp, "(a) max"temp. "(b)

21 .26 49,5 63

22 . 425 50. 5 62,5

23 .40 50.0 63

24 . 164 47.5 61

the experimental uncertainty we repeated the relative temperature
measurements at a higher temperature (see final column in table 2).

It is apparent that the correlation needs further substantiation it it

is to be upheld., The position 1s best summarised by saying that wherec
there are significant temperature differences (between finger 24 and the
others) the variation in charge collection signal 1s less in the
cooler finger, When the temperature changes between fingers are not
sufficient to be detected there arve still si gnificant variations in charge
collection signal, Leaving aside the detailed cause of these variations,
it appears that the model necessary to explain these observations can be

stated as follows:-
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up to the power levels studied so far the temperature variations

in the fingers is small, (There is a slight increase in temperature
towards the centre of the device. See fingers 23 and 12 ), Whare
there are small but significant differences in temperature the cooler
fingers give a weaker but more uniform signal than the hotter fingers
in agreement with the ideas discussed in section 3(b)., We shall
return to this topic in section 5(b) where we consider the behaviour in
the 'jumped' condition. First it is convenient to consider the possible
role played by mechanical defects in c7using these variations between

the fingers.

4(b) Efect of mechanical defects

The charge collection signals from the collector-base junction
and the emitter-base junction were examined under a wide range of
conditions without sufficient power dissipation to cause significant
junction heating. The only mechanical defects found are illustrated in
figure 4. In figures 4(d) and (e) it 1s apparent that the signal from the
emitter fingers and from the central spline indicates a distribution of
linear regions of reduced signal having a three fold symmetry., This

signal distribution indicates the presence of diffusion induced slip (4)

| TR
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owing to the lattice misfit arising from the use of high doping
levels, We examined over twenty fingers on three devices to
establish whether variations, either in density or distribution, of
this diffusion induced slip could be related to variations in the
temperature sensitive contrast observed in the emitter fingers.
It was found that the distribution of diffusion induced slip was
remarkably uniform and that the variations in the temperature
sensitive signal from the emitter fingers could in no way be related
to variations in the slip pattern., Since this was the only type of
microscopic defect observed it was reasonable to conclude that the
underlying cause of the observed contrast is related to variations
in degree of some property such as doping level, bulk resistivity
etc. rather than the presence of some localised defect.

To sum up the data obtained in the 'pre-jump' mode:;-

There are temperature sensitive contrast variations observed in
the emitter tingers. These variations are probably associated with
variations in base resistance, It is possible that the observed

variations are due, in part, to variations in temperature but further
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work is needed to substantiate this claim, For the present it ie
more important to sce if we can establish any contrast features
associated with the thermal jump.

5. Direct observation of a reversible thermal jump

5(a) General

The method of examination consisted of

(a) mounting the specimen device on a suitable heat-sink and
examining the electrical behaviour in air as the emitter current
was increased until the jump had occurred.

(b) Once a clear idea of the jump (- the current at which it
occurs, its magnitude and the stability of the device after the jump -)
had been obtained in air the procedure was repeated in the more heat
constricting environment of the SEM vacuum chamber using a water
cooled heat sink to reduce the case temperature,.

(c) Subsequently conductive micrographs were taken of the
device at low currents, and at high currents just before the jump
occurred.

(d) Finally contrast features associated with the jump were

sought.
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5(b) Contrast due to reversible thermal jumps

Cousider the observations shown in figure 7, The device chosen
was a particularly uniform one from the viewpoint of the nearxly
identical contrast observed in the emitter fingers, This uniformity
can be seen from figure 7(a) which is a charge collection 'map' taken
of the collector-base junction with a small emitter current flowing
through the device. As the emitter current is increased the observed
signal drops, the enhancement of signal at the ends of the emittar
fingers decays and signal from the whole of the emitter tinger area
becomes increasingly uniforin, This situation persists until the jump
occurs at which point a region, usually including several fingers, will
suddenly give a reduced signal, Figure 7(b) shows such o region for
the device being considered. These roglons often occur neay to the
centre spline and away from the finger ends. A close éxamination of
this region of darker signal shows that the main change compared to
the signal before the jump is fhat the signal from under the emitter
fingers is reduced., The shape of these darkened areas ig often an
elongated circle or ellipse, In the aa.ée illustrated in figure 7 the
dark vegion extends further down the side of the centre spline as the

emitter current ig increased. This elongation can be seen in figures
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7(b) and (f) which were obtained at constant collector-base
voltage. On the other hand, if the emitter current is kept
constant and the collector base voltage is increased, the area
of darkened signal does not increase in extent as can be seen
from figure 8. In this case the increasing power density
appears to be dissipated through a constant area and so,
eventually, the device runs away.

It 1s obviously necessary to confirm whether the darkened
region observed when the jump occurs is associated with a
temperature change or not. In order to do this we made
relative measurements of the surface temperature of the device
shown in figures 7 and 8 in both the non jumped and in the jumped
condition, These observations consisted of making measurements
of the emitted radiance from various points on the emitter fingers,
Care was taken to keep the optical system imaged on the emitter
metallising. In this way, although the emissivity was unknown, it
was constant throughout the measurements. These measurements

are shown infigure 9. Figure 9(a) represents a drawing of the
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emitter avea, 'The number at a given location represenis the
racdiance from thal area after the jump bad occurred, [l 18
apparvent thai Lhe region of darkened sigoal in higures ((b) to (i)
does correspond to the mcipient runaway region or hol spot,

The data plotted in figure 9(b) represents the obegerved radian: ¢
plotted as a function of position along the hottest finger (1hat
marked AB, in figure J(a)), I'be curve outlined by the square

data points 1s indicative of the general level of the fingers i (hs
area prior to the jump, The estimates of temperature made pr o
to the jump were insufficiently accurate to tell whether theve was

a temperature gradient along the specimen aor not prier to the
thermal jump, We theretore have little or no indication as to why
the jump occurred in the region it did, The only pertinent commen!
we can make about the site of failure of this device is to note that 1t
did not fail at the hottest finger, The hottest finger was number
three whereas the damaged area occurrved in finger 2 and above

( see figure 8), Therefore observations of damaged arere do nol

always give direct indications of the site of the initial cause of {2 ure

A 0 It s a1
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One other observation was made, It is not apparent from figurd
7 and 8 whether tl ! | continues Lo decrease as the wattage 1s

increased, as the signal in the relevant area is small and changes
are dilficult to detect Further studies, however showed tha

the darkened area extends the signal reaches a mnimum ne

centre of the initial area and that this minimum gets lower as the
power is increased I'he itmiphceation 1s that the darkening (or
drop in signal) increases monotonically as the temperaturc in L5

Although the above results establish that 1t is possible te observe

reversibie hot spots under non avalanching conditions several questions

remain, Particularly important is an understanding of why the hot
spot occurs in the areca it does, To seek an answer to this question
we made the radiance plots shown in figure 10, The data in figurc

lU{a) were obtained before the thermal jump occurred., Whereas the
observations in figure 10(b) were obtained after. The heavy number
in the circle corresponds to the finger number shown in figure 12
Figure 12 shows charge collection micrographs ol the device bel

and after the thermal jump has occurred. (Mote figure 12 15 priated

in a mirror image relationship compared to figures 10 and 11). Uiy

)
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small numbers in figure 10 indicate the radiance at the particular

point, Figure 11 shows the contour maps obtained by inspection
from these data, Two features are apparent, One point is that
there is a substantial temperature variation prior to the thermal
jump and that this variation occurs over a region which is large
compared to the individaal fingers, The second point is that the

temperature maximum after the jump has sccurred doegs not

coincide with the region of highest temperature prior to the jump.

Obviously with only one set of observations it is premature to draw

conclusions, but the result 1s significant in that the differences

cannot be accounted for in terms of experimental error,

5(c) Physical mechanism whereby thermal jumps are observed

It is important to e stablish what physical parameter is being

used to observe the local hot spots. To determine this we

mmitiated a series of measurements of the temperature dependence

of the charge collection signal first from an 1solated junction, i.e.
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avoid all coupling action. The initial measurements are shown in

figure 13,
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These were obtained from a planar guard-ring diode having a

(A N

breakdown voltage of ~22V. The device was heated up uniformly in
the SEM by means of a special heating stage, the temperature being
monitored by means of a thermocouple located close to the TO5

header on which the device was mounted. It is apparent that for an

I

the charge collection signal tends to increase with temperature up to

Tt

ZOOOC and then to decrease,

In the experiments reported here, the power transistors were

el

o perated with VCB =25 40V, this junction having a breakdown voltag:

i excess of 100V, No evidence of the signal level from the collector

A

base junction increasing with device temperatire was observed. Thus

|
I
'
I
'
isolated p-n junction, at bias voltages up to~ 3 of the breakdown voltage, '
|
!
l
l
it appears that the me chanism which leads to the SEM observation of l
hot spots in transistors under normal operating conditions depends on
the presence of the forward biased emitter base junction. In order to '
enquire further into this mechanism, a hot stage is being constructed '
for the SEM which will enable a TO3 header to be heated uniformly
|

from an external supply while the device is being operated at low bias

values, In this way, the effect of temperature on the interaction between E

A0 A 0 o
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the two junctions can be studied.

5(d) Conclusions on the observation of thermal jumps

The IR microscopy measurements conlivin that the contro s
changes scen in the SEKM when the power dissipated in the transisiog
reaches a critical level are associeted with a4 veversible (herma!
jump, The indications are that the dvop in signai scen at the b
spot is a measure of the temperature distrvibution, but exact cor el
has not been confirmed, and may necessitate mounting the TR mic rosc ope
on the side of the SEM so that simultaneous observations can be madec,
The exact mechanism which gives rise to the observed contrast ai
the hot spot is not tully understood, and further experiments ave nundo
way to elucidate this., Preliminary resuits wdicate that it is a function

of the proximity of the emitter base junction to the collector bage jurot oy

-

6. General conclusions

The application of the SEM to the study of thermal effects in powe s
transistors has resulted in two new forms of contrast in the conductive
mode¢, The first is seen at low power dissipation and is associated watl
the microscopic variations in the base resistance under the emitter tivoo:

The second form of contrast is sceun at higher power levels when thed

T A 0 0 e

/
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performs a reversible thermal jump, and is associated with the
formation of a hot spot as confirmed by IR observations.

The extent of these hot spots has been studied as a function of
the power dissipated in the device, and is shown to differ depending
whether the emitter current or the collector base voltage is increased
to increase the power dissipation. The cause of the hot spot, i.e,
why one particular region forms a hot spot as opposed to an
apparently identical adjacent region, is not irnmediately apparent from
the IR or the low power SEM studies, and further work on thi s will
include a systematic study of a number of devices to establish a

statistical relationship between the various results obtained.
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Captions to Figures

Figure 1

Figure 2

(a) Schematic outline of transistor illustrating emitter
fingers.

(b) Circuit used to obtain charge collection signal from
the emitter base junction.

(c) Circuit used to obtain charge collection signal from
the collector base junction.

(d) Illustrates the competing paths for holes created by
the beam in the base region of the device ( for details
see text.)

(e) The equivalent circuit used to illustrate the factors
on which the charge collection signal depends (for
details see text),

Charge collection micrographs obtained from the
collector base junction (fig. 1(c)) as the transistor cools
down after being heated bv a current of 0, 19A at VCB =
26V, The mean temperature for each micrograph was
estimated by momentarily applying an emitter current

and measuring VEB

before and after each micrograph was




e )

Figure 3

Figure 4

taken. VEB at room temperature was assumed to be

677mV and AVEB = 3mV/°C. The values so obtained

were:
= 5 — = 4
(a) VEB 40.1c'>nV (b) VEB 4251(‘)nV (c) VEB 138mV
T = 418°K T = 410°K T = 404°K
(&) Vop = 450::\[ (¢) Vpp = 469?v (f) Vg = 476mV
T = 399°K T = 391°K T = 387°K
@ Vgp = 496:)nV () Vgg = 506:1v s 523:nv
T = 379°K T = 375°K T = 367°K

(j) shows how a similar white signal is brought up by passing

current through the device; VEB = 460mV, T = 395°K.

Charge collection signal obtained from the emitter base junction,

(fig. 1(b));

(a) WithI =0, (b)I_ =10744, (c) I = 20044, (d)I = 839,':A,

(a) Conductive signal obtained from the collector base junction

of the transistor as the device is cooling down with V = 20V,

CB

IE = Oma, VEB = 341+401mV, For convenience, the emitter

fingers were numbered from 1 to 32, i to 16 being on the right

of this micrograph starting at the top, and 17 to 32 being on the
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left starting from the bottom.

(b) Higher magnification micrograph of the device obtained
under similar conditions as (a). Fingers 21 to 24 are
arrowed, the lowest being number 21.

(¢) Conductive signal obtained from the collector base

18.4V,

junction with IE = 130ma, \ = ,425V, V

EB CB

(d) Signal from emitter base junction with I 0 showing

E

the defects observed. The arrows emphasise the direction
of these.

(e) Higher magnification of part of (d).

(a) Relative temperature measurements made by IR
microscopy along the fingers of the device shown in figure
(4). The numbers in the circles refer to the emitter fingers.
(b) as (a) but on the right-hand side of the device. The
greater variation is possibly due to the emitterwires inter-
cepting some of the radiation.

(c) IR measurements of fingers 21 to 24 (compare figure

4(b)) with the device dissipating greater power.

g
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Figure 6

Figure 7

Figure 8
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Quantitative measurements of the information contained
in the micrograph of figure 4(a), along the centre of the
fingers of the left -hand side of the device.

Charge collection signal from the collector base junction

as I__ 1s increased,

E
(a) shows the low power case with IE.—. lma, VEB = .460V,
=35V,
VCB A%

(b) - (f) micrographs of the device in the 'jumped' condition

as IE is increased.

(b) I =.56A, V=29V, V__ =.545 - .496V.

(c) I =.7A, V =28V, V= .545 - .480V.

(d) Iy =.8A, Vo =27V, V= .545 - .480V.

(e) Iz =.95=-.98A, Vo =25V, V__ =.545 - 475V,
(f) Ig=1.05-1.1A, Vo =25V, Vo = .55 - .47V,

(a) = (c) Charge collection signals from the collector-base

junction with IE = 0. 56A and VCB increasing.

(d) and (e). Charge-collection micrographs showing this

same device after it had been irreversibly damaged by

increasing VCB




Figure 9

Figure 10

Figure 11

Figure 12
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(f) Emissive micrograph of part of the damaged region
showing where the Al contact has melted.

IR measurements of the temperature distribution on

the device shown in figures 7 and 8.

(a) Radiance measurements at locations along the emitter
metallising with the device in the 'jumped' condition,

IE = 0.56A, VCB = 30V,

(b) Radiance measurements along ABCD in (a) - fingers

30 and 3. The values indicated by squares represents the
radiance signal obtained just before the jump, with IE -
0.53A,

Radiance measurements on selected fingers of a device.

(a) Immediately be fore the jump.

(b) Immediately after the jurnp had occurred.

Radiance measirements on various finger: of a devire,

(a) Before the jump has cccurred.

(b) After the thermal jump.

Charge collection maps of the device shown in figure 11,
=0.71A, V

(a) Just before the jump occurs, I = 30V,

E CB

VEB =.675 - .66V,
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(b) Just after the jump occurs, I_ = 0.71A, V — 30V,

E C

VEB =,7-,685V,

(c) Increasing emitter current, I_ = 0,75A, V B = 29.5V,

E C

VEB =,72 - ,705V,

(d) Device allowed to warm up slightly, IE = 0. 75A,

Vep = 295V, Vo = .69 - 675V,
(e) I =0.8A, V o =29V, Vo =.69 - .68V,
(f) 1= 0.85A, V= 28.5V, V__ =.69 -.68V.
(g) 1g = 0.9A, Vi p =28V, Vo =.69 - .68V,

Graph of the average charge-collection signal across a
guard-ring diode junction as a function of temperature
for various values of reverse bias. Device breakdown

voltage = 22V,
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Applications (4). Application to assessment of ion implanted diodes

1. Introduction

In devices which are free of gross inhomogeneities we can use the

SEM to study the variaiions in junction uniformity across the junction.

This method can be made very sensitive if the device is studied under
a avalanche conditions. If we ignore edge effects and assume that the

resistance of the surface skin is so low that the voltage drop across

the surface layer is insignificant then we can assume that a constant

voltage equal to the applied voltage exists across each element of the

junction. Under these condi’:.:as a fractional change in junction

. AW . . . e
width, W creates an equal fractional change in the electric field.
Since the multiplication is a sensitive function of the local field it is,

in this case, a sensitive function of the junction width. To test this

i
i

idea we studied an ion implanted diode and compared the results

obtained with the data available on diffused diodes.

2. Specimen and initial results

The specimen used was an early experimental mesa diode about
400 in diameter made by implantation of P into n -type Si of resistivity
5Q cm, The device was examined at room temperature in an ion pumped

SEM at a vacuum of 4 x 10'"7 torr., The salient features of the
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observations are given in figure 1, It should be stressed that these
are observations made on an early device and that the technique has
improved since its fabrication. The fact that this is an early
experimental device leads to two effects which should be clarified at
the outset, In figure 1(a) it is seen that there is a dark, 'flow =pattern’
like region about the bond. This loss of signal is caused by the bonding
method used at that date and in no way reflects on the quality of the
junction as made by ion implantation. Secondly, it can be seen that
there are regions of signal cutside the mesa. These have two (.uf’igi‘ns°
One is associated with localised breakdown at the mesa edge and the
other is caused by a beam induced inversion of the p-type substrate.
These two types can be distinguished on purely geometrical grounds,
the edge breakdown occurs randomly round the mesa edge, while the
beam induced inversion has essentially rectangular shapes arising
from the superposition of several rasters and line scans. Again these
effects have no significance in assessing the quality of the junction as
made by ion-implantation.

The quality of the ion implanted diode can be judged from vthe signal
within the mesa area. This signal can be seen to be remarkably

uniform in figures 1(a) to (¢), which were obtained at bias voltages

:
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before the 'knee' in the current-voltage vharacteristic, Figure 1(d)
was obtained at or about the 'knee' which occurs at about 140V.
Figures 1(e) to (h) were obtained at biases beyond the knee in the
curve and do show some variation in signal. In particular there is
a region in the bottom centre area which breaks down at a slightly
lower voltage than the bulk and which represents the main siénal
variations. A more detailed examination of the anomalous area
showed that a possible cause of the observed behaviour was the
presence of two dislocations in the centre of this region, Figures
1(i) and (k) show these defects in more detail at biases of 0, 142 and
145 volts respectively, We cannot be certain that these defects are
the cause of the observed variation. To do this we have to make
further measurements, Such measurements depend at present on
the availability of further devices. Even if these defects are not
responsible for the major variation in signal beyond the knee these
diodes still compare favourably with those made by diffusion. This
fact can be verified by making quantitative studies of the charge
collection across the relevant areas,

3. Quantitative studies of the charge collection signal as a function
of bias

Figure 2 shows the relative signals obtained along preselected

lines on the diode studied in figure 2. The lines along which these
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scans were taken are indicated in the line diagram in figure 2(a).

It can be seen that prior to breakdown the signal is very uniform,
but after breakdown there is a variation which is at the most between
2 and 3 along the lines chosen. These lines include the anomalous
area referred to above. At first sight it may appear that devices
with spatial variations in junction behaviour of up to 2 to 3 times are
not very good. However, the sensitivity of the method should be
borne in mind and a comparison with diffused diodes made. With
regard to the sensitivity of the method we have shown inthe appendix
that for abrupt and graded junctions the fractional change in signal,
-éS—S- » between two elements of the junction is related to the

corresponding change in field, %

A8 | 'A{E.l_ |AW‘
Sl?MxE—MxW eq. 1

. AR
Therefore factors of 2 and 3 in signal imply values of :E‘- (= é%v) of

, by the equation

between 2 and 3% as M= 100 in these diodes. This figure for the
variation can be regarded as satisfactory as crystal resistivity is
only constant to this order anyway, The quality of this ion implanted
diode can be further tested by comparing it with a diffused diode of

good quality,
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Figure 3 shows line scans taken of an avala.n_,ch'e diode made by
proven techniques (1), Although the diode is about 50 times smaller
than the ion implanted diode studied the variations in charge collection
signal are larger, Variations of x 10 are not uncommon, With the
available data we cannot state that the apparently more uniform
behaviour of the ion implanted diode is due to the superiority of the
ion implantation technique because the substrates used in the two
devices had different resistivities, Even so, bearing in mind that the
ion implanted device was made in the higher resisitivity material, it
is likely that the improvemnent is largely due to the ion impla,n.tatioﬁ |
technique, However, it must be borne in mind that only one such

device has been examined to date,
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Appendix. The acansit;ivit:yj of thé‘dhazge :czbilection signal to

..............................

conditions.

Under avalanche conditions the charge collection signal, S, from

a given element is proportional to the effective multiplicatio~, M.
So the difference in signal, AS, between two elements is related
to the corresponding change in multiplication, AM, by

é.& = ..4.1.‘.’[.. eq. 1

S M
The multiplicafion can be related to the ibnization probability, ¢ ,
by

eq. 2

where W is the junction width. In the case of interest here we can
write o as a function the local field in terms of the expression

given by Lee et al (2). For Si we can write
o =Aexp{-[B/E]) eq. 3

with A=3,8x 10+6(cm'1); B

1.75 x 106(V/cm)
for electrons
3,26 x 106(V/cm)

for hole s‘

A=2.25%x10 (cm™});B

With this expression and using equation 2 we obtain

[




et

o |
Lo 1- 5 = / A expl -[B/E(z)] Mz eq. 4(a)
oo o
- wa exp[-(g.w. )] eq.4(b)
| ~ Tapp

for a step and graded junction respectively, where Vapp is the applied

voltage. From this equation we obtain

AV .

| VY L exp[~< )] eq. 5(a)
g max max

[;' = - KM W

( z for an abrupt junction where Ema.x is the highest field value and

AM_ AW 1 wB
M-M W (1 M) l'l v eq. S(b)

app

for a graded junction., Examine the case of the graded junction first,

i : Since we are considering situations in which M>>1, (1 - -iz)-* 1. Since

we are concerned with voltages near 7', the diode breakdown voltage

b we can write V =WE = .\7
app m

g ax b
Therefore
as oM oaw [ B
; s T m MYy [I'E ] eq. 6
A max

1 1 Because Emax ~3.5 % 105 V/m for Si diode with a breakdown veltage

of 100 volts (4) we have values of 5 and 9. 5 for

= for electrons
max




o7

and holes in Si respectivaly. As Emax varies very slowly with
doping level (5), we can also taken this value for the second diode
studied here which had a breakdown voltage of 20 volts, Therefore

we can write

AS

‘ AW
S aM’w l eq. 7

for graded junctions, Similar estimates for the abrupt junction
case made using the data in references (3) and (5), indicate that the
inequality given in equation 7 is valid for this case as well as for
diodes breaking' down at both 20 and 100V, These estimates also
show that the constant K in equation 5(a) is probably slightly smaller
as the breakdown voltage decreases. This result substantiates the
claim made in the text that the ion~implanted diode studied is
probably more uniform than the diffused diodes examined in this work,
It should be stressed that the analysis given here is approximate
and is given only to establish how sensitive the method of examining
junction uniformity is. 'The main approximations are (1) the
assumption, inherent in equation 2, that the ior;iza.tion coefficients for
electrons and holes are equal and (2) the tacit assumption in equation 1
that the difference in signal between two surface elements is due

entirely to differences in multiplication. This is equivalent to
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assuming that the local series resistances are equal or that we are
measuring the short circuit current, i.e. that the local series
resistances are small. It is intended to analyse this method more

fully at a later date.
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Captions to figures

Figure 1, Conductive micrographs of the 1on-implanted diode studied
in the text, The micrographs were taken under the
following bias c¢onditions;

(a) vV, =0

(b) v, =l2V

(c) V= 136,2V, < lya
(d) V, =139.6V, 10y
(e) V, =14L.3V, 60ya
(f) V, =142.1, 90ua
(g) V, =143.9, 1601a
(b) Vv, =145.6, 250pa
(1) v, =0

() v, - 42V

(k) V, - 145V

Figure 2, Line scans taken across the diode studied in figure 1,
- (a) shows the position of the line scans obtained, (b)
line scan taken along line aa' with bias of 130 volts.
- (c) to (f) were obtained at 140V, 141V; 145,1V, 200ua;
150. 7V, 420 pa respectively.

Figure 3, Similar line scans taken on a high quality diffused diode
(a) 0 to 5V, (b) 20,07V; (c) 21,17V, 42pa; (d) 21,49V,
~ 270va and (e) 21,84V, 0. 5ma. '
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FIGURE.2.
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