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Comprehensive testing is one of the major problems in the production

of l.8.i. : principally this is because of the small number of circuit
nodes which are directly accessible to the tester and the extremely long
input sequences needed for exhaustive testing.

A technique is presented in which information is injected directly into
the internal circuitry of an integrated circuit via a finely focussed
laser beam. The intensity of the light input is controlled by an electro-
-optic modulator, enabling data patterns to be inserted at high speed.
The laser beam power necessary to achieve this task in an i.c. is
dependent upon the circuit implementation: a small 2mW laser has proved to
be adequate for the testing of M.0.S. and IZL circuitry but more than
10uW is needed for some forms of T.T.L., E.C.L. and C.M.0.S.

The non-contacting, non-destructive laSer probe has also been used to
determine some features of the operation of the internal circuitry,
including measurement of transient waveforms, and two important

semiconductor parameters—diffusion length and lifetime.

Fault diagnosis with improved resolution can be performed quickly and
easily by using the moveable laser input and large savings in the time
taken for fault detection are also envisaged from this technique, ’
especially when used in conjunction with conventional automatic test

equipment.
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CHAPTER 1

INTRODUCTION




Te INTRODUCTION

Electronic circuits have been shrunk by modern technology to a
fraction of the sigze occupied by their predecessors, particularly since
the introduction of integrated circuita. The reliability of these
devices is very high, they are relatively cheap and in many ceses can
operate faster and with less power dissipation than previous circuits.

However, as they increase in complexity, it becomes much harder
to ensure that they are working correctly in every detail. The
evolutionary refinements in circuit design and manufacturing techniques
bave outpaced testing methods so that today very large acale integrated
circuits (vlsi) are being produced which cannot be tested economically,
because the test routines can only cope efficiently with medium scale
integration (msi) where the ratio of input and outputs to the circuit
interior is much larger. The only way to test large complicated circuits
bas been to apply extremely long test sequences to the devices® inputs
in order to exercise them through all, or most of, the possible
conditions they may encounter in service. This process may take so much
time and involve such vast amounts of information storage that the cost
of testing becomes much larger than the cost of producing the device;
thus the problem of quick and efficient iutégrated circuit testing must
be solved if the trend towards cheaper and more comprehensive circuitry
is to be maintained.

A technique is presented in this thesis which can be used to speed
up the test process and improve the testability of a circuit by
introducing extra inputs without the need for major redesign of the
circuit itself. The method is based upon the fact that a laser beanm
produces a current when it hits the surface of an integrated circuit:
this behaves in the same way to a current injected by a conventional
probe positioned at the same point, but the laser 'probe’ has the
advantage of being non- contacting, very small and easily moved from

site to site.



The operation, characteristics and capabilities of the laser
probe are detailed in sections 3 and 5 and another use of the method
is described in section 4, under the heading 'Evaluation of the
semiconductor substrate', Present methods of integrated circuit
testing ere described in section 2, and the advantages and changes
which laser probing would bring in this context are discussed in the
pepultimate section.

A summary of the resulis is presented in section 7, by which
stage it is to be hoped that laser testing of integrated circuits will
be seen to be useful in counteracting the situation where testing

integrated circuits is often more of & problem than making them.
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e A BACKGROUND TO INTEGRATED CIRCUIT TESTING

In the most general sense, 1.0, testing means an application of
an input sequence to a device followed by a comparison between the
precomputed ‘expected' output sequence and the one actually observed.
Any discrepancy implies a failure, the cause of which is a fault.

2al Faults and Failure Mechanisms

Faults can be categorised into two broad groups: logical and
parametric. A logical fault is one which causes the logical operation
of a circuit to be changed to some other function, but a parametric
fault alters the magnitude of a circuit parameter, such as speed,
current or voltage, without necessarily chenging the logical
behaviour of the circuit. For example, a short would probably be a
logical fault whereas a 'leaky' reverse characteristic of a transistor

could be a parametric fault.

A fault may occur at any time during the life of an integrated
circuit: in the mapufacturing process or during assembly, testing,
storage and in service. The nature of the faults encountered in each
of these periods is different, so consequently the type of testing
which is performed at each stage differs.1 A mixture of logical and
parametric faults may occur during manufacture (such as masking defects
and bulk shorts) then further failure modes can be introduced during
the assembly and testing processes (for example, open bonds or
shorting leads). Factors such as high temperature and humidity may
produce parametric faults during the storage phase and finally when
the circuit is actually used, more fajlures can be introduced because of
heat dissipation, vibration, voltage stress and ageing. A typical
graph of failure rate against time for an integrated circuit family
shows a 'bathtub' distribution2 with & high initial failure rate,
reaching a low value after theearly failures are discarded and finally

rising again when component ageing becomes significant.



Failures are caused by an imperfect manufacturing process or an
unsatisfactory operating enviromment; thus not only does a fault
have to be found, but its location and cause needs to be determined in
order to prevent its recurrence in future devices. Emphasis is
therefore given to diagnostic testing during the initial stages of the
manufacture of & new circuit but when the 'teething troubles' sre
overcome and production begins on a large scale, then commonly
fault detection alone is used (a go/no-go test).

2.2 Methods used in I.C. Testing

The performance of an integrated circuit is monitored at each
stage of its life in order to discover any failures as soon as they

3

arise”. A typical test routine is as follows“:

(i) In-process inspection: this is a sampling test
made to a specific acceptable quality level
which is performed throughout the processing of
the device, for example slice inspection afier
the oxide etch prior to diffusion. The final test

is often a visual screen.

(ii) |Wafer test: some manufacturers perform only &
minimal test at the wafer stage, wsually a simple
continuity test, when the faults introduced during
assembly are considered to be significant, but
others give a full test of type (iv) before bonding.
Clock rate testing may mpot be poasible for very
high speed circuits because of probe loading.

(iii) Accelerated ageing: the circuit is stressed to
precipate any time-related failure modes and weed
out any latent early failures. This process, which
may last for up to 1000 hours, usually includes
thermal shock and thermal cycling, electrical and

mechanical stressing and a hermiticity check.



(iv) Functional, parametric and clock rate testing:
these tests are to ensure that the device performs
according to its electrical specifications. Only
simple d.c. tests are used if a full wafer test
has been performed prior to bonding.

(v) Incoming inspection: many i.c. users perform
their own tests (of type (iv)) upon bought

devices before incorporation into a final system.

Of these classifications, by far the most effort, time and money
is spent on categories (ii) and (iv), but only full wafer testing will

be considered in this work.

- Fault Detection in Digital I.C.'s

Analogue circuit tests are usually specifically designed for the
particular type of circuit being tested, so no generalizations can be
made for testing this type of device.

Digital circuits are characterized by the feature that the steady-
state circuit responses can only assume one of two values. They may be
studied at the circuit level where the analysis is concerned with
waveforms and currents etc.,or at the logic level when only two states,
logical '0' and '1', are possible.

Digital circuit tests can be sub-divided into three branchessz
(a) Functional (DC) testing in which all parts of the
circuit are exercised by applying binary input
patterns and analysing the corresponding
steady-state outputs to check the functional
operation of the device. This type of testing
usually involves a large number of tests and

is performed as fast as possible.

(b) Parametric (AC) testing is used to check the time-
related behaviour of the circuit and involves the
measurement of actual voltage and current levels
to high accuracy, but the test rate is usually low.



(¢) Clock rate testing is similar to functional testing,
but is performed at rates near the maximum and

minimum clock speed of the circuit under test.

Integrated circuit testers range in complexity from a simple
comparison tester which can perform some limited functional tests to
fully computerised automatic systems with multiple test stations which
can perform all of the above tests on i.c.'s fabricated using many
different technologiess. A schematic diagram of a comprehensive
computer-controlled system is shown in figure 1. Typical specifications
of a commercial general purpose tester at the top end of its class7
include functional tests at a 10MHz rate, parametric tests to 160psec
resolution, the ability to test TTL, DTL, ECL, MOS and CMOS devices in
all types of package up to 120pin and a computer with 16k words of main
memory and an 18Mbit disc store. The price is over § 200,000.

2.4 L.S.I., Testing Problems

Even with such versatile and powerful testers of the type
mentioned in the previous section, every user of automatic test eguip-
-ment interviewed in a 1976 survey was dissatisfied with the systems
presently availablea. The main trouble has arisen from the introduction
of l.s.i., which is being closely followed by v.l.s.i. (over 1000
gates on a single chip): as the circuits become more complicated, the
time taken to test them becomes much longer so the contribution of
testing costs to the price of the final product becomes proportionally
larger. The percentage of the cost which arises from the testing alone
has not been determined for l.s.i. circuits in general, but the trend
can be followed from the change from discrete transistors through
8.8.1. to m.s.i. circuits, where the testing cost was 5percent,
15percent and 3Opercent respectively of the total9.

Most of this increase arises because more time is needed to apply
the functional tests, when the number of input patterns needed to check
every aspect of the circuit operation becomes astronomically large. For
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the case of & combinational

j;_;:i;—%s) ngee ?I:CAHZ circuit (i.e. no feedback loops)
T with n active inputs, the nu-
1 yoar ?f? ____________________ f -mber of tests needed to cover
L 10° E § every combination is 2. The
P E E time taken to apply these
-10 ! E ' tests for various values of n
S P is shown in figure.a, assuning
; ! Vo a test rate of a million tests
107 E i ; E per second. If sequential
. i ;é g E circuits are comsidered, the

10 20 30 40 50 60 | presence of feedback loops and
No., inputs,n—»
T storage elements can increase

Figure 2: Time taken to apply

the test time by meny orders
n
2 tests

of magnitude: if m, the

number of internal storage

states, can be defined, then the number of tests rises to 2n+mw Not
only does the time taken to apply the test patterns pose a problem, but
the patterns, which may be many millions of bits in length, have to be
generated then the outputs compared with the computed ‘'expected’
response, so vast amounts of data must be stored in some memory system.
This process can be reduced by techniques such as pseudo-random sequence
generation or transition counting but still a very large and expensive

store is required,

Circuits are often built which cannot be tested comprehensively
in a reasonable time, so 'adequate' testing is then used, where the
intention is to cover perhaps 90percent of all possible faults. It
is necessary to ensure that worst-case conditions are fully covered,
as are all the common failure modes, so the fault diagnosis which is
performed during the initial stages in the production of & new

circuit is of great importance.



2.5 Testability of Integrated Circuits

Modern i.c.'s are becoming harder to test because there is less
access to the internal circuitry than with the earlier, smaller
circuits. Package and chip size is kept to the minimum for yield and
economic reasons, so as the devices become more complex, the proportion
of the circuitry which can be directly reached from the external pins

10 (i.e. extra outputs)

decreases rapidly. If more observation points
or control poi_nts11 (extra inputs) were provided then testing could

be performed more easily and significantly faster.

Theoretical work in the field of circuit design for maximum
testability has produced schemes which provide 100percent fault cover
with excellent diagnostibility in a very small number of tests (down
to three)12'13’1h

simple units and using a large number of extra input and output pins.
15

by implementing the circuit function in terms of
In practice such methods are unworkable “: for example a 16 pin meBei.
circuit is transformed to a 180 pin l.s.i. device with a chip area
four times larger than previously,in order to reduce the number of
tests from ten to six and enable each failure mechanism to be

uniquely determined (sestion 5.6).

Between the two extremes of circuits designed specifically from
the testing viewpoint (as in the above example) and those built with
no consideration of testing problems (as the vast majority now are) ,
large benefits can arise from the provision of a few test sites160 In
the following examples of actual circuits, one or more extra inputs
have been added to improve the testabiliiy. More output points would
be beneficial for diamgnostic testing and to determine the states of

internal sites, but have not been included here.

Figure 3(a) shows a simple 16-bit counter in which the test
pattern length can easily be shortened by adding the test input as
shown. Pulses via this test input will force the second half of the
counter to advance at a faster rate than normal, so the total number of
tests can be reduced from 16 to 7 (4 at the normal input and 3 at the
test input). Any fault can obviously be isolated to either the first

or the second counter blocks.



Circuits are commonly designed with some logical redundancy
which is introduced in order to eliminate certain potential hazard
conditions or improve reliability. In such cases, failures often
cannot even be detected and fault diagnosis proves to be almost
impossible. The effect of a fault in the redundant branch of a circuit
could be to reintroduce the hazard or even to mask the detection of
& normally detectable logical fault on a non-redundant connection.
Such a situation can arise with the circuit shown in figure 3(b). A
stuck-at-1 fault at point X is not detectable at all, but if Y was
stuck-at-0 at the same time, then the output would give the correct
response to the normal node Y test (a =b =¢e="1, ¢ =d =0). The
inclusion of the test input as shown would enable the whole circuit to
be tested, including point X, and similarly all redundant patbs in other
¢ircuitry can be isolated and tested individually with a suitable choice

of test input site.

A small sequential circuit is given as figure 3(c). The state
table of simple circuits of this type can be very large, but if the
feedback loop is disabled then the circuit reduces to a much simpler
one; in this case the test sequence can be reduced from 16 to 5 bits in
length by using the extra input shown.

A common difficulty encountered in testing large circuits is that
the initial state of certain parts of the circuit needs to be determined
before the test pattern can usefully be applied. The common clock
generation circuit shown in figure 3(d) illustrates this problem: it
is self-initialising but there is no direct reset control, so between
0 and 3 clock pulses (depending upon the present state of the system)
must be applied after the inhibit control goes high before both
¢1 andsda are held at '0' and the test pattern could be meaningfully
applied. If a cascade of such circuite is used or if the clock and
inhibit controls are derived functions, then the initislisation sequence
can become very large. This could be reduced by the provision of extra
inputs as shown; an additional advantage of these extra controls is
that any faults present in the initialisation circuitry iteelf can be
isolated - this may otherwise be impossible because the starting
conditions for the test sequence would not be repeatable.
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The more complicated 1-chip calculator circuit of figure 3(e)
is used tc demonstrate a very important benefii which extra inputs
can bring. I1f the intercompections between the various circuit blocks
or medules were accessible then each could be iscolated and tested
individually with a relatively simple sequence. This partitioning
method is presently used for microprocessor ﬁ@@timgﬁ?a

The addition of extra test inputs toe key circuii nodes can
therefore be used to speed up the testing process and improve the
chances of locating any fault which may occur. Greatest benefit will

ined if a large number of inpute is available, but & compromisme

between the enbsnced testabllity and the difficuity and expense involved

in the provision of these controls will have to be reached.

2.6 Provision of Extra Circuit Inputs

Integrated circuit chip area and package size is at a premium,
so any incresse in the number of contact pade and internal comnections,
together with the associated rise in failure rate, is not favoured by
manufacturers. Some efforts have been made to give the existing
contacts a bifunctional role, with 'can't happen’ input conditions
1 which modifies

used for test purposes or by adding & control sigr
the logical behaviour slightly to allow access to different parts of
the circuit, but such systems are often complicated and the extra

control circuitry itself is often extremsly hard to test.

Another method occasiopally used iz to have a separate
metallization mask for one chip on & slice, in which certain internal

nodes are brought out tc the contact pads instead of the normal inputs

and outputs. Only one device per slice is lost in this way but
technique is only useful in diagnostic testing. The usual method of
fanlt diagnosis is to delve inte the internal circuitry with a needle
probe, typically about 10-20um wid@ﬁge This can give sccurate dc-
level measursements but its capacitance loads down most iné@rnai nodes
so that meaningful transient readings cannot be taken. The relatively
large size of these probes and their clumsiness is very likely to

result in some damage to the circuit19@
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Information can be introduced intc a circuit via a non-contacting
probe, which has the advantage of being non-destructive and easily

and accurately moveable. Electron beams have been used to scan the
surface <0127

usedaa’23

but in the present study a focussed optical beam is
as an active probe. The production and operation of the

light probe are described in the following section.
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3 THE JASER PROBE

3.1 Optical Illumination of & Semiconductor

Radiation inm the visible region of the electromagnetic spectrum
can affect the properties of & monolithic integrated circuit. Two
mechanisms of importance in relation to this phenomenon are photo-

g
-conductivity in the semiconductor and the photovoliaic @fﬁ@a@&%@

3.1.17 Fhotoconductivity

At room temperature, a number of free carriers are present in all
intrinsic semiconductors, so & current will flow when a field is applied.
1f the material is exposed to sufficiently intense radiation of a suitable
energy, then a larger current will flow until the radiation is removed.
The change in @mnduaﬁivity results from a transfer of energy from the
incident photons to the valence band electrons, which cen then be excited
into the conduction band energy states. In the steady-state, the rate of
free carrier generation is balanced by recombination, and when the source
of illumination is removed, it is the recombination process that

determines the rate of decay of the excess carriers.

The energy of the incident photons must be greater than the BRergy
gap (Eg} of the semiconductor for the photoconductive effect to become

ignificant, so
hv 2 E ses (3.1)

where h is Planck's constant and v is the frequency of the illumination.

There is therefore a wavelength AQ above which no change in conductivity

is noted, as shown in figure 4(a),

In an extrinsic semiconductor, some conductivity change is noted
at wavelengthe larger than %a since the difference in energy between
impurity levels and the valence and conduction bands becomes the effactive

energy gap; the photon energy may also be absorbed by free carriers and






excitons or create multiple electron-hole pairs, so equation (3.1) is

only approximately true in practice.

The light intensity (I) drops by & factor « per unit distance of

travel inside the semiconductor because of absorption:

al |

— = o 3

= o I ooe £3.2)

If the absorption ceoefficient, «, is pot a function of the intensity

then at & depth z the intensity is

I(Z) = 1@ » @Xp é:“’” 9{22} LN (Z;’@Z)}

where I@ is the intensity just inside the surface, at z = Q0. The
characteristic length, 1/«, is cslled the penetration depth, and nearly
S0percent of the incident illuminstion is absorbed within two penetration
depths. The variation of absorption coefficient with the wavelength of

the incident light is shown in figure 4(b) for silicon at room %@mperaﬁurﬁzﬁm

The rate of carrier generation per unit volume is. 8

% upon
the light intensity, as shown by the egquatinn
&I mlgﬁexp(mmz)

E = w v

2

w e (5%“5)

assuming that every abscrbed photon produces an electron-hole pair.

%2.1.2 The photovoltaic effect

FPhotocurrents can be detected in & bomogeneous semiconductor when
an electric fi@ié is applied, but they also cen be found in the absence
of an applied field in an inbomecgeneous semiconductor, due o the
existence of localised ‘built-in' fields. The light produces an excess
of free carriers which move in response to these electric fields and
accunulate in regions where they produce a net space charge. This
generation of a voltage across a portion of the semiconductor by light
is called the photoveltaic effect.

The internal field arising from a variation in the semiconductor
doping at a pn-junction will be considered here, but discontinuities
such as a heterojunction, and strains or impurities can also give rise to

local fields. The built-in field at the junction drives the free electrons



21

and boles generated by the light in opposite directions, with the
electrons moving to the n~type and holes to the p-type region; this

charge separation results in the appearance of a potential difference
across the junction with the p-region becoming positive with respect to

the n-type. The pn-junction is therefore bimssed in the forward direction,
g0 more carriers will overcome the lowered potential barrier and be
injected into the opposite region, where they become minority carriers

and recombine.

If an external circuit is connected mcross the Jjunction, then
either a photovoltage or, if the load resistance ig low, a photocurrent
will be detected, with the illuminated pn-junction behaving like &
pattery. The effect of light upon the Jumction characteristic is shown
schematically in figure 5. The photocurrent adds to the reverse saturation
current (Iﬁ}v go if the light generates a current laa with the junction
short-circuited, then the normal dicde equation is modified %o

I, = lﬁ(axp{qv/KT) -0 - I soe (3.5)
where liL is the current through the load, k is Boltzmann's constant,
V is the voltage across the junction, g is the electronic charge and

T the temperature. For an open-circuited diode, IL = O and

kT
oc = "a 1Qgeélﬁg/ls + 1) sen (3.6)

where v@c is the voltage smppearing across the junction in the absence of

current flow.

The value of LS is related to the light power (P), the photon
energy (hv) and quantum efficiency () i.e. the number of electron-hole

pairs generated per incident photon, by the eqguation

P
Iﬁc = ‘E’;" e G o @? eee (5@?}
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3.2 The Light Source

'Probe’ dismeters of well under & micron bave been obiained
using focussed electron besms, with beam energy and penetration capable

26,27,28

of accurate control, but such systems must have the semiconductor

sample encleosed in a vacuum chember and the ‘'charged®' probe can itself
influence the properties of the materiasl under t@6t29,30® Optical beams
caonot be focussed to such a swall size but are much easier to use and
cheaper, peither do they interact detrimentally with the illuminsted
semiconductor: as a result, an optical source has been considered to be

more suitable for the present system.

Semiconductor silicon is the most widely used material in modern
integrated circuits, so the choice of the source has been governed by
its properties. At room temperature, the energy gep is about 1.1eV,
so the critical wavelength RQ is 1o?um@ The region of most interest in
an 1.c. 18 the surface and the layer immediately below it, down to the
Junction depth which is typicelly up to 3um desp. The radiation should
therefore be mainly absorbed within this region: from figure 4(b) it can
be seen that the penetration depth (m“@) is 3um when the wavelength is
6440%, and over 90percent of the light is absorbed within this depth
if the wavelength is less than 53408,

A stropg light source is needed o that the focussed beam will
produce a significent number of excess carriers in the semiconductor.
Quartz -halogen lamps with a momochromator have been used for this
purpaae}19 but & large part of the power output is lost in focussing
down to a small spot. The advent of the laser has brought the
opportunity to use a collimated beam with nigh power density, but in
general the output wavelength is fixed., A common laser whose wavelength
satisfies the criterie mentioned above is the helium-neon laser
with A= 63288. Other suitable choices would include the krypton
laser ( A= 4131, 5309, 5681, 6471, 75258) and Nd:YAG ( A= 5320%,

m”ﬁ = 1.28um). By using different or multiple-wavelength lasers, the
penetration depth could be varied from O.2um to Bum, but for the present
work, the cheap HeNe c.w. laser has proved satisfactory. At this
particular wavelength the photon energy is 1.96eV and the penetration
depth is 2.4um.






widths up to Smm; the values obiained agreed well with those from the

intensity scan using the pinhole.

After the radius has bheen found at verious positions along the
beam, an iterative procedure is used with equation (Al.2) in Appendix 1
to find the bean focus and its position. Measurement of the beam
transformation by lenses bas been found to be usually in good agreement

with the theory outlined in the Appendix.

Both a 1mw* and & ?Qﬁmwg‘l&S@r have been used in the present study,
and each produced a vertically polarized cutput bheam. For the larger
laser, the untransformed beam waist was measured to be 0.56mm at a
position 200mm behind the output mirrer; its far field divergence angle
is O.36mrad.

leser power levels have been measured in radiometric units
. fy . . 2 . + .
using & silicon pin diode of dcm active gzrea , but conversion can be

made to photometric units by using the identity

Flux (lumens) = 137 x Power (wattis) coe £Be9)

The stability of the laser output has also been investigated:
after a warm-up period of about two hours, only a 4percent drift in the
output power has been observed during a five hour period, and in the

short term (under 1 minute), less than O.8percent variation wes noted.

B4 Production of the Laser Probe

3,4.1 Beam focussing

The laser beam must be focussed so that it is smaller than the
inter-element spacing of the integrated circuit which is to be probed,
80 & beam diameter of typically less than 10um will be required.

* Spectra Physics model 132
+ Scientifica and Cook model SLH/7.5
¥ United Detector Technology type 40X Optometer
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The wavelength of light is the limiting factor in the focussed spot

size (see Appendix 1), and since this is 0.63um for the HeNe laser,

a pear diffraction-limited spot will be needed. For convenience the
light spot should alsc be visible upon the i.c. surface, so a

microscope system has been chosen to meet both needs; in one configuration
the laser entered the microscope via an @y@piac@jﬁ but the arrangement.

illustrated in figure 7 bas proved to be the most convenient.

The beam focussing is achieved in two stages: an intermediate
focus is formed by & low-powered lens then this is transformed by a
second, stronger lens to produce the final small laser spot. The initial
focussing is necessary to increase the beam divergence so that the
aperture of the second lens is filled {(tc produce a diffraction-limited
apot) &n& also to allow the image of the focussed beam and circuit

surface to appear in focus together when viewed through the evepiece.

In order teo produce a small undistorted laser spot, the second
focussing lens must be of good guality and have a large numerical
aperture (see equation (A1.9), Appendix 1); in addition the aperture
stop and working distance of the lens should be as big as possible (see
sections 6.2.1 and 6.2.2) The lenses which have been used for this task
are detailled in table 1; all but one are microscope objectives, the
exception being a high-guality camera lens designed for use ip mask-
=making equipment. This lens has a much larger working distsnce than

the objectives of similar power,

The choice of the first lens is not so criticel and the two
whose properties are listed in table 1 bave proved satisfactory. Beam
expansion by the 43mm focal length lens was not quite sufficient to
fill the aperture of any of the focussing lenses, but the slightly
larger spot size was considered to be preferable to the power loss
resulting from the over-expansion of the more powerful lens. This
x 6 objective was used in conjunciion with the Ultra-Micro Nikkor

camera lens though, where the input aperture was much larger.

The combination of lenses most commonly used was the 43mm
expander lens followed by either the x10 or %20 microscope objectives.
This resulted in final spot diameters of Z.5um and T.5um respectively.






Focussing Numeriecal Working Foeal  |[Optical tran~-

lens aperture distance (mm)|length (mm)|-smission (%)
%5 Objeotive 0,15 17.0 1.7 93
x10 Objeetive 0,25 5.0 k.55 93
x20 Objective .50 1.2 1o il 83
xk0 Objective 0,65 0,68 0,66 77

Ultra-Micro
Nikkor lens 0.28 13.6 28,2 77
fa) Focussing lenses (1=6328%)

Expander Numerical Aperture Fooal Optical tran—

lens aperture (mm) length (mm)|-smission (%)
Biconvex 0.06 15.0 k3,0 93
%6 Objective 0,12 7.5 12,0 91

Table 1

(b) Expander lenses (n=63281)

Lenses used for beam focussing



3.k.2 Other aspects of the optical system

The light power is controlled by neutral demsity filters and a
variable attenuator (demsity range 0 to 2, or 100percent to 1percent
transmission), which is used both as a fine power control and as s
reflector for the light from an external AOW lamp which illuminates
the integrated circuit around the laser spot.

The . chassis of a microscope has been used to hold the focussing
lens and circuit under test. The expanding laser beam from the
intermediate focus enters through the illumination porthole and is then
deflected onto the second lens by a specially prepsred front-silvered
7Opercent-reflecting mirror; this arrangement is used to reduce multiple
reflections, to divert most of the power onto the final lens and
prevent too much reaching the eyepiece. Some secondary images can be
observed, but over 97percent of the total power is concentrated in
the primary focus so these other probes' will not affect the operation
of the overall system. In an effort to eradicate this problem, a
small piece of aluminium has been tried in place of the mirror, but the
distorted image which resulted when viewed through the eye~piece was

found to be more of a drawback.

3.5 Laser Probing of & Silicon Integrated Circuit

3e5.1 Circuit preparation and mounting

All the integrated circuits probed by the laser beam have come
from the manufacturer in a fully passivated and packaged form. The silicon
chips are exposed to view by decapping the dual-in-line or TO-type
packages, but in some csses il has been necessary to rebond the device
in a new pack because of damage to the original. Often the chip is
recessed well below the upper surface of the package, so a working
distance of 1mm or more has to be allowed in order to brimg it into
focus; this factor has restricted the use of the higher-powered

microscope objectives.



The circuit is mounted in a holder which is situated on the
manual xy etage of the microscope, and connections to the power rails,
clocks and conventional inputs and outputs are made by shielded cables.
The light spot position on the chip surface is adjusted by moving the

circuit and holder with the stage vernier controls.

%.5.2 Laser demage to the i,¢.

An indication of the maximum power levels reached at each point
in the optical system is given in figure 7. The power demsity is always
well below the threshold level for damage to the optical cmmponemt&ﬁ%
but at the final focus a very large density is attained {a@@%@/cm Y,

so the physical interaction between this bhigh energy beam and the silicon

surface must be studied.

The temperature rise of the chip in the steady-state has been
calculated by using a& simple bemispherical model of heat distribution.

From & point source, the thermal energy spreads a distance d, where

eoe (3.10)

and K is the thermal comductivity (1. sW/em"K for silicon), ’? is a
thermel time constant, o is the density and C is the ﬁpecxflc heat of
the materlal35@ This distance is calculated t@ he 15mm in silicon
(agsuming a time constant of 1 second), considerably larger than the
integrated circuit dimensions. The radial heat flow in the steady-
state is

qr = LS K A@ gg eee (5011)
where A is the area and dT/dr is the radial temperature gradient.
Assuming & hemispherical distribution of heat, the thermal resistance

Rj is found %to be

R‘ - e eee (3@12)



where w is the radius of the generation region. For the case of

laser beam illumination with a power of 3.5mW and beam width of 0.75um,
the maximum temperature rise is calculated to be 5°C. The model does
not take into account the fact that the chip is bonded down to a

kovar header which will act as a beat sink, so this value should be

sn over-estimate. Measurements on a thermally insulated chip using a
similar system have shown that the maximum temperature rise was

9.2 I ‘IOC,3 6 so the increase is not very significant. Reported zr'esuirum3 7
on the irradiation of a silicon pin diode with ruby laser light
(wavelength 0.69um) have shown that a power of the order 50-200W is needed
to producé any permanent damage to the device when long light pulses

are used (approaching the limiting case of the steady-state assumption) ;
in addition, observable characteristics such as craters and surface
charring or a degraded diode response are always found once the

damage threshold is crossed. No such surface damage or effect upon the
device performance has been noted with the present system, confirming

the calculation of a low temperature increase, so it may be assumed

that the focussed laser spot will not damage the circuit under test

and the method is truly non-destructive. The retina of the eye is more
prone to damage though, so safety precautions have had to be carefully

observed.

3.6 Light Beam Modulation

The intensity of the laser probe must be accurately controlled
if it is to be used to inject time-varying information into an i.c.
High speed operation is also required (1-10MHz) for integrated circuit
testing applications, so an electro-optic modulator has been chosen

for use in this system.

Other modulators include mechanical systems, such as rotating
and oscillating blades or multi-faceted spinning mirrors38
only operate up to about 10kHz and offer limited control of the
39

which can
light intensity pattern, and acousto-optic devices™”, which consist
of a piezoelectric transducer bonded to & high quality, low optical-
loss material and can operate up to about 1MHz. The solid state electro-

~optic modulator has an upper frequency limit of over 100MHz and is
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cheaper than the acoustic wave version. The output intensity is
approximately a linear function of applied voltage and can be easily
synchronised with other equipment, so this system has proved to be

very suitable for purposes of this study.

3.6.1 The @lectro~optic mMmodulator

The basic element in an electro-optic modulator is the pockel
cell, which is a crystal that undergoes an index of refraction change
with the application of an electric field, i.e. it is birefringent.

The incident light beam is split into two mutually perpendicular
components which meet different indices of refraction within the crystal
and therefore travel with different velocities, resulting in the
introduction of a phase difference between the two parts at the output
face of the cell. If the cell is positioned between crossed polarizers
then the phase-modulated light can be converted into amplitude-

modulated light, with the light transmission through the system controlled
by the application of a voltage along the crystal axis. The modulator

is shown schematically in figure 8(a).

The electro-optic effect may be described mathematically

byqo

A(1/a%) = r B+ P E ee (3.19)

where n is the refractive index, E the applied field, Tp the linear
electro-optic coefficient and PK is a coefficient associated with

the quadratic (Kerr) effect. The linear variation of the index term

r E is known as the Pockels Effect and will be the only one considered

P
here. The operation of the modulator is based on two factors:

(i) a phase retardation is introduced between
the two polarized components of the

incident beam

and (ii) the two waves interfere with each other.

The intensity of the light output is

I = I-or Sin2(¢/2) LXK (501&-—)






where ¢ is the total phase difference between the two waves
traversing the electro~optic crystal and Io is the incident light
intensity; since the phase retardation in the linear Pockels Effect is

proportional to the voltage, then
.2(rn V¥
I = Io‘,Sln ('é'"v‘o*) Boae (30@5)

where V0 is the voltage needed to produce maximum travsmission

(I = IQ), often called the half-wave voltage. The operating point

on this characteristic can be shifted to the near-linear central region
of the sina curve by the application of a d.c. bias, so that any
superimposed time-varying voltage will be faithfully reproduced in

the light-intensity domain.

Mechanical strains in the crystal can produce variations in the
refractive index and in the birefringence. Changes in the former cause
scattering of the incident light and distort the wavefronts and
variations in the birefringence tend to reduce the degree of modulation
and degrade the optimum optical biask1. By restricting the output
aperture of the crystal, the modulator response can be improved by
confining the light beam to the relatively strain~-free central region

of the crystal.

3.6.2 Experimental arrangement

A transverse modulator system has been used in the final
arrangement, which includes an ammonium dihydrogen phosphate (ADP)
pockel cell with a half-wave voltage of 250v. This voltage is supplied
by a high power video amplifier, which can operate up to 7MHz with a
10-90percent response time of 150nsec and also provide a d.c. bias of
*280v to the cell. The need for a separate polarizer is obviated by
the vertically polarized laser output, but a calcite prism, mounted

in a precision rotary unit, is used as the analyser.

~ The crystal alignment is highly critical, so a special pin-
-mounted gimbal cell holder has been built so that the crystel axis
and light beam can be matched to within 0.1°. A 1mm diameter pinhole

*Electro-optic Developments PC100 Pockel Cell and VLA30 video linear
amplifier



has been used to restrict the output beam from the modulator in order
to improve the response of the system; by careful adjustment, the
extinction ratio (maximum to minimum transmission) can be raised from

30 to about 60. The modulator response is shown in figure 8(b).

367 The Laser Input

3.,7.1 Electronic eontrol gsystem

The modulated light beam must be synchronised with the
integrated circuit clocks and other time~dependent controls if it is
to be used as an extra input. In the system shown in figure 9, this has
been achieved by using the same clock generator to control both the
circuit under test and the pockel cell driver. An intermediate
pattern generation and bias adjusting network has also been used; this
consisted of a 32-bit shift register with associated loading circuitry
and a buffer stage to provide the 2v into 504 amplifier input. This
test system configuration has proved useful for work with the various
shift registers which have been probed with the laser, where the 'prog-
-rammable' 32-bit digital light input sequence (with '1' equivalent
to the light OGN and 'O' to the no-light condition) has helped to
determine the properties of the laser probe, but more sophisticated
systems have had to be used for i.c.'s which use multi-phase clocks or

need an analogue form of light inpﬁt.

3.7.2 Overall system performance

From figures 7 and 9 it can be seen that the maximum laser
powers incident upon the circuit surface are 3.5m¥W and 2.1m%W for the
unmodulated and modulated cases respectively. Using equation (3.7)
and assuming a quantum efficiency of 70percent (see section k1),
these values can be related to the photocurrent which would flow
across a pn-junction lying under the incident light beam - numerically

these currents are 1.25mA and O0.75mA.

The laser beam input can therefore supply a current of 0.75mA
at a maximum repetition rate of 7MHz or in O.2usec pulses via a

non-contacting, non-destructive probe of diameter Zum.






A photograph of the complete system is shown in figure 10(a),

in which the external lamp and safety cover have been removed; the

x5 microscope objective is used as the focussing lens and this ean
be seen just above the circuit under test. In the close-up of the
optical system, figure 10(b), the pockel cell and analyser holders
can be clearly seen, and in addition the accurate expander lens move-
ment apparatus (section L.3.2) is also visible. A glass plate has
replaced the variable attenuator in order to show the 60W lamp.
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b, LASER BEAM EVALUATION OF A SEMICONDUCTOR

4.1 Quantum Efficiency

4.1.1.  Introduction

For a given incident light power, the magnitude of the photocurrent
flowing across an illuminated pn-junction is dependent upon the quantum
efficiency (the number of electron-hole pairs generated per incident
photon) and the photon energy, as described by equation (3.7) which is

repeated here:

I, = T . q. /‘l noo(4a1>

s
therefore in §.I. units, » = -§L x 1.96 x 100% N £ =)

for the helium-neon laser light.

The value of quantum efficiency LV) is determined by several factors,
which include reflection, absorption and interference of the light in the
surface layers or at the various interfaces and also device parameters

such as junction depth and diffusion length.

The position and size of the T

focussed laser beam can play an Photoeurrent

important part in the deter-
56
~mination of the effective quantum

efficiency. This is illustrated

in figure 11 which shows the

variation in photocurrent as a
Spot position

very small laser spot of constant

power is moved along the upper

£ th miconductor and
surface o e semiconducto n-substrate

across a pn-junction. A
Figure 11: Photocurrent

dependence upon light
the beam is directly over the spot position

maximum value is reached when

junction, but on each side
of this position some of the generated carriers are lost by

recombination. If the laser 'spot' overlaps the depletion layer, then
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again not every one of the photo-carriers is collected by the junction,
even when the centre of the generation region is coincident with the

Junction edge. Therefore for measurements of quantum efficiency, care
must be taken to accurately position the beam and use as small a laser

beam width as possible.

k.1.2 Results

Measurements of quantum efficiency have been made on a variety of
devices, and in each case a reverse-biassed pn-junction which is directly
accessible from contact pads has been used as a photocurrent monitor. 4
3v bias has been found to be necessary to prevent the self-biassing of
the junction in the forward direction, which arises because of the voltage
drop in the substrate; if not prevented, this would result in the

measured photocurrent being too low (see figure 5).

The values of quantum efficiency which have been measured are listed
in table 2: each quoted result refers to a geparate device, and the
average for each class is shown bracketed. The minimum laser power
needed to produce a photocurrent of 0.5mA has been measured, from which
the value for.@ has been calculated. No dependence of this value upon the
light power level in a 10uW-1mW range has been noted, and the choice of
focussing lens did not have a significant influence upon the readings,
except when the smallest X5 objective was used - here the larger diameter
laser spot caused an apparent reduction in quantum efficiency by up to

bpercent; for the other lemses, less than O.5percent variation was noted.

The majority of the devices tested have been M.0.S. i.c.'s but some
bipolar types have been studied. Three conclusions can be drawn from

the results obtained:

(1) the variation in quantum efficiency from one
region to another region on the same device
is small

(ii)  between different devices of the same type there

is also little change in the results

(iii) there is a correlation between the quantum

efficiency values and the circuit manufacturer.



1.C.family | Manufacturer | Device type || Quantum efficiency (%)
SS-6-1032 69.6,72.0 (70.8)
SL-6-4,025 67.0
SL-6-4032 || 66.1,62.8 (64.5)
M.N.0. S, General
p-channel | , MRS | SI-6-206k || 69.3,63.9 (66.6)
Al-gate
DL-6-2128 62.8
AX-6-8591 || 73.5,69.3 (71.4)
Q2-2 72.8
¥.0.8
e 81.5,79.6,76.5
p~channel Plessey ML232B » *
H-gate 82.3 (80.0)
GYN111 66.6,63.5 (65.1)
M.OQS‘
p~-channel Mullard GYN144 67.0,64+.8 (65.9)
83 -gate § ¢ ’
T2:737661,7665,The0
6YQ101 75.3.73.0,76.9  (74.9)
CDLO12 81.4
CQM‘OOS. R.C.A.
CDLO13 68.0
FPairehild 709C 70.7,70.3,76.1 (71.5)
60.9,63.3,55.6,51.4
Bipolar 142 ABAB ’ ’ » »
; Southampton 5500,55.6,57.5 (57.0)
University | ,c¢ jessew || 54.2,53.5 (53.9)
Bipolar Southampton
(mm?) University 166 JGSICW 68.1,71.5,71.1 (70.2)
Table 2: Quantum effisiency

Lz
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From measurements on a single S8-~6-1032 circuit with seven
accessible pn-junctions, a 2percent difference between the values
of,ﬁ measured at each site was found, and similarly from the results
of tests performed on seven GYQ101 memories, only a small (3percent)
variation was noted. This close agreement is to be expected since
in each case the manufacturing process should be identical and so the
factors influencing the quantum efficiency should also be the same; in
addition it is probable that devices in the same family, for example the
G.l. static shift register series $5-6-1032, SL-6-4025, SI-6-4032 and
S1~6~-2064, will also have similar quantum efficiencies.

Different manufacturers will not use the same processing methods,
so variations in passivation layer thickness or junction depth for
example will be found, and this could explain the significant differences
in values of quantum efficiency, such as the 80percent for Plessey
M.0.S. and 65percent for General Iﬁstrument devices. Similarly a
modification of the processing steps used by one producer can also have
a large effect: this has been noted for two sets of 166 JGSJICW devices
in which a change from O.4bum to 0.52um oxide thickness produced a

corresponding change in quantum efficiency from 53percent to 70percent.

All the measured values of % lie in the range 55-85percent, but
differences of this magnitude are not very significant for the
application of integrated circuit testing,where the power requirements
can vary over many decades; however in the following section an attempt
is made to predict the quantum efficiency theoretically, which will be

useful for circuits in which it cannot be directly measured.

4.1.3 Analysis

Interference, reflection and absorption of light in the silicon
dioxide layers and at the air~-oxide and oxide~silicon interfaces are
expected to be the most significant factors which govern the value of
the quantum efficiency, but photo-carrier loss mechanisms in the bulk
semiconductor may also play an important part, as shown schematically

in figure 12(a).

The theoretical analysis of this problem will be treated in two
parts, where first the optical parameters and secondly the effects



inside the semiconductor are considered. It will be assumed

that only a negligible fraction of the photon energy is absorbed by
free carriers or excitons for illumination at this laser wavelength,
so that each photon reaching the silicon will produce one electron-

-hole pair.

Details of oxide thickness, junction depth and doping profile
are known for two devices, and measurements from these have been used to
Justify the theoretical calculations. Both were 166 JGSJCW bipolar
circuits fabricated at this university: one was pink in colour when
viewed vertically and had an oxide thickness of O.46um, a p-type
substrate and an epitaxial layer 6um deep; the other was a green colour
(thickness 0.52um) but it had an n-type substrate. The diode used for
quantum efficiency measurements was formed between a p-type diffusion
(junction depth 2.6um) and the n-type 'collector' material, and the
values for 4 were found to be 53percent for the 'pink' device and
POpercent for the 'green' one (table 2).

(a) Absorption, reflection and 4nterference

The oxide thickness on each circuit tested will be less than
auqu, and since extrapolation from results quoted by WOlfZ1Lj gives a
penetration depth in the oxide at the laser wavelength of 1mm,

absorption losses here can be ignored.

Reflection will be significant at both the air-oxide and oxide-
~silicon boundaries. The reflectance, R, at an interface between two
non-absorbing dielectrics can be determined from the Fresnel
relationships which are given in Appendix 2: for a simple air-silicon
dioxide system with light incident normally, the intensity reflectance
is calculated to be 13percent; and for light polarization parallel to
the plane of incidence, the reflectance drops as the angle of incidence
is increased, reaching zero at the Brewster angle (550) then rising

again for larger angles.

Measurements using the laser, which is polarized in this plane,
have been taken with three devices to determine the variation of

reflectance with angle of incidence for an air-oxide~silicon system,
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The laser (assumed to be producing a parallel beam) is directed at

a metal-free oxide area, and the reflected light intensity measured as
‘a function of incident beam angle with the results as shown in

figure 12(b). The devices tested were the pink and green 166's and

a passivated shift register cirucit, which was dull grey in appearance,
A dip in the response around the oxide Brewster angle is found in each
case, but the magnitudes of the reflectance are significantly different
from the simple air-oxide prediction, and each other. This can only

be explained by a consideration of the interference between the various
reflections at the two boundaries, a factor which is strongly dependent
upon oxide thickness. It has been shown in Appendix 2 that in an
air-oxide-silicon system with a zero angle of light incidence, a plot
of the transmission into the silicon (or alternatively total
reflectance) shows a periodic variation as the oxide thickness is
increased (figure 12(c), solid line). However the lenses used to focus the
beam do not produce a single angle of incidence, so this periodic
response will be 'smeared' out, particularly for thick oxide layers

and large numerical aperture lenses. A simple calculation has been
made to estimate the net transmission/oxide thickness variation which
would be obtained if the x20 microscope objective was used (half angle
300), and this is the dotted line shown in figure 12(c). For large

oxide thickness, the transmittance is tending to a limit of 79percent.

The overall reflectance of the two 166 devices has been measured,
s0 a check upon the theoretical curve can be made. For oxide
thicknesses of O.46um and 0.52um, the theory predicts a reflectance
of 32percent and 11percent, which compares very well with the measured

23percent and 13percent respectively (assuming no absorption).

The proportion of the incident light intensity which reaches the
silicon is therefore heavily dependent upon the thickness of the oxide
layer, but this could be calculated if the depth of oxide is known or
can be determined from its colour. However transmission losses alone
do not give rise to the quantum efficiency value, and so effects inside

the semiconductor must also be studied.









{b) Losses in the semiconducior

An internal quantum‘efficiency, @‘ﬁ is defined to be the
number of carriers which cross the pn-junction per each incident
photon in the semiconductor. Its vaiue will be influenced by surface
recombination velocity, Jjunction and penetration depths, carrier
diffusion lengths, doping profile with associated drift field and the
substrate thickness, but a one-dimensional analysis of the problem
has been madel{l+ from which it has been found that only the penetration,
junction and epitaxial layer depths are significant. Three sets of
curves have been calculated (figure 12(d)) assuming a junction depth
of 2.6um and radiation of 63283; diffusion length has been plotted as
the variable, and the cases of n-type substrate and p-type substrate
with epitaxial layer of 6pm and 10um have been chosen to illustrate the
influence of a second pn~junction below the surface. The pink 166
device had a 6um deep n-type layer, and the diffusion length is known
(see section 4.3.2), so a value for » of 82percent is predicted;
similarly for the ‘green' device q’is expected to be 95percent.
The contribution of the ' factor to the total quantum efficiency is

therefore much less than the losses from interference and reflection.

It has been assumed that all the photon energy which reaches the
bulk semiconductor is used to generate electron-hole pairs at this
particular wavelength. The validity of this assumption can be roughly
checked by comparing the overall quantum efficiency predicted from the
above analyses with actual measurements for the two 166 circuits. For
the p-substrate pink device, the true value of S53percent is very close
to the calculated Sbpercent and similarly for the n-substrate
chip, 70percent was measured and 75percent predicted. Thus it seems
probable that within the accuracy limits of the present experiments,

all the photon energy is used to generate free carriers.

The theoretical tréatment of quantum efficiency does give a
reasonable agreement with measured results in two cases, but it is
possible that if any dielectric layers as well as the oxide are used
in the processing then the model will not give the correct answer.

However to a first approximation, for thick passivation layers the
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quantum efficiency will tend towards a value of about 77percent for
n-substrate devices or 65percent for 6um deep epi-layer on a p-substrate
(with thicker layers giving a higher g value). These relatively small
differences will not be very significant in the context of integrated
circuit testing but an average value of 70percent will be assumed
throughout this work in all calculations involving photocurrent in which

the true value has not been measured.

4,2 Carrier Injection Levels

Approximately ?Opercent of the incident photons produce electron-
~hole pairs inside the silicon semiconductor, so by using a very powerful
light source it is possible that the injected carrier concentration could
be greater than the substrate doping concentration, and high level
injection conditions (conductivity modulation of the semiconducter) would
prevail. A knowledge of the laser powers necessary to reach this state
and the boundaries of the region over which it occurs is therefore
essential if measurement of minority carrier diffusion length and lifetime
is to be made with the laser probe. These parameters vary as a function
of injection levell+5 (see Appendix 3(a)) and experimental measurerrxen’z:si{k6
have shown that the lifetime can change by a factor of up to 20 as the
injection conditions are altered. The transition between the high and
low level injection limits has been found to take place over a two-decade
range of injected carrier concentration, centred on the initial substirate
concentration level; for carrier concentrations outside this range, the
lifetime and diffusion length remain constant at either the high or low

injection value.

Delineation of the injection levels as a function of incident light
power is complicated by the fact that the carrier generation occurs in a
finite volume close to the illuminated portion of the semiconductor
surface, whose dimensions are determined by the penetration depth in
the material and the gaussian laser beam profile, and away from this
source the excess carrier concentration decreases as a function of
distance and diffusion length. As a result, a localised high injection
regime could be formed around the generation region, but at a pn~junction

gome distance away, low injection conditicns may still hold.



Theoretical analysis of this problem has been based upon the

b7

published work of Berz and Xuiken ', Their treatment is more
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comprehensive than other analyses and considers both a finite
generation volume (not simply a point or line source) and the effects of
non-zero surface recombination. Only slight modifications are needed to
adapt this theory to the case of laser beam carrier-generation, and
experimental measurements give satisfactory agreement with its predictions.
Mathematical details are given in Appendix 3(b) : three simple
approximations to the shape of the generation volume have been attempted
and compared with a measured value of injected carrier concentration

in order to obtain the best analytical solution of the differential

equations.

The results obtained from an application of the theory are shown
in figure 13. Three regions of excess carrier concentration have heen
defined:~ apmax is the maximum carrier concentration which is found
within the generation volume, Spl is the low level injection boundary,
i.e. if 591 is less than the substrate doping concentration at a certain
point, then low injection conditions apply at that point, and similarly
Bph is the high injection 1limit where a substrate doping level less than
Sph
injection region have been used (see Appendix 3) so two 8ph values have

indicates high level carrier injection. Two definitions of the high

been shown and these are denoted Sph(752) and Bph(90%).

Device parameters which apply to the SS~6-1032 shift register have
been used to calculate the family of curves shown in figure 13 but these
are typical of most of the devices tested. The substrate doping

concentration (n-type) is 5 x 101 en™?

L3

The first graph shows the variation of excess carrier concentration
with 1aservbeam power, where the pn-current-collecting junction has been
assumed to be one diffusion length away from the 2um wide laser spot.

At the junction under these conditions, low injection applies for laser

powers of below O.4mW and high injection for powers above 100mW.
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The second curve, figure 13(b), shows the variation of the
injection level boundaries as a function of laser spot position. The
laser power is constant at 2mW, producing a maximum excess carrier
concentration of 3 x 1017 cm"B, and low injection conditions can be
seen to hold for laser beam-junction separations of greater than two
diffusion lengths but high injection is never reached, even when the

generation region is close to the junction.

The effects of a change in surface recombination velocity are
included in these plots, where the solid lines indicate the results
obtained for the case of no surface recombination and the dashed line
shows the other extreme, infinite recombination velocity. Typical
values of 1-10cm/sec have been quotedso' so the solution for zero
surface recombination velocity will probably apply, but this could lead

to an overestimate of the size of the high-injection region.

Both the lifetime and diffusion length have been measured using
different laser powers in the range 20uW-2mW (see also sections h,3.2
and 4.4.2), and no power-dependent variation of these parameters has been
observed. Some deviation would be expected if the injection conditions
close to the collecting pn-junction changed, so it appears that low
injection conditions always prevail for laser powers upto ZmW, independent
of distance. The theoretical prediction that the low injection region
boundary lies two diffusion lengths away from the junction for a 2mW
beam therefore is not confirmed by these measurements; the definitions
of the low and high injection regions are probably too stringent and
the effect of a finite surface recombination velocity could also belp
to explain this discrepancy. However the theoretical limits for power
levels and beam~-junction separation have been observed in all measurements
of diffusion length and lifetime to ensure that the low-level values are

determined.



L.,3 Diffusion Length

4.3.1 Elementary theory

Injected minority carriers diffuse a characteristic distance
L, the diffusion length, into the semiconductor before they recombine,
so as the separation between the laser spot and collecting pn-junction
is increased, the photocurrent flowing across the junction will decrease
as a function of this distance and the diffusion length. Very close to
the junction, typically within one or two microns, the built-in field
arising from the impurity gradient will become significant and the
simple carrier diffusion will be disturbed. For this reason, the analyses
presented in this section will only apply for laser spot-junction separa-
-tions of greater than about 2um, when this field component can be

ignored.

The continuity equation describing carrier motion in a semiconductor

50

is, for n-type material,

25U . pgP(sp) - B 4 g 4 pETG) cou(bu3)

where bp is the excess hole concentration, g is the generation rate
per unit veolume, “p is the hole mobility, E the electric field, D the

ambipolar diffusion coefficient and 1/7 is the recombination rate.

In the steady state with no field term, the equation reduces to

D.Vz(ﬁp) - ”S",rR + g = O ouo(zf'el‘}>
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4.%,2 Measurements

An accessible pn-junction has to be used to measure the photocurrent
for diffusion length determinations, and in addition this junction should be
well separated from other junctions (by more than about 100um) in the
region over which the experiment is performed, otherwise the carrier diff-
-usion away from the generation region could be disturbed (see section
4¢3a4), These restrictions normally mean that the only suitable photo-
-current-collection junction is formed by the diffusion linking an input pad

to the rest of the circuit; such a situation is illustrated in figure 15.

The laser spot is positioned over the junction edge and then moved
away in a perpendicular direction, and the photocurrent collected by the
reverse-biassed junction is then simply measured as a function of the junction
edge ~ laser spot separation. The circuit could be moved with respect to
the stationary laser beam, but a more accurate beam movement system has been
used: the expander lens is moved across the unfocussed beam, resulting in
a deflection of the spot on the integrated circuit surface; this lens could
be moved in 1Oum steps, so after focussing repeatable sub-micron movement

of the beam was possible.

The result of one such experiment is shown in figure 16(a) where the
laser spot power was maintained at 1.8uW. A simple exponential decay forms
the major part of the response, but close to the junction there is a
deviation because of the finite spot size and carrier extraction by the
built-in field at the junction. The simple theory ocutlined in.the previous
section does predict just such a response, but a more rigorous analysis,
using realistic boundary conditions, will be presented in section L,3.3

in order to explain this result.

A variation of this measurement technique has been used to ensure that
low level injection conditions prevail at the junction throughout the
experiment, otherwise the effective diffusion length would vary with laser
peam position (see section 4.2). The laser power was adjusted after each
change in position so that the photocurrent collected by the junction
remains constant. For a 15uA current, laser beam powers in the range

%6-510uW have been used to obtain the result shown in figure 16(b) .
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According to the injection level theory (figure 13), these conditions

will ensure that only low level injection will occur, but the value of

the decay length obtained in this experiment is equal to the one
previously found when using a fixed beam power of 1.8mW (figure 16(a)).
Thus even with this powerful beam positioned close to the pun-junction, low

injection conditions must still apply.

In a third experiment upon the same device (a SS~-6~-1032 M.0.S.
shift register), the light beam path was chosen to cross two aluminium
interconnections (see figure 17). The photocurrent is again measured as
a function of beanm-junction separation for a fixed laser power, but the
effect of the finite spot size can be clearly seen as its path crosses the
opaque metal regions. An exponential decay is again noted, with the game

slope as the two previous cases.

This simple exponential relationship between photocurrent and beam
position is a feature of all the measurements of this type which have
been made using a variety of different devices. A summary of these results
is given in table 3; the readings have been repeated many times in some
cases, so0 a statistical treatment of the values of decayvlength has been
performed. The decay length ié defined as the distance over which the photoe
~current drops by a factor 'e' and will be used extensively in the following

sections to compare the results from exponential-type graphs.

Readings taken using different pn-collecting junctions on the same
device or with different devices of the same type did show some slight
variation in the values of decay length (less than 10percent) but this is
indicative of the accuracy of the measurements rather than evidence of

gpatial variation in diffusion length.

4,3,3 Analysis of the resulte

A simple exponential relationship between the photocurrent collected
by a pn-junction and the distance of the laser beam from the junction edge
was predicted in section 4.3.1, but to reach this conclusion, various
assumptions were made, some of which will not strictly hold for the

experimental situation described in the previous section. The essential
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T.Cof Manufaety : Decay Number of
I.Cofamily | Marufaeturer Deviee typs length (pm) | readings
SS-6-1032 17.6 2,2 1k
M.N.C,S. e . SLeb~h032 17.L. 5 0.4 8
Al-gate |Instruments |, o o109 7.8 % 0.45 8
Q-2 7.5+ 1.4 19
K.0.3.
p-chanmel Plessey ML2323 0.7+ 2,9 7
Al-gate
M.0.8. GYN114 33,6+ 3.0 14
p-channel Mullard ~
Si-gate GYN141 16,12 1,0 4
C.M, 0,85, R.C. A, CoLoZ7 19.1% 1,6 6
sipolar Southampton 15,2 ABAB 16,7 2.0 L
University 166 JOSICW 7.5% 0.6 L
Bipolar | Southampton o -
(n—sub) University 166 JGSICW 21.72 0.8 18
Table 3: Measurements of 4iffusion length




61

differences are that in practice the carriers are generated in a small
localised region and diffuse in all directions, and also the long shallow
collection junction lies very close to the surface and ite presence may

influence the carrier motion.

The 3-D continuity equation can be solved analytically if cylindrical
symmetry is assumed, and a Bessel-function dependence of the photocurrent
upon beam position results for the case of a line of light and point

21 but this type of relationship has not been found experimentally

contact,
here. The paper by Berz and Kuiken%? treats a similar problem to the

present case, and details are given in Appendix 3(d). The results of their
analysis are shown in figure 18(a) where three different values of surface
recombination velocity have been assumed, i.e. s = zero, infinity and the
diffusion velocity 45737. An exponential decay of photocurrent as a function
of distance is found in the first of these cases, with decay length

equal to the diffusion length {chosen to be 15um); for nonszero surface
recombination, there is an initial steep drop in the collected photocurrent
as the generation region is moved away from the junction, but for separations
greater than about one diffusion length, an exponential decay of Q.85 x L

and 0,9 x L for s = w and 5 = Jﬁ?gh regpectively is found.

A computer simulation of the carrier distribution has also been
attempted in order to determine the relationship between collected photo-
~current and laser spot position. Results from a 3-D model assuming a point
carrier generation source and a semi-infinite Semiconductor have shown that
in all directions the number of excess carriers decays exponentially as a
function of diffusion length>C, but a 2-D case has also been simulated, in
which the finite laser beam size and perturbing effect of the collector
Junction upon carrier motion have been included. Details are given in
Appendix 4(a), and the result shown in figure 18(b). Again a diffusion
length of 15um has been assumed, and an exponential decay of Thum.
is predicted, except for beam positions close %o the Junction where the

finite spot size becomes significant.

No second-order effects are apparent in this response so it seemg
probable that a fully comprehensive 3D programme would also produce the
same result, i.e. a simple exponential decay with the photocurrent dropping
by a factor 'e' in a distance equal to the diffusion length., This is
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supported by the analytical predictions, so therefore the values
of decay length listed in table 3 are equivalent to the diffusion
length of holes in the n-type substrate,

Electric fields in the semiconductor heave been asgumed to be
negligible, except close to the Junction itself, but if this was not true
the effective value of diffusion length could be significantly altered.

A one-dimensional analysis leads to the following result52:

1
L@ - { . nme(%‘@?)
1 /if;; . IEI
Eil E} o
[ [

where the effective diffusion length, Ley is dependent upon the orientation
of the electric field (£) and the direction of light beam movement. The
field term Ec has been called the critical field, and its value given by:

;- KL

bc — qL 000(4010}

This prediction has been confirmed by measurements upon a 166 JGSJCW
device, when a field of 15V/mm produced a change of measured diffusion
length from 22um to 13um for an 'upfield’ and 33um for a 'downfield® movement
36

of the beam” . However using the normal measuring system, no such dependence
of the exponential photocurrent decay upon the beam path has been found,

and the field generated by the reverse bias supply is at least an order of
magnitude below the critical field, so field effects can be assumed to be

negligible,

Quite a large variation in the values of diffusion length has been
found when different types of circuit have been studied (see table 3),
even though the substrate material used by each manufacturer is expected
to be similar in type. An individual company will probably use identical
starting material for different products, so in these cases close agreement
between the measured diffusion lengths is expected: this has been noted

for the General Instruments static M.N.O.S. class of circuits.

The laser probe method of measuring diffusion length could be used

to find evidence of spatial variation, but the region over which readings
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can be taken is limited to the periphery of the circuit in the proximity
of the accessible junctions. However the technique is easy to perform
(unlike the electron beam induced current (EBIC) methods where a vacuum
chamber is required53) and the measurements can be taken after all the
processing has been completed and without the need for special purpose-

Sk

-buill test sites” .

4.3.4  Interference from other Junctions

Diffusion length measurements have been takenon two types of
166 JGSJCW circuit. One had a thick n-type substrate and the other p-
-substrate with a bum deep epitaxial layer, and, as shown in table %, the
measured values of diffusion length were 22um and 7.5um respectively: for
this reason, diffusion length measurements cannot be taken in diffused regions,
because the layer is only a few microns deep. The difference in these
results can be explained if the influence of the pn-junction 6um below the
surface upon the carrier distribution is taken into congideration, since
many of the excess carriers produced by the laser are swept down to the
p~type substrate rather than diffusing close to the surface and being collected
by the normal pn-junction photocurrent monitor. This result demonstrates the
influence of two junctions upon carrier motion, an effect which must be
analysed if the interaction between the generated carriers and an integrated
circuit (where many junctions lie close together) 18 to be understood or
if meaningful  diffusion length measurements are to be taken when the

collecting junction is not well removed from other diffused regions.

A two junction system is shown schematically in figure 19(a), and for
the case of the laser beam positioned between them, the excess carrier
distribution has been studied both by using a 1-D theoretical analysis
(see Appendix 5) and with a 2-D computer model of the surface (Appendix 4(b)).
A comparison between these solutions is presented in figure 19(b): four
different junction separations (da} in the range 1.1 x L to 2.1 x L have been
assumed, and the graph shows the variation in photocurrent collected by one
of these junctions as the laser spot is moved a distance d away from it
(the distance values are normalised with respect to diffusion length). The
effective diffusion length can be seen to increase as the distance between

the two junctions increases, and the asymptote (dotted line) is a simple
exponential decay in a distance equal to the diffusion lengi_;h,which is the






response that is expected for an isolated junction. Thus for inter~
~junction separations of more than about three diffusion lengthe, the
influence of the second junction can be ignored for practical purposes;
this criterion has been used in all diffusion length measurements to
ensure that the decay lengths were equal to the true diffusion length.

An example of two junciions close together is encountered in the
static shift register cell of the SI-6-4032 circuit, where the gap between
them is 2hum (the diffusion length has been previously measured to be 17.4um).
A plot of the photocurrent collected by junction number 1 as a function of
laser beam position, d, is shown in figure 20{a); in this case neither
Jjunction was directly accessible so the photocurrent has been calculated from
its effect upon the circuit action (see section Swﬂglbﬁ)w The dashed line
again indicates the result which would be obtained if the collecting junction

was at least three diffusion lengths away from all others.

The analytical predictions for this situation can be compared with the
readings in order to check the validity of the approximations which have
been made. All three curves are shown in figure 20(b), from which it can
be seen that the 2-D computer simulation gives closest agreement to the
measured values but the error involved when using the 1-D theory is still

less than Z0percent.

A theoretical plot of the photocurrent variation with laser spot
separation from the collecting junction is shown on linear axes in figure 21;
again different inter-junction separations have been assumed and the distance
values normalised. The asymptotic exponential decay is shown ss the
dashed line.

This characteristiccan be used to determine the power of the laser
beam which would be needed to supply enough photocurrent to both junctions
so that in effect two circuit inputs are accessed at the same time. This
is very important if the laser probe is to be used for integrated circuit
testing, where the introduction of data at two sites simultaneously would

cause many problems and may lead to a good circuit being rejected as faulty.
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If the laser beam is positioned directly over the collecting junction
then there will be little chance of a significant number of photocarriers
reaching any other junction, but if there is some misalignment of the beam
and the adjacent junction is close to the intended target junction,
serious consequences may result. The interaction between the two junctions

does produce some isolation though, as demonstrated by the following example,

If the two junctions were separated by a distance equal to the di-
~ffusion length and the laser beam was positioned one fifth of the distance
between them, then for a given laser power, only 7bpercent of the maximum
possible photocurrent would be measured by the closest junction (see
figure 21); thus a 1.32-fold power increase would be needed to make up
for the beam misalignment. If this junction was isolated though, the power
ratic would be 1.22. The photocurrent which reaches the second junction
0.8 x L away is 17percent of the amount which would be measured if the beam
was positioned directly over it, and this compares favourably with the
LkSpercent which would be collected at this beam position if the second junction
was itself isolated. A much larger increase in power is therefore needed
to reach a certain photocurrent level because of the presence of the other
junction. Hence if a laser power P produces a maximum photocurrent Iph
in each junction, then for a misalignment of 0.2 diffusion lengihs, powers
of 1.32P and 5.88P are needed to maintain this Iph value in the first and
second junctions respectively, but if the nodal isolation effect was not
evident (if each junction is considered separately), the power levels would
be 1,22P and 2.22P.

The practical implication of this result is that some beam misalign-
-ment can be tolerated even when two junctions are close together, and if
the error in the laser probe position ig less than about a guarter of the
inter-junction separation, then it is very unlikely that both nodes will
be affecied by the laser at the same time, unless a light power many
times stronger than the minimum requirement is used. As the distance
between the junctions is increased, the accuracy constraints on beam

positioning can obviously be relaxed.






is reached and then at a later time, t, the concentration is given by

dp(t) = $p(0). exp(=t/T) oo (lt.93)

1f this carrier decay is monitored by a pn-junction positioned at
least three diffusion lengths away from the generation region, then the

photocurrent collected at a time t is:
I, (t) = I (0). exp(-t/T) ooe(loth
oh oh xp -t/ )
where Iph(Q) is the steady-state value measured at the time & = 0. A simple

expananiial decay of photocurrent in the time domain is therefore predicted

for this case, with a time constant equal to the hole life-time,T .

L, ,2 Measurements

The same collecting pn-junction that was used for diffusion length
measurements has commonly been used for lifetime determinations -~ this
junction must be isolated (see section 4.3.4) and additionally the semiconductor
surface up to a distance of at least three diffusion lengths away should be
metal free, so again the p~type diffusion between the circuit and contact

ad 1s often the only site suitable.

In order to measure the lifetime, the time decay of photocurrent
following the removal of the light beam is recorded, and the time constant
is determined from the resulting exponential response. This value is
dependent upon the position of the light spot if it is less than about three
diffusion lengths away from the collecting junction (because the carrier
diffusion term in the continuilty equation is no longer negligible), so
the experiment is usually repeated for various beam displacements in order

to ensure that the limiting value of time constant is reached.

A square-wave light modulation pattern is used so that a repetitive
response can be observed and also to reduce the effects of traps (seé
section 4.4.%3); a 1kHz repetition rate is usually satisfactory and slow
encugh to ensure that the steady-state condition is reached before the light
is switched off. The pockel cell response (10-90percent rise and fall time

of 150nsec) could impose a lower limit upon the values of time constant
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which can be accurately measured, but the effects of this have been
partially eliminated by ‘correcting' the readings by using the relation~

~-5hip

2 (v 2

Te = jC?measured) - test system) oo e (B215)

where T is the value of time constant found from the exponential
; measured
decay, and‘Ye is the corrected value. The test system response time,

. . . s
/Ytest system’® can be found if the laser beam is directed onto the collecting
junction, where’Ye is equal to zero (see section k.4.3).

The photocurrent magnitude 1s very small because the laser spot could
be more than three diffusion lengths away from the junction, so a good
quality amplifier and oscilloscope have been needed, with all leads carefully

screened to prevent pick-up of the 250v pockel cell driver voltage-swings.

A typical set of results is shown in figure 23, where three different
light beam-junction separations (& = Oum, 10um and 20um) have been used.
Each decay is a simple exponential function of time except for the low

photocurrent part of the response where some tailing-off is observed.

The exponential time constant obtained from these curves is plotted
as a function of position in figure 24(a), and the correction to allow for
the test system response time is also sbown. A limiting value is reached
for the laser positioned between 2 and 3 diffusion lengths away from the
junction,which for this case (the 55-6-1032 shift register) is 260nsec.

A similar type of response has been found from readings taken with other
devices, and one example is shown in figure 24(b), where the limiting time
constant is reached with a minimum spot-junction separation of under two
diffusion lengths. These values of time constant are listed in table i

for all the devices tested. An esimation of the error involved in each
result has been included and it can be seen that these are guite large,
principally because of the low-level photocurrents. However, if necessary
a more sophisticated phase sensitive detector and preamplifier system could
be used, possibly in conjunction with a faster pockel cell, but greater

accuracy is not required for the present study.
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Limiting time
I.C.family | Manufacturer |Device type constent (nsec)
SS-6-1032 260 1 10
M’q N@ O & S@ . .
p-chennel SLmb~5032 250 + 50
Al-gate Instruments
DL=6-2128 120+ 20
Me 0o S,
p~channel Plessey ML2328 2100 2100
Al-gate
¥.0,8.
p~channel Mullard GYN114 800 * 200
Si-gate
C.4,0,8, R.C.A. CDL0Z7 500 = 60
Southampton } +
Bipolar University 14,2 ABAB 180 * 40
Bipolar Southampton +
{n-sub) University 166 JGSICW 290 =40

Table Lg

Measurements of lifetime
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L.4.3  Analysis of the results

The carrier diffusion term in the continuity equation was ignored in
the elementary theory presented in section b i1, but this is only valid
if the carrier decay with time is observed at a large distance from the
generation region site, A 1-D solution of the continuity equation which

includes the diffusion contribution isbﬁz

N - )
§plx,t) = . exp |—= - m} eoe(Ha16)
gDt Lpt T

where N is the number of holes generated per unit area. The hole concente
~ration is now dependent upon the distance, x, as SHOWH in figure 25(a). The
decay time,which is the time over which the hole concentration

falls by a factor’e; can be plotted as a function of distance; this is

shown in a normalised form in figure 25(b), from which it can be seen that
the value of time does reach a constant value for a value of x greater than

about two diffusion lengths, as expected.

A more rigorous treatment of the same problem but in three dimensions

nas been published by Kuiken56

» in which some realistic boundary conditions
have again been assumed (for details see Appendix 3(e)). A steady-state
excess carrier distribution forms the initial condition, and this is derived
in the same way as described in section 4.3.3. The results of this theory
for the two cases of zero and infinite surface recombination velocity

are given in figure 26(a), where photocurrent is plotted against time and
various values of generation region-collecting junction distance (d) are

used.

The time constant obtained from the exponential portion of each
response is shown as a function of distance d in figure 26(b), and again
a limiting constant value equal to the lifetime is reached, although the

approach to this asymptote is not as rapid as for the 1-D solution.

A 2-D computer simulation has again been made, with details in
Appendix 4(b), and this gave similar results to the theoretical analyses,

as shown in figure 27,
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A composite plot of the readings obtained from the $8-6~103%2 device
(figure 24(a)) and the predictions from each of the three‘cases mentioned
above is given in figure 28, In each response, the time constant
assoclated with the exponential decay of photocurrent reaches a limit equal
to the lifetime, when the laser beam is positioned about three diffusion

lengths away from the collecting junction.

The effect of a change in surface recombination velocity upon the
results can be seen from figure 26{a) and Ridieyi? also reaches the conclusion
that the measured lifetime will only vary by less than Spercent for a surface
recombination velocity of zerc or infinity. Only if the laser wavelength
was much shorter with the absorption of carriers nearer to the surface
would this effect be significant; it could then be p@ssibl; that the

5

surface lifetime and not the bulk value would be measured” .

Traps can also affect lifetime measurementis, and effective lifetimes
much larger than the true value have been measured because of the long time
constants associated with the capture gr@cesaigﬁégw By uwsing a sufficiently
powerful modulated light beam of over about 10CHz repetition rate, the
traps will on average remain full and have little effect upon the photo-
=current decay?ﬁand theexcess carrier concentration generated by the laser
is considerably higher than the trap density, which has been quoted to
be 2 X ’%O/H cmmﬁ for commercially available silicon 2 (see section 4.2).
Divect measurements of lifetime have been made in a sample where a large
number of recombination centres were present: for a laser power range of
%0uW-1mW, no change in the observed lifetime value was noted which indicates

36

that the traps are full” , thus the effects of trapping in the measure-

-ments of lifetime can be igpored in this experiment.

For a 166 JGSJCW circuit, the lifetime has been measured to be
63

290nsec (table 4). A reverse recovery technique ~ has been used on the same

device and a result of 270 * 120nsec was obtained, and further
confirmation has been found from an infra-red lifetime measuring techniqaeﬁ6
where at 100°C the lifetime of the 166 device was found to be 40Onsec,

although the practical temperature dependence of lifetime is uncertain.

The technique for lifetime measurement described in the previous

section can be used at any stage during the manufacturing process after the
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collecting junction has been formed, snd is much simpler than comparable
64 Y . .

electron-beam probe systems . It is possible to find gpatial variations

in lifetime by changing the position of the laser beam, but unlike more

49,65

accurate methods, 1t is non~destructive,

hoi.h The effect of lifetime upon the laser testing rate

If the laser probe was used to test an integrated circuit by injecting
a pbotocurrent at various sites and this current decayed with a time
constant equal to the lifetime, then the maximum rate at which data could be
optically inserted into the circuit would be limited to a value which, for
example, could be below 500kHz for a ML2%2B touch tuner (table L), This
would be unsatisfactory for commercial i.c. testing purposes, where test

rates in the 1-10MHz range are generally used.

In practice, however, the lassr beam is positioned directly over a
pn~-junction or as close as possible to it, so the effective carrier decay
time constant is very much less than the true lifetime (see figure 28),
and the maximum data input rate will therefore be governed more by the 1
modulator response time. Pockel tells with 10-90percent rise and fall times
of below "0nsec are available, so it should be possible to input information
into an i.c. using an optical probe even when the circuit is tested at full
speed. Drastic beam misalignment (by about a diffusion length or more)
could reintroduce the slow carrier decay time problem, but this situation

should never arise (see section 4.3.4),

4.5 Semiconductor Substrate Characterization

Both the diffusion length and lifetime of the excess carriers in the
semiconductor substrate have been measured, so the diffusion coefficient,

D,y can be calculated since

D — st . no»(l’é‘o‘}?)
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and hence the minority carrier mobility can be evaluated by using

Einstein's relationship,

B — %‘f, » D ma»(#‘«a@&)

A rough estimate of the doping level in the substrate can also be
66,67,68
Z

found from the value of diffusion coefficient,

&

but for majority
carrier concentrations of less than about %Oaécmm2$ the dependence
of the mobility upon doping level is a weak function, so the results can

only be used as an indicator of the overall processing situation.

Values of these derived parameters for some of the circuits tested
are presented in table 5: for the 166 JGSJCW device, the resistivity of
the n-type substrate is known to be 3-bgcm and the doping concentration
5 x 101 cm”3
48Ocm2/vosec; the results agree quite well with these expectations.

; with diffusion coefficient about 12cm2/aec and mobility

Of the semiconductor parameters tabulated, mobility is the most
important to the integrated circuit designer and manufacturer because it
has a direct bearing upon device speed and paﬁermhandling capacity, but
lifetime is also of interest, particularly ir bipolar techunologies where
it can determine switching speed. Thus the sbility to measure both
diffusion length and lifetime separately is an important aspect of the
laser probe operation, even if these measurements are not directly relevant
to high speed production testing of integrated circuits. It has been
shown that about 7percent of i.c. failures are caused by fault mechanisms
in the bulk Semiconductora, 80 a test strategy involving measurement
of diffusion length and lifetime, particularly during the processing stages
of a device, would be worthwhile because these failure modes could be

eliminated before the full testing programme is started.



Diffusion Hole Substrate
I.C.family | Device type || doefficient | mobility |doping conen.
(em“/sec) |(em?/v. sec) (cmgg)
L A0 17
58-6~1032 1.9+ 5.0 70 % 200 1210 "=2%10
M@ NQ Oa Sm ,,EO 16
p-channel SL-6-4032 16,72 3.5 | 500150 [1x10 =4 %10
Al-gate 17 18
D1lwb-24 28 S5.1%1.7 200 + 70 Lx10 '=-3%10
H.0. 8. 16 17
p~channel ML232R 7.9+1.5 | 310+ 60 5x10 "-5x10
Al~-gate
p=~channel GYN114 et 7.0 550 +:275 1210 "=5x10
Si-gate
€M, 0, S, CDR02Z7 7.3+2,2 | 290490  |4x106-8x10"7
10 17
Bipolar 14.2 4 15.5+ 8.0 | 610 £ 300 1310 "~ 2x10
?gﬁ:ﬁ% 166 JGSICW || 16.224.0 | 6k02150 |1x10"% 1x1015

Table 5:

Semiconduetor substrate characterization
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CHAPTER 5

LASER PROBING OF I,C.'S

Photoeffects in simple eirecuits

I1lumination of linear integrated eircuits
Laser probing of shift registers

Laser probing of different i.c. families
Measuremeﬁt of the internal ecircuit operation

Laser testing of the SN54LLS194
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5 LASKR PROBING OF 1.C.'s

5«1 Photoeffects in Simple Circuits

When a pn-junction is illuminated, a photocurrent flows in the same
direction as the reverse saturation current lsat (section 3.1.2), so the
net current for a forward woltage of V volts is

I = Isat”{exp(qV/kT) - 1) -1 eoel(5a1)

ph
The effect of light upon the diode characteristic is therefore the
same as if a current generator was added in parallel to the Junction, as

shown in figure 29(a).

In the planar bipolar transistor there are two pn-junctions which
can act as photodiodes - the base-emitter and base-~collector jumctions. If
this structure is uniformly illuminated, the generated carriers will be
collected by both,but because of the relatively small metal~-free surface
area and shallow depbth of the emitter, photoeffects at the base-collector
junction will principally determine the effect of light upon the transistor
characteristics. The photocurrent collected by this junction adds to the
leakage current, Tegos @s shown schematically in figure 29(b).

If the net base current is zero then the (iph + I Jeffective

CBO
leakage current is balanced by an injection of minority carriers to maintain
charge neutrality, and in effect it acts as a base drive which keeps the
junction forward biassed. The output current, ICEO’ for this open circuit

69

base configuration is given by ~:

ICEO et <ICB‘O + Iph)a(hFh: + 1) aew(Spa)

where hFE is the current gain; this magnified collector current resulting

from the introduction of a photocurrent I is the response normally

ph
associated with photoﬁransistors?o, Experimental confirmation of this
prediction is presented in figure 30 where the collector current IGEO

has been measured as a function of laser beam power when the base-collector
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junction of a transistor on a 142 ABAB device was illuminated. The
guantum efficiency is known to be S7percent (table 2), so the photocurrent
equivalent of the power level can be calculated, and this has been plotted
on the x-axis. The (hFE + 1) response as a function of base current for
this transistor has also been included on the graph, by assuming that the
photocurrent was identical to the total base current. The contribution of

the normal ‘dark' leakage current IC can be seen to become significant

RO
for low values of photocurrent, causing a divergence between the two

curves, but cloge agreement is found elsewhere.

The photocurrent will only have a significant effect upon the collector
current if its magpitude is similar to or greater than the external base
drive, which was assumed to be zerc in the above example. In the simple
two=transistor inverter shown in figure 3%1(a), the base current for T2
is only small when the input is grounded: in this case T2 is normally in the
OFF or high impedance state and the output voliage approaches the VCG
level. If now the base-collector junction cf transistor T2 is illuminpated,
ICZ will increase and as a result the ocutput will drop in potential by an
amount which is dependent upon the light intensity, R2 and the gain of
T2. For the situation where the input is beld at a high potential, the
base current via R1 and T1 to T2 is relatively large and T2 will probably
be saturated. The collector current is sufficient to hold the output
voltage close to ground, so the ccntributién from the photocurrent will

have no significant effect, as is shown schematically in figure 31(b).

Inverters implemented using different technologies also behave in a
similar way when probed by the laser beam. A simple pw-channel M.0.S.
inverter is shown in figure 32(a); the p-type transistor drains and
socurces are formed in an n-type substirate, and these pn-junctions
can be used to collect the photocurrent generated by the laser light.

If the driver-drain/load-source diffusion is illuminated, then the
photocurrent will flow from the substrate to the diffusion as indicated
in the diagram, with the result that the ouiput is pulled towards the
substrate potential. In normal operation the output only reaches

this level when the channel of the driver transistor is formed (with a
negative gate voltage), so the photocurrent will only have a marked
influence upon the action of the inverter if the input voltage is below

the threshold, i.e. the driver transistor is in its high impedance state.
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The output of the 1%L inverter (figure 32(b)) can be significantly
changed when the input is grounded and the laser beam is positioned close
to the collector-base juncticn of the npn transistor. In this
configuration, the 'injection' current from the lateral pnp device is
diverted away from the base of the driver traunsistor and the photocurrent
can then drive the output to the ground potential. Even though this
collector-base junction is small and partislly obscured by metal, the
laser probe must be directed at this site and not at the emitter-base
or base-collector junctions of the pnp transistor in order to force the

output low,

The laser can therefore slter the functional behaviour of
simple inverters, but its effect is dependent upon the currents which
normally flow in the circuit - in general these should be less than the
optically~generated photocurrent for the modification to be significant.
Thus the power of the laser beam will be an important parameter, and
this ie demonstrated by the results obtained when more complex integrated
circulits have been probed by the laser, as detailed in the remainder

of secticn 5.

5.2 Illumination of Linear Integrated Circuits

The major part of this study has involved work with digital i.c.'s,
but some of the characteristics of the laser probe can be established

from the results of tests performed on three operational amplifiers.

5.2.17 The 709 op.amp.

The 709 operational amplifier is a three~stage circuit in which
approximately one third of the total 45,000 open~loop voltage gain is
developed in each stage. In the Fairchild circuit implementation shown
in figure %3, resistive loads and npn transistors are used throughout,
except for T12 which is a lateral pnp level shifter and T15, a vertical

pnp device.
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Transistors T1 and T2 are operated with a low collector current
(about 20pA) to maintain a high input impedance and the gain of this
differential stage, which is determined by the values of R1 and R2, is
developed across the base-emitter of the unity-gain inverter T7. T6
and T8 are included to reduce the effects of second-stage loading and
the constant current source is formed by T3, T4 and R3. The second stage
gain is developed across R5 and the pnp transistor T12 shifts the d.c.
voltage level towards the negative supply,so that the third stage
consisting of T13 and R4 can drive the class B complementary output

amplifier.

The op. amp. has been probed with the laser beam when it was
operating in an inverting amplifier circuit, and the results of this
experiment are shown in figure 33, where the observed change in output
produced when the beam is directed at a particular transistor is indicated
by & colour code on the circuit diagram. A red colour indicates a strong
swing of the output in the positive direction (this usually means that it
saturates at a potential close to +VCC for low laser powers) and purple
shading marks the site where a less pronounced positive shift is produced.
Similarly for the case of the circuit ocutput forced towards the negative
supply rail, green indicates a strong reaction for relatively low laser

powers and the blue represents a weaker response in the same direction.

The light probe can be seen to have most effect when it is directed
on the input circuitry, but very little reaction has been noted, even
with full beam power, upon the second and third gain stages. The direction
of the output shift is consistent with the fact that the injected photo-
~current increases the collector current flow through an illuminated
transistor, and the ‘'strength' of each output reaction is related
to the current levels which normally flow in the circuit. For example,
if the laser beam is directed at the collector-base Junction of transistor
T2, the base potential of T8 drops and so the voltage developed across
R> also decreases; as a consequence,T13 and T15 will conduct more and the
output voltage falls. Since the collector current for T1 and T2 is only
about 20pA, a low-powered light beam will be sufficient to significantly
alter the conduction in either the T1 or T2 branches of the differential






input,with any change strongly amplified by the following stages; thus
it has been found that the output transistor T15 reaches saturation for
an injected current of 32uA at T2, with the output voltage level held
close to the "VCC supply. An indication of the change in output as the
laser power is increased is given in figure 34(a). A sine wave input
has been used, and the ‘dark' response is shown in the first diagram,

= * 8v. When the laser power at T2 is increased, the d.c.

cc -
output level begins to drop and ¢lipping occurs when T15 saturates; for

where V

photocurrents larger than 32uA (calculated by assumingxn = P0percent),
T15 is permanently saturated for all input values. The magnitude of the
photocurrent necessary to reach this final state bas been found to be
proportional to lage(VCC) as expected, since the constant current supply
to T2 and T1 varies as a function of the supply voltage in the same

way?ﬁ,

The unity-gain drivers T7 and T9 also are very sensitive to the
light probe: the effect of the beam positioned over the base-collector
junction of T7 is alsc shown in figure 34. The output is first affected
at low beam powers when T7 is conducting less than T9, i.e. the circuit
input is negative, but as the injected photocurrent is increased, the
output transistor T15 eventually saturates again. The buffer transistors
T6 and T8 also produce a similar output response when optically probed,

but more laser power is needed.

A small drop in the output potential is noted when T11 is illuminated,
but this is the only site in the latter part cf‘the circuit where the
maximum: photocurrent can approach the value of current which is normally

flowing and alter the circuit operation.

502&2 The 71’*1 ODe &lDs

The 741C is a more modern operational amplifier in which current
sources are used as collector loads, and a 30pF frequency compensating
capacitor and short~circuit protection are also included in the circuit,
as shown in figure 35. Nine pnp transistors are used, of which T19 and
T24k are substrate type, and pinch resistors are used to reduce the overall
size of the device; the two stages produce an open-loop voltage gain
of 100,000,
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The input stage uses the active load formed by TS5, T6 and T7. The
T1/T2 and T3/T4 combinations act as common emitter pnp devices, and '
the differential voltage swing appearing at their collectors is converted
into a single-ended output, resﬁlting in an improved common mode range
compared with the 709. The stage gain is 60dB and feedback via T8 and T9
determines the operating point for the input transistors. A pnp current
source (T12 and T13) is used as a load for the Darlington-configured
transistors T15 and T16, and this pair drives a class B complementary
amplifier. R5 together with 710 and T13 provides the correct bias, and
short circuit protection is given by T20 and T21, which limit the maximum

current flow to about 30mA.

The same colour code has been used %o indicate the effect of the
laser probe upon the circuit (see figure 35). To obtain these results,
the op. amp. was used as a difference amplifier and adjusted so that a
differential input of 2mV could be detected; the supply voltages were set
to *10v and the maximum photocurrent for a quantum efficiency of

70percent was 4OOuA.

The differential input stage is obviously easily affected by the
laser but scme reaction has also been noted further on in the circuit.
The strongest response to the laser illumination was found at the base=
~collector junction of transistor T9, where a power of only 26.5uW
(just under 10pA) saturated the output voltage at +9.2v. A similar
result was observed when the light was positioned over T {where a
photocurrent of 18uA was needed), and also at T3(18uA) and T8(22u4);
in these cases the base drive to the input transistors from T10 is
reduced by the photocurrent in the common mode feedbasck circuit, so the

output voltage is forced to rise,

When the input transistors T2 and Th are illuminated, opposite
polarity output voltage swings are produced, but the 0.6v change in
d.ces level for a 35pA photocurrent is not as large as in the above

examples because of the fixed base current drive.

The first stage output current, 101, is equal to IC#” Ioé(where
IC# is the collector current through T4 etec), but since IC6 is identical

to I.. because of the action of the unity gain amplifier T7, 101 is

ce
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simply the difference in the currents flowing through the T2 and Tk
branches of the differential stage. Illumination of T7 and T6é will
therefore tend to decrease the magnitude of 101 and produce a positive
shift in the circuit output voltage, and in fact a 20uA photocurrent is
sufficient to saturate the output; if the T5 collector current is incre

~eased though, the drive for T6 is reduced and the output voltage drops.

The current i01 is not very large when the op. amp. is operated
as a difference amplifier (as demonstrated by the T6 result), so it would
be expected that the laser could supply enough photocurrent to
significantly alter the currents flowing in the Darlington pair T15 and
T16. In practice, photocurrents of 18uhd at T15 and 21uA at T16 were
sufficient to produce a saturated output of ~9.3v. Conversely, if the
base~collector junction of T4 is probed by the laser, the base current
for T15 is decreased and a + 9.2v output is obtained for an injected

current of 16.5ul.

From these results, it can be seen th&t.the first stage output
current, I, needs only to vary over a 18 + 16.5 = 34.5uA range in
order to produce the maximum possible output voltage swing. Hence the
laser probe can be used to determine the magnitude of the currents flowing
within the circuit, which are otherwise extremely difficult to measure,

in order to check calculations or to diagnostically test faulty devices.

The relationship between the photocurrent magnitude (or laser
power) and the current levels in the circuit is well demonstrated by a
comparison of the output reactions observed for the laser probing of
transistor T15, where a 0.05 mW beam power can produce a variation in
output voltage of 9.3v, and transistors T23% or T2k, when a 1mW beam can

barely manage to alter the output by 10mV.

5.2.3 The CA3130 0p. amp.

The CA3130 operational amplifier is another 3~stage device, but
is implemented by using both M.0.3. and bipolar transistors. A block
diagram of the op. amp., which shows the current levels and gain
associated with each stage, and the detailed circuit diagram are given
in figure 3%6. The T5 and T6 source supplies a constant current to the

differential input transistor pair; an active load is formed by T3 and T4
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and the single-ended output is amplified by T10 and fed to the high
input impedance C.M.0.S. output stage. A separate bias circuit is used
and zener diode input protection is necessary because of the M.0.5.

inputs.

This op. amp. has been probed with a O.7mW (250uA) laser beam, and
the results shown in colour on the circuit diagram were measured when it
was operated in the inverting amplifier mode, with VCC =+ 7.5v. The
input stage behaved similarly to the 741, but the polarity of the output
changes was different. A minimum of 120pA photocurrent has been found to
be necessary to drive the cutput te the +VCC level:; this occurred when the
beam was directed onto the drain of T5, in effect reducing the current
supplies for T1, T2 and T10. For the besm positioned over T1, T2 or Th,
photocurrents of 150pA are needed to produce the same result or its
inverse, and this value shows reasonable agreement with the 100uA which
is expected to flow in these branches of the circuit. Similarly, 200pA
is the nominal supply for T10, and a measured laser power of O.59mW
(210ua) at this point produced an output voltage close to the +VCC supplye
No change in the output was observed when T11 or T12 were illuminated, but
the 8mA current flowing here is about sixty times larger than the

photocurrent so this result was not unexpected.

This series of experiments on operational amplifiers has demonstrated
that the laser can inject a photocurrent into both bipolar and M.0.S.
structures in a predictable manner and that the effect of this extra
current upon a circuit depends both upon the laser beam power and the
currents already flowing in the portion of the circuit which is
illuminated. These factors can all be quantified, so both fault detection
and diagnosis,and circuit characterization can be enhanced by using the

laser probe.

Analogue circuits offer only limited scope for laser testing though,
so the majority of the work in this study has been concerned with
digital i.c.'s. The same conclusions with regard to the action of the
laser beam upon the circuit behaviour will still apply here but the
optical probe can also be considered to be a moveable extra input, and

used to great effect in changing the logical operation of a circuit.



5.3 Laser Probing of Shift Registers

5.361 The shift register

The shift register is a relatively simple example of a digital
circuit, and yet it is extremely hard toc locate any faults which may occur
in it; however, fault diagnosis is easy to perform using the laser probe,
and since any output change can be readily recognised and related to the
site of an optical input, the results obtained by using the register have
been chosen to demonstrate the most important features of the the laser

test wmethod.

The shift register is shown in its basic form in figure 37: there
are two inverters per each 'bit', and clock~controlled transfer gates are
used to direct the flow of information. In the case of the static register
(figure 37(a)), data are not lost when the clocks are stopped because
of the feedback loop formed via Gate 3, However, the storage function is
performed by the parasitic capacitances associated with each inverter in
the dynamic shift register, sc that this 'memory' branch is no longer neededs
but since the charge on the capacitances leaks away, there is a minimum
operating clock frequency associated with dynamic logic circuits. For
each type of register, information transfer only takes place on the

command of a clock signal, i.e. the operation is synchronous.

The M.0.3. implementation of the étatic shift register is shown in
figure 38 together with its associated clock waveforms, and a photograph
is shown in figure 41(a), where the laser probe (3um diameter) is
positiconed over the diffusion indicated as node X. £Each cell or bit
consists of two cross—coupled inverters and four transfer gates which are
governed by the internally-generated clocks ﬁ1, ﬂz, ﬁz and Qgc In the
circuit shown, the M.0.S. transistors are p-channel enhancement type, so
a negative gate voltage (logical '0') is needed to form a channel and

turn g transistor O,

The circuit operation is as follows:-if a '0' is clocked into the

input (negative potential), this is inverted by Driver A to & '1' or Ov
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at the source of Gate A. After clécks ¢3 and ﬁ# return to ground

level, ﬁ1 and ﬂa go negative and turn ON Gates A and B: the slower
falling edge of ¢2 ensures that the '1' is transferred first to Driver B
via Gate A and not through Gate B. This is inverted by Driver B, so =
'0' 1s fed back to the input through Gate B, completing the loop. On the
next clock transitions, Gates A and B turn OFF and then Gate C and
finally Gate D turnsON, so that after one complete clock period, the

'0' value reaches the output.,

A different form of the static shift register is shown in figure 39 -
this is an IzL version of an edge~triggered D-type bistable. A photog-
~raph of one such flip-flop is shown in figure 41(b). When the clock is
at level '1' (+5v), transistor T2 is ON with T4 and T5 OFF, so the output,
which is determined by the cross-coupled NAND pair of T6 and T?7, retains
its previous state. Only during the clock '1 -» O' transition is this
slave element comnected to the master, and then the output is set egual to
the input. Finally when the clock reaches the '0O! levely the T5-Th
and T4-T1 branches of the circuit ensure that the slave is again isolated
from the master. Thus information moves through the cell only on the
clock falling edge, and by the time that it reaches the fellowing bistable
in the sequence, further movement is inhibited because the clock has

reached ground potential.

The operation of the M.0.S. dynamic shift register shown in figure 40
is similar to that of the static logic circuit. The parasitic capacitances
are indicated in the diagram and clocked loads are used to reduce the
power dissipation. A 'O' level (negative voltage) applied to Driver A
will charge up the capacitance, and providing that the following Transfer
Gate A turns ON whilst there is still sufficient charge present, a
voltage close to ground ('1') will be presented to the gate of Driver B,
discharging its associated capacitance. When Gate A has gone OFF and
Gate B is turned ON, the output assumes a '0' value from the Loads B. A

photograph of this particular circuit is given in figure 45(a).
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9.3.2 Optical data insertion

Both & 'O'" and a '1' can be injected into every bit of each of the
above shift registers using the focussed laser beam, overriding the data

that were previously stored there.

An n-type substrate is used for the M.0.S. logic circuits, and this
is held at the most positive potential in the circuit, i.e. VCC' to
ensure that the pn-junction which it forms with the p-~type source and
drain regions can never become forward biassed. If the light beam is
directed at one such diffusion, the photocurrent will try to raise its

potential to close to that of the substrate, i.e. logical ‘'1'.

When the beam is positioned at node X in the static shift register
circuit (see figure 38) and assuming that the laser power ig sufficient
to drive the petential high encugh to be registered as a '1' level by
the rest of the circuit, node X can be driven high, As & result,

Driver A will turn OFF and Driver B ON, producing a stable state with the
cell holding a '1' value, even if the laser is subsequently removed.
Similarly, illumination of node Y will produce a 'O’ level at the cell
output. The same result would be obtained if the laser probe was directed
at the appropriate load-driver connections, but the minimum photocurrent
necessary to change the information stored in the cell will be greater
than in the previous case because of the ON-impedance of the transfer
gates. The state of the eloeks governing data flow through these gates
will also influence the laser power requirements, and this is discussed

in detail in section 5.5.2.

In an analogous way, both a logical 'O' and '1' can be written into
the M.0.5. dynamic shift register, but the laser beam powers needed are
significantly smaller than for the static shift register, because the
parasitic capacitance needs only to be discharged to destroy the *0°

value previously held. In each 2-inverter cell, only one capacitance
will be charged so the information stored in the bit can be inverted by

directing the beam at the appropriate site; at node X, the laser can force

the output toc a '1', and vice versa for node Y.



In the IaL D~bistable, the output can be changed by directing the
laser probe at the base~-collector junction of either T6 or T7 (see figure
39) depending upon the state of the previous output, but least beam power
1s needed when the clock is at the '1' level, i.e. when the cross~coupled
output NAND-gates are isolated from the rest of the circuit. Again,

illumination of node X produces a '1' cutput and a '0O' resulis at node Y.

The electro~optic modulator has been used to vary the laser beanm
intensity, with the result as shown in figure 441(c). The beam was
directed at a node X (where a '1' is optically inserted), when the
register previously held '0''s in each bit. The clock was set at a
IMHz frequency and is shown as the bottom waveform. The laser 'input' is
the upper trace, where the higher level is equivalent to the light-ON
condition and the lower level indicates that no light reaches the register.
The resulting register output is shown in the centre of the photograph:
this can be seen to reproduce the light input sequence but is delayed
by six clock periods, because the illuminated node X was in the sixth

bit from the end of the register.

This experiment demonstrates two distinct features of the laser test
method. First, data can be inserted at a chosen site in much the same
way as if there was direct access to that point via a conventional inputl.
kven though the laser light can only act as a photocurrent source and
not also as a sink, both logic levels can be introduced inteo each cell
s.nply by changing the input position (e.g. from node X to node Y in order
to inject a 'O' instead of a '1'). In all types of circuit tested to date,
such complementary nodes have been available so it seems that the
limitation of a'one-way' input will not be serious in practice; this
aspect of the laser probe operation will be discussed further in section
6.3.

Second, the optical probe is non~contacting so it can be easily moved
around the circuit, giving the tester access to many nodes. ‘This facility
is extremely useful in diagnostic testing, when precise fault location
can be achieved by choosing input sites as close as possible to the
faulty area of the device. For example, if there was a failure in the

shift register, such as a simple stuck~at-'1' or a degraded freguency
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response, normal test methods would only discover that the register as

a whole was faulty. A microprobe could then be used to locate the logical
type of fault if the aluminium interconnections were reasonably large

and the operator dexterous, but it is unlikely that the parametric

failure mechanisms would be found. The only alternative would be to
perform a critical examination of the whole register, which could be
hundreds of bits long. If the laser probe was used though, the beam could
be moved systematically along the register and the faulty cell would be
found when the expected output response was not observed. For the
parametric fault example,the register could be operated just above iis
cut-off frequency and then the same method of fault location would be
used.  If no fault was found in the chain of bits, the search would then
be directed to the input/output circuitry and clock generators. In this
way the fault can be isclated to one particular transistor or node (such
as a faulty driver or ‘slow‘;transfer gate), so a detailed examination

can be performed to determine the precise cause of the failure.

The diagnostic testing aspect of the laser probe will only be
discussed with reference to a few specific circuits in the remainder of
this work, but detailed results of the laser powers needed to insert
data into the shift registers and also a variety of other types of circuit

will be given in the following section.

5.4  Laser Probing of Different I.C. Families

Modern integrated circuits are manufactured using a bewildering
variety of technologies72, therefore, in order to determine the feasibility
of the laser method of i.c. testing, experiments ought to be performed on
a representative sample of devices from each of the types which are now
being produced. This would ensure that the laser power is strong enough
to input data into a circuit and that the internal test sites were both
accessible to the light beam and not too close to each other. However,
only five different logic families have been studied in this fashion -

p-channel M.0.5., IZL, standard and low-power schottky T.T.L. and C.M.0.S.,
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but the resultis have shown that a reasonably accurate prediction of
the criteria for successful laser probing can be made, so an analytical
method has been used to determine the light beam power levels which

will be necessary to optically test other types of circuitry.

5.4.1 _p~Channel static M.0.S. legic

Five different i.c.'s in this class have been investigated:-
these were three Al-gate shift registers from General Instruments, which
also had a nitride layer over the gate oxide (the 1,1,2,4,8,16-bit
S5=6=1032, 4 x 32-bit SL-6~4032 and 2 x 6k-bit SL-6-2064), one poly=
~silicon gate 2 x 100-bit shift register from Mullards (type GYN111)
and a Plessey Al-gate television touch tuner (ML232B). At least four of
each of the metal-gate devices have been used, so ‘average' resulis are
given in this section although very little inter-device variation has

actually been observed.

S5et.1.1 The M.0.S. static shift register

The effects of laser illumination upon the operation of the shift
register have been outlined in qualitative terms in the previous section.
With M.0.S5. circuitry, the channel itself is not often optically acc=
~essible (because of the gate metal overlay) and neither is the driver-
source or leoad-drain in an inverter circuit. The p-type diffusions
linking the various transistors are usually metal-free though, and form
suitable photodiodes which can be used for laser probing. The laser
beam should be focussed onto the junction edge for maximum effect, but
if it is incident upon the substrate or diffusion close by, the result
will be the same although the laser power requirement will rise (see
section 4.1). In the following measurements, the quoted beam powers
refer to the power at the surface of the circuit under test when the
beam is positioned over the junction edge, and so are the minimum levels
which are necessary to produce a given change in the observable
output. Conversion to an equivalent photocurrent can be easily made
by reference to equation (4.1) and table 2 for values of quantum

efficiencye
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For the shift register circuits, the same minimum laser power
is necessary to change the information stored in any cell to either a
logical '0O' or '1'. In the case of the SS5-6-1032, a power of 52uW
was required to change the output when the beam was positioned over
the driver~load interconnection (see figure 38) but only 6.8uW at nodes
X or Y produced an identical reaction if a continuous light intensity is

maintained.

It is also possible to insert data into two adjacent cells
simultaneously if the power is increased to 874uW, i.e. 130 times the
minimum level. This result confirms the nodal isolation theory which
was presented in section 4.3.4: from the photograph in figure 41(a),
the distance between adjacent bits can be seen to be 67um and the closest
Jjunction to the sensitive nodes X or Y, the driver-load diffusion,
is only 2hum away (the diffusion length is 17.6um). Without this
disturbing influence, a L7-fold power increase above the minimum level
would be needed to affect two node X's or Y's together, well below the

ratic measured in practice.

The state of the transfer gates also has an effect upon the laser
power requirements for data insertion, and it has been found that if a
synchronised modulated beam is used so that light only reaches node X
when Pransfer Gate B is fully ON, then 21V instead of the minimum
6.8uW is needed to drive the output high. The relationship between the
transfer gate impedance and the laser power will be studied in detail
in section 5.5.2. As expected for a static logic circuit, the clock
frequency has very little influence upon the results, but close to the
upper limit (1.2MHz in this case) it has been found that the feedback
loop never has time to close; as a consequence, the device behaves as
a dynamic register and some frequency dependence of the minimum laser

power has been observed when this condition is reached.

bach of the three types of G.I. register tested had identical cell
layout and driving circuitry, but even though the results obtained in

every case were of a similar form, the magnitude of the necessary beam



power was dependent upon
the length of the

register, as

shown in table 6.

This relationshi Device No. of bits | Minimum laser
s P power (uW)
probably arises because
the loading on the clock SS8~6-1032 16 6.8
generation circuitry
. . . SL-6~4032 32 Sely
varies in proportion
to the number of SLmb= 2064 64 1.2

transfer gates, result-
=ing in a degradation
of switching speed for
the longer registers.

When the delay between
Table 6: Deata imsertion into G.Il.

one pair of gates static shift registers
turning OFF and the

others coming ON increases, less photocurrent will be necessary to
accomplish the change of state (see section 5.5.2) and so the minimum

laser power will drop as the number of bits rises.

The polysilicon-gate GYIN111 has a smaller cell geometry than
the Al-gate registers, but bere again a large increase in power
(126 times) over the minimum level of 1.5uW is needed to input data
into two bits simultaneously. The sensitive node X junction is partially
obscured by metallization, but the laser beam can penetrate through
the silicon gate to the channel in some cases. Thé light-probe
power requirements of this circuit are comparable with those of the
M.N.O.S. devices, and this is expected because the change in gate
material will not greatly affect the current-handling characteristics

of the similar-geometry transistors.

A detailed analysis of the Al-gate register cell has been made
in order to relate the laser power requirements to the circuit
parameters. The equations describing M.0.S. transistor operation
are given in Appendix 6, and from these the steady-state currents
and voltages at each point in the circuit have been calculated, with
the results shown in figure 42 (the transistor w/l ratios are cireled).
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Figure 42: D.C. analysis of the SS-6-1032 shift register




When the laser beam is directed at the driver-drain diffusion
which is initially at -12.8v, the photocurrent flowing from the
substrate will try to raise its potential but at the same time the load
impedance will alter. As shown by graphical analysis, a 'break-point’
1s reached when a current of 22.5pA is supplied by the load; with a
higher current the output rises above -4,5v and a logical '1' state is
reached. The measured 52uW laser power which was necessary to perform
this task is equivalent to a photocurrent of 18.5uA, which shows good
agreement with the calculation.

If one of the 'slow' Transfer Gates B or D was OFF when its
partner (i.e. Gate A or C) was ON, the photocurrent would only have to
discharge a parasitic capacitance in order to change the logic level
at the input of each inverter, and this should be equivalent to the
case for least laser power. In practice though, the minimum power level
necessary for data insertion occurs at a time when one of the slow transfer
gates is partially ON with the faster gate fully ON (section 5.5.2)
50 this approximation will lead to an underestimate of the minimum
laser power required at nodes X or Y. The value of capacitance can be
calculated to be 0.10uF from a knowledge of the voltage swings,
transistor geometry and processing parameters (Appendix 6), and so a
discharge current of 1.6uA for the $5-6-1032 is predicted, in which
the time delay between the turn OFF of one transfer gate pair and the
turn ON of the next slow gate has been found to be 330Onsec (section
5.5.2). This would require a laser power of b byuW,which is slightly

less than the 6.8uW measured for the reason described above.

5.4.1.2 The ML232B T.V. touch tuner

One channel out of the six in the Plessey ML232B touch tuner is
shown schematically in figure 43(a). The circuit consists basically of
a bistable whose state is determined by reset controls from each of the
other channels so that only one is selected at a time, and either an
input signal from a touch plate arrangement or the previous channel

output, depending upon the clocks ¢1 and. ¢é. Therefore both manual
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and sequential channel selection can be used to control the voltage

which is applied to an external varicap diode.

Again a low-powered laser beam was sufficient to modify the
circuit behaviour: the state of the latch could be changed in both
directions with a power of 20uW when the light spot was directed at the
drain diffusion of an OFF transistor, the clock control circuitry could
be overridden with under 7OuW beam power, and at the sensitive sense

inputs 8uW was enough to select one particular channel.

The clock generator is detailed in figure 43(b), and here also
the laser probe can be used to alter the logical operation of the
circuit, with an average power of 80uW. When the step-input diffusion
is illuminated, its potential can be raised high enough to prevent Ti
from turning ON, even when a negative input pulse is applied, thereby
disabling the sequential channel selection function. Conversley, if the
beam is directed at either the drain or source of T11 or T13, then ﬁa
ig driven negative and simultaneously ¢1 rises in potential and the
action of a step input pulse is imitated. For a steady light beam at
this position, control switches from channel to channel at a rate which
is determined by the response time of the latch circuit, but if discrete
light pulses of less than 60usec duration are applied, then only the
next channel in sequence is selected. Similarly, if 60-120usec wide
light pulses are used, the next-but-one channel is reached etc.
At other photodiodes within the clock generation circuitry, either
91 or ﬂz individually can be forced to the '0' or '1' levels with the
laser, and the effect upon the channel selection network is as
expected for these conditions, which cannot occur during normal operation

of the device.

Every one of the seven inputs to this circuit could be replaced
by a laser beam, and this has been well demonstrated by one particular
touch tuner in which the metallization pattern had been changed so that
no access was provided to the step input (the spare contact pad was
used as an observation or test point at the output of the sixth channel).
This can be seen by comparing the two photographs in figure 44, where
the conventional circuit shown above has its contact to the clock cir-
-cuit at the bottom right hand side. The modified circuit could be

made to operate normally in every respect by using a pulsed light beam
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to simulate the step input, as described above.,

In general, static M.0.S. logic dissipates about 1mW per bit ?§9

so laser powers in the 10-200uW range (4 = 70uA) should be adequate
for data insertion. Any pseudo-dynamic operation (such as the case
when the transfer gates are OFF in the shift register) could reduce the

value by upto an order of magnitude.

5.4.2  p~Channel dynamic M.0.S. logic

Two dynamic shift registers represent this device class: a
2 x 128-bit Al-gate from General Instruments (DL~6-2128) and a Mullard
b x 256-bit Si-gate, type GYN141. In each case the lower frequency
limit is 10kHz and the circuit configuration is similar except that the
fixed Loads A and B (see figure 40) are omitted in the Si-gate device
to reduce cell size and power dissipation. Photographs of both are
shown in figure 45(&), and the area per bit can be seen to be approximately

cne third of that in the static registers.

Least laser power is needed to change the information held in each
cell when the beam is directed at the diffusion between the transfer gate
and following driver, i.e. nodes X and Y (figure 40). The power levels
were in general less than the minimum required for the static logic
circuits, but the value was dependent upon the clock frequency, or more
precisely the time interval between one transfer gate turning OFF and the
next coming ON; the two non-overlapping clock waveforms are externally
generated, so this delay can be carefully controlled. If a long gep
between successive clock pulses is allowed, then the parasitic capacitance
will lose a significant porportion of its charge by leaksge so that only
a small photocurrent is needed to finally discharge it and the minimum
laser power level will be low; as the gap decreases, the laser power
requirement will rise correspondingly. The results of experiments
performed on both registers to demonstrate this relationship are shown
in figure 45(b). The laser probe has been positioned at node X or Y
and the power required to force the output to a '1' or 'O' when using &

continuous light beam is shown as a function of the time delay between






successive clock pulses. When the registers are operated close to
their lower frequency limits, light powers of less than O.1MuW affect
the circuit output, but this level rises by nearly two orders of
magnitude when the capacitance is allowed less than about 1usec for

its charge to leak away before the discharge is completed by the laser.
The effective capacitance is calculated to be 0.17pF so an esgtimation
of the necessary discharge current as a function of time delay can be

made, and this has been included in the same figure,

The laser probe can alsc be used to drive the output high or low
when it is positioned over the load-source or driver=drain diffusions,
but a 50=-80uW spot power (18-28uA) independent of the clock waveforms is
needed; this is similar to the values measured for the fatic register.
QObviously the latest dynamic circuit designs using four-phase
ratioless logic for example (where the power dissipation is typicelly
0.1MmW/bit or a tenth of value associated with the above circuits) will
need proportionally less laser power if the photocurrent is used to
match load currents; however, for the capacitance discharging function
the main limitations will still be the initial time allowed for charge
leakage and the size of the capacitance, so it is likely that a power
in the range of 0.05~50uW should be adequate for testing dynamic
logic M.0.S5. circuitry over a 10kHz~5MHz range of operating frequency.

5.4.3 Integrated injection logic

Only one member of the IaL logic family has been optically probed,
but it has been possible to obtain some indications about the
suitability of laser testing for this particular type of i.c. The
circuit which has been studied is a pseudo-random binary sequence
generator from Plessey (type SP540): this comprises of a string of
14 D=bistables, each separated by EOR-gates which are fed in bit=
~parallel format from a 13-~bit shift register (see figure 46). The
implementation of each D-bistable is identical, and has been described

in section 5.3%.1.
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At a clock frequency of 3kHz and with a total injection current
of 50mi, a laser power of 300uW is sufficient to force the output of
& bistable to a logical '1' and slightly less (230uW) can introduce
a '0'. These results were measured when the base~collector junctions
of the output transistors T6 and T7 (figure 39) were illuminated and the
clock was at a high potential, i.e. the '1' level: in this case the
photocurrent has only to match the current from the pnp injector which
flows to ground through the ON transistor in the S-R bistable in order
to change the state of the circuit,because the slave is isolated from
the master; the disparity in the power levels needed to insert a ‘14’
or '0' reflects the different driving requirements associated with the
following stages via the output and GUEpuf branches.

Details of the effect of the light beam upon the output when it
is directed at other transistors are given in table 7, and the state of
the clock when each output reaction is observed is also shown, All of
the results can be explained by reference to the circuit action, and
in addition it has been possible to estimate the beam powers needed for
data insertion in each case: these are also listed and can be seen to

show reasonable agreement with the measurements.

As an example, consider the situation when the laser is directed
onto the junction between the base and collector-e2 of transistor T1.
The photocurrent will tend to force T3 OFF by diverting away its base
drive, so that when the clock is at 'O' with T2 OFF, T5 will begin to
conduct and the output rises to the '1' level. In the clock = '1°
period, T5 is held OFF so illumination of T4 wiil be ineffective. By
assuming that every lateral pnp current injector is identical, and that
all the current they produce flows either to ground through the collector
of a saturated npn transistor or provides the base current for the
following npn common emitter driver74, the number of units of 'base
drive' which the photocurrent must overcome in order to produce the
observed output change can quickly be found. The common base current
gain has been assumed to be 0.7 and the common emitter gain as ﬁﬁ?ﬁ
so for a total injection current of OmA, each pnp transistor is
calculated to supply a current of 0,12mA which could be equalled by
a 345uW laser beam if 4= 7Opercent. Thus the expected laser power



Transaistor || Effect of light|Clock phase |Laser probe| Predieted
collector | upon the output|sensitivity power (uW) power (uW)
T - ¢ Foraed to '1°' [Clock = !Q? 580 690
T - 62 Forced to '1' [Cloeck = '0° 570 690
T2 - ot Held at *1°7 - 1090 1035
T2 - 02 Held at '0° - 970 1035
T3 - ¢1 Held at '0° - 850 1035
Th - of Forced to *0° [Cloek = ?1° 570 690
Th - 02 Forced to '0' |Cloek = ?1° 550 690
TS - e1 Forced to *1' [Clock = ?Q° 380 345
™ - ¢2 Foreed to '1° [Cloek = ?0° 1000 1035
TS - @3 Forved to *1° |Clock = °0° 690 690
% -~ o1 Forced to *1' |{Cloek = ¢1° 850 690
T6 - 62 Forced to '1' |Clock = ?1° 300 35
T7 - o1 Forced to °*0' [Cloek = ®1° 650 690
T7 - 02 Forced %o '0° |Cloeck = *4!? 230 345

Teble 7: Laser probing of the I°L D-type bistable
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requirements at the various input sites will be multiples of 34ouwW,
depending upon the propagation path of the laser-induced change of

state. In the present example, both the T1 and T3 current supplies

would have to be surmounted if the output is to be forced to the '1°
level when T2 is OFF, so a light power of 690uW is predicted, rather
higher than the 470uW which was measured. However in general,

reasonable agreement between the estimates and practical results has been
obtained, and this method can be used to calculate the laser power

requirements for other circuits in this family.

The upper frequency limit of IZL logic is inversely proportional
to the injection current, so for high speed operation the laser power
requirements will rise. For this circuit, the injection current range
is 1=100mA for all frequencies up to 1OMHz, so a laser power of SuW-
TmW should be satisfactory to cover the limits of operation and
probably be adequate for optical testing of most standard 12L WaSoels

and l.s.i. circuitry.

St b Low power schottky T.T.L.

The Texas Instruments SN54LS191 synchronous up/down counter has
been chosen to represent the low power schottky T.T.L. logic family.
A full description of this 58-gate m.s.i. device will be given in
section 5.6, but the results obtained from the laser probing of two
parts of the circuit, a 2-input OR-gate and a JK-bistable, will be
detailed here in order to evaluate the power requirements for laser

testing of L.S.T.T.L.

The simple OR-gate is shown with a photograph in figure 47. When
the laser spot is directed at the base-collector Junction of T1 or T2,
the gate output voltage can be increased to reach the '1! level,
and by changing the position of the beam to T5 the output can also
be forced low. In practice, the output of the OR-gate cannot be
observed directly, so any change of state can only be detected by its
effect upon the rest of the circuit; thus the following values of light
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power are those which are necessary to change the gate output‘
potential sufficiently to overcome the noise immunity margins of

successive gates.

To force the output to the '1' level, a laser power of 880uW
at the base~collector junctions of T1 and T2 or 94OuW at the T3 colle~
~ector was required, and to inject a '0', 775uW was needed at the base
of TS5 and 820uW at its collector. Assuming that both T4 and T5 are
saturated and the values of resistance are as indicated, the base current
for Th will be 0.36mA, so a laser power of 1.0mW (m = 90 percent)
should theoretically produce the high-level output. Similarly, for
a VCE(sat) of O.3v for a schottky transistor, a photocurrent of 0.34mA
(950uW) is predicted for 'O' insertion at TS; both calculations are
supported by the measured power levels.

The JK~bistable used in the 5415191 is an interesting cirecuit
which cannot be fully analysed at the logic level. The full diagram
is given in figure 48: the top balf comprises of a conventional crosse
~coupled NAND-gate pair with buffered output, and the 'master' element
is formed by a four-transistor arrangement, in which the J and K
inputs are wired together and the clock control only reaches the input
transistors T1 and T2. The circuit is primed when Jchcp = '1'. Vhen
the clock voltage falls, either the set or reset potential drops to
0.5v (the emitters of TS5 and T6) with the other node held at 0.9v:
this forces the circuit output to toggle, with a 0.5v on the set line
producing the low-level output and vice versa. Even though both T5 and
T6 remain ON for the duration of the clock = 'Q' period,‘oscillatidn is
prevented by diodes D1 and D2; at the same time a new J = K input is
generated by other combinational logic and presented to the disabled
input gate. The clock can then return tc its high level in preparation
for the next '1 - O' transition when the slave will be connected toc the
masta@ragain. If J =K = '0' at this time, the output will retain

its previous state.

The combination J =K: '1- O' when Cp = '1' cannot occur during
normal circuit operation because of the relatively small propagation

delays in the various combinational logic gates (maximum clock frequency
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is 25MHz) 3 however the J =K input can be driven low at any time

by using the laser probe, producing some interesting consequences.
For example, the output can be forced to toggle at double its normal
speed with transitions occurring both on the clock '1-» 0' edge and
when the J =K input is knocked from '1' to '0Q' by the laser, and
and in this way the counting rate of the circuit can be artificially

increased.

In a more conventional manner, the input gates can be overridden
during any clock phase by directing the laser beam at T3 or T4 where
the bistable output is immediately changed to a '1' or 'O° respectively:
illumination of T3 for example results in a drop in the potential of the
reset, and when it reaches 0.9v, T12 will turn ON and T7 OFF, thereby
producing the high-level output.

For other positions of the laser probe, the effect of the light
is dependent upon the states of the inputs. In some cases though, it has
been found that the power of the laser beam san alsc play an important
part in determining the output reaction. Such a situation arises when
the base-~collector junction of T12 in the SUtput branch of the circuit
is chosen as the optical input site. Below a certain threshold light
power level, the circuit operation is unaffected by the illumination,
but as the power is increased, the buffered output can be forced to
'0' when the clock is at a logical '1', but this change in state is not
recognised by the combinational logic which uses the output level to
determine the next-state inputs. When the beam power rises still further,
the observable output is still forced to '0' only for the duration of
the clock = '1° period but now this low-level output is used to determine
the next-state inputs, and the counting sequence is disturbed. Finally
with a much higher iaser power, the output can be forced to '0°

irrespective of the clock input control.

The versatility of the laser input is well demonstrated by these
experiments, where not only have both '1' and '0''s been injected into
a circuit (since complementary nodes have been available) but also
a 'can't happen' condition has been introduced and an indication of the
circuit operation has been obtained from the observations of the effect
of different laser powers (or photocurrent levels). This latter
facility is particularly useful for diagnostic testing purposes, and

will be discussed further in section 56541,
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The laser powers necessary to influence the circuit behaviour
of this particular m.s.i. low power schottky device have all beén in
a 200uW-1m¥W range, with the lowest values being recorded when the JK-
bistable was illuminated (because of the T1-T4 latch and large 28ka
resistors). From an inspection of other L.S.T.T.L. circuits76, an
estimate of the average power requirements for laser testing of the
logic family can be formed: the size of the load resistance will play
an important part in determining the current levels, and for m.S.i.
and 1.s;i. circuitry resistance values are similar to those in the
internal gates of the 54L$191, but for buffered outputs or s.s.i.
i.c.'s a slightly higher photocurrent will be needed. Thus a laser
beam power of 0.2-2mW should be adequate for laser probing of low power
schottky T.T.L. 1.C.'Se

5.4.5 Stand&rd TQT.L‘

Standard T.T.L. circuits react in a similar way to the low power
schottky version which has already been described when they are probed
by a light beam, but the different values of circuit components will
alter the laser power requirements for data insertion. Three devices
of this type have been investigated: a simple NAND-gate (7400), a
NAND-buffer (7440) and an edge-triggered D-bistable (7474). The bistable
is formed from six NAND-gates, the first four of which are as shown in
figure 49(a) and the output cross-coupled pair is comprised of buffered

gates which are identical to the 7400 configuration (figure 49(b)).

When the laser spot is directed at the base»collectwr Junction
of transistor T2 in the open~-collector NAND-gate, the collector voltage
will be reduced and a 'O' level output can be reached, For this change
of state to propagate through the rest of the circuit and so be
registered at the bistable output where it can be observed, the base
drive to the corresponding T2 in the following gate must be removed.
If a quantum efficiency of 7Opercent is assumed, then a laser power of
3.8mW is calculated to be necessary to drive the gate output low, &

value which is remarksbly close to the 3.7mW measured in practice.
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(b) Buffered NAND-gate

' 1
Output voltage

(v) 5T
74000 T5 b-c
kT P=6-6mW, 1py=2-4mA -
i Input=0v LT
3
2 -
1k -
% o3

(¢) Effect of light upon the buffered output gate

Figure 49: The T,T.L., NAND-gates




When the collector of T1 is illuminated, its collector-to-
~emitter current will be increased and the T2 collector voltage can be
forced high, even if the inputs are also high. Again a photocurrent
of 1.34mA (or 3.8mW) is estimated for this case, and 3.6mW was the

measured minimum beam power.

The NAND-gates with totem-pole outputs (figure 49(b)) have proved
to require even more laser power to change the output state, and in |
fact the 7.5mW laser which is used for these experiments is often not
strong enough. A photocurrent of 2.9mA, equivalent to a power at the
focussed spot of 8.2mW, is the calculated value necessary to input a
0!y but if the VCC supply is lowered below the normal +5v though, the
currents flowing within the circuit are correspondingly reduced and it

is then possible to drive the output low with the present laser.

A plot of the output voltage as a function of the supply voltage
for '0' level inputs is given in figure 49(c¢), and the effects of a
6.6mW beam of light (obtained when the laser was performing above its
specifications) directed at the base~-collector junction of transistor TS
are also shown, both with measured values (data points) and the calculated
response (solid line). A '0' level of 0.8v is reached when VCC
falls below 4.2v, and a Ov output is produced for VCC = 3.3v. If the
usual 5v supply is used, extrapolation shows that a 7.9mW beam is
necessary to force the output low: at least a 28mW laser would be required
to provide this spot power if the modulator was included in the optical

system.

Standard T.T.L. will therefore not be suitable for testing with
a small, cheap laser if all the gates are implemented in a similar
form to the 7400; however in m.s.i. and l.s.i. circuitry only the
output gates are buffered,with the simpler open-collector configurations
used for the internal logic (where the driving requirements are lessg
s0 the power levels needed will not be as high. From a survey of

76,77 it seems probable that a 3-6mW focussed

the common T.T.L. i.c.'s
beam power will be adequate for laser testing purposes, with 8-10mW
needed for the output stages when the conventional supply voltages are

used.
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S.b4.6 Complementary M.0.S. logic

C.M.0.5. i.c.'s are characterized by very small power dissipation?89
s0 1t would seem likely‘that low laser beam powers will be sufficient
to inject information into the internal circuitry; in practice
however, the reverse has proved to be the case. Five devices in the
RCA CD4000 series have been studied:- three basic gates: CD4011
(NAND), CD4012 (NAND), CD40O1 (NOR) and two bistables; CD4013 (D=type) ,
CDk027 (JK). Acid etching has been used to remove the plastic
encapsulation, but the electrical performance was not affected by this
treatment so it has been assumed that the circuits did not suffer

permanent damage.

The two gates shown in figure 50(a) and (b) are typical of those
found in nearly all devices of this family: the first is a 2-input
NAND~gate and thesecond is a complementary pair transfer gate, which in
this example presents a low impedance (i.e. turns ON) when the clock
potential goes positive. The output gates for the larger circuits are
designed in the same form as the internal gates but they are made
physically larger in order to increase their current-sinking capacity.

A positive gate voltage (+VDD) will turn ON the n~channel transistor and
a '0' level °I'VSS is needed to overcome the threshold for the p-channel
device; the threshold voltage for both can range from 0.7v to 2q8v79?

s0 the‘average'value of VT = 1.5v has been assumed in all calculations.

If the NAND-gate is illuminated, very little change in the
output potential is noted when the VDD - VSS supply is set to 10v,
even if full laser power is used. The reason for this is that with every
input combination, one transistor in each complementary pair is in the
ON state and the other OFF; thus in order to change the output level
by optical means, the injected photocurrent would have to at least
equal the current which can be drawn through the ON device,and this can
be quite large (typically 1-3mA), because the C.M.0.S. gate is designed
to bave a fast switching speed. Only by lowering the VDD - VSS level
and the input voltage is it possible to change the gate output using the
present laser: the CD4O00O family usually continues o function correctly
down to a VDD" VSS supply of 2v, but the frequency response is obviously

impaired.
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When, for example, the laser was directed at the source of a
p-channel transistor in an internal NAND-gate in one of the bistables,
the output was forced to the '1' level with a 3.7uW beam power when
Vig = Vgg = 1.7v and Vip = Vg5 = 2.bv; also by positioning the light
spot over an n-channel device under the same conditions except that
the input voltage (VIN) was lowered to VSS’ a low~level output could
be produced with a power of 97uW. If the factor 8' (Appendix 6) is
taken to be 20 x 10”6A/v2 for the n-channel and 10 x 10~° A/v2 for
the p-channel transistors8o, the current-sinking capacity of the ON
tfansistor can be calculated to be 1.6ul and 24.3u4 respectively for
the n- and p-devices under the above conditions. This corresponds to
laser powers of 4.,5uW and 68uW if m= 70percent, reasonably close to the
measured values. The quantum efficiency will be less for the n~channel
transistor because of the p-type 'well' diffusion, and this may account

for the underestimate in the predicted beam power here.

A plot of the calculated laser power requirements for data
insertion as a function of VDD - VSs is shown in figure 50(c¢), where the
input voltage is assumed to be either at the VDD or VSS level. It
can be seen that for a 10v supply an 8mW beam is needed, but if the
output transistors in the bistable circuits or the single~gate i.c.'s
were optically probed, the larger &imemsions would boest this

minimum level to over 23mW!

The JK- and D-type bistables are constructed out of a series of
simple gates (NAND, NOR etc.) which are separated by transfer gates.
Under certain conditions it has been possible to change the circuit
output in these cases with the laser, even when using the maximum
VDD - VSS operating voltage. Such a situation can arise when a
coupling transfer gate is in its high impedance mode, so the following
gate is easily 'switched' by the discharge of é parasitic capacitance
at the input. The variation in the necessary laser power to input
a '1" or 'O' as the clock level changes is most marked: using near-
minimum supply voltages for the CD4013, 107uW (38uA) is needed to
override the data flow through one transfer gate when it is in the ON
state, but only 0.083uW (30nA) will produce the same effect when the
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clock changes state. Using the values of capacitance/unit area
quoted by Athanas80, a discharge current of 19nA is calculated for
this case, showing reasonable agreement with the 30nA equivalent which

was measured in practice.

Even though the bistables are comprised of a cascade of
geometrically identical gates (except for the output inverters), some
gradation in the minimum laser powers for data insertion has been noted
when different parts of the circuit were probed. A typical set of
results obtained when near-minimum voltage levels was used shows that
LuW was enough to 'switch' the input gate, about 30uW was needed in the
intermediate stage and more than 300uW bad to be supplied at the gate
before the buffer inverter (which was not effected with a ImwW beam
power). This increase is because the input to each successive stage
after the first one is internally generated so the input voltages will
move towards the VbD and VSS levels, whereas the primary input is
adjusted to be close to the threshold. The steep increase in the laser
power requirements resulting when the transistor gate voltage and supply
rails are raised (as in figure 50(c)) is well illustrated by these

measurements.

Assuming that the C.M.0.S. circuits will be tested with supply
voltages in a 10v=15v range and operating up to about 5MHz79’81, then
minimum laser probe powers of ‘1mW for gates following OFF transfer
gates, 6-20mW for internal logic independent of the clock level
and 15-60mW for output transistors.are expected to be necessary. Low
voltage operation with an associated reduction in laser power will
probably be essential for practical laser testing (see sections S5.4.7.k.
and 6.2.2.) but this should still be useful for some dc and diagnostic

testing.

5.4.7 Laser testing of other i.c.'s

I.C."'s of many varieties are being developed and produced at
the present time, and some of the more common typés are shown in
figure 51; however there are often many subdivisions within each class
and novel circuits seem to be appearing monthly. An estimate of the

laser powers needed to input information into typical members of
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most of these device categories is presented in this section, but
the power limits have been found from calculation alone and have not
been confirmed by experiment. In every case, a guantum efficiency of

70percent 1is assumed.

5.4,7.1 Me0.8. circuits and insulating substrate devices

(a) n=Channel polysilicon-gate M.0.S.

The present trend in M.0.S. technology is towards the development
of n-channel Si-gate i.c.'s which can reach higher speeds than their
p-channel antecedents and also be operated from T.T.L.-compatible
voltage supplies. The self-aligned silicon gate process allows very
small interelement distances to be used and also reduces parasitic
capacitance, and multi-level metallization is often utilized to increase
the packing density still further82. If the operating voltages and
capacitance were exactly the same as in an equivalent p~channel M.0.S.
circuit, then the laser power would have to be increased by 2-3 times
in order to produce the identical effect in the n~chamnel version
(because of the electron~hole mobility ratio). However, the power
dissipation per bit is steadily dropping in modern n-M.0.S. i.c.'s due

(&

to refinements in the circuit design and layout'~, so it is expected
that rather less laser beam power will in fact be needed to optically
input data, but it should still be of the order 1n100uW for static
logic and 0.01-100uW for dynamic logic. The effect of the smaller
eircuit dimensions and inereased pessibility of a metal layer
abscuring an important photodiode on the laser testing method will be

considered in seection 6.3.

(b)  Depletion-load M.O.S. (D.M.0.S.)

In D.M.0.8. circuitry, a p~type diffusion is used to reduce the
channel length to about 1um so the aspect ratio will be significantly
decreased, and also the basic inverter is formed with a higher
conductance depletion-mode load83. More photocurrent will therefore
have to be supplied in order to force the output potential to the
substrate levelsmthe laser power requirements will increase proportiona~
~1ly: for example about 15mW would be needed for the device parameters

quoted in reference 83.
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(¢) Vertical-channel M.0.S. (V.M.0.S.)

V.M.0.S. is another short channel version of M.0.S. which is
characterized by a large current-carrying capacity8a. Since however
the M.0.S. transistor is in the vertical plane with the n" substrate
typically 3um below the surface and the etched V-groove is entirely
covered by metal, there is little possibility of the laser having any

effect upon the circuit operation.

(d) Silicon-on-sapphire(S.0.S., E.S.Fule, S.1.5. and S.0.5.L.)

The parasitic capacitance can be reduced and the operating speed
increased if an insulating substrate, such as sapphire or spinel, is
used for an i.c.85; C.M.0uS. = S.0.5. has been most widely used to
date78 but other forms of M.0.S5. - S.0.S. have been produced. Thin
layers of p~ and n-type silicon, approximately 0.5-2um in depth, are
deposited on the insulator surface so there is no requirement for large
isolation regions. The laser cannot produce a significant number of
free carriers in the substrate material and the thin pn-junctions are all
completely metal-covered, so unless the light is directed through the
insulator from the back, this type of device cannot be optically
probed.

5.4.7.2. Bipolar i.c.'s

Many different types of bipolar i.c.'s have been introduced
in the past few years so in most of the following cases, only the
meaning of the acronym, an estimate of the laser power for data insertion

and a reference shall be given.

(a) 7.T.L. derivatives

About eight varieties of transistor-transistor logic are presently
in production: S8tandard T.T.L.76, low power (L.T.T.L.)76, low power
schottky (L.S.T.T.L.)7 Fschottky (S.T.T.L.)77, high power (H.T.T.L.)7S
complementary (C.T.T.L.)sé, direct coupled (D.C.T.T.L.)87 and emitter
function logic (E.F.L.)88. The predecessors of T.T.L.,



resistor or direct coupled tramsistor (R.T.L. or D.C.T.L.)89,
. . 8

diode transistor (D.T.L.) 9 and complementary transistor logic

{C.T.L.)go, can also be included under this heading. |

Most of the circuit details quoted in the literature are for
1eCo'S Of SeSels Or Mos.i. complexity, so it is probable that the
calculated minimum laser powers will be rather higher than those which
will be necessary for testing l.s.i. devices. Improvements in circuit
design may also result in a reduction of the beam power requirements,
as is the case for the T.T.L. random access memory for example, where
the power dissipation per bit has recently dropped from 5.8mW to O.k2mu’-

(which can be compared with 10mW for a typical s.s.i. gate).

The predictions for the laser beam power are summarised in
table 8(a); the values have been normalised with respect to the results
for standard T.T.L., where the minimum power range has previously been
found to be 3~6mW for internal circuitry and 8-10mW for the output stages
(see section 5.4.5). As shown in the table, most of the estimates have
been made for an optical input site within an internal gate and these
values have been determined from a study of a selection of m.s.i.
circuits. The low power-consumption logic families need least laser
power as expected, but C.T.T.L. and C.T.L. have very high requirements
for the same reason as C.M.O.S., where one transistor is always ON

and capable of sinking a large current.

(b) I°L derivates and C.H.L.

The standard integrated injection or merged transistor logic
implementation has given rise to a large number of circuit mutations
which include schottky diodes for input and/or output isolation and
schottky clamps on the driver transistor72o The most common of these
are schottky I2L91, substrate fed logic (SeF.L.)ga, schottky transistor
(S.T.L.)gj, complementary constant current (CBL)94 and isoplanar 1%L
CIBL)95. Current hogging injection logic (C.H.l.L.)96 could also be
considered to be a member of this class, but it is really a cross
between 12L and C.H.L. (current hogging logic). Most of these variations
on the 12L basic theme are used to improve the operating speed of the

circuit and are not accompanied by a reduction in power dissipation,
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T‘T.LQ: 3 - 6mW
I=Internal gate (mei)
O=0utput gate (ssi)

IZL: 50¥ -~ 1oW
(£: 1kxHz-100Mhs)

(Iinj: 1-100mA)

Logic family || Laser power requirement
(normalised to T.T.L.)
I 0
T.T.L. 100% 200%
L.T.T.L. 10% -
LeS.T.T.L. 20% -
S.TeT. L. 190% -
H.T.T.L. 220% -
C.T.T.L. - 2000%
D.C.T.T.L. 95% -
E,F.L. 20% -
R,T.L. - 500%
D.T.L. z70% L00%
C.T.L. - 2000%
(a) T.T.L. derivatives
Logle family || Laser powyr-rsqpirgnent
(normalised to IL)
1% 100%
Sehottky I°L 50%
S.P.L.. 30%
SoT. Lo 50%
oL 0%
71 100%
C.H.I.L. 100%
C.H,L, 200%

(v) 1%L derivatives

Table 8: Laser probing of T.T.L, and I°L circuits
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There is a slight difference in the laser power levels needed for
data injection though, and these are shown in table 8(b). Again the
power estimates are presented in a normalised form, this time with
respect to the S5puW~1mW previously determined for IZL operating in the
1kHz~10MHz frequency range (see section 5.4.3).

A current is used as the logic variable in C.H.L. circuits, where
a control collector in a lateral pnp transistor is used to regulate
the reinjection of carriers to a second collector97. The laserw
-generated photocurrent would emulate this reinjected current when the
control collector is reverse-biassed with respect to the base, so a
light probe power of 10uW - 3mW is calculated for an operating frequency

between 1lkHz and MHz.

(¢c) Emitter coupled logic (£.C.L.)

E.C.L.98,in common with the related versions of base coupled
(B.C.L.)9oand current mode logic (C.M.L.)g% is a high-speed/high-current
circuit which will need a large photocurrent to influence its logical
89 and 1-2ma in
internal gates (where the voltage supply is also less)1oo, s0 an

behaviour: typically 6mA flows in the output buffers
overall laser power of 7-4OmW at the i.c. surface will be needed.

(d) Collector diffusion isolation (C.D.I.)

The isolation region is used as the collector in C.D.I. integrated
circuits101: this results in a smaller gate size than the conventional
T.T.L. layout and also a high transistor inverse current gain, The
C.D.I. equivalent to the 7400 (for which the laser power requirement
was 7.9mW) would need about 6.5mW, but only about a tenth of this value
should be adequate for the laser testing of internal gates.

(e) Tripe-diffused, ion implantation and isoplanar technologies

Triple diffusion is used, particularly in association with

E.C.L., to improve the current-carrying capacity of an i.c. but this
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will not affect the laser power calculations unless the circuit itself
was changed. Ion implantation techniques can give more control and
flexibility in the fabrication process102, and for example, it is
possible to create depletion-mode M.0.5. loads which would result in a
higher photocurrent requirement, but no general conclusions can be made
about the effect of implantation upon laser testing of bipolar i.c.'s.

103

Isoplanar devices may prove difficult to probe optically because of
the increased packing density arising from the use of oxide isolation,

but the laser power should not be affected.

5.4.7.3. Charge coupled devices (C.C.D.)

The maximum number of charge carriers held under each electrode
in a CCD is quite small, typically 3 x 106 electrons below a 10 x 10um
gate (1.4 x 1012 cm"3)104

able to create such a‘charge packet., For a buried channel device,

, and a laser power of under 1uW should be

approximately a six-fold power increase would be needed to fill the
charge 'well' for a 4pm channel depth.

5.4.7.4.  Summary

All the estimates of the laser probe power needed for data insertion
into each of the logic families which have been studied are shown in
figure 52; the feasibility of integrated circuit testing in these cases
can therefore be determined, although it must be emphasised that only

the results marked by an asterisk have been supported by experiments.

The maximum beam power at the surface of a‘circuit will only be
about 20mW, even if the most powerful c.w. helium-neon laser available
is used as the source, so in their present form, none of the C.M.0.S.,
V.M.0.5., S.0.8., C.T.L., C.T.T.L., D.T.L., and R.T.L. devices will be
suitable for optical testing. It is also probable that a multiple-beanm
arrangement will have to be used for an economically-viable high-speed
production (go/no-go) test system, therefore unless individual high-
powered (very expensive) lasers are used, the E.C.L., B.C.L., S.T.T.L.,
and H.T.T.L. i.c.'s may also fall into the 'untestable by laser’
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category. However, only a medium power laser beam is needed for
standard T.T.L. and C.D.I., and a power of less than 2mW should be
satisfactory for M.0.S. and IZL circuits; together, these logic
families form by far the greatest part of the total i.c. production at
the present time, so the laser method of integrated circuit testing

has a very promising future.

5.5 Measurement of the Internal Circuit Operation

5.5.1 Parametric testing with the laser probe

Functional and simple diagnostic testing can be performed
satisfactorily by using the laser probe to insert '1''s or '0''s at
various points within a circuit, but it is also possible to detect and
isolate parametric-type faults and failure mechanisms. It is extremely
difficult to monitor the behaviour of the internal circuitry under
working conditions in an i.c. by using conventional methods, so an
important application of the laser in the fields of circuit character~

~ization, full diagnostic and even ac testing is envisaged.

The effect of the laser input has been found to alter when the
beam power was changed in some cases (see section 5.4.4.); this power-
~dependence arose because the laser-generated change of state in one part
of a circuit could propagate along a number of paths, each of which
hed different current-sinking characteristics. A response of this type
could be precomputed from an analysis of the circuit oxr determined
experimentally by using one known fault-free device, so that by a
comparison between the expected result and measurements performed on
other devices, an indication of both the presence and cause of a

fault can be obtained.

In a similar way, the laser power needed to produce a given
change in output is often dependent upon the state of other circuitry,
such as the impedance of a transfer gate: in many cases, the minimum
laser power level can be measured as a function of clock voltage and
the result may be used to determine both the transient behaviour of the
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clock and transfer gate; two detailed examples of this procedure

will be given in the following sections.

The optical input can be controlled in time and position, thus
propagation delays from different parts of a cifcuit to the output
can be easily measured. This ability will be particularly useful for
asynchronous~circuit testing but should also find an application with
some clocked devices, especially when operating frequencies close to the

maximum are used.

In each of these cases, a detailed observation of the interaction
between the circuit under test and the laser input can give information
about the operation of the circuit which often cannot be obtained in any
other way; microprobes for example tend to load internal circuitry and
alter the parameters which are being measured., Thus the laser probe
can be used to identify parametric faults, check circuit calculations
or simply to improve fault resolution. An example of this technique
is given in the following two sections, when the transient response of
a transfer gate in both a static and dynamic shift register circuit

is determined.

5.5.2 M.0.8. static shift register transfer gate response

The circuit diagram of the basic cell in a 55=-6-10%2 M.0.S. shift
register is shown in figure 38. The four clocks ¢1 - ¢4 are generated
from a single external clock control, and if this is assumed to be a
step~-input pulse, the method of transient analysis outlined in Appendix
6(b) can be used to calculate each internal clock waveform. These are
shown in figure 53, where the 10-90percent rise and fall times are
indicated in nsec and the equivalent exponential time constants are

tabulated underneath.

The transfer gate response is almost entirely dependent upon the
clock voltage because the parasitic capacitance of the following stage
is only O.1pF, so the time variation of the transfer gate impedance can
be found directly from these waveforms (see Appendix 6(c)). The laser

power necessary to insert data at nodes X and Y is dependent upon the
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gate impedance, so this will

also be a function of the clock

potential. A series of measure- .

-ments have been made to 6t 16t Fxternal
experimentally determine this N % N % ! Clock
relationship by using the » ° : ‘;

method shown schematically on : :

in figure 54. A narrow : n Light
light pulse (typically 500nsec oft

in duration) was directed at 4 » ¢ »

node X during different phases

of the external clock signal, Figure 54: Determination
and the power needed to force the of laser power/
cell output to '1' was measured gi:izcteristic
as a function of the clock edge

~light pulse delay,bt. A

correction is made to allow for the 150nsec response time of the
modulator (section 4.4.2) because it is the rising and falling edges
of the light input which determine the laser power level; the pulse

width itself is not important.

A typical set ofresults is shown in figure 55, where the laser
power/clock phase characteristic has been measured with three positions
of the laser beam relative to the sensitive node X . If carrier
lifetime effects were significant, the exponential decay times would
have changed as the light spot was moved awayfrom the junction; in
this case there is clearly very little alteration in the shape of the
curves, indicating that the injected carrier lifetime (260nsec) is much

less than the time constants being measured.

The multi-slope characteristic is produced because both Transfer
Gates A and B (figure 38) have an effect upon the photocurrent needed
to raise the potential of node X to a logical '1' value. At the time
origin 8t = O (when the external clock control drops to the '0O' level),
both Gates C and D in the cell before the one in which node X is
illuminated are ON, or in the low-impedance condition, so a high laser
power is needed to change the state because of the completed feedback
loop. These two transfer gates quickly turn OFF after the clock
transition (figure 53), and after a short time this is followed by the

149
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faster Gate (A) starting to turn ON. The rise in potential at node X
due to the laser action in discharging the parasitic capacitance can
then begin to reach Driver B because of the falling impedance of this
transfer gate, and correspondingly less power is needed to force the
cell output to '1'. At approximately §t = O.6busec, the ¢2 clock
potential crosses the threshold and Gate B also begins to turn ON; the
feedback from Load B to node X will produce an increase in the photo-
~current requirement again, but because the impedance of Gate A

is dropping at a faster rate than that of the slower Gate B, the net
effect is still a fall in the laser power, but at a reduced rate.
Eventually ¢1 and Gate A reach their steady-state limits and at this
point, 8§t = 1.2usec, a minimum laser power is reached. When 8t is further
increased, Gate B is allowed to turn ON more and the power level rises

again till the transfer gate is fully ON.

The exponential decay times of the measured response will there-
-fore be determined by the turning-ON characteristics of Gates A and B
(or the fall times of ¢1 and ¢2). The 'expected' result obtained from
the clock waveform calculations for the case of the beam positioned
above node X and a quantum efficiency of 71percent is also shown in
figure 55 (dashed line), and this agrees well with the readings. Hence
it can be concluded that the Transfer Gates A and B and the ¢1 and ¢2

generation circuit are operating correctly.

If the external clock changed state at less than O.6psec intervals,
the slow Transfer Gates B and D would not begin to turn ON and the
feedback loops could never be completed. Providing that the inverter
gain was large enough to overcome the higher impedance encountered
because the faster gates would not be fully ON either, the shift register
should then behave in the dynamic mode: this has in fact been noted
for an external clock frequency in the 1 = 1.2MHz range (see section
Sete1.1). An attempt to discbver the reason for the upper frequency
limit has been made by using the laser to inject a '1' or 'O' into
each cell when the clock frequency is just above the maximum; it has been

found though that the cut-off is not caused by a malfunction of one
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determined by the values of the previous state outputs using simple
combinational logic. tach bit is also fully programmable and can be

set or reset by using the data inputs, independent of the clock level.

The laser can impose a '1' or 'O' condition at all the sites
indicated in red. A 'O' can be inserted at the inverter gates, but if
the input is allowed to float or is strapped to the positive rail by
a large resistor (R> 2kn), a '1' at the gate output can also be pre
-oduced by shining the laser on the input diffusion. Both logic levéls
can be introduced directly in some other parts of the circuit where
complementary nodes are available (such as at the OR-gates which are
implemented in the form of a NOR-NOT combination), but even at
positions where a 'O' alone can be injected, illumination of a previous
gate can be used to force the desired node to the 1% level. In fact
the only gate outputs in the 58-gate device which cannot be altered by
the laser are the central AND-gates, and this is because they are wire-

AND'ed with no suitable pn-junction to illuminate.

This particular 8-input circuit could obviously be made to function
correctly in every detail,even when none of the input pads were bonded
up, by directing laser beams upon each of the input gates. In a large
l.s5.1. network, a counter module like this may form just one minor
part of the whole system, and then it is probable that there will be
no direct connection to any of the inputs, except the enable; in such
a case very long input sequences will be needed to access the module,
and so the ability to control the counter circuit with laser beams would
be extremely useful. Even in its present m.s.i. form, the laser can
be used to reduce the minimum comprehensive test sequence for the
counter from 10 to 6 clock periods in length by overriding the J =K
input circuitry; if the programmable counter output facility was not
provided though, then a full functional test would last for 33 clock
periods, whilst the circuit could still be tested in 6 by using the
laser method. In a complex l.s.i. system, this 6=-clock period test
may be comparable with one which is thousands or even millions of

times longer.






The advantages that laser testing would bring in terms of a
reduction in the comprehensive testing time camnot be demonstrated
effectively on & small circuit in isolation, but the benefits from a
diagnostic testing point of view can be seen more clearly. Considering
only single stuck-at faults (i.e. logical-type) at the gate level for
each interconnection, only 52 out of a possible 120 failure modes can
be isolated by using tests applied at the normal inputs; however, with
the laser probe all except 12 can be found (these are the wired- AND's)}.
When multiple faults are postulatéd, the improvement in fault location
gained by use of the moveable optical input is even larger, since
90percent of all possible failure mechenismg can be uniquely determined
compared with 36bpercent by conventional means. In addition to this, the
resolution of the laser fault finding metbod is much better because the
light beam can probe within the gate itself, and some parametric faults
can even be detected and diagnosed (see section 5.5.1). |

Laser testing also compares favourably with two techniques of
circuit design which have been proposed to improve testability. The
5415191 has been redesigned according to the guidelines given by
Hayes13 '
NAND-and EOR-gates, and by Saluja and Reddy'', in which 2-input gates

where the circuit function is implemented by using only 2-input

are used to allow the whole device to be comprehensively tested with

a 3-test sequence. The five~input NAND-gate is shown in its redesigned
forms in figure 58: the k inputs are extra controls and a large number

of observation points (outputs) are also needed. These additional
inputs and outputs have to be routed to contact pads, so the net

result is a large increage in the chip and package size, failure rate,

propagation delay and overall costqs. A summary of these properties

for the case of the redesigned 54LS191 is given in table 9, in which they

have been compared with the i.c. in its present formj the improvement in

the testability which arises from the use of these two theoretical

methods can be seen, but they are obviously impracticable. The

laser test method can of course be used to reduce the test sequence and
improve the 'diagnostibility' of the circuit without any modification.
When the laser is used in conjunction with l.s.i. or v.les.i. circuits,
the savings in test time and benefits which it will bring in diagnostic

testing will clearly be highly significant.
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Conventional Laser Hayes Saluja+Reddy
¢ircuit testing method '3 method 1%
Number of pins 16 16 125 186
(increase) (100%) (100%) (680%) (1060%)
2 2 2 L2
Chip size 109%2, 3mm”™ | 1.9x2,3mm" | 6.5%6,5mm” | 4. 8%k, Bmm
(increase) (100%) (100%) | (150%) | (370%)
Propagation delay 20nsec 20nsec 128nsec 52nsec
(increase) (100%) (100%) (540%) (160%)
Number of gates 58 - 58 516 170
(increase) (100%) (100%) (790%) (193%)
Approximate cost £3.00 - £3,00 £13.50 £44.40
~ (increase) (100%) (100%) (450%) (480%)
Number of tests 10 6 5 3 '
(decrease) (100%) (60%) (50%) (30%)
Dlagnostibllity: 439/ 90%/ 100%/ 100%/
31ngle/hu1tiple: 36 909 100% 100%
logical faults :
Pault isolation || Gate level | 172R318%0T| cote Jave1| Gate level
' level

Table 9: Testing strategies for the 54LS191
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6. DEVELOPMENT OF A COMMERCIAL LASER I.C. TEST SYSTEM

In each of the experiments described in sections 4 and 5, only a
single laser beam was used to probe the integrated circuits,and its
position was manually adjusted. High-speed modulation was achieved
by using the electro -optic modulator, but in its present form the
system may not be suitable for use as a practical i.c. tester,
particularly in the application of production testing. The
improvements and modifications which may be necessary in order to use
the laser method in a commercial testing environment will be outlined
in section 6.2, but initially the manner in which the laser can be used
to test a circuit and the limitations of the present system in this

context must be investigated.

6.1 Test Strategy using the Laser Probe

6.1.1 Laser probing at the transistor level

logical faults are usually simulated by using the 'stuck-at' fault
model, in which every possible failure mechanism in a network, which
could be a simple gate (AND, OR, NAND, NOR, NOT, EOR), bistable
(JK, D, RS etc.) or m.s.i. element (shift register, counter, multi=
~-plexer etc.), is assumed to occur in isolation and to result in either
the input or output of the network behaving as if it was stuck-at-'1"
(s-a~-1) or s-a-0. This model evolved from work on p.c.b. testing
and was subsequently applied to i.c.'s,even though many fault
mechanisms are not covered by the basic stuck-at approximation1.

160

Faults occurring in logically redundant branches of a circuit for example

often cannot be detected, failures arising from bridging~-faults are

also not always included in the simulation1o5

and even open- and
short-circuits in voltage-operated logic families such as C.M.0.S. may
not bebave as simple logical faults. Multiple and intermittent

faults can bowever be detected by a repeated application of the test
sequences based upon the single ‘solid'! fault approximation106, and
since the simple stuck-at model is found to cover the majority of
commonly~occurring faults, it is still frequently used as the basis

of the test pattern generation procedure.
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Essentially the laser creates a stuck-at condition when it drives
the potential of a node towards the substrate level, but unlike the
pormal case where a gate or bistable is assumed to be the basic
circuit unit, the laser probes the component parts of the gate; the
validity of the conventional gate-level model must therefore be
investigated under these conditions to determine whether standard
testing routines can still be used (treating the laser input as just
another test point) or if completely new test pattern generation
procedures will have to be employed. For example, a 2=input NAND-
gate is fully tested in three tests with input sequences of (01, 10, 11)
according to the stuck~at fault model, because the fourth input comb~
~ination of (00) could not indicate any of the six possible failure
modes that had not previously been identified by the other tests; if
the laser, by probing within the gate, could create a situation where
the first three tests gave an error-free output and yet a (00) input
still gave a 'O' at the output then obviously the test strategy would
bave to be changed. In a T.T.L. 2-input NAND-gate there are 28
possibilities of single logical faults within the gate, but by analysing
the effect of the laser in each case it has been found that the gate-
~level test sequences still hold. In a similar way, each of the gix
basic gates implemented using a variety of technologies have been
studied with the same result. Therefore at the transistor-level,

- standard fault~-propagation theory will still apply and the laser input
position will not be restricted to the gate inputs or outputs,

thereby enabling fault isolation within the gate itself to be performed
with the laser probe.

6.1.2 Fault diagnosis

Isolation of a fault in a large i.c. is frequently achieved by
initially using either semnsitive path, boolean difference or
simulation methods1o7 to locate the faulty area (to the gate or
bistable etc.), and then visually inspecting this suspect region in
order to determine the exact cause of the failure. This process may
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require the use of microprobes and possibly may also involve some

metal and semiconductor etching in order to complete the diagnosis.

The more efficient intersecting-path technique illustrated in
figure 59 could be used to isolate a fault if the extra input provided

by the laser beam was used. This
method is not generally used at the
present time for ecomomic reasons,

N | because the limited access to the
’ | circuit makes it difficult to prod-
7 LASER n -uce the desired semsitive path
w - TESTA ault —~ A
S gﬁ%g\ - Ez without being obscured by many others.
é?f: A ::2§ By using a fault dictionary, the
- PROPAGATION §— optimum site for the next test input
» E PATH E can be found and the laser rapoaitianed
7 Lsi. module — accordingly, so that after successive

applications of test sequences the
position of the fault can be quickly
refined. ‘

Figure 59: Intersecting-

~-path method of
fault location

The laser probe can also be used to break into indistinguishable
fault sets and to generate 'can't happen' or 'don't care' situations
which are not normally available to the diagnostic tester and can be
used to simplify the testing problem. Furthermore, some parametric
faults can also be detected and located (see section 5.5) by carefully
controlling the laser beam power and studying the interaction between
the light input and circuit under test.

6.1.3 High-speed fault detection

Fault detection is achieved in two ways in practice: a functional
test can be used, in which the circuit is treated as a '"plack box!®
and long input sequences are applied with the output checked against
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the state table or a kmown good device, or alternatively a knowledge
of the circuit structure is used to generate test patterns based upon
the effect of a postulated fault upon the circuit operation. Detailed
information about the physical layout of the circuit under test will
be needed for laser testing purposes in order to locate the optical
input sites, so the structural test approach will probably be most
suitable for use with the lasger.

The position of the additional inputs will be an important factor
in determining the reduction of the overall testing time, but this will
be highly dependent upon the circuit configuration and difficult to
quantify in general terms. Intuitively it would be desirable to have as
many inputs (i.e. laser beams) available simultaneously as possible, and
to use these to gain access to the connections between different circuit
blocks or to break feedback loops or counter chains etc. (see section
2.5), but it is hoped to co-ordinate work with a research group studying
the theoretical aspects of digital network testing in order to produce

a more satisfactory solution to the test input siting problem.

6.2 Practical I.C. Testing using a Laser

6.2.1 Diagnostic testing

Fault diagnosis is usuaily performed throughout the initial stages
of the production of a new circuit and on a sample of the devices which
fail the main go/no-go detection tests, but occasionally customer returns
are also inspected for reliability studies. The number of circuits which
are given a full diagnostic test is therefore relatively small compared
with the total manufactured, so the speed of testing is not as
important as is the case for fault detection work where every single
device must be checked. From the point of view of laser testing, this
implies that a single optical probe will probably be adequate for use in
a diagnostic test system; another two or three beams could make the task
of fault isolation quicker and easier by enabling some of the alternative
paths for data flow to be blocked off for example, but the additional
expense involved in their provision would probably outweigh the benefits
gained by their use.
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The single~wavelength HeNe laser has proved to be very
suitable for work with silicon i.c.'s, but the power output should be
chosen with respect to the types of circuit which are to be tested
because the cost of the laser rises steeply as the power output lncreasea
(see Appendlx 7). One of the largest available c.w. HeNe lasers
produces a beam power of 50mW, so it may be necessary to use pulsed light
if larger powers are required (for example with C.M.0.S. integrated

circuits),

The penetration depth in the semiconductor would be altered if
the wavelength of the incident illumination was changed, and this could
be used to obtain information about surface effects or buried inhomo gen~
-eities for example. Two laser systems suitable for this application
are detailed in Appendix 7,and these would ensble the use of a mmber
of wavelengths in the range h600~110003 but apart from very speclallsed
work it is unlikely that such a versatile light source will be required

for diagnostic testing,

A good quality pockel cell is essential for accurate measurements
of carrier lifetime and for the determination of parametric faults,
especially in circuits with a high operating frequency and small
propagation delays, and if necessary the 150Onsec 1000 percent response
time obtained with the present modulator could be improved to lass than
insec by the use of a better 0911108

A large working-distance focussing lens will be needed if the
tests are to be performed at the wafer stage of the device fabrication,
and a clearance of at least 15mm will have to be maintained between the
circuit surface and lens if conventional probing systems are used. This
lens should also be of a good quality and have a large numerical aperture
in order to produce a small undistorted spot. The step-and-repeat
camera lens describéd in section 3 should be satisfactory, but larger
lenses can be obtained, although usually with a sacrifice of guality:
an example of a lens with working distance of 289mm is given in Appendix
7 -the spot size would then be about 5-10um but this should be adequate
for optical probing the present generation of i.c.'s. Laser testing of
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decapped packaged devices should not pose a problem since the chip is
unlikely to be recessed by more then 5mm below the upper surface.

The position of the beam on the circuit can be altered manually (as

at present) or automatically by beam deflection or movement of the wafer
prober: speed is not important, so a cheap mirror deflection
arrangement will probably be the most suitable system (also see section
6.2.2.2).

A full diagnostic test system capable of performing logical and
parametric fault analysis on i.c.'s ranging from M.0.S. through IZL
and T.T.L. to E.C.L. could therefore consist of a single 50mW HeNe laser,
electro-optic modulator, focussing optics and wafer prober; the total
cost would be approximately £7,000 excluding normal drivers and power
supplies etc. (a detailed breakdown of the cost is given in Appendix 7).
This system would enable the tester to access nearly all psrts of the
circuit under test by using a small easily-moveable probe which does not
load down the internal circuitry and cannot damage the surface. Féult
isolation can be carried out to the transistor level and in addition, the
transient as well as steady-state operation of the circuit can be
checked,

6.2.2 Production (go/no-go) testing

The laser probe can be used to provide greater access to a circuit
through the ability to insert data at various input sites. The laser
test system will therefore not be used to replace conventional automatic
test equipment (ATE) but rather to complement it; consequently the
laser, focussing optics and control electronics should be designed so that
they are compatible with existing i.c. testers, both physically and in
terms of speed and synchronization. Only the large cbmputer—controlled
general purpose ATE (of the type described in section 2.3) will be
congidered in this respect, and it shall also be assumed that the
hardware and software used by the conventional tester can handle the
additional demands of the laser system.
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Testing must be performed as fast as poasible,so automatic
handling and beam aligmment, and possibly multiplexing of facilities,
will be essential. The saving in test time resulting from the use of
the extra inputs will be greatest if a large number can be accesged
simultaneously éince in complex circuits there may be many feedback
loops and multiple branches, all of which contribute to the test sequence
length. A multi-laser beam system in which each focussed beam is
controllable in position and intensity is difficult and expensive to
build though, so a compromise will have to be reached in order to derive
the maximum benefit from the laser test method.

6.2.2.1 Provision of multiple inputs

Two solutions to the practical problem of providing a multiple
laser beam facility have been proposed: a single beam could be moved
rapidly over the i.c. surface to cover all input sites sequentially or
a group of individual beams could be used, each of which waé independe
~ently positioned and modulated. ‘

(a) Single beam systems

If a single laser spot was scanned in raster fashion or in discrete
steps over the surface of an i.c., access to any particular input site
could be gained by synchronizing the modulator with the beam movement
to provide a burst of light when the probe passed over the target (see
figure 60(a)). Obviously the input will only be available for a small
period of time during each scan, so a continual data stream could not be
injected at one point unless the beam movement was halted; neither can
the light be used to disable feedback loops or partition the circuit and
test other parts of the device at the same time,

Depending upon the area of the chip, the total time taken to
complete one sweep of the surface with the laser spot will be large,
even if high-speed deflection systems are used: for example, the deflector
described in the next section would take approximately 4msec to cover
a 4mm x 4mm area, and mechanical methods using torsion bars or mirror
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systems would be orders of magnitude slower. Thus it will only be
possible to set or reset certain key nodes and maintain these states
till the next beam scan if photosensitive bistables are incorporated
into the circuit design (this aspect will be considered further in

section 6.3),

Variations of the single-beam method include the possibility of
using & powerful 'flood' beam with an appropriate metal mask held over
the circuit under test to direct the laser probes to the correct input
sites (figure 60(b)), where the mask would either have to be of the
same size as the chip and positioned over the surface or be larger and
placed in a near-parallel expanded beam in order to prevent the focussed
spot size from becoming too large; also a novel technique of using a
~ hologram to produce the desired pattern of light spots has been
proposed by Bryngdail and Lee 07 (figure 60(c)). In each case though,
the individual inputs cannot be separately modulated so these methods
would only be suitable for illuminating the test nodes in a pseudo-

-static fashion or for providing a general reset,

(b) Multiple beam systems

Either a cluster of lasers or a single high-powered model with
beam splitting system cau be used to produce a group of optical probes
which are capable of being individually controlled. The physical size
of such an arrangement will probably limit the maximum number of laser
inputs to 9 or 16, and each would need its own modulator, deflector
110 would be more
appropriate for this purpose, but at present the only types available

and control electronics. Small semiconductor lasers

which operate in the c.w. mode with relatively moderate threshold currents
(typically amps) give an output wavelength of 0.85um or greater. A

20m¥W output power from these double heterostructure devices has been
obtained (see Appendix 7) but at this wavelength the penetration depth
is~ 13um in silicon (figure 4(b)), so only 20percent of the incident

light is absorbed in the top 3um of the i.c. The focussed spot would
also be slightly bigger and invisible to the eye, but image intensifiers
could be used to determine its position. The focussed light collected



from modern high-radiance LED's of a suitable wavelength is at most

2 111, which is still about a hundred times too low for testing

100m¥W/cm
of M.0.S. circuitry. However future improvements in the power output
may result in these smaller and cheaper solid-state light sources

becoming suitable for laser testing (see also section 6.4).

6.2.2.2 Automatic beam deflection

Automatic beam positioning will be necessary if the laser method
is to be used in conjunction with high-speed production testing of
integrated circuits. The focussed spot size will be about J=5um, and
it should lie not more than 5-10um away from the po~junction which forms
the input site so that other junctions will not also be accessed at the
same time. The active chip area may be 6mm x 6mm or more, so the
deflection system must have a positional accuracy of at least 0.15percent

if a single beam is used.

(a) Acousto-optic deflection

High-speed deflection is possible by using acousto=optic or
electro~optic deflectors, when on average the beam can be repositioned
to any point within the range of movement in about 1=-10usec. The total
number of resolvable spots, N, is a limiting factor and its value can
be calculated from the formula

Nz % e e (601)

where 50 is the deflection angle and # is the laser beam divergence,

The minimum value of @ is determined by the dimensions of the

active crystal in the deflector (see Appendix 1), so the number of
resolvable spots is theoretically dependent upon the choice of deflector
and laser,
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For an acousto-optic deflector#o (which in general has a larger

deflection angle than electro-optic versions),

56 = %\-— . Svs eoo (6.2)
s

| where Svs is the bandwidth and Ve is the velocity of sound in the

material. For a typical commercial device with 56 = 2.90, there are

400 resolvable spots in both the x and y planes (for details see

Appendix 7), so if each was Sum apart on the circuit surface, the total

area covered by the 2-D scan would only be 2mm square. Thus nine such

beams and deflectors would be needed to cover a 6mm x 6mm chip.

Some magnification will be required if small angular deflections

are to produce a spot movement of 2mm after focussing on the i.c. surface.

Three different lens arrangements have been modelled on the computer in
order to determine which system results in the smallest focussed spot
size and largest deflection: the fixed parameters were the laser beam
dlvergence and beam waist which apply to the present 7.5mW laser, a

2e 9 angular deflection and the focal lengths of the Ultra-Micro Nikkor
focussing lens. Various combinations of expander lenses and interw
~element spacings have been simulated, and a composite plot of the
results obtained is given in figure 61: the deflection and diameter of
the focussed beam are shown as a function of the focal lengths of the
expander 1enses, and in each case optimum distances between the various
lenses and deflector have been used, The three groups of results
correspond to the cases of a single convex expander lens, a single
concave expander lens and a two lens beam expansion arrangement, as
shown. The latter method can be seen to produce a large deflection with
small spot size, and one possible configuration which is calculated

to give a probe diameter of 3. bum, deflection of 2mm and depth of focus
4.6um is shown in figure 62(a).
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(b) Mechanical deflection

Mirror deflection systems are much cheaper than acousto-optic or
electro-optic versions and are also capable of high resolution and
accuracy. However the speed of operation is relatively low, with beam
repositioning possibly taking longer than imsec and a full scan of a
chip lasting about a minute. There is no serious limitation to the
number of resolvable spots for the mechanical deflectors though, so a
single beam could be used to sweep across a 6mm square area with a
repeatability of 1.5um and resolution of 0.25um for example with the
system detailed in Appendix 7.

The deflection of the unfocussed laser beam can be related to
movement of the light probe upon the circuit surface if the radius of
curvature, aperture and magnification of the focussing lens are known.
The spot movement over about a 2mm distance for the Ultra=Micro Nikkor
lens is a linear function of the unfocussed beam displacement if the in-
-cident beam is close to the centre of the focussing lens, but when the
incoming beam is rotated, the laser spot can be made to move over much
larger distances and is limited only by the aperture of the lens. The
simple four-mirror system illustrated in figure 62(b) is capable of
moving the probe over a 10mm x 10mm area; the rotary movement of the
incident beam is used for course beam adjustment and the translational
movement in the vertical or horizontal planes is performed with
micrometers, giving repeatable positioning on the chip surface to
within 9um. A motorised version of this arrangement would take up to
O.5secs to locate the laser spot at any site in the 410mm square,
but alternatives such as a ready-built galvanometer-controlled system
designed primarily for laser trimming applications (Appendix 7) could
perhaps be adapted to perform this task.

(e) Multiple beam provision

If multiple beams are to be provided, each must have its own
deflection system. The mirror configurations tend to be quite bulky, so
in order to accommodate a number of these, the prototype arrangement
illustrated in figure 62(b) will have to be modified so that the mirrors
were positioned before the expander lens, which would need to have a
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large aperture stop. The solid-state deflectors are only up to
50mm wide,so there should be no problem in grouping these together.

It is probable that some of the lager inputs to an j.c. will
remain stationary for relatively long periods (for example when used
to disable feedback loops or to partition the circuit) so not all the
beams will need to be quickly moved whilst others are used to inject
the data sequences. The cheaper slow mirror deflection methods will
therefore be suitable for most of the lasger probes, and only a few will
require the ability to be repositioned at high speed; as a consequence,
a multi-laser deflection system may be comprised of a mixture of acousto-
-optic and mirror deflectors. The faster-moving light inputs with their
limited range of movement will probably have to be located close to
the centre of the circuit under test to be most effective, and possible
configurations are a 9-beam system with one under the control of an
~acousto-optic deflector and the remainder using mirror deflection,or

16-~beams with four capable of high-speed movement.

6.2.2.3 Beam alignment

The laser probe will need to be positiomed to within Oum of a
selected pn-junction, but normal automatic wafer handlers usually allow
tolerances of 20um or more because of the large contact pad targets.

The whole prober could be mounted on a specially designed xyS stage in
order to align the beam co-ordinate system and the slice, using positional
feedback if the absolute location of two or three reference points on

the chip surface can be determined, or alternatively these wvalues could

be used to recalculate the co~ordinates of the input sites. These initial
points could be found by measuring the photocurrent collected by a
junction and noting the position where the laser input was blocked by

a metal interconnection, or where the beam passed through small holes

which were included in the metallization around the circuit periphery.

If metal masks or holograms are used in conjunction with a
‘flood’ beam or to ease the task of the deflection system, these will
also have to be carefully aligned. A similar approach to this problem
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would have to be adopted, with the mask mounted upon a translation and
rotation stage and a few reference points used to determine its
relative position with respect to fhe i.c. surface. In each case, this
alignment should not take more than a second.,

6.2.2.4 Integration with a conventional i.c. tester

DC tests can be performed at the wafer stage with clock rates
up to about 5~1OMH2, but for higher speeds and some parametric tests
it is often necessary to package the device before testing, because of
the capacitive loading of the probes and crosstalk problems. In fact
some manufacturers prefer to perform the whole test sequence on a
packaged circuit, even though the cost of the pack and the bonding
constitute a sizeable proportion of the final price of each i.c. Thxa
particular test strategy will not be suitable for use with the laser.

The test head and electronics are situated as close as possible
to the probes in order to prevent pulse distortion and crosstalk, 50
some redesign may be reqﬁired in order to allow optical access to the
circuit under test. If satellite test stations are used, each will
require its own laser, modulation and deflection apparatus: however it
is probable that the use of the laser for production testing will only
be economically viable on large complex i.c.'s which nermally take a
very long time to test (i.e. more than about a second); thus the slow
speed of the automatic handling facilities and alignment system would
not be too important and multiplexing may not be necegsary.

One possible integrated circuit test configuration is shown
schematically in figure 63. This uses 9 laser inputs, of which only
one tier of three has been illustrated, and a single SOmW laser is used
as the light source. The optical transmission through each branch will
be approximately SOpercent, so a focussed beam power of more than 2mW
for each probe will be produced, adequate for M.0.S. and 12L testing.
Only one beam can be deflected at bigh-speed, but all are individually
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modulated with pockel cells which are capable of operating faster

than the maximum clock rate of the tester. The total cost of the add-
-itional laser, optics and deflection system would be about £35,000
(see Appendix 7), but if separate 50mW lasers are used td snable

laser testing of T.T.L., E.C.L., and C.D.I. etc.,this would increase to
nearly £75,000. This is still well below the price of conventional
A.T.E. though, which at the present time is in the range
£100,000-£250,000.

High-speed go/no-go testing using multiple laser inputs would
therefore be costly, but this capital expenditure could be quickly repaid
if the testing time per device was significantly reduced, because the
volume of i.c. production is so great and the testing time accounts for
a large proportion of the final price of each device (section 2.4).
Indeed, use of the laser for production testing may even allow hitherto
'untestable' circuits to be manufactured and tested in a reasonable

time,

6.3 Design of Laser-Testable Circuits

One of the most important features of the laser method of i.c.
testing is that it can be used on any conventionally~designed device.
Manufacturers are very reluctant to incorporate even small modifications
into the circuit design for testing purposes alone, but in some cases
this has proved to be necessary, as for example in a recent nine-decade
counter which had to be divided into three blocks with accessible test
points in order to reduce the testing time to three hours. However,
greater reductions in the test time and less stringent requirements
for beam control could result if circuits were désigned with laser testing
in mind,

Complementary nodes have been found in nearly all the i.c.'s
investigated (see section 5.3.2) but it is possible that in some cases
the ipability to inject both a logical '1' and 'O' at a certain node could
limit the usefulness of the laser input. For example, in the simple
circuit illustrated in figure 64(a), the secondary input to gate 2
is a function of the output level and could be disabled if it was held at
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Figure 64: Circuit redesign to enhance laser testing
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'1*s For T.T.L. NAND-gates though, the laser can only force the

output to ground or the '0' level;but if gate 3 was implemented

in the form of an AND-NOT combination as shown in the second diagram,
this problem could be solved. In general,the inclusion of a two-inverter
stage to any circuit branch would ensure that a complementary node

was available.

High laser powers have been found to be necessary to inject data
into some types of i.c., thereby making laser testing impractical.
However by using specially introduced transfer gates under the control
of an externally applied signal, the laser power requirement could be
reduced by orders of magnitude:alse in C.M.0.S. circuits a few p-M.0.S.
or n-M.0.S. gates could be implementedwith the same effect; this would
result in a rise in the power dissipation and probably a degradation
of the frequency response, but if the number of these gates was kept low,
this problem may not be too severe. Photosensitive bistables could be
built into the circuit to enable certain nodes to be held at a fixed
level even if the laser beam is subsequently removed. The arrangement
shown in figure 64(b) could perform this task, holding the output at
either '0' or '1' when the beam is directed at T2 or T5 respectively;
if it is only necessary to inject a '1' at a particular site then a single
flip-flop and inverter would be required. Large value resistors could
be used to limit the laser power requirements, and similar circuit
configurations could be used for other logic families.

The accuracy constraints imposed upon the deflection system and
the mean time taken to reposition the laser beames could be reduced if
the opticalvinput sites were enlarged and located reasonably close to
each other in a certain portion of the i.c. surface. It may be necessary
to adopt measures such as these when minute-geometry circuits come into
production because sub-micron layout tolerances may then be used,
Careful design of the chip would alsc ensure that important junctions
were not placed too close to each other, in order to maintain nodal

isolation,and that no metallization layers covered the test sites.
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Bl Future Pogsibilities

Advances in semiconductor laser or LED technology could mean
that in the future either or both of these light sources would be
sufficiently powerful and of a suitable wavelength to be utilized as an
alternative to the gas laser. Their use would result in a much more
compact and cheaper optical system,and may even enable large numbers of
beams to be provided; if there were enough individual beams, each could
be fixed in position over a certain input site but only a few need be
used at any one time for test purposes, thereby eliminating the necessity
for deflection apparatus. A further possibility is that LED sources
could be built into the i.c. during manufacture and positioned over
selected photodiodes, obviating all alignment and focussing problems.

Only the concept of optical inputs has been considered in this study,
but it is also possible to sense the state of internal sites using a laser
probe112. At present this is achieved by monitoring the power supply
current variations as the laser is scanned across the circuit surface, and
a0 is not suitable for clock frequencies over about 1kHz; if such methods
were improved to enable the laser to be used as an extra output as well
as an extra input, the potentiality for a reduction of the test time
in complex i.c.'s would be very large and fault diagnosis would be

greatly eased.
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CHAPTER 7

CONCLUSION



9. CONCLUSION

A pew method of integrated circuit testing has been presented in
this thesis, and the results which have been obbtained indicate ﬁb&ﬁ by
uging a focussed laser beam, the time taken for production testing
can be reduced and improvements in the ease and resolution of diagnostic

testing can be gained.

The laser produces & current within an i.c. and so the light beam
can act as a very small, non-contacting probe. In the present arrange-
-ment, the laser probe is typically 2um in diameter and a photocurrent
of 0.75nA can he generated in the silicon semiconductor. An electro-
-optic modulator has been used to control the light beam intensity,
thereby enabling data input sequences to be optically injected into the

i.c. under test at rates up to 7MHz.

The target for the laser probe in the integrated circuit interior
is a pn-junction. The photocurrent crossing the junction reaches a
maximum when the beam is positioned on the junction edge, but if it is
displaced to one side the photocurrent drops as a function of the
distance and carrier diffusion length,causing a proportional increase

in the laser power requirement, When two junctions are close to each

other it has been shown that there is some mutual isolation and relatively

iarge laser powers are necessary to inject information at both sites
simultaneously, and this can be more than an order of magnitude greater
than the power needed to access one input only: thus a beam misalignment
of about 5=-10um can be tolerated ip all circuits tested to date.

Even though the laser beam generates a current which adds to and
does not annihilate those already flowing in a circuit (so that a logical
'0" or '1' and not both together can be inserted at any particular site),
this has not proved to be a serious limitation in practice because
complementary nodes have been available to the laser probe,and dats of
the opposite logical type can be injected by changing the beam position.
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The laser power reguirements for testing different kinds of
integrated circuit have been determined both experimentally and
analytically, and it has been shown that these power levels are closely
related to the circuit implementation. M.0.S., IZL and C.C.D.'s need
a relatively low laser probe power of under “m¥W which could be provided
by & small cheap laser, but other logic families such as T.T.L., EoColia,
and C.D.I. will need laser powers of up to an order of magnitude more.
C.Me0e8. dece's require such a large photocurrent to input data
optically that it is probable that laser testing in this cese will not be
economically feasible. Some linear circuits bave also been probed by
the laser aﬁd here the results bave provided some useful details about
the currents which flow in the circuit under normal operating conditions,
but in general the photocurrent has a significant effect only in the
input stages of these devices,when it is greater than or comparable to

the circuit current levels.

By observing in detail the interaction between the laser inpmﬁ
and the circuit under test, some features of the intermal circuit
operation (such as transient responses and propagation delays) can be
measured; furthermore the diffusion length and lifetime of minority
carriers in the semiconductor substrate can be easily determined by
recording the photocurrent collected by one accessible pa-junction as
the probe is moved away from it or when the laser light is removed.

In the field of i.c. testing, the laser input can be used in two
roles: as a diagnostic tool and as an aid to production (go/mo-go)
testing. Diagnostic testing involves both the detection and isolation
of a fault so that the failure mechaniem can be identified. The use
of a single laser beam in this context would bring several advantages
over the methods presently employed: the position of the additional
input can be easily moved around the circuit but unlike microprobes which
can be up to ten times larger, the laser probe will not damage the
device or load internal nodes. Any fault can therefore be guickly located

to the pn~-junction where it first becomes effective, i.e. the resolution
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achieved is often one stage better than that obtained with comventional
methods where failures are isolated to the gate or module level. In

some cases,faults of a parametric nature can be found and their cause
determined because certain internal transient regpongses can be accurately
measured; also an indication of the processing conditions can be obtained
by determining the injected carrier diffusion length and lifetime at
various stages during the device fabrication. The simple non-degtructive
laser technique alsc gives a limited ability to measure spatial variations
in these two parameters and can be used to identify failure mechanisms

in the bulk semiconductor.

Speed is essential in production testing, but even with test
rates of 10MHz it can still take minutes or hours to comprehensively
test l.Se.i. and v.l.s.i. The ability to access more of a circuit via
laser probes can be used to cut down test sequence length and so reduce
the total testing time: clearly a large number of test inputs are needed
to simplify and shorten the test programmes to a maximum extent, but the
cost and complexity of a multi-laser beam system will restrict its use
to manufacturers and testers who already need extremely expensive
computer-controlled automatic test equipment. Highly significant
savings in the test time will be gained when the laser method is used
in conjunction with conventional methods of production testing though,
so the initial capital outlay should be quickly regained.

A summary of the major applications for the technique of probing
integrated circuits by a laser is presented in figure 65. Use of the
laser beam as an extra circuit input will considerably ease the task of
testing the modern generations of l.s.i. and v.l.s.i., and alsc improve
the chances of quickly locating the cause of any faults which do occur:
it is even possible that device cost may be reduced as a result and that
laser testing may enable the semiconductor industry to extend its limits
still further and develop a new class of testable e.l.s.i. (extremely

large scale integrated circuits).
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APPENDIZ 1, GAUSSIAN BEAMS

A gaussian beam has an intensity distribution which is described
by the equation:

I(r) = T, . exp (~2r% /u°) oo (A1.1)

where I is the on-axis intensity and I is the intensity at a radius r
awayﬁo,o The beam width, w, is defined as the distance in the transverse
direction over which the intensity drops to 3”2 of its peak value (see
figure A1(a)), and at any position z along the axis, w can be found from

the equation:

2
2, o < Az
w(z) = w1+ ﬂﬁbz ees (A1.2)

w, is the beam waist located at the origin 2=0, where the phase front
of the propagating wewe becomes plane; this funetion is illustrated in
figure A1(b). For large values of z the beam expands in a linear memmer,

with the far-field divergence angle ¢ (for small angles) given by:

dw X
tangd =« = Hn & = ﬁ; eo. (A1,3)

The total power of the beam, P, is related to the peak intensity I0 by

oo 2.
P= |I(r).2nrdr = T . % coo (B1.4)
[ o o

When a gaussian beam passes through an ideal lens, a new beam waist
is formed, as shown in figure A1(c): the incident beam has a waist W,

located at a distance d1 from the lens and this is transformed to produce

the new waist v, at a position dz away., These parameters can be ealeulated
from the following relationships:

d,\2 W, \2
-—-;Eo—» - *";!i’m.n'? s ‘”"'"1 -+ "i"'"" ""”'l eew (A105)
w 2 w 2 f £ 2 )N
2 4 2 2
2
4, = £, + (a, - £5). 1, ver (A1.6)
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Figure A1: Gaussian beams
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If the divergence angle ¢ is small, then the width of the beam at

the lens surface will be approximately equal 4o the waist W, Additionally,

if the ternm 4 { &1\2 contributes little to the walue of W,
NI I R
2 ;ﬂ
" f:z}
dz o fz oo s (&10?)
and Wz o f?-'}\ X fgsg a®e (ﬁﬁea)
s W .

i.e. the radius of the focussed spot is directly proportional to the ratio
of the foeal length of the lens and the untransformed waist w3 thus the
smallest spot size for a given wavelength of light can be obtained by
minimising the f/number of the lens. The meximum value of v, is limited

by the lens aperture, therefore the minimum spot diameter is:

ag 2. 05 o 2.0 eoe (£1,9)
W,<§E§%;EE§> ™. NA

where NA is the numerical aperture of the lens. The value of dg is smaller
than the diffraction-limited spot size obtained for a uniform intensity
beam and lens of circular exit pupil, where the diameter of the bright

eentral disc in the diffraction pattern (the Airy disc) 1s'13,

a4, = 1:22.) voo (A1,10)
RA

If specifiec limits are imposed upon the width variation,
equation (A1.2) can be used %o find the depth of foecus, Zge For an
increase ipn the focussed spot radius of 5perzent in an axial distance
za,then
2

= % G°3247v.w2

A

eos (Af1.11)

The values of the minimum spot size and depth of focus theoretieally
attainable with the focussing lenses detailed in section 3.4.1 are
given in table A1 below ( A = 6328R).

x5 0bj~ x10 Obj~1x20 Obj~xk0 Obj~ Ultra-Micro

ective | ective | ective | eptive |Nikkor lens
Spot size (ym) 2.69 1,61 0.814 0.62 Ry
Depth of focus (pm) 2,87 1,03 0.26 0.15 0.82

Table A1:

Spot size and depth of foeus for foecussing lenses
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APPENDIX 2, REFLECTION AND INTERFERENC

(a) Reflestion at a boundary

The intensity reflectance, R, for polarized monochromatic light
ineident at a boundary between two ideal dielectrics of refractive indices

n, and n, (n2>~n1) is described by the Fresnel @quatignaﬁg&:

n,co0s8, - n,cosb 2
R, = ( ZARCE W t) oo (A2,1)
: nzcos&i + nqaoséﬁ ; ;
n,co88. ~ n, eosd 2
and R = 1 i 2 t) veo (£2,2)
\nicosﬁi + nzaosﬁﬁ

where @i and 5% are the angles of incidence and transmission (see
figure A2) and the subscripts I'and '|' refer to the cases of light polariz-
ation parallel and perpendicular to the plane of incidence respectively.

The numerator of equation (A2.71) becomes zerc when

cos@i = fi.cos@t, whereas the numerator in the equation for R, can never
n, :

be zero in the case under consideration (n9:>n1). Thus for & certain angle

of incidence, 0 = 't;av.:n""z nZ), called the Brewster angle, the reflectance

[——

n
1
of polarized light vibrating parallel to the plane of incidence drops

towards zero for increasing values of the angle of incidence, then rises

steeply after the Brewster angle has been reached,

(v) Enterference in a thin layer

In a three-medium system with .n1<:n2.:n5 , the simple Fresnel
relationships do not hold, buk although zero reflectance is never
attainable in the R, characteristic, there is still a pronounced minimum
in the response at the Brewster angle for the first and second 1ayersgh,
A schematic representation of the light propagation through such an
arrangement is shown in figure A2, Phase changes are introduced, so the
amplitude reflectance (r) and transmittance (t) are used. The intensity

reflectance and transmittance are related to r and t through the identities

»
Rmr.l‘

£33 e e n (A20»3)
T=%.%

#
where r is the complex conjugate of r etec. 7V is the phase change
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introduced during one transversal of the central layer, thickness 4, so

Y = z'w'n?ﬁ'msﬁt cos (A2.4)
N |

The total reflectance rtot can be seen to be composed of many terms

with multiple reflections oeurring in layer (@), i.e.

-2it 2 ~hit
= - B ¢ ]
B Ttot = “ATy — A b tle AT te cos (A2.5)
~24%
: t.t'r.e
Ttot = "7 1 2 eos (A2,6)

21t
1 + r1r2a

where AO is the incident light amplitude, T, and r, are the reflections
at the upper and lower boundaries respectively, + ’ is the amplitude
transmission from medium (1) to medium @, t* is the transmission from
@ to D) and t, is the transmission into layer from layer (2).

If absorption is assumed to be negligible in layer , then the
total intensity reflectance and transmittance can be found from equations
(2.3) and (42.6):

g L T, or.r, (1 - 28in°%) (42.7)
m - @8 e ®
(1 +r,r)°- yr,r, sin’¥
2 2
T, = (1 - r, ). (1 - r,") voo (A2.8)

N2 . 2
(1 + r,¥,)" - hr,r, sint

The light intensity transmitted into the third medium is therefore strongly
dependent upon the thickness of the central layer, 4, because of the sin2
term, For an air»SiOz-»Si systen, r, and r, tan be caloulated to be 0.19

and 0.44 respectively for a zero angle of incidence light beam,since at
116
8

_ - 115 - -
the HeNe laser wavelength, n2“n3102 = 1,46 and nz=ng, = 5.8 o

y oo (A2,9)
151 =~ QL3 sinz(h'B.w.d)

=3
L]

where 4 is in microns, Under these conditions, the transmittance shows
a periodic variation from 92,5% to 66.2% with changing oxide thickness.



APPENDIX 3. INJECTION LEVELS AND EXCESS CARRIER DISTRIBUTION

(a) Semiconductor parameter variation with injeotion lewvel

The value of the effective diffusion coeffieient, D, in common with
most of the other semiconductor parameters is dependent upon the caerrier
injection level. If On and Sp are the excess concentrations of electrons

and boles, and n, and p, are the carrier conecentrations in thermal

equi?xhriumg thevaﬁ
D= Tyt on + P, *+ bp veo (83.1)
n o+ 5n + Py * bp
D D
P n

where Dp and Dn are the diffusion coeffiecients for holes in n-type and
electrons in p-type material respectively. In n~-doved material, Pyt
20 that in neutral regions when én = Op and under low injection conditions

where 8nw¢n0,

D=Dy =D eoo (A3.2)

and for high injection with 6n5>n0,

p=p = 20D veo (83.3)

b 57T
P n

where the subseripts '1' and 'h' refer to low and high level injection

respectively.

The effective carrier lifetime, 7, is given by:

Y=7 . %" b + Moe oy, Pt ép + Py eoo (A3.4)

P n
n, o+ bn + Py n o+ 5p + P,

at room temperature,where T and T are the minority carrier lifetimes

of hoies in highly doped n~mater1a1 and electrons in highly doped p-type,
and p1‘an@ n, are the concentrations of holes and electrons which would
exist if the fermi level lay at the same energy level as the recombination
centres. Therefore for n~type material with &n = ©p, the fermi level
above the trap level and low level injection,

’Tz; ’?’1 = TP *oe (Aﬁﬂs)
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and for high injection,

LA R Y © cor (43.6)

Between these two limits, which in practice are found te be approx-
imately Snin.anO for low injection and Sm:= 10xn _ for high injaetian%gﬁgﬁ?g

T varies as a function of 8n/ho.

The diffusion length, L, is related to the diffusion coefficient
and lifetime through the expression

L o4 F\/ D.,T LN} (Aﬁa?)
thus Ll = A!DP"TP X (Mag)
and Lh = 2. DPQ Dn° (Tn + Tp) eoe (Me 9}}

Dp + Dn ‘

again for n-type material,

(v) 3-D excess earrier distribution

¥hen a laser beam hits the surface of a uniformly doped n~type
semiconduetor, the excess hole distribution can be considered to be
constant at a maximum level of Spmax within a finite volume (the source)
whose dimensions are determined by the properties of the incident light
beam and penetration depth within the semiconductor; away from this region
the hole concentration decays as a function of distance and diffusion
length. The continuity equation cannot be solved directly under these
conditions, so in order to determine the carrier distribution in 3-D
analytieally, a simple approximation to the finite carrier generation
source has had to be made,and a method of superposition has béen used to
extend the solution to a rectangular co-ordinate system.

For a laser beam of width w ineident upon a material of absorption
coefficient «, the distribution of the light intensity I can be found from
Appendix 1 and section 3.1.1,

2 2
I(x,y,2) = I . WW) exp (~«z) oer (A3.10)
w

where Io is the maximum intensity, at a position x =y = 2z = 0.



If g is the carrier generation rate per unit volume, the total
generation rate G is given by the volume integral:

% o0 o0 2 2
2x” + y7)
G = §§(x,y,z),dv = f g.exp( X 2+ B,axp(~«z).dx&ydz
v x:0Y:02=0 " e (A}o11)

2
- Gw%’—ﬁ . (MJ?}

for a semi-infinite semiconductor. The ‘ecentre of gravity', h, of the

generation volume is equal to

§3Qg(x,y,z).dv
het felxy,z). &V = 1/« wee (43.13)
W

From equation (A43.10) it ean be seen that the light intensity decays as an
exponential function of distance in all direections amd only reaches zero
at infinity, so an arbitrary boundary of the generation region is chosen:
this is the distance at whieh the intensity falls to %/éz of its peak
value, The resulting volume is a distorted cone, with a base of radius w
on the surface of the semiconductor and apex at a depth 2/ct below, as shown
in figure A3(b). Three spproximations to this shape have besn proposed to
simplify the analysis, and in each case the volumes are adjusted so that
they are equal. The models are a hemisphere with radius a and centre at

a depth h below the surface, a sphere of radius a and centre at depth h
and thirdly a cylinder of length 2h and radius a. The values of radius a

in terms of w and « are shown in table AZ.

For each of the three. generation volumesg‘the injected carrier
density at a distance r from the centre, dSp(r), can be caleculated by
analogy with the electrostatics case of the potential variation at »
from & body with a distributed internal charge. By using a concept of
generation or recombination centre images, the three-dimensional carrier
distribution can be found by superposition after each source or sink has
been separately considered (see figure Ah(a)). A pn~junction situated at
a distance 4 away acts as a region of infinite recombination veloeity, and

for zero surface recombination velocity the surface acts as a mirror, so
§E.QJ Sp(x,y,Z) = gp(r) + Sp(r') - gp(r;f) - 81)(1‘1') ¢ & e (A3°1L")

but for infinite surface recombination wvelocity,

s=0|  bp(x,3,2) = bp(r) - bp(z') - ép(r,) + fp(r,") oo (A3.15)
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Hemisphere Sphere Cylinder
Radius a 0-53 . 43/%" 042 , {'//%;z 0-31 . w
2
2 2 T ﬂ
I P 4 G r_ G.(’i—»m-&&l@g(m)
ra hrDa (3 2/ 8rDa ( - 32) a® ela
8nDh
bp(r)
Goexp (~x/L).1og P’}
r>a Goexp (=x /1) Goxp (~1/1) * o iy
2nle “LnDp &l
o || &3, ] e (3,1) ] & ( 2
s=0 LD (a + h) Swl)'(a * h) Brdn (102 + 3o logg ‘a)}
gﬁmm;
- & 31 L2 _ 1 &, A
B0 LxD (a h) 8nD (a, h) 8nDh (0'5 + logg (a}
Table 42: Simple approximations to the generation volume
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where the r, r*, Ty r1' distances are defined in figure Ak(a). The junction
depth ean be assumed to be infinite for all except very small values of

d (@<«L). A schematic representation of the approximation for a spheriesal
generation source is shown in figure A3(a), where it may be compared with
the more realistic case shown below. In each of the three models, the
maximum excess carrier concentration Spmax ocours when v v 0 and v = 2Zh
(assuming that a,h~<1 and ri,rq':>L), and these values are also listed in
table A2,

The relative merit of these three solutions has been determined by
& comparison with a measured value of the peak carrier concentration
generated by a laser spot power of 1mW and width w of Sum. This result
was taken on a 166 JGSJCW cirecuit,for which the diffusion length, lifetime
and quantum efficiency are knmown, using an infra-red techniquejé. gpmax
was found to be 2,2:0,3 x10%6 en™> (no = 5 X1015 0m~3)0 For a 1mW laser,
the total generation rate, G, is 1.12 >~<‘loﬂssecn1 g0 the following results

are predicted from the formulae given in table A2:

(i) Hemisphere s8=0 $p = 9,7:x1016 on™”

max

=0 Sp = 5.k x1016 on™3

(11) Sphere 8=0 Spmax = 5.9:x1016 on”™?
s=e0 Sp = 3.7 x10'6 cn~>

(ii1) Cylinder 5=0 Spmax = 6.1x10" 7 om™>
s=e0 fp = 2.0 x10"7 em™?

The value of surface recombination velocity is expected to be elose to
zero (see section 4.2), so it can be seen that all three models give an
overestimate of the true value of Spmax’ but the spherical approximation

yields the closest agreement, Thus the carriers will be assumed to be

generated within a sphere of radius a = O.Lzzigi with a centre h = 1/«

below the surface (figure A3(a)). B

(e) Injection levels

The value of gpmax is above the substrate doping concentration for
the case previously considered with a 1nW laser beam, but at a certain
distance away from the generation point, the excess earrier concentration
épmax(x,y,z) will fall below n_. Aa shown in figure #4(b), the boundaries



of the regions over which high and low injection conditions prevail are
defined as the position at which the injected carrier concentration is

Sph and Spl respectively,

Sph is ehosen to be the value of hole eoncentration on the eontour
within which 75% or 90% of the total current flows (denoted Sph(75%) and
Sph(90%) respectively). Inside this region, the variation in current
density with distance d is the same as if the whole of the n~type semi-
conductor is under high injection. This method of defining the injsetion
level boundaries has been taken from a publication by Berz and Kuiken'!,
in whieh are given the constants of proportionality needed to saleculate
Sph. In a similar way, low-level injection eonditions hold when 5p1<:n0,
This boundary is arbitrarily assumed to be reached when the total contrib-
utions of Sp(r1) and Sp(r1“) to the value of &p(x,y,z) (equations (A3.1L),
(A3.15) and figure Ai(a)) is less than 10%. This roughly corresponds to a

hemispherical excess carrier distribution.

(&) Diffusion length

The following analysis also is based upon the work of Berz and
Knikenk7. In the steady-state,the continuity equation isﬁoz

D.Vg(gp) ad ’%,R & g = 0 XX (Boié)

The current density, J, crossing an infinitely deep pn-junction positioned

at x =0 and semi-infinite in the y-direction is given by:

o7 oy

T = q.D1.” 2080)  aap oo (83.17)

v X

Y:02z:0
where D1 is an effeetive diffusion coefficient whose value is DP for low
injection and 2D_ for high injection. The value of ép is found from
equations (A3.14) and (A3.15), therefore if a<l with the carrier source

situated at a distance x = d in the n~-type material,

830 J = ?g‘»q»gt pr(‘d/L) oo (A}o18)
gecd| T = fﬁl.q.c. b . K, (/1) cee (A3.19)
it Y

where K1 is the modified Bessel function of the second k¥ind, TFor a finite
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value of s, the surface recombination velocity,

oo
&D prq"aoﬁ nﬁ). K@{d2 5 22 )
J = ‘f‘q,G._;_i;_.(‘i + _r!_x_g_), R AT
T D

w. D

4" + 2z

Z20 o0 a (Mam)

When there is no change of the injection conditions throughout the range

of 4, these expressions reduce to:

=0 T,(a)

i

I, - exp(-4/1) eee (A3,21)
o ( 2 2)
+ %
J;xp(nz/i).K1 L . dz
szg Iph(d;) To - ‘:)0 JaZ . 52 cos (A3.22)
j;xp(nz/b).K1(§),dz

Z-0 2

i

H

d
== Iph(a) Tsc K@(’E) eoe (A3.23)

where Isc is the maximum eurrent collected by the reverse biassed

- po~junction when the light spot is positioned direetly over it (at
x=4d=0) and Iph is the photocurrent measured when the carrier gener-
ation region (i.e. laser spot) is at a distance d away., A computer plot
of these three functions is presented in section 4.3,3, figure 18(a).

(e) Iifetime

The method used by Berz and Kuiken to determine the 3-D carrier
distribution has also been adopted to predict the time-dependent case
when the source of the excess carriers is removedﬁé, and the steady-state
solution outlined above is taken as the initial condition. To simplify
the analysis, it has been assumed that d»a , so the generation volume
becomes a point source whose co-ordinates are (d,0,h). Thus from table A2

SP(I’) - G." AWD;r ee e (Mo 21&)

for all r, and this can be used in equations (A3.14) and (A3.15) to deter-
mine $p(x,y,2).

After the generation source is removed, the contimuity equation is
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%étg' = D.vz(sp) bl % LN (A\}q 25)

This can be solved to give the current density as a function of time, so
using equation (A3.17):

oo
2
8=0 Jd o= 2,{?«%0 J‘um‘}/2. exp (""u - d2 )o du ene (A}o 26)
oo ey L, u
” 2
8z oo J = %%Q.Ju"z. exp(-u - 22 ), du ees (A3.27)
u=t holou ’

where u is a dummy variable., Again these solutions can be simplified if
the range of d is chosen so that the same injection level prevails
throughout. Hence,

o

2
fu”j/z. exp(mu -4 ). du
u=t/y

Iac 0 3/2
Ju" .

w=0

i

8=0 Iph(d,t)

exp(-vu—- 5 ). du

Bz 00 Iph(d,t) eon (Mo 29}

I
@
o

L4
3

A computer plot of these solutions is given in section k.hio3, figure 26(a),
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APPENDIX &, COMPUTER SIMULATION OF EXCESS CARRIER DISTRIBUTION

A numerical solution of the continuity equation in two dimensions

- using a computer has been attempted, in which the finite carrier generation
area and long pn~-junction at various distances away have been included as
boundary conditions. The junction itself has been modelled as a region of
infinite recombination velocity, but the semiconductor surface is assumed
to have zero surface recombination velocity and act as a carrier mirror;
thus the two dimensions used in the simulation are chosen to be in the
plane of the surface, and the vertical component of carrier motion is
ignored. The ecurrent-collecting junetion is quite shallow (2-3 pm) so

the horizontal carrier diffusion will contribute most to the current

restriction can be expected to be similar in form %o those which would be

flowing across the junction, and the results obitained with the 2-D

found if a more rigorous solution was attempted (see section 4.3.3):
excessive computer time and storage requirements prevented the use of

a full simulation.

The surface of the semiconductor has been modelled as a grid of
2,500 blocks of 2um square; a

diffusion length of 15um has y
been assumed, so the total area COLLECTING,
JUNCTIONE /.
covered is 100 x 100um. or over 5
six diffusion lengths in each .
. GENERATION, %
direction. A Lpm square laser REGIONs %%
o
'spot' is positioned in the 2z 7
% vu
centre of the grid and a 100um _ T 11 N ”d*’;/
long, 4Lypm wide carrier sink, i.e, s B f;
e
the junetion, was located at a {» %7
distance 4 in the x-direction X 6.6 xL >

from the generation region (see

figure AS5)., The limits of the Figure A5: Simulation of
grid have been considered to the i,6, surfacs

be at infinity, with zero excess

carrier concentration, whereas in fact the boundaries are 3.3 xL; however

the error introduced from this assumption will be less than 5%,
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(a) Steady-state

In the steady-state and with no applied field, the continuity

equation for holes in two-dimensions in n~type material issoz
326 225 §
m*g + ""‘""2‘2' = "“% hd -g» ® 8 e (Mo1)
Ox oy L D

where L is the diffusion length of minority carriers (low level injection
conditions will be assumed to hold throughout, so LﬁLp), bp is the
excess hole concentration and g is the generation rate per unit volume,

A simple two-level explicit numerical approximation has been used to

evaluate the second-order differential, i.e. at the node x = m and

¥ =1,
ﬁﬁ&ﬁ S fx,v) - 2. (x,y) + £(x,v)
axz - 12 : 24 m-1,n ’ 24 m,n 24 m+1,n
m,n
(Bk. 2)
where 1 is the 1nternoda1 spacing: (x) (x) This algorithm is

m44

stable if 1/1 <% and the error is of the order 0(1 )“8

The eurrent collected by the junction positioned at x = d is
found from:

§ 5
= Const f( ) &y o Const}l( ( P)& v - - ( P)d 1 Y)
I= cos (Bh4t3)

After each iteration using equations (Ah.1) and (Ak.3), the value of J
was inspected to ensure that the method was convergent; the solution was
reached when the results of successive applications varied by less than
0.1%. In some cases 500 iterations have proved to be necessary to
produce the answer. Suitable values must initially be assigned to each
node in order to give rapid convergence of the algorithm, and a simple
exponential decay of carrier concentration as a function of diffusion
length in all directions from the generation region has proved satisfac-
tory. After one steady-state distribution of carrier concentration has
been established, this can be used as the initial condition for the next

case, when the junction is moved to a different distance d.

This process ha; been repeated for values of 4 in the range of
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4~50ym, and three typical results are shown in figure A6 for the values
of excess carrier concentration in a 40 x 38 um region around the central
spot, which has been allocated the value of 999, Junetion separations of
d = 4,10,20um have been used here, and the position of the Junction can
be seen where the concentration first reaches zero. The perturbing effeet
that it has upon the carrier distribution can clearly be seen by comparing
the decay on both sides of the central generation region. A plot of the
current collected by the junction as determined by equation {A4.3) is
shown in figure 18(b), section L. 3.3.

A similar approach was used to simulate the influence of two
Junctions upon the ecarrier distribution. A second Junction was positioned
to the left of the generation region and the eurrent collected by the
first was again found as a function of distance 4. The resulting steady-
state nodal values of carrier concentration can be seen in figure A7, which
shows the case for an inter-junction separation ef 18pm and distances d of

Lypm and 10um,

(v) Transient case

The stability criteria are much more stringent for the time-
dependent numerical solution of the continuity equa%ion, and the programme
complexity is much increased, with the steady~state determination of
the hole concentration described previously only forming the initial

condition,

The 2-D field-free continuity equation for holes in n~type

material 1550;

36 »25 G 5
"’S—%ﬁ = D,”’;;g + Da-;;% - ’“$ eoe (Mo‘h-)

where D is the diffusion coeffiecient and 7 is the minority carrier lifetime
(see section 4.3). The method used to solve this equation is based on the
mid-point/trapezium rule predictor-corrector technique119. The open
quadrature mid-point rule follows from Taylor's expansion and can be
expressed in the form

t
t+2 3
j;&p(x,y,t).at = 2.40.5p(xy,t,,,) + L%-'Zﬁp” (8,)

£ cos (Mi.5)
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where ‘§t6 (tt+1,tt)g t! is the time interval between successive
evaluations and fp" is the second order differential of $p with respect

to time, The closed interval trapezium rule in similar format is:
ﬂf*’*éx .t = S (So(xy,ty,,) + 50 t>)~@»ﬁ)s°v<§)
PAE,¥, = 5T \PPAEY s £ + OPAE, YTy ' 13 2 °P s

(Ah.6)

The mid-point rule can be used to predictka solution, then an iterative
progedure is used with the trapezium rule corrector to reach a more

accurate answer, i.e., to find Sp(x,y,tt+1):

(0)
Predictor: 6p(x,y, b 1)

hi]

89(1,37,'&3,{;”1) + zs_g%,(gp(xsyyﬁﬁ)>

(k+1) ‘ 2oe (M{m?)
Corrector: 6P(x,ystt+1) SP(X»YDtt) +

i (%)
§?5<£1(8p(x,y,tt+1)) +_é;(6p(x,y»t )))

#

+

where k = 0,1,2 etc. and Sp(if;:)t 1) is the (k+1)'th estimate of 5p(x,y)
at a time YR The error inherent in this procedure is O(t'3 but the
initial values of 8p(x,y,tt~1) and Sp(x,y,tt) must be found before the
predictor can be applied. BFEuler's rule has been used to determine the

value of Sp(x,y,1), with the steady-state solution providing 6p(x,y,0),

§p(x,y,1) - 6p(x,v,0) _ 2 (§p(x,y,0))
23 o IAE) = I3 INE v (M«s)

and to improve convergence, a special step has been included between the

predictor and first corrector:

(0*) (0) (final)  (0)
fp(xyity,) = Bp(mysty,,) + £.(6p(xy,t) - $p(xy,t,))
(A 9)

A full flow-chart of the computer programme is shown in figure A8,

It has been found that the method is only stable if £'<0,0025 x 7,
so a very large number of iterations has had to be performed (the total
time range is usually chosen to be from O to about 2 x V). The results
of the current ecrossing the junction for three junction-generation area

separations (d) of 8,20,40um are shown in figure 27(a), section h.h.3.






APPENDIX 5, NODAL ISOLATION

Tn one dimension, the excess carrier concentration will be of the
form shown in figure A 9 if the generation region is placed at a distance
d from junction 1, an&(dow d) from a second junetion, junction 2. In

n-type material with a hole diffusion length of L5O,

fp(x) = A.exp(x/L) + B.exp(-x/L) voo (A5.1)

where Sp(x) is the hole concentration at a distance x from junction 1 and
A and B are constants. 6p will be zero at the edges of both junctions

(x = 0 and x = d@) and a maximum of gpmax when x = d, therefore

A+ B

= Q
and 5pmax = MA.exp(d/L) + B.exp(-d/L)
op = - m oo e ®
The current density crossing junction 1 is
as -q.D ~Q:D5P
J, = ~q«D.<-E> = =2, (4-B) =
1 dx L T.sinh(d/L)
x=0
[N {Aﬁ’j)
Excess h@l’e concentration
6 (6p)
Prwe [ 7

0 d o d
Distance £x) —

# IJnt P

R

n-type

Figure A9: Effect of two junctions upon hele concentration
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At the carrier source, the total current density Jg is given by:

J - mq’ D’ «%?&.) - -qO Do szax + mqtbegzmax&
g %/ x=d L.tanh(}) Lat&nh< o
“ i

ceo (Aﬁ.a)

so the proportion collected by junction 1 at a distance d away is

M1 ! (45.5)
Te sinh(%) .(coth(%) +‘coth<da” d))
T
(&o” &) coth(d_/L).coth(d/L) - 1
But  cothi~=3—| = — @) = SotR(a_/L)

and oosh(d/1) = 1 + sinh?(d/1)

J
.3 _ sinh(d/L ‘
Lo o= cosh(d/L) ——»%-/7)”%11 37 eoo (A5.6)
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APPENDIX 6, M.0.S, CTRCUIT ANALYSIS

The output characteristic of a p-channel enhancement-mode M.0.S,
transistor is shown in figure A410(2). There are three regions of device
operation:

(1) a cut-off region where the voltage across the gate
oxide is always less than the threshold, VT,and the

channel current is zero

(ii) a saturated or pinched-off region where an inversion
layer is not formed under part of the gate (resulting
in the drain current tending to saturate at a constant

value) and

(iii) a non-saturated (triode) region where a well-formed

channel exists at all points under the gate.

These three regions can be described in terms of gate and drain voltages

V., and V.. as follows:

G D
(1) Cut~off Vol < Vgl eoe (A6.71)
(i) Saturation Vel < Vol < [V + Vy coe (46.2)
(iii) Non-saturation Vol > [V + Vol eeo (86.3)
(a) Steady-state analysis
. . : . 120
In 2 simplified form, the drain current IDS is given by H
(1) Cut-orff Ipg =0 eos (AB.L)
' . . 2
(11) Saturation Ing=5 A7+ (Vo= Vg=Yp) eoo (46.5)

: - ; =nt X - - - -
(iii) Non-saturation IDS =R T . ((VG VS VT)‘(VD VS)
1 2
-3 (VD-VS) ) eee (86.6)

where VS is the source potential, w is the channel width, 1 is the channel
length and 3 ' is a taken to be a constant whose value is:

- <E
/Z), = N-tgx L (A607)

ox

wi'i;h/un as the average mobility of the mobile charge, = ox the oxide
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(a) Output‘characteristic of a M.0.S, transistor
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(b) Transient response of a two-transistor eircuit

Figure A10: M,0.S., transistor analysis
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permittivity and tox is the gate oxide thickness.

In order to use these equations to evaluate the voltage and
current levels associated with a particular cireuit, the values of VT’
/' and w/1 need to be known for each M.0.S. transistor. The application
of this analysis has mainly been used with ecircuits manufactured by General
Instruments, so a discrete transistor (type Q2-2) made by the same firm
has been used to experimentally determine the first two of these factors,

VT and 3%, for devices in which their values were not known previously.

The minority carrier diffusion length and quantum efficiency of both the

G.I. static shift registers and the 02-2 was similar in value, so it has
been assumed that the other properties will also be the same. Results of

Vé = ~2,0v for the substrate connected to the source and A° = 831,3><1OQ6A/#2
have been experimentally obtained; the latter is rather higher than the
quoted average value of 5:K10*6A/#2 121.

In a p-channel M.0,S. integrated cirecuit, the substrate is at the
highest positive potential, so is not usually connected to the source,

This means that the substrate will probably be reverse biassed with respect
to the source and the gate potential needed to form a channel is increased
because of the wider depletion region. The 'body effect' therefore results
in a variation of the threshold voltage as a function of source potential
VS’ with

Vo= Vg + AVT(V eos (£6.8)

T Sg

where Vé is the effective threshold, VTO is the threshold voltage for

the substrate voltage equal to VS and AVT is the difference between these

two terms, The measured relationship between AVT and VS which has been

publisghed by A.M.I.BQ agrees reasonably with the theory presented by

Crawforﬂﬁ20 and has been used in all analyses.

(b) Transient Analysis

The transient response of an M.0.S. transistor can also be
satisfactorily described by a set of equations. The following relation-
ships have been derived for the case of the two-transistor inverter
illustrated in figure A10(b), assuming that a step input is applied to

each gateizj. VGA.and VGB are defined in the diagram, and the subscripts



t1' and '2' refer to the initial and final states respectively. 7' is the
time taken for the capacitance C to charge from *V31 to ~V32 in the case
of the step input applied to the top transistor (T% when T2 is cut-off,
and similarly for C to discharge from --V’D,E to »VDz‘for the bottom

transistor when T1 is cut-off.

| V.. -V
Tie Saturated vy o= __2,;12. ‘3”;. “(.V 82) (VS1 V- ))
ea VeV )e Vg Vs
ees (A6.9)
T2 cut~off|
Tqe Non-saturated 7' = (V C T . 1
A Vp=Ve xVpp ... (86.10)
x log,_ [((VgVpp) o (Vgy+ Do 2V p zm))
\(Vm o)+ (Vgo* V=2 y+Vpp)
Vo, = Vo)
728 Saturated - 394%; (M) oo (B6.11)
(v Vo)
™ cut—offi
T2 Non~saturated V' = s Vp 7 .;',
“\Vep~ip/ ¥ ceo (46.12)
x log, [(2-(VenVe) - D2)‘(VD1)).
(2. (Vog=Vp) - Vpq)e (Vpy)

The capacitance, C, can be calculated from a knowledge of the
physical transistor layout and processing parameters, but an allowance
for the voltage changes (Miller Effect) must also be made. A schematic
representation of these factors is shown in figure At1 and numerical

values are given in table A3 overleaf 82 121 122, The effective

capacitance under changing voltage conditions

can be related to the geometric capacitances

C
c —> ;/geonw which are determined in this way by using
o O
e | i\ the identity:
Va Ve c -¢ VgV pol £ [Vp4=Vyl
> =7 e~ “geom * Va1 = Vpol
(46.13)

Figure A12: Effective i
Capacitance where the subscripts '1' and '2' are again

the initial and final states, and VA and VE

are as defined in figure A12, Therefore from a measurement of the
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Figure A11: Parasitic capacitance
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Symbol Location Capa‘“it??;%ﬁ ‘é’g’“ ares

Cuos Metal over thin oxide-substrate 0,20

c Junction capacitance Ov bias 0,46
PN p-region-substrate -10v bias 0.1
CM Metal over thick oxide~substrate 0.03

CMP Metal over thick oxide and p 0,05

CMPT Metal over thin oxlide and p 0.30

Cop Poly-Si over thick oxide and p 0,023

CSPT Poly-Si over thin oxide and p 0.31

Table A3: Values of parasitic capacitance

dimensions of the integrated circuit transistors, the aspect ratios and

the geometrical capacitances can be found; thenafter a steady-state
analysis of the circuit operation has been performed, the effective

capacitance can be calculated and the transient analysis completed.

(e) Propagation delay and transistor impedance

The total propagation delay, tr’ can be found from the individual

response times t,‘,tz,t3 ete., of each of the stages in a cascade of

transistors or constituent parts of a subdivided network by using the

relationship125:

eeea (A6.14)

The dynamic ON resistance ofan M.0,.S. transistor operating in

the unsaturated region is, from equation (A6.6),

L _%Ms 1 1
— — '.l ' - -
ON aIDS w A ‘(VGS V& Vbs)
and r 1 L

- w— g v ~
0 w A '(VCS VT)

eeo (86.15)

veo (A6,16)

at the origin where the output characteristic is linear.
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APPENDIX 7. LASER TI,C, TEST EQUIPMENT

In this appendix, brief details of possible component parts which
could be used to make up a practical i,c. tester will be given, together
with the approximate cost (at Spring 1977, ineluding V.A.T. and 8.9% import
duty where applicable)., The examples cited are by no means the only ones
suitable for this purpose, but they should serve to indicate the equipment
which is presently available,

(a) Lasers

A helium-neon c.w., laser has been used throughout this study, and
has proved to be very satisfactory from the point of view of laser testing.
The cost of these lasers does rise steeply as the power output increases
though, so the choice of laser should be made with respect to its
intended use; e.g. for testing M.0.S. circuits alone, a 2uW laser would
be suitable etc. Examples from the range by Spectra Physics Inc. are
given in table AL,

Model No. 145P | 142P | 120 | 124B | 1254

Power output || 0.5mW | 2mW SmW | 15mW | S5CmW

Cost £125 | £,00 | £930 | £2500 | £5700

Table Ak: HeNe laser cost

If laser powers greater than 50mW are needed, pulsed sources will probably
have to be used, and a Nd:YAG laser with a frequency doubler () = 53203)
would be suitsble; for example, GTE Sylvania produce lasers of this type
with TEMOO powers in the range 250mW - 200W,

Varisble frequency lasers can also provide high powers over most
of their output wavelengths. The Lexel Model‘85 Argon ion laser (£6000)
produces more than 25mW in each of the $0900,5287,5145,5017,4965,4880,
L4765 and h5793 lines, and their Model 95 (£8000) gives out more than 100mW
over a similar range. Tunable dye lasers, such as the Chromatix CMX-k,
cost much more than this but allow wavelength tuning:- with this instrument
from 43508 to 7300% accompanied by average powers of over 30mW at 30pps.

Semiconductor lasers may soon be reduced in price to about £10,

but as yet they are not suitable for use in a laser testing system. The
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LBA 185A double heterostructure laser from ITT for example has an output
wavelength of 85008 with a 100 x 1 pmz emitting area and 150mW peak radiant
power (5% duty cycle); the operating current is 1.5A at room temperature
and the 20mW o.w. GaAlAs version from Laser Diode Laboratories alsc has

%= 85008 and operates at room temperature,

(v) Opties

The focussing lens needs to be of a good quality, high numeriecal
aperture and have a large working distance and aperture stop. The Ultra~
Micro Nikkor step-and-repeat x10 reduction camera lens with working
distance of 13.6mm and NA of 0.28 (£800) has proved satisfactory to date,
but larger lenses can be obtained, although not usually of such high
quality; for example a x2,2 reduction 380mm diameter lens from Tropel,
F/3.3 with 289mm working distance which is designed for use in photocopiers
could provide a large enough working distance for nearly any probing

arrangement.,

The expander lens will not need to be of such good quality, but
the aperture may need to be large if a multi~beam system is used, Simple
glass or Fresnel lenses of focal length greater than about 100mm should
be suitable for this task (£5-20). Beam expansion would be necessary to
obtain the best performance from acousto-optic deflectors or to produce
a 'flood' beam, and a 46mm aperture ready-built system with x5-x%20
expansion power from Oriel costs £250. Neutral density filters may be
necessary for use in a single beam diagnostic tester,and can be obtained
with density values of 0.1 to 4 (transmission 79.5% - 0.01%) at about
£25 each, but continuously variable attenuators can cost up to £250. |

(o) Modulation, deflection and alignment

The pockel cell and driver system from Electro-optic DeVelopments
used in the present study (type PC100 cell with VLA30 driver) gives an
optical response time of 150nsec. (cost is £600). Faster modulators
such as Coherent Associates' Model 3025 (DC-25MHz, 1insec. rise and fall
times, 500:1 extinction ratio, v, = 660v, £6000) or model BC~-4808 from
Laser Precision Corp, (DC-20MHz, rise time <insec., 20:1 extinction ratio,
v, =150v, £2000) are available if required.

Electro-~optic deflectors such as the Coherent Associates' Model 10
with only a 0.14° deflection angle (£3000) are not as suitable as acousto-
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optic versions for controlling the position of the laser input; ene example
of an A.0. deflector is the LD-400-XY from Isomet, which has 400X 400
resolvable spots, deflection angle of 2.90 and transit time of 10.7usec
(£10,000),

Mechanical systems, such as torsion bar.and spinning mirror
choppers and scanners,may cost up to £400 but the upper frequency limit
is only 1~-5kHz. Motorized stages such as a xy 0 movement control (models
ATS302M and ATS301MR from Aerotech Inc. have 50mm range, 2.5um accuracy,
1.5pm repeatability, 0.25pm resolution and 360° rotation with 3arcmin.
accuracy, O.2arcmin. repeatability and 0, 25aremin, resolution, all with a
slew speed of 2000 steps/Bad)uill cost sbout £1500., Galvanometer-controlled
beam deflection may also be possible, and a system similar to the one
employed in the Teradyne W311 Dynamic Laser Adjust System12k for beam
control in laser trimming may be adapted for this purpose,

(a) Conventional i.ec. testers

The cost of i.c. testers varies in accordance with the range of
tests which can be performeds* Comparison testers, often programmed
by plug-in cards, can cost up to £10,000, but to generate test data,
provide dynamic testing, meke accurate parametric tests etc., a comput~
erized system is needed, The price then rises to above £50,000 and can
even be as high as £300,000 for a.really comprehensive tester which can
perform functional, parsmetric and clock rate testing on a variety of
types of integrated circuit; it is this kind of ATE which is envisaged
for use with the laser test method. Some of the manufacturers in this
field are Datatron, Fairchild, LSI Testing, Macrodata, Teradyne and
Xintel.
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