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ABSTRACT

This thesis is concerned with the change in charge>on a
silicon MOS capacitor (MOS-C) subjected to a voltage step.A
The transient charge (Q-t) is controlled by the generation
and recombinétion processes in the silicon. A review of these
processes in the MOS-C, and of Q-t and other methods of
measuring generation lifetime (Tg) is given. A thorough
experimental investigation of Q-t transients is given including
the effects of the guard ring voltage, applied bias, voltage
step magnitude,vand voltage step polarity. The measurements
were perfbrmed with an automated apparatus, using a micro-
computer controlled measuring system developed for the purpose.

An improved theory for the Q-t transient has been developed
for determining the lifetime. This is midway between the simple
theory of Hofstein and the more elaborate computer method of
Collins and Churchill. Both the generation and recombination
cases of the Q-t transient are covered for the first timce and
the theoretical results compare well with the experiments.
The present Q-t method of determining lifetime is also compared
to other Q-t analyses and with the c-t, C-V, and fast_ramp
methods. Good agreement is obtalned with other Q t and C-t
methods, but not with the C-V and fast ramp methods.

More than one hundred samples were used in this work but
detailed results are presented for typical ones only. kTHis
investigation gives confidence in the use of the Q-t method

for measuring the minority carrier lifetime easily and accurately.
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CHAPTER 1

INTRODUCTION

1.1 Background and Objectives

The metal-oxide-semiconductor (MOS) device structure
has become very important in modern electronics for high
performance silicon integrated circuits particularly in very
large scale integration (VLSI) design. In the study of the
MOS device characteristics, two of the most important para-
meters are the doping concentration N of the semiconductor
and the minority carrier lifetime Tg(also known gé the
generation lifetime). The doping density is one of the para-
meters that determine the value of the threshold voltage of
MOStransistorS'while the lifetime is responsible for the
dynamics of charge st0r§ge devices.such as charge-coupled-
devices (CCD's) and dynamic_memqry cells.

InCCD's the minimum freQuency-of operation is
determined by the carrier generation rate or the generation
lifetime Tg. A‘high generatiqn rate, or low Tg, would mean
that the minimum frequency of operation of CCD's has to be
high. For the dynamic RAM, as thé number of cells Qets
larger, the storage time becomes more critical. This is
because the memory cells are not available for reading or
writing while being refreshed, therefore giving rise to delay
in the system if it has to wait for the refresh cycle to be
completed. The value of Tg determines the time interval
between refresh signals that are used to restore the informa-
tion which is held in the form of charge in MOS capacitors

before it decays away through recombination and leakage

brocésses.




Due to.the importancé,of these applications,
generation-recombination processes in MOS devices have been
extensively studied. This thesis is concerned with the
study of the measurement of Tg itself and particularly with
measurements based on the transient response of MOS capacitors,
which have not yet been fully explored.

In the past decade or so, many papers have been
written on methods of measuring Tg. Many of them are con-
cerned with the capacitance transient analysis that is based
on themethod of Zerbst ( 1 ) and several authors have
suggested imprévements and refinements to this technique.

The capacitance transient (C-t) method, the fast~ramp method,
and the capacitance-voltage (C-V) method form the background
for the thesis. These methods will.be critically discussed
and some comparative results using them will be presented.
However, the main parts of the thesis are concerned with the
charge transient (Q-t) method of determining Tg which has been
comparatively little used.

The objectives of the work preéented were to carry
- out a thorough experimental investigation of the Q-t method
of measurement and to compare it with the élternative.methods
mentioned above from the point of view of accuracy, ease of
measurement, etc. The work showed that, although there are
several paperson the theory of the Q-t method, very few
experimental results have been published previously. The
thesis contains the first thorough investigation of the
experimental variables affecting the form of the Q-t transient
and hence the lifetime values determined from it. It was
only possible to make the large nﬁmber of measurements requifed

by automating the method with microcomputer control which was
BUSGe = . .

Bicdedsfully done.




All the methods of measuring Tg can, in principle,
be used in conditions of.carrier generation or carrier re-
combination. With large deviations from equilibrium, it is
not possible to define a single lifetime Tg for both because
the details of the generation and recombination processes
are different. The published analyses of all the methods of
measurement have applied aimost entirely to the experimental
conditions in which generation predominates because it is
the simplest. In the Q-t measurements made here, equal
emphasis is given to conditions for generation and recombina-
fion and an attempt is made to analyse reéults for both of
them in terms of fundamental transitions. This is aided by
a numerical modelling program which has been written by the )
author.

The device structures used for the study in this
thesis were MOS capécitors of aluminium, silicon oxide, and
silicon. A variety of samples were used, some made by the
author using standard microelectronic techniques. Basically,
the capacitors were prepared by thermally growing the oxide
on the surface of the silicon followed by ‘the deposition of
aluminium electrodes, the areaé of bbth being determined by
standard photolithographic techniques. Details of the fabrica-
tion process are given in Chapter 3 of the thesis.

1.2 The Physics of the MOS Capacitor in Equilibrium

Although the physics of the MOS capacitor is now
well understood, we will review it briefly here to introduce .
many terms used throughout the thesis. We will consider the
energy band diagrams of the MOS structure under the inf;uence 
of an external bias, at first undef equilibrium conditions,

and then in the non-equilibrium case following the application



of a step voltage to the metal electrode (Section 1.3).
For the sake of simplicity an ideal MOS capacitor will be
considered first. This implies that the charge in the oxide
and at the interface are negligible and that the work fﬁnction
of the metal is equal to that of the semiconductor. The
effect of these assumptions, which do not hold for real
capacitori will be considered later. |

We need to consider four types of conditions for the
band‘structure of the MOS capacitor depending on the applied
voltage as shown in Figure 1.1. Considering a p-type semi-
conductor, a negative voltage applied to the metal relative
to the bulk of the semiconductor biases the silicon surface
into accumulation, zero voltage corresponds to "flat~band”,
and positive voltages give depletion or inversion of the
surface. Each of these conditions will need to be considered

in more detail.

1.2.1 The Accumulation Condition
Fig 1l.1(a) shows the band diagram for the capacitor
biased negatively into accumulation. The concentrations of

electrons and holes in the semiconductor are given by the

equations p
(E.~E;)
= £ i
n = n.exp T (1.1a)
(E.~E_) '
- R s 4
P = n,exp o (1.1b)

where ni,P and n are the intrinsic, hole and electron

concentrations respectively.



Ef is the Fermi energy level

Ei is the.intrinsic energy level

k is Boltzman's constant

T is the absolute temperature
When a negative bi:as is applied to the metal electrode the
metal Fermi level is raised and the enefgy band in the
surface of the semiconductor bends slightly upwards creating
an electric field which pulls the holes towards the semi-
conductor-oxide interface. Since the oxide is an insulator,
the holes accumulate very close to the surface. From
equations(l.1l) it is seen that the concentration of the
holes increases at the surface of the silicon where (Ei-Ef)
is greatest while the electron density is even less than in
the bulk. The MOS capacitor is now similar to a parallel
plate capacitor with the oxide as the dielectric and the
capacitance per unit area is that of the oxide, Cox‘ A very
small amountof band bending can give the positive charge on
the capacitor because of the rising exponential in Equation

(1.1b).

Q

1.2.2 The Flat Band Condition

Since we have assumed an ideal case, when the
applied voltage is zero the enefgy bands are flat, with
no potential gradients anywhere in the sample as shdwn
in Figure 1.1(b). The flat band voltage VFB is said to
be zero in the ideal condition. In practice V is not

FB
zero for reasons that will be given in Section 1.2.5.



1.2.3 The Depletion Condition

When the voltage applied to the metal has a small
positive value the energy levels near the semiconductor-oxide
interface are pulled downwards reducing the distance between

.Ei and Ef as shown in Figure 1.1(C). From Equations (l.lf

it is seen that the hole density therefore decreases while
the electron density increases near the surface. This is

due to the holes being repelled by the electric field of the
charge on the metal electrode. Thus a layer depleted of
majority carriers is formed between the semiconductor surfadé
and the bulk. The negative charge in the semiconductor which
balances the positive charge on the electrode is mainly tha£
of the uncompensated ionised doping atoms in the depletion

region. The magnitude of this charge per unit area is
Qq = a N, x4 (1.2)

where N_ is the doping concentration

and X4 is the width of the depletion layer formed

Froﬁ Poisson's equation and using the deplétion approximation
which ignorés the mobile carriers, the potential ¢ at a

distance X into the depletion region is

_ 2 ) |
vom e wgwt (1.3)

where €g is the permittivity of the semiconductor.

At the semiconductor-oxide interface where x = O, the potential
relative to the bulk is known as the "surface potential" ws
given by :-

wg = e Xa (1.4)



The magnitude of the positive charge on the metal is Qﬁ(=Qd)

so that the electric field in the oxide, F_ _, is

ox
F - q Naxd - Vox
- ox €ox tox
where on is the permittivity of the oxide
tox is the oxide thickness
and VOx is the voltage across the oxide
X
v = d Na d tox - q Na Xa
oX £ C
ox ox

The applied voltage, Va’ is therefore

Va = Vox + ws
2
_ q Na Xa q Na Xa
A% = ——— —e—
a C 2 €
oX s

This eqguation enables XH to be found for a given Va' and

hence ws, and VOx to be evaluated.

1.2.4 The Inversion Condition )

As the positive applied voltage is increased the
surface potential increases and the energy bands are bent

more significantly. The distance between Ei and E_. gets

f
smaller so that the holes ére repelled further into the

bulk so increasing the depletion layer width. At the same

time the electron density must increase at the surface

because the p.n product remains constant in the equilibrium
condition. . When the applied voltage reaches the threshold
value for weak inversion the midgap energy E,; crosses the
constant Fermi energy level Ef. When this occurs the electron

density at the surface is greater than the hole density giving

a weak inversion layer.
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With further increase of voltage the electron density
in the surface reaches Na at the onset of strong inversion
as shown in Figure 1.1(d), and the difference between E_. and

f

Ei at the surface is

(1.5)

where ¢b is the energy difference between Ei and Ef in the
neutral bulk of the semiconductor. This corresponds to the
surface electron concentration, ng, becoming equal to

Na (= Pp) in the bulk. From the figure it is seen that the

surface potential ws at the onset of strong inversion becomes

(1.6)

Now if the applied voltage is further increased beyond the
onset of strong inversion, ws the difference between Ei and

Ef will increase only slowly because of the exponential rise
in the concentration of electrons in the inversion layer,
Equations (1.1). Thus the extra charge beyond inversion is
easily provided by an increase in the electron charge in the
surface with littde change of ws.' So, the depletion layer
charge, which is due to the uncompensated ionised doping atoms,
remains almost constant beyond inversion.

1.2.5 The Non-Ideal MOS Capacitor

In this section we shall be looking briefly at the
non-ideal MOS capacitor. 1In practice a real MOS capacitor
contains interface traps and oxide charges. The interface
traps are due to the occurrence of energy states resulting
from the discontinuity of the silicon bonds at the semi-

conductor-oxide interface, while the oxide charges are usually




due to the presence of ionised sodium étoms as well as the
charge density that remains after the interface trap charge
is annealed out. The charges present in the interface traps
and in the oxide are both normally positive. In addition,
the workfunctions of aluminium and the semiconductor of a real
MOS capacitor are not equal. For aluminium the vacuum work
function Qm is 4.25 volts therefore giving the work function
difference Qms between aluminium and p-type silicon of 0.90
volt if the doping concentration of the silicon is 1015 cm’3.

The effect of these imperfections is that when there
is no bias the bands are no.longer flat as assumed in the
ideal case thus causing the high frequenéy C-V curve to be. ;

shifted by an amount equal to the flat band voltage VFB which

| is the voltage required to bring about the flat band condition.
Figure 1.2 shows the energy band diagram for a non-ideal p-type
MOS capacitor with zero bias and positively biased into e
inversion mode.

In this work, since the MOS capacitor is initially
biased into the inversion mode the problem of charging up of
the interface states does not arise and so the effect of the

interface states can generally be neglected.

1.3 The MOS Capacitor out of Equilibrium

The preceding discussioﬁ' holds for the MOS capacitor
in the equilibrium condition where the relation pn = ni2 holds
throughout the semiconductor. Since this work is concerned
with the response immediately after the application of a voléage
step the capacitor is in a non-equilibrium condition duriné
the transient. When the step is first applied equilibrium ié
disrupted for a while and we have the situation where

BB < ﬁiz Bf Hps hiz fiear the HEHIBBHHGELEEERRidE {nterface.
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Figure 1.3 showsthe effect of band bending immediately after
ﬁhe application of a step voltage where the sample is taken
from an equilibrium inversion condition to heavier inversion.
Before reaching the final equilibrium condition the sample
goes into "deep depletion" where the depletion width extends
beyond the maximum equilibrium width, returning to the
equilibrium value at a rate determined by the generation of
carriers. The surface potential is much greater than 2¢bin
deep depletion. As electrons are generated thermally they
flow rapidly to the surface and build up the extra inversion
charge required by the increased applied voltage. This causes
ws to relax back from the deep depletion value to little more
than 2¢b° The relaxation rate is therefore a measure of the
minority carrier generation rate if the transient can be
correctly analysed. Similarly the relaxation of the surface
charge following a step of the opposite polarity is determined
by minority carrier recombination although the analysis is
more complicated in this situation.

There has been some controversy as to which region
in-the semiconductor contribﬁtes most to the carrier generation.
Zerbst (1 ) suggested that the net generation is in thaf‘
part of the depletion layer which is in excess of the equilibrium
width. This implies that there is no net generation in the
region near the surface and this has been disputed by several
authors. The work of Simmons and Wei ( 2 ) hés given a more
acceptable model for the analysis of the generation in the
depletion layer. Collins et al (34 ) showed by a computer
simulation that the generation rate as used by Zerbst is

inaccurate and that another alternative suggested by Sah et al




FIG. 1.3 Energy Band Diagram of a p-type MOS Capacitor

in Non—aquilibrium condition (after voltage applicakion)
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(5 ) gives a better approximation. They also showed good
agreement between their computer calculations and the
analytical solution of Simmons and Wei. Carrier generation
from the bulk appears to have been neglected by these and
all other authors although it will later be shown to be
important. All these models will be discussed in greater
detail in this thesis.

1.4 Methods of Measuring T
9

Nearly all the methods used to study the MOS
capacitor out of équilibrium have been used to find the
minority carrier lifetime in charge generation conditions.
For this reason the symbol Tg will generally be used in the

thesis except when referring specifically to recombination.

1.4.1 The Capacitance Transient (C-t)Method

The determination of minority carrier lifetime Tg
from a capacitane transient curve is the most widely used 

of several methods available. A considerable amount of work
has been done on the C-t method(6-16) and a number of authors have
suggested methods of lifetime determination involving
capacitance transients. These are mainly based on the work
of Zerbst ( 1 ) who was the first to develop an analysis of
the C-t transientin terms of charge generation. In this
method the MOS capacitor is pulsed into inversion by applying
a voltage step to the metal electrode and the small signal
a.c. capacitance transient is recorded and analysed. The
equation developed by Zerbst is based upon the rate of change
of the inversion charge at the semiconductor surface. From

the slope and intercept of a particular plot the value of Tgv
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as well as the surface recombination velocity S can be
extracted. The advantage of this method is that the
response time of the sample capacitance is very much greaterP
than the minority carrief lifetime itself thus éllowing very
short lifetimes to be determined from:comparatively slow
experiment. Details of this method are described in Chapter 7.
Other workers have tried to improve on the inter-
pretation of the capacitance transient response given by
Zerbst.‘ These include Schroder and Nathanson ( 17 ) who
included'the effect of lateral spreéding of the depletion
layer. Heiman ( 6 ) suggested an analytical rather than
graphical solution to the C-t differential equation while

Huéng ( 7 ) proposed a simple method of obtaining 7 _ by

g
graphical means. His method uses large voltage steps énd
requires the condition that the depletion capacitance should
_be.vefy.much greatér than the oxide capacitance for his
approximation to hold. Tomanek ( 18 ) suggested a method
where a pulse of opposite polarity is applied to the MOS
capacitor in inversion so that the depletion layer collapsesir
By measuring the capacitahce at the end of a pulse of variable
duration he was able to calculate Tg.‘ Muller and Schiek (8 )
also worked on the pulsed C-t measurement using pulses of.
‘opposite polarity. 1In their method the MOS capacitor is
pulsed frominvérsionto accumulation, where in this case the
transient response is very much faster than in Zerbst's method.
Consequently a b:oad band high frequency detecting system was
used to allow a good time resolution in the capacitance
measurements. The value of Tg was obtained by choosing a |
éuitable time constant for a close fit between the calculated

wre ) e e

values and the measured results. .

Ay
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1.4.2 The Charge Transient'(Qet)Method

Instead of measuring the capacitence‘transient to
obtain the value of Tg it is also possible to measure the
charge response (Q-t) of the MOS capacitor subjected to a
suitable voltage step. Hofstein ( 21) was the first to use
' the O-t method for the evaluation of the lifetime. ~ His
method requires the application of a smali'voltage step
{( ~ kT/q) superimposed on a fixed bias which maintains the
MOS. capacitor in heavy inversion. The voltage step takes the
sample into heavier inversion and'immediately after its
application the depletion layer widens before relaxing back
to its equilibrium inversion width. During this return to
eqnilibrium the charge Q on the sample is measured.n For a
small deviation from equilibrium Hofstein assumed that Q varies .
exponentially with time and by using an equivalent circuit
»for the MOS capacitor in inversion he obtained the time conetant
which is related to the generation lifetime of the sample. |
This method of analysis.is limited to the case of a very small

deviation from equilibrium.

Zechnall and Werner (22) tried to improve on Hofstein's
method of determining g by using the Shockley-Read-Hall(25,26)
expression for the generation of carriers. Although this
method is very similar to the Hofstein's it requires rather _
laborious calculations to obtain the lifetime and has the |
same disadvantage which is the limitation to very small
voltage steps which give only small changes of charge.

Viswanathan and Taklno (24) proposed a different
-approach to the: ana1y51s of the Q-t transient.: They adopted

similar equations to those of Zerbst and obtalned an expre531on
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that allows the determination of Tg and S from Q-t measure-
mentswith large voltage steps. The method however requires
differentiation of the Q-t trace as in Zerbst's method and

this is quite difficult to do accurately in practice.

Apart from these authors the Q-t method appears to

 have been neglected in spite of some experimental advantages.
The main part of the present thesis is concerned with the
Q-t method which will be deécribed in more detail in later

chapters and compared with alternative methods in Chapter 7.

1.4.3 The Non-Equilibrium Fast Ramp Method

In the preceding methods the MOS capacitor was
stimulated with a voltage step. In the fast ramp method a
continuously varying voltage in the form of a triangular wave
is used. Measurements involving the application of voltage
ramps have been used in the characterisation of MOS devices
for many years. Usually they are in conjunction with capacitance
or conductance measurements which require an a.c. signal super-
imposed on the d.c. voltage. A slow voltage ramp is used in
this way for the purpose of varying the d.c. bias on the sample'
automatically. The fast ramp method requires no a.c. signal
as the sample current due to the changing bias Voltagé can be
measured directly. Charge is moving continuously in the MOS
éapacitorunder'the influence of the changing bias voltage.

There are two periods in the voltage sweep that can be
considered. The first is where the ramp voltage is tending
to bring the sample towards deeper depletion. For a p-type
sample this is the period of positive slope. The sample will
be taken into accumulation, depletion and inversion modes if

the rate of voltage increase is slow enough. However, for the
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higher rate used in fast ramp method, the MOS capacitor never
reaches the equilibrium inversion mode as the inversion
charge cannot be generated fast enough, In the second period,
the reverse sweep, the sample is nearer to equilibrium as tﬁe
depletion edge moves in thé same direction as the generation
current. A plot of current vefsus the applied voltage (I-V)
forms a closed loop for the complete sweep. The shape has
been analysed by Board and Simmons ( 27 ) who have shown

how the value of Tg can be determined from it. Details of

this techique are presented in Chapter 7.

1.4.4 The C-V Method

The measurement 6f the small signal high frequency
capacitance versus bias voltage (C-V) is the basic tool used
for most MOS capacitor characterisation. It is used for the
determination of doping profile, extraction of the interface
trap level density and the determination of the flatband
voltage. A number of authors have also tried to extend the
basic C-V measurement technique to give the generation lifetime
Tg.

Pierret (28) suggested one method of using the C-V
plot for the determination of Tg. In this, several C-V plots
are required for different sweep rates starting from inversion
and moving rapidly into deep depletion. When the sweep voltage
becomes sufficiently large the deep depletion capacitance
reaches saturation. The saturation capacitance is plotted
against the sweep rate and the slope of this plot gives Tg.

The main drawback is that the MOS sample has to be perfectly-
free of leakage in order to obtain the saturation capacitance.

Taniguchi (30) worked on a similar region of the

C-V curve but his method needed only'two sweep rates. Instead
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of depending on the saturation capacitance he measured-thé
length of the flat inversion portion of the C-V plot with '
decreasing.bias. By plotting a set of complicated thebreticai
curves for different lifetimes and surface recombination

velocities,the actual value of Tg and S can be obtained by

fitting the experimental data to the plot. One advantage -

claimed for this method is that a single set of curves can be’
u#ed to cover avwide range of minority carrier lifétime

and surface recombination velocities, so simplifying thé
analysis of experimental measurements.

1.4.5 Other Methods

There are still other methods that can be used for
the determination of the minority carrier lifetime in MoSv
capacitors. To describe all of them is beyond the scope
of this thesis, but among the methods that héve been used are
the currenttime transient of Trullermans and Van De Weiie

( 3% ) , the current-capacitance measurements of Calzolafi

et al( 9 ) ,and the admittance measurement method by Baccatdtii

et al( 35 ) .

1.5 Outline of the Thesis

This thesis is cbﬁcerned with the measuremeht»of
generation and recombination processés.in MOS capacitors
ffom the transient response to applied step voltages. Most
of it is concerned with the Q-t method of detérmining the
minority carrier lifetime because there are very féw'publica—
tions 6n the Q-t method as compared'to elaborate studies of
the C-t case. Very few Q-t results have been published and
there is still no completely satisfactory description of the

actual charge generation/recombination processes in MOS

capacitors.
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In Chapter 2 various techniques involving previous
Q-t measurementsare reviewed. This chapter also covenrs the
work on the improvements of the analysis of the transient
response which have been applied to the Q-t method. Typical
plots of the methods described are also given. The experi-
mental techniques used in the present work are given in
Chapter 3 which also includes details of the MOS sample
preparation. In Chapter 4 results are presented to show the
effects of various experimental conditions on the measured
transient. The theory of:S—t method and the analysis of the
results is presented in Chapter 5 while Chapters 6, 7 and
8 give acomparison of the Q-t method with some of the others

also described in this thesis. Finally, the conclusions from

the work are given in Chapter 9.
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CHAPTER 2

PREVIOUS WORK ON THE Q-t METHOD

2.1 Introduction

This chapter describes the published work on the Q-t
method of measuring the minority carrier lifetime in MOS
capacitors. This previous work formed the basis for the
present investigation of the Q-t method described in Chapters
4 and 5.

The published papers differ mainly in their methods
of analysing the transient conditions in the MOS capacitors
and in the presentation of the Q-t data in a form suitable
for extracting the carrier generation lifetime, Tg. All of
them make necessary approximations to an exact analysis of the
problem.

2.2 Transient Analysis by Hofstein

In Hofstein's method of measuring lifetime (21), a
small step of voltage is applied to the MOS capacitor which
is initially biased into the inversion mdde in equilibrium.
The response of the capacitor immediately following the step
is monitored. Assuming the MOS capacitor in inversion can be
approximated by the equivalent circuit of Fiqure 2.1 for a
small deviation from equilibrium, the transient should follow
an exponential law. The time constant of the exponential
response T is measured and related to the generation lifetime

Tg by the following equation -

| _ ¥ (2.1)
R T Tg g nixd (Cd + cox) °

where Ca and Cox are the depletion and oxide cépacitances

respectively.

-
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ws is the surface potential

X, is the depletion width

d
n, is the intrinsic carrier concentration.
By substituting for Cd in terms of the inversion capacitance,

Cm’ the lifetime Tg can be obtained from the equation :-

q n;eg 1 (1-0)

g R Y c 2 o
OX

where o = Cm/COX (the ratio of the inversion capacitance to
Fhat of the oxide). The time constant of the response (TR):
is obtainéd bylplotting the normalised charge versus Eime on
a log-linear graph. The exponential relationship for the
change of charge during the transient is

—t/Tk

Q = Qm— Be . (2-3)

where Q is the change of charge at time t
Qm is the maximum charge increase (as in Figure 2.2a)
B = - i : » =
Qn Qo+where QO+1s the change of charge AQ at t o+

Rearranging Equation (2.3) gives

Q- Q
m = - 1
n 3 = e t (2.4)
R
Qm_Q
Thus the plot of Qn(‘ B )_against t gives a straight line
with a slope equal to - %— . The lifetime Tg is then calculated

118
from Equation (2.2).

Hofstein measured the charge with an electrometer
connected to a storage oscilloscope to monitor the- output signal.
The electrometer was an operational amplifier with an external

MOSFET to increase the input impedance and it was connected tQ
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a charge amplifier. The sample was connected with its back
contact to the input of the electrometer and the metal electrode
to a d.c. supply for biasing. The Qoltage step was applied on
top of the bias by a suitable circuit. The charge generated
during the relaxation period was recorded and analysed. A
typical plot of the generated charge is shown in Figure 2.2 (a)
and a log plot of charge against time is given in Figure 2.2 (b).

This approximate method of analysis gives a quick and
simple means of evaluating the bulk lifetime of minority carriers
since the device is in inversion before and after the applica-
tion of the voltage step, and surface effects can thus be
neglected. The drawback is in the approximation made in
assuming the exponential behaviour of the response; Also the
charge measurement is affected by noise since the voltage step
is very small ( ~» millivolts) so that it requiresbcareful
instrumentation techniques to produce a reasonably cleén 0~-t
trace.

2.3 Transient Analysis by Zechnall and Werner

Although Hofstein's method of analysis has the advantage
of simplicity, its major d;awback is in over-simplifying the
Q-t transient by assuming that the time constant is directly
related to the minority carrier lifetime by a simple éxpression.
Zechnall and Werner (22) proposed another method of analysis
without tgking such an assumption. Their expefimental set ub
was the same as that of Hoftstein's but with improvements in
the method of analysing the responsé° The basic expression
for the generation rate as used by Hofstein was

ny
U = — (2.5)

T
g g
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This was replaced by the Schockley, Read, and Hall (12,13)

expression.

pn - n,
U = = (2.6)

Tno(p+ni) + Tpo(n+ni)

where p and n are the hole and electron densities during

the transient response.

Tno is the lifetime of electrons

Tpo is the lifetime of holes.

The generation current Jgen was obtained by integrating the
above expression over the width of the space charge region.
That is

x.(t)

d

d Qinv

Jgen = ?t——— =g U?dx (2.7)

By substituting the value of the p n product which was
simplified by a Taylor's expansion, and by approximating
the integral to that with equilibrium values of carrier
densities, they modified the expression for the gencration

current from Equation (2.7) to

d Q. q n, (2.8)
inv _ i _ .
at = T B Ixg(E) - oxg,]
g
where Q. is the mobile charge in the inversion region

inv

xd(t) and x are the depletion widths of time t and

doo
t = » respectively.
A is a constant which is independent of Tg provided -

T /1 is constant.
no’ po
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If the value of A is unity in the above expression then
Equation (2.8) becomes the same as used in the large signal
C-t analysis by Zerbst. The value of A is very dependent
on the dopant concentration however.

To obtain Tg, Zechnall and Werner combined Equation
(2.8)with the expression for the total charge in the MOS
capacitor in inversion.

0 = Q, + q Na xd(t) (2.9)

tot inv

This is differentiated with respect to time and combined with
the relationship between xd(t) and the applied voltage using
a Taylor's expansion and neglecting high order terms. The
following expression was finally obtained.

L= - ﬁi—.z\ | (2.10)
where R is a constant that depends on the parameters of the

sample

A = cht - Qtot is the change of charge stored in the

MOS capacitor as in Figure 2.2(a). The differential equation
above implies an exponential behaviour of A with time. The

solution of Equation (2.10) is

gn A = - — 1 ¢ 4k (2.11)

where K is a constant of integration.
From Equation (2.11) the lifetime can be obtained from the 
slope of the plot of &n A versus t.

Although the analysis of the Q-t trace and the cal-

culation of the lifetime in this method is quite similar to
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that of Hofstein's, the constant A which is present in this
method has to be evaluated numerically to obtain the result.
Also, the ratio TnO/Tpo needs to be constant for the assumption
that A is independent of Tg to be valid. A further assumption
is made in that the integral that is present in the expression
for A is evaluated using equilibrium conditions instead of the
real-time dependent ones.

2.4 Transient Analysis by Viswanathan and Takino

In the analyses of Hofstein and Zechnall and Werner,
the measured Q-t responses were assumed to be exponentials.
An improvement over these methods was proposed by Viswanathan
and Takino (23) and by Takino (24) which is supposed to over-
come the limitation of.the two previous methods to a very
small step size. 1In this method the approximation to an
exponential response was also removed.

Viswanathan and Takino started their analysis with the

Zerbst expression for the rate of increase of the mobile

inversion charge, Qs v’
d 0. q n,
_ inv _ i _
ere = - (xd de) +qn,s (2.12)
g9

S is the surface recombination velocity.
X4 and Xqf are the depletion widths at times t and «
respectively. Equation (2.12) implies that the generation

region is assumed to be just that part between X3 and Xqf*

From the basic equations for the MOS capacitor together with

Equation (2.12) the following equation was obtained

qN dy -1ld o d n,

a S m 1
- - - . 2.13
1 = <Xd xdf) + qn;S  ( )

C dx dt 2



24

In this method, a straight line is obtained by plotting

dQ

-
|

0]

3

o]
b
Q‘I
t

as a function of (x The value of dlbs/dxd is obtained

a~*ag) -

from the relation

- a | |
P = 5 . xd : (2.14)
so that Equation (2.13) becomes simply

1 4 Na€ d Qm qny
C 2 U dct = 2 g

(xd-xdf)+ qniS (2.15)

The value de/dt is obtained from the Q0-t plot. The other
unknown is ws which is calculated from the expression
AQm(t)

+ AV - m (2.16)
a C
ox

b () =y

SO

where wso is the equilibrium surface potential in inversion.
Ava is the voltage step

AQm(t) is the increment of the charge stored in the

MOS capacitor after time t.

Taking the slope of the linear portion of the plot of
Equation (2.15), the minority carrier lifetime is calculated
and the intercept on the vertical axis gives the surface re-
combination velocity S as shown in Figure 2.3.

The apparatus used by Viswanathan and Takino was
similar to Hofstein's. The voltage step was applied in the

same way with the sample already in heavy inversion and the

~
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polarity was such as to take the sample into heavier inversion.
This eliminates effects due to the charging up of surface
states at the oxide-semiconductor interface. The surface
potential in equilibrium was assumed to be the same before

and after the application of the step e&en though the voltage
increment could be large.

2.5 Surface Correction due to Schroder and Nathanson

An improvement to the analysis of the transient response
of the MOS capacitor was suggested by Schroder and Nathanson
(17). Although they worked on the C-t transient, their model
for separating the bulk and surface components of carrier
generation, is applicable to other non-equilibrium MOS
processes particularly the Q-t method of Viswanathan and
Takino.

Due to the influence of the surface and the edge of
the capacitor the lifetime obtained from the measurements of
Zerbst or Heiman must be an effective lifetime rather than
the true bulk generation lifetime. These authors showed that
measurements of lifetime made on different devices from the
same wafer were very variable, and that the bulk lifetime and
surface generation velocity apparently varied inversely with
each other. This should not happen because, although the suffaCe
state densities may vary a great deal, the bulk lifetime should
be quite constant across the wafer. Thus the observed variation
of the bulk lifetime could be a spurious effect due to the
surface. In their paper Schrdder and Nathanson explained this
by the fact that when a depleting voltage is applied, the space
charge region spreads laterally around the capacitor electrode»
as well as into the depth of the semiconductor. This lateral

gpread is assified to be of the safie¢ dimensiotni as the depletion
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layer width.

After the application of a step voltage the

semiconductor surface beyond the electrode becomes further

depleted while the surface beneath it first becomes depletéd

and then inverted as minority carriers are generated.

The

surface generation velocity is greatest where there is

depletion and beneath the electrode the inversion layer -screens

off the surface generation from the bulk, lowering the value

of S there.
generation,

laterally depleted surface.

It follows that there are two values of surface
one beneath the electrode and the other at the

Also since the Surface bencath

the electrode changes from depletion to inversion during the

transient, the value of S for this region is time dependent.

Taking this into consideration the lifetime value obtained

from a Zerbst plot is found to be that for the inverted surface

which is now known as the effective lifetime Tg .

related to the actual bulk lifetime Tg

HIH

t
This is

by the equation :-

(2.17)

where So is the surface generation velocity at the depleted

surface beyond the electrode (as in Figure 2.4)

d is the diameter of the electrode assumed to be circular.

From the Zerbst expression for

following the application of a

described in detail in Chapter
2
_d [ Zox 20y
t C
d N,

the transient capacitance

step voltage, which will be

7,

C

.(_.'—Q& 1 r + ? CO)‘ n_[ )
af T f N
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it is possible to obtain the variation of S during the
transient. The value of S at the beginning (t = 0) gives
the value SO for the surface outside the electrode. A
further correction was made to Tg' by Schroder and Nathanson

to allow for the variation of S with time. This is given

by the relation

-1

' 1 2 I'li COX ] (2.19)
T = 1 1 -(—-) —_—— .
ge g n toxNaes

]
where T is the corrected =t 2

ge g 4 C
n is the gradient of a plot of s against - 3¢ ( gx)

tOX is the oxide thickness.

The actual lifetime is then obtained from the expression

X L o (2.20)
T T

This correction can only be used if the sample is pulsed

from flat band to strong inversion,as the value of So has

to be obtained before the formation of the inversion layer.
Once the inversion layer has formed, the surface will be
screened off from the depletion region by the width of the
inversion layer. Therefore the surface recombinétion velocity
will appear to be small. When the sample is pulsed-fme
inversion into heavier inversion as in the Q-t measurements,
a separate experiment is required to obtain the value of So'
and this has to be done on a MOS capacitor from the same wafer

and having the same area electrode but with large perimeter-

to-area ratio.
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For the Q-t methbd, this correction can be appligd
by using Equation (2.20) provided the value of So is known.
This would require the whole experiment to be done from the
initial stage of preparation of'samples with different
perimeter to area ratios, and hence it is not practical in
this work. As long as the perimeter to area ratio is kept
low, the influence of the interface generation is very small.

2.6 Published Experimental Results for the Q-t Method

In the Q-t papers by.Hofstein, Zechnall and Werner,
and Viswanathan and Takino, there are relatively few experimentai
results compared with many for the C-t method elsewhere.
Hofstein published only one Q-t result for an n-type MOS
capacitor and the distortion observed to occur between the
O-t traces biased into heavier inversion and for the return
to initial state was not explained at all. Zechnall and
Werner published results from four n-type samples of varying
oxide thicknesses. They too did not investigate the problem
of the deviation from an exponential transient for larger
voltage steps. In the work of Viswanathan and Takino again
only four samples were used, two with a uniform and two with
a non—uniform doping concentration, N. These authors used
both p~ and n-type samples. They also published the plot of
the variation of depletion width with surface potential during
the Q-t transient. 1In all the published work on Q-t method,
none of the authors included either the recombination or bulk
diffusion terms for the carriers in the depletion layer.

Also the case of "negative" voltage steps, i.e. voltage steps
of polarity such as to bring the MOS capacitor from heavier

inversion into less heavy inversion, was not dcalt with at all.
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Finally, all the above authors compared the lifetime
obtained from the Q-t method with that of the Zerbst method
of evaluation but none of them made a comparison with any
of the other methods of measuring lifetime. The research
described in this thesis attempts to overcome some of these

deficiencies.
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CHAPTER 3

SAMPLE PREPARATION AND Q-—t

EXPERIMENTAL MEASURING DETAILS

3.1 Introduction

The Q-t measurement method as developed by Hofstein
(21) is susceptible to both noise pick-up and drift. Noise
can be reduced by careful experimental technique and some of
the drift can be eliminated using a suitable electrometer.
Howeveér, drift can also be due to leakage of charge through
the sample oxide. With this in mind the experimental lay-out
and the samples were carefully constructed so that the Q-t
transient could be accurately traced out for analysis. This
calied for close attention to the pulsing circuit and the
transient recording technique, as well as the sample fabrica;
tion.

It is the purpose of this chapter to describe the
sample used in the experiment and its preparation as well as
to give an account on the construction of the measuring gear.
The first half of the chapter deals with the steps taken in
the making of the MOS devices in this department while the
other half is devoted to the instrumentation involved and its
development leading to the full computer-controlled set-up.

3.2 Sample Deslgn

In Figure 3.1, a cross-section of the devices used
for measurement is shown. Figure 3.1(a) is the type prepared
in the department's own clean room and Figure 3.1(b) is the
MOS capacitor sample made by ITT. The structure of the

former is advantageous because its gate oxide is grown in
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areas etched away from the masking or field oxide which is
about '1.50 um thick. This reduces the intense edge field
effects, as the aluminium metallisation overlaps over the

edges of the masking oxide windows resulting in a more uni-
form electric field at the edges compared to thé ordinary
dot-evaporated capacitors. Electrical connections were made
using microprobes on bonding pads, well away from the capacitors
themselves. The pads are 130 um square and are connected to the
gate electrode by 15 um wide'aluminium strips. The capacitance
contribution from the pads is very small and about 0.30 pF

each as compared to the devices capacitance of about 120 pI

for the biggest capacitor (Figure 3.2).

- In the process of fabricating the capacitor, two masks
were used. Mask 1 was for defining windows through the thick
oxide for the gfowth of the thin oxide of the capacitors.

Mask 2 is for removing excess aluminium to define the metal
electrodeé for the capacitors. Each of the masks is made on
a glass plate‘contaihing a5 x 5 array of chips 1.8 mm square
using a step-and-repeat camera. A single cell from this array
is shown in the diagram of the single chip of Figure 3.2.

The ITT samples were fabricated on p—fype silicon
substrates of resistivity about 8 § cm. The capacitors have
a simple cross-sectional structure without the masking oxide.
Each circular electrode is about 1.00 mm in diameﬁer with an
annular gquard-ring around it of 45 uym width. There is a gap
between the gate and the guard-ring of 30 um. The oxide thick-

ness is about 1000 R.
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3.3 Sample Preparation

The fabrication process for MOS devices is outlined
by Allison (36-39) and the present procedure is similar. Before
doing the fabrication, the silicon slice was given a standard
chemical cleaning procedure in chemicals of electronic grade
(Ultrar and Aristar). The details were as follows:-

(a) Boil the sample in 11l1-Trichloroethane(TCE) for

5 minutes and follow with an ultfasonic wash in TCE

for 1 minute.

(b) Blow dry with a hot air blower.

(c) Boil for 30 minutes in 'bomb' solution

(1:1, H202 : H2504).

(d) Leave it in recirculating deionised (D.I;) wateri

until the resistivities of the incoming and outgoing

water are equal at above 12 & cm.

(e) Etch in 10% Hydrofluoric (H.F.) acid for 2 minutes.

(f) Repeat step (4).

(g) Rinse in propan-2-0l (IPA) in an ultrasonic bath.

(h) Blow dry.

The masking oxide was then thermally grown by wet
oxidation at 1100°C after checking the furnace temperature
profile. The flow of gas through the furnace was turned on
two hours prior to ioading the tube to allow it to stabilise.
The flow rate for dry nitrogen and oxygen for flushing the
tube was 500 c.c. per minute, and fér oxidation it was 200 c.c.
per minute.

The gate okide was grown after windows had been ctchod
through the masking oxide by standard photolithography. The
photoresist used was a Shipley AZ-1350 positive type and was

spun on at 4000RPM, The evenness of the photoresist layer
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was checked by watching the light reflected from the film
surface. The ultraviolet exposure was made on the Kulicke
and Soffa mask alignment machine Model 682 A through Mask i
(refer Fig 3.2). The exposed photoresist was developed away
in Shipley MF 312 developer and the remaining photoresist was
bakéd to harden it. This was followed by etching the un-

protected oxide in 1:5 HF-NH,F solution. To find out whether

4
the etching was complete, the sample was occasionally pulled
slightly above the surface of the etchant to watch for the
onset of the hydrophobic state which, being due to the absence

of SioO indicated adequate etching. The sample was then

97
washed in recirculating DI water and the remaining photoresist
was femoved in photoresist remover (diluted 1:2), followed by
another wash in D.I.water. To ensure that no oxide remained
behind in the etched areas, the sample was dipped again for

10 seconds in 10% H.F ; followed by a final wash in re-
circulating D.I.water. After a quick rinse in IPA in an ultré—
sonic bath the sample was left to dry in the mouth of the
furnace tube. It was then oxidised in dry oxygen at 1100°C

at a flow rate of 200 c.c. per minute, for 30 minutes.
Metallisation was done in an ion-pumped electrdn beam evapora-
tion system. The metal used was 99.99% pure aluminium. The |
thickness evaporated was checked by observing the aluminium
deposition on a glass plate placed in the evaporating chamber
with the sample. Following the standard photolithography
process using Mask 2 (refer Fig.3.2) the unwanted aluminium
was etched away in an orthophosphoric-nitric acid solution

of composition 30 parts to 2 parts to 7 parts of water. The

hardened photoresist was removed and the sample was washed in

noT

B.t.water followed by a wash in 1PA 18 an UitFasonic bath and
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blown dry. The sample was then annealed at 490°C for 10
minutes in a nitrogen flow of 400 c.c. per minute.

The electrical connection to the substrate was made
through the back contact. This was done by evaporating gold-
antimony for the n-type substrate and pure gold for the p-type
substrate. Great care was taken in the removal of oxide prior
to evaporation so that a good ohmic contact was obtained. The
details were as follows:-

(1) Lap off the oxide on the underside of the sample

by using 'Hyprez' diamond compound of 3 um grain siz;.

(2) Clean off traces of the diamond paste with acetone

and blow dry.

(3) Apply a few drops of 10% H.F. onto the lapped

back and observe for the hydrophobic condition.

(4) wWash in D.I. water.

(5) Dry in oven.

The gold was evaporated in a conventional diffusion-
rotary pump evaporator. The contact‘was then annealed for 7
minutes at 400°C in nitrogen. Two strips of gold were
evaporated and the resistance between them was measured to
ensure that proper ohmic contacts had been formed.

3.4 Construction and Development of the Manual Measurement

Apparatus

In the following sections the construction and develop-
ment of the manual version of the measurement apparatus is
given. It involves the construction of the probing box, the
electrometer and the bias control circuits.

3.4.1 Basic Circuit

As outlined previously the circuit used for the Q-t
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experiments was basically a charge amplifier. A schematic
diagram is shown in Figure 3.4 which shows that it is a
charge-to-voltage converter. The charge on the input
capacitor is determined by the voltage across it and also

its capacitance. This is given by

%9n = %in Vin

where Vin is the voltage across Cin'
This charge will also appear on the feedback capacitor

Cf as they are in series, and since the input of the op amp

is virtually at ground this charge is related to the output

voltage VO of the amplifier by

@)

in
f

<
o]

it

I
i

Thus the output voltage is directly proportional to the input
charge. This charge amplifier circuit was used as an electro-
meter to measure the transient charge resulting from the
pulsing of the MOS capacitor which was used in place of the
input capacitor of the amplifier. In this section we discus:s
the experimental details and their deVelbpment.

The construction of the measuring gear started with
the building of a box for holding the sample under test,
probers for making the electrical connection to the gate
electrode and the guard-ring when present, and a conducting
platform as a base plate to hold the sample firmly and to
provide the electrical connection to the back contact of the
sample.

The box was cut out of a cubic block of stainless steel
with the top opening slightly recessed to take a glass plate

ki %iBWiHU when setting up. AR U R Hiﬁté whs used Lo
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slide on top of the glass plate to proviae electrical
screening. Tubes were built into the box to allow flush-
ing the chamber with nitrogen when required. An opening
was provided on one side for the main prober to enter. The
latter was clamped to the x-y movement mechanism which also
had a lever for the vertical movement. This enabled the
prober to be raised or lowered on to the sample. Teflon

sleeves were used to provide electrical insulation. Another

opening was also provided on the same side, to take a second
prober, of simpler construction than the main one. This was
used for probing the guard ring. The base plate on which the
samples were placed during measurements was built on Teflon
pillars to make the leakage path as long as possible. A

- vacuum chuck was built into it to hold the sample firmly so
as to provide a good electrical connection to the back contact
of the sample. The electrometer circuit was placed inside an
aluminium box screwed to one side of the probe chamber. Tt
input was connected to the baseplate through a hole at the
side of the chamber. On the other side was another box which
contained the voltage step generator circuit. A schematic
diagram showing the top view of the probe chamber is shown

in Figure 3.3. 1In the following paragraphs the circuits used
are described.

The electrometer circuit was based on Hofstein's method
and its circuit diagram as shown in Fiqgure 3.5. The operational
amplifier used was the Philbrick Nexus $0Q-10a and an RCA MOSFET
type 3N128 was coupled to the input of the operational amplifier
to increase the input impedance of the circuit. The feedback

capacitor was a mica type and a reed switch was used for dis-




X-Y-Z Movement

Voltage

Siep from
Clamp D/A Corv.
Guard Ring :
Prober
(@)
1 L
s 2
To
Guard-ring FE
Biae eeve
Biae
. Generator
Electrometer and Voltage
Box Adder
To A/D
Converter
1| O Z
Z
J
Dry N2 In-J/ K—" N2 Out
Conduoting
Baee Plate
with Vacuum
Chuock
FIG. 3.3 Schematic Diagram of the Probihg Box




Fig. 3.4 The Charge _/\mpliFier* Circuit

- +15V

Fig. 3.5

25k

~-15V

R e
16{.F
ﬂ
N __ '
—_— Ce wisv
TR1
s
3N128 50 108 .
MOSFET 0P.AMP,~(//r
/
-

4 -
-13V

The»Elechromeher Circuit Diagram



37

charging it prior to making a measurement. These components
were connected to the input of the electrometer which is the
gate of the MOSFET. The connection of the baseplate, the
feedback capacitor and the reed switch to the input of the
electrometer were carefully made to ensure that there was no
leakages to the other parts of the circuit, otherwise the
output reading of the electrometer would drift excessively.

Due to the sensitivity of the measuring circuit and
the low level of charge injection, the millivolt step gen-
erator had to be carefully designed. Various methods were .
tried. At first a reed switch was used to change the applied
potential. The circuit diagram for this arrangement is shown
in Figure 3.6 where points A and B were set such that their
potential difference was controllable to give a few tens of
millivolts on top of the fixed bias voltage which was normally
needed to bring the device under tést into the inversion mode.
This fixed voltage was determined by the values of Rl and R2.
An electronic control circuit, was built to drive the solenoid
of the reed switch. This supplied pulses of variable duration
to suit the test device characteristic ; and also a controlled
pre-pulse output before the main pulse to allow proper
triggering of the recording equipment. The problem with this
set up was that spikes were seen on the output signal at the
beginning and at the end of the trace as shown in Figure 3.7.
This was found to be due to contact bounce and noise pickup
by the reed switch. 1In view of this a purely electronic
switch was designed. |

The circuit used is as shown in Figure 3.8. A 741
operational amplifier was connected up in a non-inverting mode.

THe transist6r TR was used to EHiiige the potbfitial at point A,
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while control and timing was provided by the same box as

was used with the reed switch circuit. This simple circuit
was adequate for producing the millivolt steps without the
spikes that occurred previously. However in doing the
experiments it was found that the bias level and the voltage
step magnitude needed to be changed to cater for the different
devices being tested. To achieve this the resistors in the
network had to be changed each time different settings were
required. The situation was the same with the pulse generator
as it would need further modification to the circuit in order
to produce timing pulses to cope up with different samples. .
Multiple pole switches could have been used for the above
purpose but as this became complicated, it was decided to

go for a programable voltage-step generator.

3.4.2 Use of KIM Microprocessor Board

The Figure 3.9 shows the set-up which employed the
KIM microprocessor board. This board has two input/output
(I/0) ports. All the 8 bits of the I/0 port A were programmed
to be in the output mode. A Ferranti ZN 425 D/A con-
verter was used to convert the digital information into
analogue form. By changing the contents of the output
register, it was possible to change the voltage step height,
with 255 values possible with an 8-bit machine. Finer adjust-
ments could be made on the analogue signal by the use of a
741 operational amplifier to give thé exact voltage step
required for the device under test. One linc from the sccond
I/0 port (port B) was used for triggering the oscilloscope,
In this arrangement the timing and control of the voltage |

step and the triggering pulse were all software controlled
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using the internal timer of the microprocessor. The KIM
microprocessor was programmed in Machine code and the
program is summarized in the flowchart of Figure 3.10.

The voltage output from the electrometer, which is
a measure of the input charge from the device after a pulse
application, was monitored on the oscilloscope and the trace
was first recorded using a Polaroid camera. However, this
record was found to be too small for an accurate analysis
to be made. The Bryans x-y plotter was too slow for the
purpose so an ultraviolet recorder was tried instead. This
did not prove to be a very convenient way of doing the
experiment. The recording paper did not have proper grid
and it was affected by ambient light which caused deteriora-
ion to the recorded transient trace which had to be normal-
ised and replotted before it could be analysed. Furthermore
the electrometer was very sensitive and as the signal‘heasuréd
was rather small, there were serious noise pick-up problems.
A digital recording technique was therefore considered which
overcame the above problems. This involved interfacing tﬁe
ekperiment to a microcomputer so that the output trace could
be recorded and stored at fast speed and then plotted later
at the speed of the plotter.

3.5  Construction and Development of the Automated

Measurement Apparatus

With the need for digital recording, the opportunity
was taken to put the entire experimentAunder microcomputer
control which would also reduce-thé tedium of doing the
measurements and analysing the results. The KIM micro-

processor was suitable for controlling voltage steps but it
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has limited memory size for data storage and requires
programs written in Machine Languagé (41). A microcomputer

could therefore do a great deal mofe. Apart from handling
the voltage step control,it can store data from the eléctro—
meter output in its memory and on magnetic tape. This can
then be plotted out, either as obtained from the electrometer,
or as a calculated mathematical function. Most important of
all, it can also do averaging on the data over a few measure-
ments and so reduce the effects of noise. 1In the following
sections a detailed account on the use of a microcomputer

to control the experiment(42,43) ic given. IU Lurncd oul to b
extremely satisfactory and well worth the development effort.

3.5.1 Use of PET Microcomputef to Control the

Experiment

The microcomputer used was the CBM microcomputer
(better known as PET). To ﬁse a PET to control the experi-
ment in machine code required a good understanding of the
function of the IEEE-488 and user ports. This knowledge
was not'widely available when the project started.

Figure 3.11 shows the block diagram of the sect-up,
where the PET was used to provide the voltage step as well
as recording the electrometer outpﬁt signal. The IEEE port
was used to provide the voltage step as controlled by a
second 6520 peripheral interface adapter (PIA) chip (40). Table
3.1 outlines the basic functions of this chip. This port
works with standard IEEE-488 bus peripherals so a special
IEEE D/A converter built in the'Department was used. The
output is obtained by writing into a file allbcated to the

device number of the peripheral (in this case the D/A con-
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verter, IEEE address 6) with an instruction to send out a
binary character. The analogue output from the converter
was added to the bias value through a 741 operational
amplifier which provided the final setting of the voltage
step height.

The prober box used with this arrangement was
improved over the previous design by using three Electroglas
Microprobers Model 252. One prober was used for the gate
- connection, one for the guardring bias and one for continuity
and contact checks. The general layout was still the same
but a Keithley 600B electrometer was used to replace the
home-built one. As the output from the electrometer was in
analogue form an.A/D converter was used to interface it to
the PET input. The A/D converter built for this work used
a Ferranti ZN 425 D/A converter chip which has a built-in |
8-bit binary counter. There is an output terminal that
produces a staircase ramp as the counter is fed with clock
pulses. A clock inhibiting gate and a comparator were the
other main parts used as shown in Figure 3.12. A crystal
oscillator circuit was used to provide the 1 MHz clock pulses
and a 531 operational amplifier was used as the voltage
comparator. This changes its output state whenever the
voltage ramp catches up with the input voltage. 1In this set
up the conversion rate was dependent on the magnitude of the
input voltage. To overcome this disadvantage, a time delay
loop was incorporated into the software control where a delay,
which was equal to the maximum time required to convert the
highest input voltage capable of being converted, was used.

The conversion was arranged to take place during this delay
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period. Thus the conversion time remained dependent only
on the clock frequency.

On receiving the "start-convert" signal on the CB 2
line the gate starts to pass clock pulses to.the converter
where a staircase ramp is produced. This is compared to the
input voltage from the electrometer. When the ramp voltage
equals the input voltage the comparator changes its output
state causing the gate to open and thus stop the conversion.
At the same time an "end-of-conversion" signal is sent on the
CA 1 line to latch the data on the input linec into the PET''s
input register.

An alternative method to do the analogue-to-digital
conversion would now be to use a successive approximation
A/D converter. A low cost one chip converter of this type
Qas not available when the project started. It would only
have produced a significant difference over the one used if
the Q-t transient was very fast. However, the transients
measured on the samples used in this work were all slow
enough to be accurately stimulated by the step converter
described above.

3.5.2 The User Port Interface

The user port was used to record the output Q-t
signal from the A/D converter by putting it into the‘PET
memory. The user port provides faster data acquisition
when programmed in machine code than the IEEE port which
has a timing sequence to be followed. It has a 24-terminal
edge connector in 2 groups of 12. The lower 12 were used
in the experiment while the rest are for diagnostic purposes.

Of the 12 lines 8 are I/0 lines, 2 lines (CAl and CB2) are
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for the handshake control and the remaining 2 are ground
connections. The I/O lines are individually programable.
This port communicates with the microprocessor through the
6522 versatile-interface-adapter (VIA) chip(i4). Thhschuphast
6 registers with 16 addresses. Table 3.2 shows the addresses
to these registers. The individual bits of the contents of
these addresses have their own functions.

In the experiment the 8 data lines of port A were
programmed through the data direction register as inputs
and the CB2 line, which is controlled by the peripheral
control register (PCR), was programmed as an output. The
latter line was used for sending the "start-to-convert”
signal to the A/D converter. It was normally held high as
determined by the software, to inhibit the clock pulses from
the converter and prevent the conversion process occurring.
The CAl line was used as an interrupt line and looking at
the block diagram of the A/D converter we see that the CAl
line will be normally low. The "start-convert" signal was
sent by setting CB2 line low. This allowed the clock signal
to pass through to the clock input terminal of the converter
chip. The CB2 line should only be ﬁomentarily low before_
returning to its high state again, otherwise the conversion
will not end. During this time the programme is halted and
waits for an interrupt to occur. When the cdnversioh is
complete, the CAl line goes low agéin and as the interrupt is
programmed to detect a negative transition, the change in the
CAl line logic level (from high to low) sets the interrupt
flag and also latches the data on the input line into the

input register. When this occurs the input is read and
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stored into the allocated memory location. Another time
delay loop was incorporated into the data acguisition
program before the start of the next convert command. This
determined the sampling rate of the data acquisition.

The programme for the above data acquisition routine
is summarised in the flowchart of Figure 3.13. It was written
in Machine lanquage. This was done on the PET by loading the
machine code instructions into the second cassette buffer
using BASIC where the machine code program was treated as
a subroutine. The reason for choosing the second casscttce
buffer was that BASIC program and its variables and strings
might corrupt the machine code instructions if the latter
was stored elsewhere and unprotected in the user RAM. There
are 2 cassette buffers in PET. These are protected from
BASIC programs and as only one cassette recorder was used,
so the second cassette buffer was available for storing the
Machine Code subroutine.

The digitised Q-t transient signal could be read
and stored directly from a single measurement if the noisc
level was not too large. .Alternatively, a number of tran-
sients could be averaged to remove the random noise pick-up.
As with the Machine Code instructions the storage area of
"the data had to be protected from the BASIC program and as
the second cassette buffer was used for storing the machine
code program instructions, these were stored in locations
reserved aside for them. In PET the BASIC program inétruc-
tions are stored from the bottom of the RAM upwards while
the variables and strings are stored from the top of the

user RAM downwards. The size of this user memory is then
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reduced by changing the content of the top of the RAM‘pointer
to point to a lower location in the memory. This has the
effect of lowering the upper limit of the RAM. Variables

and strings will now be stored from this new address location
downwards. Thus there will be some area of the memory left
above this new limit which can be used to store data. As
this area is protected from the BASIC program, the data once
stored in it are not lost when the program resets. The above
method was adopted for storing the data from the experiment.
The data was then transferred into an array for the purpose
of doing calculations and for it to be plotted to give the
required transient for analysis. Permanent storage was
possible by storing this array on magnetic tape.

3.5.3 The BASIC Programs

The main program to control the overall experimental
set-up was written in BASIC language. It consisted of
several parts. The first being the 'set-up' part to adjust
the settings of the equipments. This was to allow direct
communication between the experimental set up and PET. A
trial run was then performed where the program was made to
continuously interrogate the output frém the electrometer
and display the information on the VDU to enable adjustments
for the correct sensitivity and range to be made. Then the
program was put into an interactive state where various deviées
were displayed on the VDU screen awaiting instructions as to
which routine to be performed. To start off the.experiment,
an instruction was sent to output the voltage stép through the
IEEE port. Both the positive and negative Q-t transients weFe
recorded, i.e. for both directions of the applied voltage step.

iH tHig e%periment the measured BHE}&s wag 8f the order of
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10—12 Coulomb and this was thus susceptible to noise. The

O-t data was therefore averaged over several readings to
reduce the random ﬁoise pick-up. On completing this task

the program then sent the computer into the interactive

state again to enable other parts of the program routine to

be chosen. These are (a) the plot routine, (b) the calcula-
tion, (c) the data storage routine and (d) the reset routine
repeats the whole experiment. A summary of the program steps
is given in the flowchart of Fig 3.14 and the full program is in Appendix 1

3.5.4 Performance

The effort made in interfacing the experiment to the
microcomputer greatly improved the efficiency of thc work.
It allowed the magnitude of the voltage step and the bias
voltage to be varied by keyboard control, and the Q-t tran-
sient results were recorded, averaged and transformed very
rapidly. The overall performance was therefore far superior
to the earlier methods, particularly in the elimination of
noise. As will be shown, smooth and reproducible Q-t curves
could easily be obtained for the first time. The microcomputer
made the tedious and laborious measurements and analyses easy
to perform, and enabled very many more results to be dbtaincd

than in any of the published papers on the O-t mcthod.
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CHAPTER 4

THE Q-t EXPERIMENTAL RESULTS

In this chapter the principal new results of the Q-t
measurements are presented. This will show theymain features
of the true transient response of the MOS capacitor and the
various parameters affecting it before a more detailed analysis
is carried out in Chapter 8.

In this work more than five hundred results were
obtained on Q-t transients aione and those presented here
are just typical ones. More measurements were made on p-type
samples than n-type because they were readily available and
only the p-type samples had a guard ring around the clecctrode.
| The apparatus and techniques used in obtaining these
results have been described in the last chapter together with
the experimental precautions for charge measurements with
minimum noise and drift.

Section 4.1 is concerned with experiments on the
influence of a guard ring and the choice of bias to ensure
minimal lateral flow of charge and also a well defined
effective electrode area. This is followed by a description
of experiments to find the influence of the initial d.c. bias
on the Q-t transient. Section 4.3 is on experiments on the
effect of the voltage step magnitude which are only partly
described here, as they will be dealt with in more detail in
the analysis of Chaptér 8. Therefore only the preliminary

experiments with a limited range of the step magnitudes are

described in this section. In Section 4.4, results on the
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effect of the polarity of the voltage step are presented.

For this experiment the guard ring potential and the

voltage step magnitude also influence the results. Measure-
ments were also made on the effect of exposure to U/V light and
of the atmospheric conditions but these are not given here

as it has not been possible to explain them in detail.

4.1 " The Effect of a Guard Ring on the Measured Q-t

Transient -

In carrying out any electrical measurements on p-type
MOS capacitors in inversion, care should always be taken to
minimize lateral charge flow. This is especially important
when measuring charges as in the Q-t experiment. The silicon
dioxide layer in a practical MOS capacitor normally contains
charged impurities which are neglected in the ideal case.
These impurities are normally positively charged ions of
sodium and potassium which enter the oxide during the fabri-
cation processes. At room temperature the oxide charge is
generally constant except at very high electric_field strengths
and it tends to increase‘towards one of the interfaces. Also
there are fixed charges at the interface betwecn oxide and
silicon formed after the interface states, due to the
"dangling bonds", are annealed (45,46). Conscequently the surface
beneath the oxide of a p-type sample will often be depleted and
with electrons attracted towards the interface, it may even be
inverted over the entire surface independently of any voltage
applied to an eiectrode. The situation is the opposite in the
case of an n-type sample, where a positive oxide charge will
produce an accumulation la?er in the surface thus repelling
minority carriers (holes) from the interface just below tho

electrode area when a voltage is applied.




When a voltage step is applied to an MOS capacitor
as in a Q-t experiment, a deep potential well is created
below the electrode and the depletion width extends beyond
its maximum equilibrium value. The return of the depletion
width to its equilibrium value is mainly due to the thermal
generation of carriers which partly fill the well in the
depletion region. In p-type samples, the presence of an
inversion layer around the metal electrode, induced by
positive oxide charge, will supply electrons which can move
laterally into the potential well. This will have the effect
of increasing the rate of change of charge after the voltage
step and so producing a faster response which is no longer
entirely due to thermal generation. Erroneous results for
lifetime are therefore obtained for p-type samples.

To overcome this problem, a guard ring around the
metal electrode should be used. This is seen in Fiqurec 4.1
which is a cross-section of a p-type MOS sample made by TITT.
The idea is to apply a negative voltage bias on the guard ring
such that the p-type semiconductor surface beneath it isvin
accumulation with a high concentration of holes and very few
electrons in the surface surrounding the depletion layer
laterally. Hence the effective area of the capacitor is
confined by the accumulated charges. 1In this section we shall
investigate the effects of the guard ring on the Q-t transients.

The experiment was carried out as in a normal QO-t
measurement but with an extra probe to apply different voltages
to the guard ring (Figure 4.2). The probing box was flushed
with dry nitrogen to prevent surface conduction which may be
caused by the presence of water vapour in the atmosphere.

The Q-t transient was recorded and analysed for each guard ring

voltage.
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4,1.1 Results

For the investigation on the guard ring effect, the
ITT samples were used exclusively as these are the only ones
available having guard rings around their electrodes. Since
this problem does not arise with n-type MOS capacitors, only
p-type samples were measured. In this investigation a voltage
step of 25 mV was used for all the samples and the initial
fixed bias was + 5 V. For the first sample 1ITTAU2,2, the
guard ring voltages Vr of -1 v, -3V, and -5 V were used.

The transients for positive voltage steps are shown in Figuré
4.3. From these curves, the time taken to reach 90% of the
maximum charge Qmax were 0.87s, 0.88s, and 0.99s for the Vr
values of -1 V, -3V, and -5 V respectively. The faster
response for the case when Vr-= -1V and Vr = =3V %iidue to
the fact that the surface beneath the guard ring is,fully
accumulated by such a low bias so that the remaining electroﬁs
from beneath the guard ring can flow into the potential well to
cause the faster response. For the case of Vr = -5 V the
voltage had come close to producing total accumulation so

the response time in this case was lormgqer . - Similar
results were also found on the sample ITTF4 where the times

to reach 90% of Qmax was 3.66 s and 5.43s for Vr values of

O V and -5 V (Figure 4.4).

For the sample ITTF2 the values of Vr were + 8V, +5V,
+2V, and -5V. This was done to compare positive and negative
guard ring voltages as well to show the effect that an increased
positive oxide charges would have. As can be seen from Figure
4.5, when the surface beneath the guard ring is inverted for

Vr = 48V, +5V, and +2V, the QO-t trahsients show evidence of
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lateral flow of charge at t = O+ where the initial step QO

.
in the transient, due to the displacement current, increases:
when the surrounding inversion is stronger (i.e. Vr increased

positively). The wvalues of Qobare 2.67 x lO—12 C, 2.16 x lO—lzC,

2.0l x 1012

C, and 1.50 x 10—12C respectively and at the same

time the transient becomes faster as Vr is increased positively.
Measurements made on the sample ITTG2 for VrvalueS of

+3 V, -2V, and -5V gave a similar trend for the responsc time

and the initial step height as shown in Figure 4.6.

4.1.2 Discussion

The aim of these experiments was to find out how the
voltage on the guard ring affects the Q-t transient 6f a p-type
MOS capacitor. They were also to show that by ignoring the role
of the gquard ring, serious errors can occur in a Q-t experi-
ment aimed at determining the bulk lifetime. The results show
that the shape of the Q-t curves is greatly affected by the
voltage of the guard.ring. For all the samples measured, thec
Q-t response was faster and it would give a falscly short
mindrity carrier lifetime if the guard ring is not sufficiently
negatively biased so as to produce an accumulation beneath it.
The error due to not having a guard ring at all would therefore
become large if the oxide charge concentration was high. This
effect was shown experimentally by the application of positive
voltages to the guard ring which reflects the same situation
as having a high positive charge concentration in the oxide.
The experiment not only showed that the response time was
shortened by inversion outside the electrode arca but also that
the initial step of the Q-t curve was increased. The reason

for the latter phenomenon is as follows.
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Figure 4.2 shows the depletion layer in a p-type MOS
capacitor with a guard ring around its measuring electrode.

On the apﬁlication of the voltage step the depletion width
immediately widens into the bulk of the seﬁiconductor giving
rise to a displacement current., Ideally this is the only
component of the change in the charge in a Q-t experiment at

t =0 +. However, the presence of electrons in the inversion
layer surrounding the electrode provides another component for
the charge increment in the sample at t = O + as the electrons
move laterally and accumulate at the oxide semiconductor inter-
face. The spacing between these chafges and the electrode 1is
less than that between the increment charge at the depletion
layer eGge and the electrode so that the electron movement hJa
a comparatively large effect resulting in a larger initial step
in the Q-t transient.

As time increases (t > 0) the return of the depletion
width to its equilibrium value is normally.due to the thermal
generation of electrons (minority carriers) which reduced the
magnitude of the surface potential to its equilibrium value.
With an inversion layer.surrounding the electrede the rate
of increase of the inversion charge in the device is assisted
by the lateral flow of electrons from the periphery. I'or this
reason the transient becomes faster. The experiments therefore
fully confirmed the expectation deduced from other MOS studies.

To avoid the errors discussed above the guard ring must
therefore be properly biased to prevent lateral flow of charge.
The voltage found to be suitable for the present samples is at
least - 5 volts. Even with this bias it should be noted that
the gap between the guard ring and the metal electrode might

[N R X

BEI1T 86nkPibute some lateral chakye Figw 183diRg fo &r¥érs.



However, by using a device with large area to perimeter ratio
this contribution can be minimised.

In view of the large effect of lateral charge flow in
the above Q-t measurements, it is rather surprising that it
has not been investigated previously. Also, the published
results make no reference to guard rings which appear not to
have been used. The present work shows that neglect of the
surface could easily lead to errors in apparent bulk lifetime
measurements of up to ten times or more.

4.2 The Effect of the D.C. Bias on the Q-t Transient

In a typical QO-t experiment, the bias voltage is one
of the most important parameters as it determines the initial
equilibrium state of the MOS capacitor. By looking at a C-V
plot the reason for the choice of bias is quite obvious.
Referring to Figure 4.7, one would expect that a voltage where
the capacitance is constant (i.e. in inversion) to be the most
suitable choice for investigating minority carrier effccts.
This is because the initial charge, the surface potential and
the depletion width are well defined at t = O- before the
application of the Qoltage step in a Q-t experiment. Also,
the surface potential and depletion width return to almost the
same values at t = =,

All published Q-t experiments have been performed
with a steady d.c. to bias the sample into inversion and
stimulation by a voltage step into heavier inversion so that
the difference between the initial and final states is very
small and can be neglected. There are no published results
on the very important effect that a difference of d.c. bias
could have on the Q-t transient. In the following paragraphs

we shall therefore describe the experiments carried out to
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investigate this effect.

In the experiments performed, several MOS capacitors of
both p- and n-types were used, For the p-type capacitors a |
guard ring was used biased to -5V to maintain the proper
accumulation in the surface around the capacitor to minimise
lateral flow of charges. For all measurements a voltage step
of 25 my (equivalent to 1 kT of enerqgy) was used with polarity
such as to increase the level of inversion, i.e. a positive
step for p-type and negative for n-type. The small voltage
step was chosen so that only a small deviation from equilibrium
was obtained. According to Hofstein ( 10) this should give
an almost exponential transient response,

4.2.1 Results

In these experiments the Q-t transients were recorded
for different applied voltages, using the same experimental
set-up as in the previous section. The applied voltages were
first kept within the range required to give strong inversion.
For the n-type sample TC3-8D3, voltages of -8.3V, -7.3V, and
-5.4V were used. The Q-t transients obtained were very close
with the times to reach 90% of the final values of 0.l5s,

0.15 s, and 0.16 s, respectively, (Figure 4.8). For the p-type
sample, ITTAUl,3 the applied voltages were +10V, +5V, and +2.5V,
These too showed little difference in the transient with times
required to reach 90% of the maximum of 1.14 s, 1.13 s, and
1.14 s (Figure 4.9). The applied voltages were then changed

in both samples to close to the inversion threshold. lor
sample TC3-8D3 a voltage 0f—l.7V was used and for 17'rAUL,3

+ 0.5V. As shown in Figures 4.8 and 4.9 the times taken to
reach 90% of the maximum charge were then 0.03 s and 0.73 s

for the two samples respectively. It can be seen that these
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transients were much faster than with the capacitor in
inversion.

Measurements were next made on a p-type sample
ITTN3,6 for the full rangeof applied voltage from 45V in
inversion through to -0.3V which is in accumulation. It
was found that as the voltage was made more negative, i.e.
towards accumulation, the maximum charge dropped until a
minimum was reached equal to the height of the initial step.
It then increased again up to a maximum which was the same
as for the inversion case. At the same time the Q-t rise
time continued to shorten and when accumulation was reached
the response became a step function when displayed on the
same time scale as other transients. The capacitance of the
sample as measured after each transient with the Boonton 72 BD
was plotted against the maximum charge Qmax as shown in
Figure 4.10. From this it was seen that Qmax reached a mini-
mum when the capacitance was 72 pF and that it increased to
the oxide capacitance as the sample approached accumulation.

When the MOS capacitor is in accumulation it behaves
like a parallel plate capacitor. This was checked by biasing
the sample ITTAUl,3 into accumulation to give the transient
shown in Figure 4.11. This was compared with the response
froma 220 pPF mica capacitor. 1In this mode the response was
too fast to be recorded accurately using the present automatic
set-up, confirming that the recorded trénsients were not
affected by the rise time of the apparatus.

4.2.2 Discussion

In the first part of the above experiment with applied
voltages of -8.3V, -7.3V, and -5.4V for TC3-8D3 and +10V,

+5V, and +2V for ITTAUl,3, the samples were well in the heavy
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inversion region as can be seen from the h.f. C-V plots of
Figures 4.12(a) and 4,12 (b) respectively. Under these
conditions the surface potential, the depletion width, and
the capacitance were almost independent of the voltage. With
the application of a step voltage, the surface potential and
depletion width will be changed momentarily but they will
return to their equilibrium values when sufficient carriers
have been generated during the transient. Therefore as long
as the voltage before and after the application of the voltage
step is greater than the threshold for inversion, the Q-t
transient will be independent of voltage, as found. This is
true when the carriers are formed mainly by bulk generation.
However, with a large surface generation component the (-t
transient shape may vary with the initial voltage because the
source of the minority carriers may be affected by the precise
value of the surface potential. The results show that this-is
not the case with the samples used in this experiment, which
therefore appear to be dominated by bulk generation.

When the applied voltage is reduced to less than the
inversion threshold the 0-t transient is observed to changc
in shape as well as having a reduced maximum charge. This
corresponds to the applied voltages of -1.7V for the sample
TC3-8D3 and +0.5 V for ITTAUl,3. Referring to Figures 4.12(a)
and 4.12(b), these voltages were very near the inversion
threshold although not in the heavy inversion region. In this
case a change in the applied voltage will also change the
depletion width X Figure 4.13 sﬁqws the energy band diagram
and the distributioh of charge in a p-type MOS capacitor when
biased to the onset of inversion. Under this condition the

depletiol width hag not quite redched its Maximum valude and,
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although strong inversion has not been reached, there was a
reasonably high concentration of minority carriers attracted
towards the oxide-~semiconductor interface by the charge on

the electrode. Thus the electrode charge is balanced by the
depletion charge from the uncompensated ionised doping atoms
and the minority carrier concentration at the interface. When
the step voltage is applied in this case the depletion width
will extend into the bulk so that initially the change in
charge on the electrode will be totally balanced by the increased
depletion charge. The increased voltage will also pull morec
minority carriers to the interface as they are generated so.
that the surface potential will be slightly reduced as the
depletion width drops back to its new value which is rather
greater than the original. The rate of this return is governed
by the generation rate which also determines the shape of the
Q-t transient. Since the depletion width does not return to
its original value in this case the number of minority carriers
generated is limited and the maximum charge Qmax of the 0O-t
plot and the time required to reach saturation is reduced
compared with the strongly inverted condition. 'I'he nfgument
used above to explain the variation of QmaX with bias voltagc
is, of course, the same as that used for the familiar low—frequen%

small signal a.c. capacitance characteristic and in fact

Q = C,..AV

where CQf is the low frequency capacitance.

For the sample ITTMN 3,6, the voltage range was extended

~further. 1In order to discuss these results, Figure 4.lQ(b) and

4.10(c) will be used. These show the variation of Q__. with

<



the applied voltage Va' Figure 4.10(b) is a set of tran-
sient curves for values of Va between +5V and -0.3V and

Figure 4.10(c) shows them for Va between ~0.3V and the
accumulation voltage of -1.2V. The results in Figure 4.10(b)
go further than those in Figure 4.8 which have been discussed
in the preceding paragraphs. In Figure 4.10(b), Qmax dropped
to a minimum value and then started to rise again when the
voltage was insufficient for inversion so that the depletion
width is less than the equilibrium maximum value. When the
voltage step is applied in this case the electrode charge
increment is mainly balanced by the charge due to the in;
crement of the depletion width, which is due to the movement of
majority carriers only, and hence occurs in a very short time.
Since no inversion layer is formed there is no further increase
in the charge giving an almost flat response with time except
for the leading edge which is due to a small build up of
electrons of the surface during depletion. As the voltage is
further reduced the depletion width falls further so that the
edge where the change of charge occurs is cloéer to the elec- -
trode resulting in a larger change of‘charge from the same
voltage step as observed in Figure 4.10(c).

The maximum value of Qmax occurs when the applied
voltage is sufficient for accumulation as shown in Figure
4.10(c). 1In this case there will be charges on the electrode
on one side and the majority charges in the silicon on the
other. The MOS capacitor then behaves like a parallel plate
capacitor and the application of a voltage step will change
just the majority carrier concentration of the silicon surface.

Since this results in a very fast response the time scale

Had to be refiiced iH dh éxperiffettt to show th¥8 thdracteristic
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of such a capacitor. This experiment was performed on
sample ITTAUl,3 at a bias voltage of -4 volts, with the
result shown in Figure 4.11. The Q-t response obtained
compared well with that of a 220 pF mica capacitor as ex-
pected since the mobility of the carriers in the MOS cap-
acitor is high enough not to have caused any deviation.

From this set of experiments it was found that the
Q-t‘response of an MOS capacitor is very sensitive to the
applied voltage if strong inversion has not set in. In
agreement with theory this was found to be especially so for
the case where the samples are in accumulation or depletion.
When the bias is greater than the threshold for strong in-
version, the Q-t response shows little change with initial
voltage. For the p-type sample it was found that a bias of
+5 volts was about right for a Q-t experiment in the stfong
inversion mode and for the n-type sample this was found to be
-5 volts. These fiqgures are only good if the flat band does
not shift very much with time otherwise the magnitude has to
be changed accordingly. Nevertheless these voltages worked
well in the continuation of this investigation.

Although explained in the same way as the a.c. cap-
acitance characteristics; the experimental variation of Qmax
with bias and voltage does not appear to have been reported
previously. The variation of the Q-t transient shape between
inversion and accumulation biases, which is far more difficult

to explain precisely, will be discussed further in Chapter 8.
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4.3 The Effect of the Voltage Step Magnitude on the

Q-t Transient

In the last two sections we have seen how the Q-t
transients are affected by the guard ring bias for a p-type
MOS capacitor and by the initial applied bias to both p- and
n-type samples. So far voltage steps of 25mV were used in
all these experiments. The present section is on éxperiments
on the effect of larger voltage steps on the Q-t transients.
Larger steps are desirable because the larger charges are
easier to measure accurately. However, it is necessary to
investigate the extra physical effects that might be associated
with larger step voltages.

In a Q-t experiment it is the voltage step that changes
the surface potential and the depletion width from their
eguilibrium values thus altering the rate of generation or
recombination of carriers in the semiconductor. For a positive
step this then leads to an increase in the minority carrierr
concentration at the oxide-semiconductor interface. It is thec
rate of increase of this carrier concentration that gives the
Q-t transient.

The choice of a suitable step height is important for
the method of analysis because the assumption made in the
theoretical treatment of the Q-t transient may be depeﬁdent
upon the magnitude of the step height. For example,in Hofstein's
method of analysis a small voltage stev is required for his
assumptions to be valid and when the voltage step is incrcased,
his analysis will fail. Tor the method of analysis used by
Viswanathan and Takino, a larger voltage step has to be used
as the method fails when the system is close to eguilibrium

diie to tHéir generation expression becoming invalid as
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equilibrium is approached.

In this section we shall describe experiments on the
Q-t method carried out using different magnitudes of voltage
steps to see how they affect the Q-t transients. Two samples
were used, one a p-type sample ITTAU2,2 and the other the
n-type sample, TC3-8D3. These samples were initially biased
into strong inversion. A voltage of +5 volts was used on
ITTAU2,2 and -5 volts on TC3-8D3. In addition a voltage of
-5 volts was applied on the guard ring of ITTAU2,2 to form an
accumulation region around the electrode to prevent lateral
flow of charge. Voltage steps of 25 mv, 50 mV, and 100 mV
were applied on both samples and Q-t transients were obtainecd
and analysed for each voltage step.

4.3.1 Results

To a first approximation the charge flowing in the
sample is proportional to the applied step voltage, so that
the Q-t transients had to be normalised to compare the tran-
sient shapes. Also log-linear plots was also used to see hbw
close the transients were to exponentials.

Considering the n-type sample TC3-8D3 first, the
responses fdr various voltage steps are given in Figure 4.14(a)
which shows their respective magnitudes and in Figure 4.14(Db)
in normalised form. The general trend observed was that thé
speed of response decreases with increasing voltage steps.
For the voltage step of 25 mV, the time to reach 90% of Qnax
was 0.16 s, and for 50 mvV, it was 0.17s. Although these are
quite close, for the 100 mV voltage step the time was 0.22 s,
the difference which was more obvious.

A similar behaviour was observed for the p-type sample

ITTAU2,2 where the rise times to 90% of Q__  were 0.99s, and
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1.01 s for the voltage steps of 25 mV and 50 mV respectively.
The rise time for the 100 mV step was significantly longer

at 1.17 sec. The Q-t transients for different voltage steps

for the ITTAU2,2 are shown in Figure 4.15(a) and Figure 4.15(Db).

Measurements were further carried out on another
p-type sample ITTB4,4 with a wider range of voltage steps
of 25 mv, 68 mV, 147 mV and 1V. As the scales of the tran-
sients differ greatly, only a normalised plot is shown in
Figure 4.16(a). The transient for the 68 mV voltage step was
omitted in this figure for the sake of clarity, but the response
times for all the four voltage steps are shown in Figure 4.16(b).
The times to reach 90% of Qmax were 14.05 s, 17.32 s, 21.30 s,
and 54.39 s, respectively.

The ratios of the initial step QO+ to Qmax were also
measured. For sample TC3-8D3 it was found to be 0.18 for
voltage steps of 25 mV and 50 mV and 0.16 for the 100 mV
step. For ITTAU2,2 it was 0.29 for all the three voltage
steps. For ITTB4,4 the ratio was 0.29 for the smaller
voltage steps of 25 mV, 68 mV, and 147 mV but for the 1 V
voltage step it was 0.26. These values will later be compared
with expectation in . Chapter 8.

4.3.2 Discussion

From the results it was found that the absolute
value of the initial charge step at t = o+ increases with
voltage step. Thisis due to the fact that a longer voltage
step will initially change the surface potential more, so
extending the depletion layer further by the movement of the
majority carriers and exposing more uncompensated ionised
dopant atoms. For a more meaningful comparison, one should
look at the normalised plots. The initial step of these

plots is in fact the ratio QO+/Qmax' Figlire 4.17 shows how
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the effective h.f. capacitance changeswith voltage step
magnitude above the bias value. Effectively the instantaneous
capacitance falls on a deep depletion type of characteristic
below the equilibrium h.f. value. It is therefore expected
that the initial step charge will decrease as the voltage
step is increased. In the normalised plots of Figures 4.14(b),
4.15 (b), and 4.16, it was found that for small voltage steps,
the difference in the initial steps was undetectable but for
the larger voltage step of 100 mV for TC3-8D3 and 1V for
ITTB4,4rdid in fact decrease.

Theé results also show that when the voltage step was
changed from 25 mV to 50 mV the response time showed little
difference but when compared to the plots for the voltage
steps of greater than 100 mV, the response time increases
slightly with increasing voltage step. The gradient of the
Q-t plot gives the net generation current Jgen in the
depletion layer, as shown in Figure 4.18. The appropriate
constancy of the transient duration shows that the gradient
at tO+ is roughly proportional to the step magnitude as
illustrated also in Figure 4.14 and 4.15. UHence it appecars
that Jgen is proportional to AV which is not consistent with
generation throughout the almost constant depletion layer
width. This point will be discussed further in Chapters 5
and 8.

.The behaviour of the Q-t transients was also analysed
by plotting them on log-linear scales as in Figures 4.14(c)
and 4.15(c). For small voltage steps of 25 mV the log plot
was linear for most part of the transicnt except for the

part very close to saturation. This is becausc the re-

combination processes becomes more significant as the surface
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potential and the energy le&els approach their inversion
values, hence the exponential behaviour no longer holds.

For larger steps the deviation is greater implying that

the small signal analysis can no longer be applied. It

was also found that the log plots for the larger voltage
steps have smaller gradients implying a slower response in
agreement with the times to reach 90% of Qmax for the actual
transients. These experiments therefore show that transient
obtained from small voltage steps can be approximated to tne
simple exponential law as obtained from the small signal
analysis of Hofstein. For larger voltage steps the analysis
failed and a different approach is needed to reflect a more
complex relationship between the charge and time in the (-t
transients.

4.4 The Effect of the Voltage Step Polarity on the

Q-t Transient

In the Q-t experiment described in the previous
sections, the applied voltage was always changed so that the
MOS capacitor was biased from heavy inversion into heavier
inversion. For a p-type sample this required the voltage
to be changed from a positive value to a more positive value
and for the n-type from negative to a more negative value.
This is called a "forward" voltage step in this work. However
the response can also be studied for the opposite polarity
when the voltage is changed from that for heavy to less heavy
inversion and this is called the "reverse" voltage step |
response in this work. The forward response is associated
with minority carrier generation in the silicon whereas the

reverse response is due to recombination.
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The reverse response has been completely neglected
in the literature. In the work of Hofstein it was mentioned
that large reverse voltage steps gave transients which
deviated less from exponentials than for forward steps, but
no explanation was given for such behaviour. To date, there
has been no other publication on the observation or inter-
pretation of the reverse voltage step Q-t transient.

In this section observations of Q-t transients follow-
ing the application of the reverse voltage steps are presented.
The experiment involved the normal QO-t experimental set up
with forward and reverse voltage steps applied from the same
bias value. The sample had always reached equilibrium before
the application of the new voltage step.

4.4,1 Results

Measurements are given here for the same p- and n-
type samples ITTAU2,2 and TC3-8D3 and also on other p-type
samples, ITTB4,4 and ITTAUl1l,3. Throughout the experiments,
the d.c. bias was fixed at +5V for the p-type and -5V for
the n-type samples except for the d.c. bias experiment.

Figures 4.19(a) and 4.19(b) show typical normalised
Q-t transients for’TC3—8D3 and ITTAﬁZ,Z respectively for
forward and reverse voltage steps of 25 mV and 100 mV. Tt
was found that the Q-t transients were only slightly faster
with the reverse voltage drop of 25 mV but were very
significantly faster for 100 mV. For the sample TC3-8D3 the
times to reach 90% of Qmax for the forward and the reverse
transients were 0.16s. and 0.14s respectively for the 25 mV
voltage step, and 0.22s and 0.10s respectively for the 100 mV

step. For the sample ITTAU2,2 the times were 0.99s and 0.78s
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respectively for the 25 mV voltage step and 1.17s and 0.48s
for 100 mV.

The effect of the magnitude of the voltage step was
investigated by increasing it to 50 mV and 100 mV. Figures
4,20 (a) and 4.20(b) show normalised Q-t transients for the
forward and reverse voltage steps of different magnitudes
for samples TC3-8D3 and ITTAU2,2 respectively. The response
of the reverse transient was found to be shorter for the
larger voltage step. For TC3-8D3, the times to 90% of Qmax
were 0.1l4s, 0.12s, and 0.10s for the voltage steps of 25 mV,
50 mvV, and 100 mV respectively, and for ITTAU2,2 they were
0.79s, 0.64s, and 0.48s. The values of QO+/Qmax were also
noted for the two samples and it was found to increase as the
voltage -step increased. Both these are the opposite to the
case for forward steps which give slower transients and
smaller QO+/QmaX as the step voltage is increased. Measure-
ments on the effect of voltage steps were extended to 1 volt
for the sample ITTB4,4. The normalised plots for this are
shown in Figure 4.21. The response times and the values of
the initial steps in the transient are shown in Table 4.1

where it can be seen that Q

O+/Qmax continues to increase with
increasing Ava thus confirming the results for the firet two

samples. The response time was found to decrease further as

the voltege step is increased.

Experiments on the effect of d.c. bias on the reverse
transient were carried out on sample ITTAUl,3. The results
are summarised in Table 4.2 and the normalised plot in
Figure 4.22. It can be seen that it follows the trend of the

forward transient where the response time is faster when the

bias approaches the deep depletion. For the bias of 5 volts
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| a |
A \/a Qo-l- (Coul.) Vot t90 o/o (u.)
Qax
-12
29 mvV 1.65 x 10 0.30 12.17
68 mv b4.37 x 10712 0.32 10.30
147 mv 9.90 x 10712 0.32 749
1.0 V 1.79 x 10710 0.78 2.36
TABLE 4.1  REVERSE TRANSIENT RESULTS FOR DIFFERENT
VOLTAGE STEPS FOR ITTB4,4 SAMPLE
Q
o+ .
(4 t o
VEL QO"’ (boul.) 90 /o (S )
Qmax
2.0V 1.39 x 1077 | 0.7 .27
2.5V 1.35 x 107 | 0.30 .96
' -12
5.0 V 1.38 x 10 0.32 .07
10.0 V 1.8 x 107 | 0.30 .07
TABLE 4.2  REVERSE TRANSIENT RESULTS FOR DIFFERENT
APPLIED VOLTAGES FOR ITTAUL,? SAMPLE




0.2k curves Va
L 5 =~ 10V
0.1r 2 2.5V
5 2.0V
| | o 1 i S j |
0 10 20 30 40 50 60 70

FIG. 4.22

t x 35.7(ms)

'REVERSE Q-t TRANSIENTS FOR SAMPLE ITTAUL,3 WITH

DIFFERENT D.C. BIAS.

( AV, =25 mV )




onwards, the response times are constant.

4.4,2 Discussion

For even a preliminary discussion of the results
obtained in this section one has to consider the deviation
from equilibrium in an MOS capacitor in the inversion
condition. In equilibrium the rate of generation of carriers
equals the rate of recombination but during the transient this
equality is disturbed. Taking a p-type sample, during the
forward voltage step the depletion width initially widens
due to the repulsion of the holes, and this attracts more
thermally generated electrons towards the oxide-semiconductor
interface while generated holes are repelled to the edge of
the depletion layer to compensate the exposed doping ions.
Since the population of carriers is very low in the depletion
region, recombination is suppressed until enough inversion
charges are produced to achieve equilibrium once again.
Although the depletion layer width and the surface potential
are now almost back to their original values, the concentra-.
tion of the inversion charge is increased.

When a reverse voltage step is applied, the potential
across the semiconductor is reduced and so the depletion cdge
moves towards the oxide from the movement of holes in responsc
to the applied voltage change. The inversion charge will
now exceed the new equilibrium value and the excess will move
slightly towards the bulk and be lost by the process of
recombination near the surface. In contrast to the forward
step where the generation of carriers is within the entire
width of the depletidn region, the recombination process for
the reverse step occurs mainly at the surface where the rate

is strongly dependent upon the concentration of the excess




inversion electrons. The bigger the voltage step, the

higher this excess charge will be and so the rate of re-
combination is relatively faster. For the forward voltage .
step on the other hand the generation rate is thermally
controlled andindependeht of the inversion charge although

it increases with the excess depletion layer width. As this

is less than proportional to the step voltage the time regquired
to form the extra inversion charge will increase with the step
magnitude.

Contrary to the case of a forward voltage step the
initial charge increment for the normalised negative step
transient increases with increasing voltage step magnitude.
The movement of majority carriers on the application of the
voltage step is towards the interface for the reverse step
thus narrowing the separation between the electrode andbthe
semiconductor charges, i.e. reducing the depletion layer width.
Since the opposite charges on a capacitor are inversely pro-
portional to the separation between them,vthe normalised
initial charge qm/Qmax will be wmore than proportional to
the voltage step as shown in Figure 4.23,

The measurements on the effect of the applied voltage
on the reverse step Q-t transient showed similar behaviour
as for the forward step, where the response time decrecases
as the applied voltage is reduced. The explanation is similar
to that of the low frequency small signal a.c. capacitance

characteristics.
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4.5 Conclusion to the Chapter

The aim of the experiments described in this chapter
was to investigate the experimental features of Q;t tran-
sients on MOS capacitors and to compare the experimental
curves with expectation. These basic matters have not
been investigated previously although the Q-t method has
been used to measure lifetime. Generally the results con-
firmed qualitative theory and this gives confidence in using
the method. The experiments also provided information for
the proper setting up of the parameters so that the Q-t
experiments can be performed consistently using small signal
methods of anaiysis to obtain the lifetime.

From Section 4.1 it was found that for p-type samples
there should be a guard ring surrounding the metal electrode
biased so that the semiconductor surface beneath it is in
accumulation. This prevents lateral flow of charge and
gives reliable Q-t curves. It was also found that sufficiently
large voltage must be applied to the guard ring in order for
this precaution to be effective. For the p-type samples used
in this work, the guard ring voltage of -5V was found adequate.

The results from the work outlined in Section 4.2
shows that C-V plots are needed to decide the proper initial
d.c. bias for the MOS capacitors if straight forward measure-
ments of lifetime are required. The effect of too low a d.c.
bias had been shown to be an increase in the speed of response
of the MOS capacitor thus giving a falsely high gcneration

rate if analysed by the normal assumptions. In the case of

the p-type samples a bias of about +5V was found to be

sufficient to bias the MOS capacitor well into heavy inversion
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and for tﬁe n-type samples, a biaé of -5V was necessary.
The effects on the Q~t curves of biassing beiow heavy
inversion have been explained qualitatively.

In Section 4.3, it was seen that the shape of the
O-t curves depends on the voltage step magnitude and that
a voltage step larger than a few kT/gq gives a curve that
deviates significantly from the exponential thus requiring
a different method of analysis as compared to the exponen-
tial transient for the small voltage step. This will be
dealt with in more detail in Chapter 8.

The general trend observed with varying the polarity
of the step, Section 4.4, was that the Q-t transient due to
a reverse voltage step has a faster response than that:due
to the forward step. It was also found that for small
voltqge steps the difference between the reverse and forward
Q-t response is quite small and that as the voltage step is
increased the difference between the two traces becomes
- larger. This agrees qualitatively with expectation as in
the case for the voltage step magnitude experimeht, the
theory of this effect will be dealt with in more detail in

Chapter 8.
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CHAPTER 5

THEORY OF THE Q-t TRANSIENT

5.1 Introduction

The Q-t traﬁsient measurements can be divided into
two main categories. One is the small voltage step
transient and the other is for the large voltage step.
For the small step, the theory is based on small signal
analysis and the voltage step magnitude is limited to around
25 mV. The assumption made here is that for a small enough
voltage step the Q-t transient can be approximated to an
exponential which has been confirmed experimentally. However
it is found that on increasing the voltage step, the ex-
ponential relationship no longer holds. This limitation has
been overcome oﬁly by Viswanathan and Takino (23) whose method
of analysis breaks down towards the end of the transient. In
both methods the contribution to the minority carrier con-
centration in the depletion region due to the diffusion of
electrons from the bulk substrate has not normally been
considered. At the same time all previous measurements of
Q-t transients have been for increasing inversion, i.e. when
generation predominates, while the recombination process which
is observed by the application of a reverse voltage step has
not been considered.

It is the purpose of this chapter to discuss some of
these omissions by proposing a model to explain the behavieur
of the Q-t response for which a mathematical expression is

obtained. This is solved using a microcomputer and thus the
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theoretical Q-t plots are presented. In the first part of
the chapter, a qualitative description of the movement of
the charges and the change in the band diagram during the
transient is given. The theoretical plots are then analysed
and discussed at the end of the chapter. For reasons discussed
in Chapter 1, we shall consider only the ideal MOS capacitor.
In modelling the Q-t response, we shall be considering
the charge movement in the MOS capacitor after a voltage step
is applied. First a simple picture is used to explain the
response where we consider a simple diagram to show the con-
centration of carriers and the electric field that are developed
due to the applied voltage. The behaviour of the carriers is
described under the two conditions of equilibrium and of non-
equilibrium, and for both forward and reverse voltage steps,
where as explained in the last chapter, the forward voltage
step refers to the voltage step that increases the bias and
brings thé sample towards heavier inversion, and the reversc
direction is where the voltage step decreases the bias to less
heavy inversion.

5.2 The Equilibrium Condition

First, the equilibrium condition before the application
of the voltage step is considered. Figure 5.1 is the cross-
section of the p-type MOS capacitor biased into inversion and
in equilibrium. The figure shows the depletion width and the
charge concentration in the device under equilibrium where the
. depletion width X3 is at its maximum equilibrium value. In
Figure 5.2 the energy band diagram for this condition is given
showing the sufface potential and the energy profile under the
applied bias. The surface potential is proportional to the

square of the maximum depletion width X406 and since the
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capacitor ‘is in strong inversion, the relation ws = 2¢b
holds where ¢b is the difference between the intrinsic
enerqgy Ei and the Fermi level Ef in the neutral bulk of the
semiconductor. In Figure 5.3(a) we show a logarithmic

profile of the electron and the hole concentrations in the

inversion and depletion regions. This follows from the

relations
Ei-E
p = n, exp (5.1)
kT
E_-E,
n = n, exp —£——if (5.2)
kT
To have a more exact picture of the carrier profile we
have to look at a linear plot of these concentrations.
In Figure 5.3(b), linear plots of hole and electron con-
centrations against distance are shown for the p-type
capacitor. It is seen that the concentration of electrons

forms an inversion layer at the silicon surface while the
region between the surface and the depletion layer edge, is
depleted'of both carriers. The hole concentration rises up

to the value Na at the edge of the depletion layer. The total
charge concentration profile of the depletion layer 1is that

of the fixed dopant ions and the minority carriers as shown

in Figure 5.3(c). The voltage applied across the sample is
the sum of the voltages dropped across the oxide and across
the semiconductor, where the latter is the surface potential.

The potential profile inside the depletion region is
gN
a

given by the solution of Poissons equation as V¥ = e (xd—x)z.
AT - S
At the surface it is the surface potential L and at the

ipnet edge of the depletion region it drops to zero. Electrons
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and holes will move in opposite directions in the electric
field in the depletion layer. They will also tend to move
by diffusion due to their varying concentrations. However,
in equilibrium, the drift and the diffusion componeﬁts of
both carriers currents must cancel each other and as a result
the net current is zero everywhere.

The processes of géneration and recombination go on
all the time in equilibrium at rates that are equal to each
other but in opposite directions. Referring to Figure 5.4
we try to show the actual procésses of generation and re-
combination that might occur in the MOS capacitor in equili-
brium. Generation and recombination are assumed to occur
predominantly through Shockley-Read traps in the forbidden
gap. As is well known, traps with energies Et near the centre
of the gap are by far the most active in generation and recom-
bhmmiml(Qﬂ 30 that these will be the only ones considcrod.
From Figure 5.4 we can divide the depletion width into various
regions according to the energy levels of the traps with
respect to the Fermi level, E_. ( 2 ). The region where E

f

is greater than Ef, called Region I, has the trap energy levels

t

higher than Ec, so that they will be empty most of the -time.
Since the conduction band is almost empty, generation and re-
combination will go on predominantly between the valence band
and the trap levels in Region I. The concentration of carriers
in the condu?tion and the valence bands will remain constant

at a given position x, as equilibrium is maintained. This
«causes the rate of géneration to be equal to the rate of re-

~“combination.
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That 1is

and

where Ty and r, are the electron capture and emission rates to and from
the conduction band respectively, and r, and ry are the emission and cap-

ture rates to and from the valence band respectively.

The region where E_ is less than Ef is named

t
Region III. Here the traps are filled with electrons
and, since the hole concentration is very low in the
valence‘band in this region, the generation- recombination
processes occurs mainly between the conduction band and
the generation centres.

Transitions between the bands via the traps occur
at a rate which is the lowest of the transition rates
between one band and E . Figure 5.4 shows that the net
generation and recombination rates are therefore negligible
except in the vicinity of the position where the trap energy
crosses the Fermi energy where Tor Iyr To and rq are all

equal and opposite in equilibrium,

5.3 The Non-Equilibrium Condition

In the earlier chapters we have briefly discussed the
effect of a voltage step applied to the MOS capacitor
originally in the:equilibrium condition. Here we shall deal
with the situation in more.detail. The forward voltage step

will be discussed first, followed by the reverse step analysis

in detail.
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5.3.1 The Forward Voltage Step Transient

Before going into:detailed description of the genera-
tion-recombination processes, we shall look at the charge
movement in an>MOS capacitor out of equilibrium. Figure 5.5
shows the changes in the charge distribution for a f9rward
voltage step on a p-type MOS capacitor. For simplicity we
omit the charges that exist at t = O in equilibrium andrcoﬁé
centrate only on the changes in the charge concentrations.

The equilibrium depletion width is Xd0* Figure 5.5(b) shows
the case immediately after the application of the voltage step,
where the depletion width is extended beyond X430 SO that it
exposes more ionised dopant atoms to balance the electrode
charge Qm. This appears as a step increase in the Q-t plot
because of the fast movement of holes,which being the majority
carriers, have.a very short time constant. The increased
charge in the electrode is therefore initially balanced by

the increased charge due to the extended depletion width AQd.

From Poisson's equation, taking a one dimensional case we have

L (R) - -2
dx dx B £ (5.3)
S
where p 1is the charge concentration ( = qNa) in the semi-
conductor. Integrating the above equation we have, -
X=z0O
o
av _ o
() - - e e 5.0
S
X=x4
*q
p X
Therefore lFl =V d ) F= field sirengin
dx s
- 9Na%a
e
s
= Qd o (5.5)

€g
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:Therefbfe, for a giQen value of the appiied véltage
the charge that is required to maintain the potential increases
as the separation decreases. ‘This explains the increase
in the charge Qm as the depletion layer collapses and its
charge is replaced by the inversion charge which is closer
to the electrode. .

The Q-t transient can be described by considering the
band bending due to the application of Fhe voltage step. The
transient can be divided into two parts. One is jmhodjatc]y
following the application of the voltage step when the
depletionvwidth and band bending are at their maxima, and the
depletion region is further depleted of carrierg as electrons
are swept to the interface and the holes repelled into the

bulk of the semiconductor. We denote this time as t The

o+"

during which the

second is when the time is greater than tos

minority carriers are generated in the depletion region and
the system is moving back towards a new equilibrium state.
This is known as the equilibration time (3 ).

(a) The Initial Step t= to+

When the forward voltage step is first applied, a period
of non-equilibrium occurs where the metal electrode is charged
up rapidly and the energy levels at the semiconductor-~oxide
interface are pulled downwards thus increasing the surface
potential b of the semiconductor. The holes, which are all

the time in equilibrium with the valence band, as they are the
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majority carriers, move aimést instantaneously‘into the
bulk leaving the uncompensated dopant ions and increasing
the depletion layer width beyond its maximum equilibrium
value. This changes the carrier concentration profile in
the depletion region due to electrostatic interaction with
the charge on the metal.

In Figure 5.6 the energy band diagrams before and
immediately after the voltage step are shown. From this
figure it is seen that as the energy levels are bent down-
wards, more trap levels are pulled below the Fermi energy
Ef.- Comparing the two diagrams in Fig.5.6, we can visualise
the extension of the depletion width as the addition of Region
IT in between Regions I and III in the depletion layer. This
is defined as the region where the traps which were initially
empty, are suddenly filled as they are pulled below Ef. This
filling of the traps occurs in the first few microseconds for
the normal values of trap cross-section (2). The traps in
this region can alternatively be considered as filled with
holesbwhen they were above E¢.  When they go below Eg it is
as-though holes are emitted to the valence band by the process
of capturing electrons. In the Q-t experiment this occurs
during the initial step of the transient and well within the
response time of the recording equipment, as is the time for
the changing of the depletion layer width by the displacemeﬁt
current. The sudden change in the applied potential also changes
the electron concentration profile in the depletion region as
illustrated in Figure 5.7 where the electrons are shown to'be
pulled strongly into the interface. At the same time the
electron concentration at the edge of the depletion layer and

the bulk will be decreased to almost zero, so creating a con-
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centration gradient in the bulk. This will cause electrons
to diffuse into the depletion region from within a diffusion

length L. beyond the depletion layer ( x > xd).

d
it can be shown that at room temperature this diffusion
current is negligible compared to the generation current in

the depletion region (47,48 ). The minority carrier con-

centration in the bulk is given by

-(x~-x3) /L
_ d d
n = npo(l e A ) (5.6)
ni2
where npo= N is the equilibrium minority carrier con-
a .

centration of the p-type semiconductor.
The electron diffusion current due to the concentration

gradient is
an (5.7)
where Dn is the diffusion coefficient for the electrons.

At the edge of the depletion layer x = X3 and substituting

for n, this becomes

q Dn ni2
I Giff (5.8a)
Ld N
a
or since Lg = 4 an 5 where Tg is the bulk lifetime
Ld niZ
Jnaige T 9T w (5.8b)
g a

Now the actual generation rately in the depletion layer itself

is

(5.9)
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which gives the generation current, Jg as
Jg = qlh xd
q X, n;
- d i (5.10)
2 T
e
From Equation 5.8(b) and 5.10
g _ 9% 1 g Na
Indiff 2 14 1 I ni2
_ 1 g ﬁé (5.11)
2 Ld ni
, , _ 15 -3
Putting in some values, we have for Na = 10 cm 7,
xg = 6x 10> cm and for D = 20 cm2 s
L. = 4.5 % 10°° f =
qa = .5 x cm or Tq = 1l us
=2 :
Ld = 1.4 x 10 cm for Tg = 10 us
X
.. Eg' 1.33 x 10 to  4.30 x 10°°
d- .
J
_EQ =1.33 x lO3 to 4.30 x 103
ndiff
That is
%
N >> 1 in all cases
ndiff

and so the diffusion term is negligible.

for this is that although Ld may be

>> X

dl

The physical reason

the generation

rate in the depletion layer is far greater because it is pro-

portional to n; as both electrons and holes ar@ absent.
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In the bulk, the generation rate is proportional

2
n, .
o é which is the minority carrier con-
a
centration n {n_ << ni).
p P -E_/2KT
At higher temperatures, n, =V NCNV e d , will

increase. Only above ~100°C will the diffusion term
become important and this is outside the range of the presént
experiments.

Similarly it can be shown that the surface generation
term can be neglected when compared to the bulk generation
in the depletion layer. The surface generation expression can

be written as ( 48 )

where Gs is the generation rate at the surface.
S is the surface recombination velocity.

The current density due to surface generation Jg is given by

1 d
3 2 4T e
9 = g
J -1 ,
S 5 -d- S. n,
2.1
g
For Tg = 10us and Xgq = 10 um
J = 10 x J_ for $ =1 cm s"1
g s
and Jg = 100 x JS for & = 0.1 cm s_l
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That is Jg is more than 10 times greater than'JS for values
of S up to 1 cm s_l. The typical value of S for device
grade MOS capacitor is less than 1 cm s.“l therefore one can
neglect the surface generation term in the present model.
(b) t> tor

As time increases the inversion charge concentration
wili increasé until the final equilibrium value is reached.
This is the main part of the Q-t transient and it is due to
the generation of electrons which will flow rapidly to the
surface to increase the inversion charge concentration and
decrease the depletion width. 0f the two sources of electrons
flowing in the depletion region, those diffusing from ﬁhe bulk
have been shown above to be negligible compared with the other
which is from thermal generation from centres lying near the
intrinsic level. The net generation rate eventually decvroasny
as the recombination component increases. Initially thcre arc
very few carriers away from the surface thus preventing re-
combination. As time incfeases the generation process due to
thermal excitation goes on unaffected but the recombination-
rate rises as carriers build up in the deplétion region.

For this time period>the depletion width is decreasing
as electron-hole pairs are being geﬁerated. As more carriers
are generated the energy levels and the depletion width return
towards the equilibrium values. The trap levels of Region 1T
(Figure 5.8) also move above Ef thus reducing the occupancy
function. This causes the traps to emit electrons to the
conduction bandvrtt then swept to the interface. The extra
charge contribuﬁed by emptying the traps is, however, small
compared with the total thermallf generated charge and it'donnot

affect the transient shape.
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5.3.2 The Reverse Voitage Step Transient

The description of the charge transient so far given
is for the application of the forward voltage step where
the device is taken from heavy inversion to heavier inversion.
In a typical Q-t experiment, after the device has returned
to equilibrium from this step it is taken back to the initial
potential for the next forward transient to be observed.
However, during the return to the initial potential, which
is achieved by applying a reverse step potential, the device
responds with a similar but reverse Q-t transient. This must
be explained by a different process from net generation as
the boundary conditions are now quite different. Several
authors ( 18-20 ) have workéd on this process but they have
been concerned only with capacitance measurements and the use
of short duration pulses instead of a step voltage. To date
nobody has published results or analysis of the Q-t transient
following a reverse voltage step.

It is the purpose of this section to try to explain
this phenomena qualitatively. A suggestion for a quantitative
analysis will be found later in the chapter. Similar to the

forward vdltage step discussion, we will dividé the description

into two periods, one immediately after the application of the.
voltage step and the other during the main transiént.
(a) t = to+

Referring to Figure 5.9, it is seen that when tﬁe
voltage step is initially applied, the depletion width is
almost immediately reduced to a value less than the maximum
equilibrium width by the sudden movement of holes towards
the oxide-semiconductor interface. The hole charge is now

needed to -balance the negative charge in the semiconductor
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which is reduced by the sudéen deéréase in the positive

applied voltage. At this first momeﬁt, thé excess ihversion
charge have not had time to recombine so that the surface
potential is also reduced suddehly and the depletion layer
width is temporarily reduced. For voltage steps that are

small enough as to affect only the depletion charge initially,
the positive charge on the electrode is balanced by the remain-
ing depletion charge and the inversion charge.

On the Q-t plot the sudden decrease of the depletion
charge appears as the initial step in the charge change. As
the movement of the depletion layer edge is towards the oxide,
thefe is a maximum voltage step that can be applied before
the depletion layer collapses totally at the begihning of the
transient. If the applied voltage step is greater than this
then the transient will become far more complicated as it
wduld involve the immediate movement of the inversion charge
To avoid‘this the magnitude of the voltage step has to be
carefully chosen. The maximum voltage thét‘can'be applied

for ‘the transient to be of the simplést form is given by the.

expression
g N Xd g N Xdz ‘ ‘
AV = ~_a¢ , _~_ agdo (5.12)
max C 7€,
ox s
(b) t > to+

After the initial step, the depletion layer will have 
reached a minimum value and the system is out of equilibrium.
as the excess inversion charge decreases through the re-
combination process. During the transient the depletion
layer increases again to its equilibrium value. The exccss

charge is lost by the net recombination of electrons.
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This occurs because although thé generation rate in thei
inversion layer is constant, the excess concentration of
electrons in the conduction band makes thé‘recombination
increase. The net rate of recombination is proportional to
the change in the depletion layer width away from the
equilibrium value. During the recombination procesé, the
inversion concentration is steadily decreasing, while the
depletion width is increasing so as to balance the charge
on the metal electrode. This process continues until the

equilibrium depletion width is reached once more.

5.4  The Concept of the Minority Carrier Lifetime

| The minority carrier lifetime, Tg is the average time:
the electrons of a p-type semiconductor for example spend in
the conduction band before recombining with the holes in the
valence band. When carriers are injected into a semiconductor,
equilibrium will be disturbed due to the preseﬁce of excess
éar?iers. _ The characteristic time for the ekcess cérriers to
readjust to achieve the final equilibrium state is equal.to
T . In<équi1ibrium, the recombinatibn fate is equal to the

g9
net generation rate, Ug’ which is given by

u = &n | (5.13)

where An is the excess minority carrier concentration.

In the transient measurements for the MOS capacitor
the situation is slightly different; Here the depletion layef
is initially expanded resulting in a condition where there
are insufficient minority carriers for the given applied Voltége.
Charge neutrality is temporarily maintained by the uncompensated

ionised dopant atoms. During the return to equilibrium,minority
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carriers are generated and their concentration in tﬁé'depLetion
region increases. The expression that relates the minority
carrier lifetime to the generation rate in a depletion layer
has been studied by Sah, Noyce, and Schockley ( 5 ).
Initially, the ideas were developed for p-n junctions in the -
reverse bias condition. They were then applied to MOS devices

for which the accepted expression is

v - (5.14)

Some workers (2;%22 )have suggested however that the
generation-recombination expressions have to result from a
non-steady-state analysis if they aré to be applied to all
situations. For example Simmons and Wei derived time
dependent generation rates which are different for holes and
electrons. These rates differ through the depth of the
depletion layer but they convergé to the same value after a
short'time.‘By using the timévdépendent generation rate, they
re-evaluated the Zerbst'plbt and showed that the Zerbst method

is erroneous as it uses only one time constant for the genera-

tion time. The difficulty with their analysis is that the Zerbhst
plot obtained from this calculation curved in the wrong way at
the beginning of the transient when compared to all experimental
Zerbst plots. 1In their calculation the gradient at the beginning.
of the transient is zero while in the actual plot it is greater

" than the gradient of the linear pbrtion. The other significant
difference is that the generation width according to Simmoné and
Wei is just the region from the oxide-semiconductor interface

te the point where the trap level crosses Ec (i.e;,Regions 11
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and III of Figure 5.8). According to Zerbst and several chet
authors, it is only the additional Width from the eqdilibrium
value (i.e. Region II) that contributes to generation. The
inclusion of Region III in the generating width leads to more
error in the physical model of the transient measurement
because in this region the traps are always in the same
condition (i.e. filled with electrons) both before and after
the step voltage application. Hence these traps are unlikely
to generate carriers. These arguments show that the argument
of Simmons and Wei needs to be approached cautiously and that
the generation width as defined by Zerbst is the better of

the two. The Zerbst generation region is the region that 1is
in excess from the equilibrium value. In Region I the traps
are always empty so that the net generation is small while
Region III is always filled so here too the generation process
does -not occur.

Under transient conditions, the behaviour of electrons
and holes in the MOS capacitor éannot be described by Fermi-
Dirac statistics. Collins et al ( 3 ) did extensive computer
modelling of the transient response of the device following the
applisation of a voltage step using éxact equations. They.used
the continﬁity, Poisson and the generation-recombination
relations in their numerical calculations, pulsed from flatband
to inversion. Thus they were concerned with large voltage -
steps. The time scale involved ranged from the charging up.of
the depletion layer, which occurs in less than lO"12 s, .to the
final equilibrium state. This timé is divided into three
main periods - (i) the dielectric relaxation time, (ii) the

degletiqn time and (iii) the equilibration time as described
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préviously. Most of the experimenﬁél methods,conpéﬁﬁed with
MOS capacitor transients involve only the equilibrafion time.
It was also shown by Collins et al that although the rise

in the carrier concentrations follows different time paths
between the exact analysis and the steady—state approximation,
this difference occurs before the equilibration time. For
this reason the steady-state expression for the generation
lifetime can be used in the present experiment.

Comparison with the Zerbst plot as obtained from~
Coilins et al's computer calculation showed that with zero
bﬁlk generation centre concentration, giving rg = =, thg
exact analysis gave a finite value for the generation rate.

When not including surface generation in their calculatiohs

a finite_vélﬁé er the surface fecombination velocity was
apparently obtained from a Zerbst plot. These two discrepancies
make the Zerbst method erroneous if no correction is included.
This-phénémenon can however be explained as follows.:

There. are two possible sourqés that céntribpté td_the’
'increase in ;he minorify cérgier cdhcentgatién iniéhe depletioh
layerf Oﬁé is the fhermal generatiéﬁ.from'geheratidnicéntfes
and the oﬁher is due to the diffusion of electrons from tﬁe
bulk as described earlier. When the generation céhtres'are y
absent, the diffusion term must dominate and this will produce
an apparent generation rate as though recombination centres
were present because the inversion charge still increases.

The bulk diffusion term was neglected by Collins et al and
hence their Zerbst plét analysis gave.the wrong result.

As for the surface generation velocity, the-Zéfbst
'éxpreséion does not in fact give a true value of s siﬁce the -~

curvature of the plot for large Valués"of t is due to the build
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up of the hole concentration at the surface towards thezend:~
of the transient. The presence of true surface generation
centres would only help in achieving the final equilibrium

in a shorter time, and would not affect the shape as assumed
in the conventional analysis of the Zerbst plot. By applying
the voltage step when the device is already in heavy inversion,
as in most of the present Q-t measurements, any surface effect
will be eliminated in any case as the surface»potential is
almost constant during the transient.

In the qualitative model discussed above various changes
have been made, which may affect the analysis of the para-
meters of the transient. Firstly it was shown that inbearlier
calculations, the bulk diffusion term and the surface re-
combination velocity were neglected which has an effect when
bulk generation is small. Secondly the expression for the
'generation w1dth was now chosen from ‘the work of Rabbani and
Lamb ( 12 ) whlch is a refinement over that suggested by Zerbst
taking into conSIderationfthe‘narrow1ng of»Region IIT due to#
»the extra band bending when the system is out of equilibrium
F‘inally a Simpler approach than that of Collins et al has been
taken which makes this model less complicated to evaluate.

The inclusion of these improvements will be shown in the develop-f

ment of a new simplified quantitative model in the following

section.

5.5 The Mathematical Formulation

5.5.1 The Forward Voltage Step Transient
" To maintain‘charge neutrality in the MOS capacitor at -

all time the following equation always holds

m inv

o = - (0, 04 S _ (5.15)
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where Qm' Q.

inv’ and Qd are the charges per unit area of the

metal electrode, the inversion layer, and the uncompensated‘
dopant ions in the depletion region. For this anaIYSis we
will divide the time t into 3 parts (a) the time béfore the
voltage step is applied or t < O where the device is in
eqqilibrium (b) the time immediately after the voltage §tep or

when t = tO+ and (c) the time after the voltage step apblication

until the final equilibrium state is reached or t > + > t

o+’
The latter is the time duration of the actual transient.
(a) At Equilibrium (t < O0)
Qmo = - (Qio + Qdo) (5.16)

where Q40 and Qié respectively are the depletion and inversioh

charges in equilibrium, By taking the equilibrium depletion'

Width as Xdo we haye
iQdo = - q'Na Xdo - f5f¥?)
) _ (0 I
 Qio ?/;i exp. (3 b/kTﬁ.dx | - (5.18)

°

where oy is the potential difference'between the Fermi level
and the intrinsic level.

(b) Immediately after the Voltage Step (t = t_. )

O+
QmO+ - _(Qio+ + Qdo+) (5,19)
where Q.lo+ = Qio because tbe inversion charge starts is
initially unchanged and Qdo+ = qNa X304 where X304 18 the

@egletion width immediately after the voltage step.
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(c) Bquilibration Period (t > t_,

During the return of the depletion width to its final
equilibrium value the total chargé per unit area Qm(t) in

the semiconductor is given by

t .
Qm(t) = Qmo + qNa(xdo+—xdo)+ qu xgendt - qNa(xdo+—xd)— (5.20a) .
o
where xgen is the generation width given by ( 32 )
X 2 X
x _ (x 2 _ “do ) - do (5.20b)
gen d 2 Ve

and Ug is the generation rate.

The last term of (5.20a) is due to the decrease in the depletion
charge during the relaxation time. Subtracting (5.16) from
(5.20a) yields the increment in the charge in the MOS capacitor.

Thus

t ,
AQm(t) = qNa(xdo+- xdo) + qug J xgerl dt - qNa(gaé+gxd) {5.21)

o

On differentiation, the following eXpressibn is obtained:-

d 9% S ;

gt 49,(t) = aNg —EF + q Ug Xgen : (5.22)
From the voltage equation

Va - Vox ¥ Vs (5.2#)
where Vo = gﬂ and ¥ = zfa xdz
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Therefore before the voltageistép,'the voltage_Vai is

al C:- 2¢ ‘do
[6):¢

2

gelj

)]

After the voltage step is applied, the total voltage remains
constant throughout the transient. Thus the.final voltage

equation is

Taking the difference of the last two equations gives :-

6Q_(t) qN

R | ~a L 2 _ 2
NG o g T g ) (5
oxX -T7s
Therefore
’ 2 & A t N
X = —fg' AV - Qm( ) + q,a X 2 (5
d gN_ - a C - 2e do A

(5.

_a X4 (5.

24)

25)

.26)

27)
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. . _ _ m Se 2
Rearranging and using L AVa COX + TS Xs0 -
we have
' 2
1 dAQm(t) _ 2 ‘s *do 4 ngdo
L —ae " AY%/gn. - ¥sT 2 T
Cox a J 2

(5.30)

From this final expression it is possible to obtain a theoretical
O-t plot by an iterative method which is performed on a micro-
computer. The details are .given in section 5.6.

5.5.2 The Reverse Voltage Step Transient

The equations for the device in equilibrium are the same
as for the forward voltage step case so that only the non-
equilibrium situétion‘will need to be considered. It should

| ' be noted that in this case the charge is decreaéing from the
initial equilibrium values. _Followiné a similaf approach to.
that of the forward voltage 'step situation, we obtain the
following equations.

(a) Immediately after the Voltage Step ( t = to+r)

mo+ mo o = ¥do+’ (5.31)

By writing 80+ = Qmo T Yo+

(5.32)




(b) Equilibration Period ( t > tp+)

t

O = Qo ~ 9 Na(Xgq = Xg04) - qRAJ x dt 4 QN (Xg=Xg0,)

o}

(5.33a)

where R is the net rate of recombination

X is the region where the net recombination is most
likely to occur. For simplicity we shall assume that generation
occurs in the region which is the difference in the depletion
layer width from its equilibrium value.
That is

X = X - X3 (5.33b)

dx 4

T (AQm )= - g R(xdo—xd) +q N ;EE- : (5.34)

Qul e

'3Considering the voltage equation before the application of the.
5ééitage step, this is
Val = VOxl + Yoo ' . (5.39)

After the voltage step, the applied voltage remains the same

throughout the transient giving

Vaz © Voxz ot Y (5.36)

Subt i . 5. iti -
| racting (5.36) from (5.35) and by writing V., VOx2 as



95

AQm/Co and Va = Val - Va2’ we obtain
8Q
i m —
e NI POSE P
ox
AQ gN
or AV = 0 . _a (xd 2 _ xd2)
a e
ox 3
This gives X3 which 1is
— ZES —AV + .A_an__ + qNa X 2
*a ~ gN_ a 2¢ do
a ox s
g SFa 11 /22 1
dt 2 COX / qNa AQm qN
AV 4+ — + =—— X
// a 2¢ do
\ oxX
Substituting this into (5.34) gives
4 0 (e) = L Waes 1
at % m c 2 _ ‘Q qN_x, 2
oX AV 4 a do
A a C Z2e .
oX 3
2e AQ gN
5 m a 2
+ g R - AV_ + — + X -
qNa COX 2¢ do
AQ gN
Finally writing ¢ _ = =~AV_ + LU 2 x 2
S a C 2¢ do
oX S
L - -]; qNaES dAQm _
Cox 2 ¥y dt

(5.37)

(5.38)

(5.39)

(5.40)

(5.41)
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5.6 Method of Solution

A numerical method is adopted here to solve the Q-t
problem. The method to be described and the mathematical
equations themselves are not as elaborate as in the work of
Collins et al ( 3 ). The intention here is to provide a
simplified model that is more closely related to the experi-
ments and which can be used for both step polarities. The
method is based on several assumptions inherent in the equations
of section 5.5. These are (i) that the dopant concentration is
uniform in the semiconductor (ii) that the interface state
effects are negligibly small because the device was initially in
heavy inversion and (iii) the generation rates for holes and
electrons are equal during the time that we are interested in
and that any dissimilarity between the two occurs only in the
initial step.

From the previous section it is seen that the basic
equation for charge, Egn. (5.21)., cannot be solved either
analytically or numerically because there are too many unknowns
and the depletion width X3 is a function of time. Since this
function is not known independently, Equation (5.22) is used
instead with the approximation made that the charge increment
in the device is to be calculated from the gradient -%E AQm(t)
of the previous value. By taking a reasonably small time
interval At the charge can be calculated by taking the product

At, gE‘AQm(t) hence the theoretical Q-t plot can be obtained
This calculation was done using a microcomputer with the |

following algorithm:-

(1) Calculate the equilibrium values of b Qm accurately for

the initial'applizd voltage V
: a.
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(i1) Plot the value of AQm against t or Vg against t at
t = toy - (For the initial step increase in the Q-t
plot).
s d _ . : :
(iii) Calculate ac AQm(t) at t = tO+ using Equation (5.30).
(iv) For an increment in At, extrapolate the value of AQm(t)
. . _ d
using the relation AQm = At’ﬁf AQm(t).
(v) For this value of AQm calculate the values of v and X3
(vi) Plot AQm for an increased 4t or plot v for the at.

(vii) Check to see if X34 equals the equilibrinm depletion
width for the applied voltage of Va +AVa
(viii) If not equal repeat steps (iii) to (vii).

(ix) If step (vii) 1is true then end.

The important part of the program is in calculating the
initial values of vy and Qmo as the accuracy of subsequent
calculated values of AQm and eventually of the 0-t plots
themselves depend on these values. Thus the exact expression
for the charge concentration per unit area in the semiconductor

derived from Poissons equation is used for the initial calculation

of Qo ( 49 ). This equation is,
1/2
2 .
~qy /KT di n, qyg /KT q
Q = 2 N_KT e S + — - 1} + =l e - WY§ -
mo s a kT Na2 KT 1

(5.42)

From this expression, it is possible to calculate the space-
charge density Qmo in any state of the MOS capacitor. 1p
accumulation, Vg is negative and the value of Qo is dominated

by the first term of the expression. If by is zero then Qmoiis
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zero giving the flat-band situation. For pdsitive b and
where Vg is smaller than L the potential difference between
the Fermi level and the intrinsic level of the bulk, then Qo
is dominated by the second term. This is the depletion
condition. When Vg is greater than o, as in our case, we have
the inversion condition where Qmo is dominated by the fourth
term.

To calculate the value of Qmo' first we select an arbitrary
value of the surface potential Vg and from (5.42) obtain Qmo'
Then the applied voltage Va is calculated from (5.24). This is
then comparecd with the actual Va and the process is repeated
by changing Vg until the calculated Va agrees with the actual
one. From this equilibrium value of Qmo' the subsequent charge
can be calculated. First, immediately after the voltage‘step

where t = t the change in the semiconductor charge due to ’

o+’ _
the increased depletion width to a maximum is calculated. This
appears as the step increase in the Q-t plot, the increment in

the charge NQdO+ being given by

NQdo+ = (5.43)

N, (Xgop ~ *go)

Then the .gradient %{ AQm(t) is calculated at t = to+ and so
on until a complete Q-t plot is obtained.

Another part of the program includes the way the surface
potential ‘can be quickly determined to calculate the applied
voltage. This involves testing to see when the calculated
Va passes the required value. This is first done using large
increments in L initially but when the test gives a positivé
value ws is changed back to the previous value and the increment

is reduced in magnitude so as to give a higher sensitivity‘for

the change of Vg The process is repeated until the required
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accuracy is obtained. 1If the chosen ws gives Va values
diverging from the actual one, a small routine is used to
detect>this and to adjust the direction of the increment.
This technique proves to be efficient in obtaining good
accuracy in a very short time. Use of small steps throughout
would give a very long calculation time and large increments
in L by themselves would greatly reduce the accuracy. The

actual process involved in this technique is as shown in the

algorithm below:-

(1) Take a rough estimate of the surface potential WS.

(ii) Set the initial increment magnitude of ¥_ ( A$S).

(iii) PFor the above surface potential calculate the applied
voltage Val'

(iv) Calculate the difference between the actual applied
voltage and the calculated one (i.e. AV, =V 4~ v,

A = A
(v) Increment ws by by (ws ws + ms).
(vi) Calculate the second applied voltage value Va2 for

the new ¥ .
S

(vii) Calculate the difference between the actual applied

voltage and the calculated one in (vi) (i.e. AV2 = Vaz-v
(viii) Check to see if AVl and AV2 are of the same sign.
(ix) If step (viii) 1is not true then change WS Lo its value

just before the test and reduce the increment magnitude.
Then go back to step (v).

(x) If step (viii) is true then check for accuracy.

(xi) If accuracy is not enough check first to see if vy is
converging towards Va‘ If not, change the direcﬁion
of the increment and go to step (v). |

(xii) If V, is converging then continue to repeat step (v) -

(xiii) If accuracy is enough in step (x) then the latest Vg
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and Qmo are the required surface potential and the
charge concentration in the semiconductor for the
given applied voltage Va'

(ix) End.

The whole of the program for obtaining the theoretical
Q0-t is summarised in the flow chart of Figure 5.10 and the

full program is given in the Appendix 2

5.7 The Theoretical Q-t Plots

Figures 5.11(a) and 5.11(b) give the calculated plots
of Q—tbfollowing a forward voltage step of 25 mV for various
lifetime values from 5 us to 20 us and 20 us to 120 us
respectively. The time scales for the two figures are
difference because of different ranges of lifetime covered.
A further analysis was made using a lifetime of 100 us with a
25 mV voltage step, as in Figqure 5.12(a) for which the
theoretical Q-t plot has also been normalised and plottéd.on
a log-linear graph in Figure 5.12(b). It is found that the
logarithmic plot gives a straight line except when approaching
saturation where a slight deviation from linearity is obtained.
This shows that the Q-t transient is not entirely exponential
even for small voltage steps. The reason for this s the
fact that recombination, which becomes significant towéfds the
end of the transient, is not taken into consideration in the
equation. The linear portion of the log plot implies that the
solution to Equation (5.30) is an exponential only during the
part before saturation.

Figure 5.13 shows a theoretical Q-t plot for the reverse
voltage step and Figure 5.14 is a comparison of the theoretical

Q-t plots for the forward and reverse voltage steps for -a chosen

! R T T S Ay e

o EeEue vadae 0 e o gl Lbwmranme fn o bhe N A I
il%etime vdlue of 30 us. The diffe%egge ih %He trangients follows
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FIG. 5.12(b) ‘Log Plot of the Theoretical
0-t Curve for Tg= 100 ps
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the same trend as in the experimental plots. Further dis-
cussion of the comparison of theory and experiment will be

given in Chapter 8.

5.8 Discussion

In fhis chapter, theoretical expressions for the Q-t
transient have been presented following a different approach
from those used previously. The present theory is based on
the following assumptions. (i) That the depletion approxi-
mation holds where the concentration of carriers in the
depletion region is taken to be very small with respect to the
dopant concentration except'for a very thin layer at the surface
where the minority carriers accumulate to form the invefsion
layer. (ii) That the dopant concentration is uniformly distri-
buted throughout the depletion region. (iii) That surface
states and the metal semiconductor work function differenCe
are assumed negligible for reasons alfeady explained in the:
earlier chapters, and this implies that the MOS capacitor'is
an .ideal one. (iv) That the minority‘carrier lifetime is taken
to be independent of time. This lelbws from the reéults |
obtained by the exact work of Collins et al whereyiﬁ[was shoWnT
that the overall response is as though there is only one conf
stant value of lifetime because the exact time dependent lifé-

time coincides with the time independent one during the equili-

bration time and they only differ in a very short time intervél
immediately after the voltage step and before the equilibration
time. (v) That in the heavy inversion condition, the surface
effects are screened off by the inversion layer so that they

do not affect the transient in any way, and finally (vi) fhe
net generation or net recombination occurs mostly in one

partland ayar .

particular rcglon of the deplct;on idyer
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The present theory differs from Hofstein's in that
small signal analysis is used in the latter method where
the MOS capacitor is represented by a linear equivalent
circuit as shown earlier and the transient response 1is
treated as in an RC circuit. The region where the net

generation occurs is assumed to be the entire depletibn

layer width. Also the expression for the generation rate
n,

used by Hofstein is -1 without the factor of 2 in the de-
" !
g

nominator.

Comparing the present theory with that of Viswanathan
and Takino, there are some similarities in the expression used

dQ
as in both cases the differential charge rate a—m is evaluated

t
thus requiring graphical differentiation of the transient.
However in the present method the analysis is mainly done by
curve fitting between the theory and ekperiment. In contrast
to the method of Viswénathan and Takino, the surface effect
has now been neglected and .also the choice of the generation
width is different in the two theories.

The present method, though not as involved as that of
Collins et al where the actual generation-recombination and
“the continuity equations are used, provides a more simplified
analysis of the Q-t trénsiént and it is also easier to pefform
the analysis especially with a microcomputer.

The theoretical plots obtained from this analysis follow
the same shape as the experimental ones. By comparing the plots
to the experimental ones it is a simple matter to obtain the
lifetime of the minority carriers. The evaluation of the
experimental curves will be done in Chapter 8.

In the present work theoretical expressions for both

the forward and the reverse voltage steps have been obtained



103

for the first time and as dbserved experimentally the
initial charge increment step for the reverse volfagé-step
is bigger than the forward one. This is especially so for
the larger steps and it is due to the difference in the
separation between the initial step change ih the depletion
charge and the electrode charge. For the reverse voltage
step measurement, this sepafation is smaller than that for
the forward step. For a given step height, the forward step
is shown to provide a slower transient from that of the
reverse step and this is also observed experimentally.' The
.comparison of theory and experiment will be discussed in

greater detail in Chapter 8.
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CHAPTER 6

THE H.¥. C-V METHOD OF LIFETIME DETERMINATION

6.1 Introduction

In this chapter the method of evaluating the minority
carrier lifetime from high frequency (h.f.) C-V plOts is
described. The use of the conventional C-V technique to
evaluate the MOS surface state density was first reported
by Kuhn ( 50 ). Since then other authors (28 - 33 ) have
.also investigated certain aspects ofnfhe generation-re-
coﬁbination processes using £he c-v measurement technique.

The method of Taniguchi ( 30 ) is the latest and this will

be described in more detail in the following secﬁions, This:
method requires C-V plots at two different voltdge'sweep rétes.
From, the equations developed, a set of curves fof~different
g and S valnes can be computod for each sweep rate forua |
constant oxide thickness and dopant concentration. Usihgfﬁhﬁsﬁ
plot the values‘of g and S for all devices from‘phe s@he Q5f0;7
'cén.bé determined merely by,performing'the normal h.f. Cfv}"
measurements at ﬁwo sweep speeds and referring to the theofé
etical graph for the resulting values of Tg and Si

In the present work the C-V technique was used on somei
of the same samples as in other measurements in order to obtgin
comparative values of 1. and to compare the ease of using tnc-‘n

g
techniques.
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6.2 Theory
To see how small-signal C-V measurements are affectea

by the rate of minority carrier generation we.need to consider
how the normal C-V curve of an MOS capacitor is affected by
the voltage sweep speed. Considering the depletion situation,
when the voltage is increased positively at a certain rate,
the holes are repelled by the electric field into the bulk of
the p-type semiconductor and the depletion layer width increases.
This éorresponds to points A to B in Figure 6.1. As the charges
that respond to the small a.c. signal are at the edge of the
depletion layer, the increasing bias voltage causes the capaci-
tance to drop because their effective separation from the
Charges on the metal electrode increases. The capacitarnce drops
until point C of Figure 6.1 is reached. This corresponds to
the maximum dépletion width X340 in equilibrium, beyond which
the capacitance remains constaht with voltage in the inversion
mode of the MOS capacitor.

| For a sample that has very. low generation rate and/or the
Voltage sweep rate 1is suffiqiently fést, the constant capaci- |
tance portioﬂ C D of Fiéuref6.l'doeé nOt‘OCCUI and thevcapaci~

tance drops below the inversion value following the trace C E

’instead. This is due to the fact that the inversion charge
Canhot increase fast enough for the rising bias Voltage so
that the dépletion layer width increases beyond the‘maximum-
equilibrium value X3, tO compensate the charge on thé metal
electrode.

When the voltage sweep direction is reversed ﬁhgvdgplétibn
width stqps increasing and the carriers generated in £hé
depletion layer pggin to neutralise the un&ompénséted dopant

ions, resulting in a decrease in the depletion width. The
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capacitance therefore increases with falling bias-voltage as
indicated by the curve E D of Figure 6.1. At Point D the
depletion width has decreased to the equilibrium value of X306
and the capacitance thereafter remains constant. The capacitance
will stay constant until all the inversion charges have‘re-
combined which is at the onset of inversion (point C) again.
When the bias voltage falls below thé value for the Qnset'of
inversion, the capacitance increases along the normal depletion
‘curve again. The measurement of the voltage range VC of Figure
6.1 during which the capacitance is constant is used to cal-
cuiate the lifetime rg by means of a suitable analysis. The
valug of Vc clearly depends on g because the smaller‘the life-
time the more the minority carriers will be in equilibrium and
‘the broader will be the constant capacitance range Vc. The‘
same argument applies for the surface recombination velocity.
For this method two equations were developed by
faniguchi (-30 ) and the full derivation will not be repeatgd

here. The first equation is

_ (l - _l_) -(l_* + ]_) Ln 'x*‘ - gn £ ~ + A (V-v_) = 0 (6.1)
Y 7 X-A- X * =

which applies for a forward sweep rate o volts/sec which brings

‘the MOS capacitor into deep depletion until the maximum voltage

Vrn is reached. The second equation is

11 1 - X |
(?’x—) '("*1*1) i —5 -an —g ) 4 R (v-v ) = 0 (6.2)
m b
m A X-A Xm-A

Q|

which is for the reverse sweep from v, to the onset of the
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equilibrium capacitance. The symbols used are : ' :-
Cd .
X = ol where Cd is the depletion capacitance
ox '
Car . . . o |
Xe = ——— where Cdf 1s the inversion capacitance
ox ‘ '
Cdm
X, = c where Cdm is the lowest capacitance at V =
oXx
1
A = — —
4 -tg a
qn;S
C @ - -
A" = A “at where B = > Cox
(A+B) ° CO ' N
x e 9 N3
VT = Threshold voltage as shown in Figure 6.1.

v

Details of the derivation for the equations above can be found

in the reference mentioned, Using the above equationSr'th?
values of rg»and S can be calculated from the experimentaI'

results as described in the Sec. 6.3.

6.3 The Eééérimental Set~-Up

The equipment used is the same as for any typical C-V
: measurement‘and the usual precautions are necessary. - in.a
normal C-V measurement only one voltage sweep rate is usuaily
used whereas this method requires two different sweep rates.
As the region of interest is éntirely in the invérsion mode
the voltage cycle was confined to bias the sample only from
qu}gtiqp to heavy inversion in this work. This was done by
adjusting the d.c. offset on the ramp generator to give a

Voltage swing from -1 volt to +8 volts.

m*
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For each sweep rate the vaiue of Vc was ob£éined this
being the only measurement required. 1In this method the
values of VC are compared with values calculated from the
equations of Sec. 6.2 by entering an experimental point on a
chart calculated for a range of values of Tg and S. This
enables'the values of g and S to be obtained very easily
once the theoretical plot has been produced.

6.3.1 Calculation Technique

The chart that will be used to obtain Tg and S from
the experimental values of VC is a theoretical plot of
{V_,-V__) against V for different values of t_ and S as

c2 cl c? g
shown in Figure 6.2 . In this, ch and Vcl are the values
of VC for the two sweep rates @, and oy respectively. The
theoretical curves are produced from equations 6.1 and 6.2

using the values of Co ' Cdm’ Cdf and Vm appropriate to the

x
particular sampie and measurement. The calculation is not.a
straight forward one and £he following.numerical algorithm
is usedlto obtain the curves :- .‘

The calculation starts by assigning values tonﬁhe suﬁface'
»rep@mpipatiqg velocity, S ,_apd”l}fgtimé g Using tﬁése, thév
equations are solved to give values of (V

v and V_ . and
c?

c2 Ve »
hence a point on the chart. The value of rg is then changéd;
and the point recalculated. After covering a suitable”fahgc
of Tg’ the Qalue of S is changed and the process repeated.
This algorithm is shown in the flow charts of Figure 6.3(a)A
and 6.3 (b). These formed the basis of the BASIC program giVen

in Appendix 3 which gave results which were plotted diré?tly

on an H.P. plotter as charts similar to Figure 6.2 .
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INPUT V,SWEEP
RATE .

CHANGE &
(Fend Y

no

INPUT
T, O

+
* CALCULATE Cm
USING EQN. 0.1

CAIC. V
onset

USING EQN. 6.2

- CALC. VC for 0%

for 'tg(ﬂ

tgn

CHANGE
Tq(

i.e, 1=1+1

FIG. 6.3(a)

CHANGE S
(S=S+AS)

no
ENOUGH?l
yves
?LOT VcZ-Vcl
versus Vg2
FENOUGH ?
Note: + 1o in next Tlowchartl,

Flowchart to Produce Charts tfor obtaining and 5

from C-V Plots,
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CITANCE Cd
<
DECREMENT C
v d
Cd=Cd -AC
NCREASE SENS .
CALCULATE ING

AC=AC/10

BACK TO PREVIOUS
Ca (Cg=Cyraly)

BIAS VOLTAGE V. i

FIG. 6.3(b) Flowchart of Subroutine(+) for Calculating C.
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The experimental value of (ch—Vcl) and ch is entered
as a point on the chart, enabling the corresponding values
of S and Tg to be obtained.
6.4 Results

Measurements were done on different p-type samples ITTl4,
ITTi34, and ITT135. The maximum voltage swing for all. the
measurements was 8.3 v. which was found to give adequate in-
version to the samples. The C-V plots for the inversion
capacitance for these samples are given in Figures 6.4 {(a),
6.4 (b), and 6.4 (c) respectively. The voltage sweep rates were
1.16 v s_l and 3.36 v s_1 for ITT14, O.66 v s—l and 1.61 v s-l
for ITT134, and 0.15 v s_l and 0.69 v s_l for ITT135. For the

first two samples it was found that the point corresponding

to V -V

c2 , VC2 was outside the $-~1_ chart showing that it

cl
was not possible to‘find values of § and 5 by this method for
these samples. This is shown in Figures 6.5(a) and 6.5(b).

IFor sample ITT135 the S—Tg chart is shown in lMigurc 6.5(c) .-
For this sample it was found that the intercept of the iines
(V,,"V.q) and V_, is in the range of the chart giving.values
of Tg of 250 ps and S of 0.31 cm—l. As a check, the measure-
ment on ITT135 was repeated with different voltage sweep rates
of 0.06 v s_l and 0.69 v s_l and this gave rg and S as 265 us
and 0.31 cm s_l in good agreement with the previous result
(Figure 6.5(d) ).
6.5 Discussion

The general shape of the C-V plots at high sweep rates
was found to agree with the explanation given 'in Section 6.2.

The effect of sweep speed is to vary the deviation from the

normal equilibrium C-V curve. During the forward sweep

a.v, N RN iw BERA e :
( 13%34 b O> the capacitance faiié BEiow EHE Bguilibrium
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inversion value due to the increased width of the depletion
layer. When the maximum voltagé Vm 1s reached the depletioﬁ
layer width begins to decrease as the generated minority
charge increases resulting in an increased capacitance.

If the voltage were to remain fixed at Vi the capacitance
would increase along a vertical line to reach the equilibrium
inversion value Cdf' This would give the maximum possible
value for Vc' With the applied voltage decreésing as in the
negative sweep situation the capacitance reaches Cdf at a
lower value of Va thus decreasing the magnitude of the straight
portion Vc. If the sweep rate is higher, following a similar
argument, Vc will be smqller.

For samples with different values of Tg and S, the valuc
of Vc at a cpnstant sweep rate will.be different. TFor higher
Ty the capacitance will be closer to the deep depletidn value
during the positive going voltage sweep as the generation of
inversion change is reduced. Also during the negative voltage
sweep the capacitance will reach the equilibrium value at'a
lower voltage thus reducing the magnitude of V.- On the othefl
hand the value of S, the surface generation rate, is the
oppositg to that for rg, a high value increasing the valuekof
Vc.

In the numerical solution of the equations given by
Taniguchi it was found that certain combinations of Tg and S
cannot be found for certain voltage sweep rates. This is
because the argument of the natural logarithm term in the
equations, should always be positive_and it accounts for the
disggnpinuity found on the S—rg charts of Figures 6.2 and 6.5.

Looking at equations (6.1 ) and (6.2 ) the following conditions.
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must hold for the log term to be definable:-

X N
* /O
X-A
X
*> O
xf~A
and
X > 0
K
X -A
m

From these conditions the requirement for the equations to

be solvable is

n

X € .<Cdf ) l)]
2T C
g

The second term on the right-hand side of the expression is
very small { < 10_5) even for small values of'rg so the
criterion for the validity of the equations becomes approxi-

mately

Because of this limitation the value of o has to be carefully'
chosen but there is no means of knowing the 5 value before

the measurement so that o has to be chosen from experience;
Therefore this method does not actually provide an easy way

of determining q

From the results on samples ITT14 and ITT134, the

success of the method clearly depends gréatly on the particulaf
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samples used because it failéd'¢ompletely for’theée:éaﬁPléél
by giving an experimental pdint well outside the region
that could be plotted on the chart. This failure was not
investigated further since this thesis is not mainly con-
cerned with the voltage ramp technique. For the sample
ITT135 the values of Tg obtained by this method are also
too high. This however will be discussed in Chapter 8 when
the results of the C-V method are compared with the others.

In view of the above problem, it was found that the
method is not as straight forward as claimed by its author.
- Although the idea of having a chart that is applicable to all
devices of the séme wafer looks promising as a method for
monitoring device fabrication, the accuracy and validity of
the result are greatly affected for values in the extremities
of the chart. Furthefmore, the calculation and plotting of the
S—rg chart is very slow even using a microcomputer and a
digital plotter. For these reasoné it is realised that the
pulsed O-t technique is at least as good for the determination

of 1 .
g
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CHAPTER 7

C-t AND FAST-RAMP MEASUREMENTS

7.1 Introduction

As mentioned in earlier chapters, there are several
other methods that have been used to measure the minority
carrier lifetime in MOS capacitors. Many of these were
developed from the Zerbst method (1) which is based on
pulsed C-t transient measurements, while others use a linear
vbltage ramp and analyse either the capacitancc or the gate
qurrent of the device with respect to the instantaneous
applied voltage. 1In each case the methods differ rather
more in their theoretical analysis than in the experimental
techniques employed.

In this work two of these methods of measuring life-
time were used for comparison with the Q-t method from the
points of viewvof experimental technique, analysis and
results. This Chapter theréfore briefly describes the use
of the basic Zerbst C-t transient method and the non-eqguili-
- : brium fast ramp technique which were chosen as being two of -
the simplest. The comparison with the Q-t method will be
discussed in Chapter 8.

7.2 The C-t Method

The change in capacitance of an MOS capacitor with time

after the application of a voltage step was first studied by

Jund and Poirier (51). In their analysis they assumed that
the capacitance relaxation followed a simple cxponential with
time. However, it was Zerbsbt who first developed the

method of analysis that allows the minority carrier lifetime as

well as the surface recombination velocity tb be deter-




114

mined from the C-t transient. 1In his analysis-Zerbst assumed
that in the non-equilibrium situation following the appliéa—
tion of a voltage step the change in the inVersion charge
concentration during the capacitance relaxation is due to
generation at the surface as well as the net bulk generation
in the depletion layer.

Following Zerbst's paper, a number of other authors
looked into variations of the method. In particular, Schroder
and Nathanson (17) suggested a correction to be made to £he
_Zerbst expression used in the analysis. They showed that
‘when the MOS capacitor is biased into depletion, the depletion
layer doés not only extend into the bulk but also laterally.
The surface recombination velocity immediately beneath the
gate electrode is different from that at the laterally
depleted region, and fhis has an effect on the measured
lifetime. Therefore the Zerbst method does not give the
true lifetime Tgbut an effective lifetime . Schroder
and Nathanson derived a relationship between the true bulk
lifetime and this effective lifetime. Despite this and other
criticisms, . the Zerbst method without modification is still
being used as a standard reference technique whenever the
minority carrier lifetime and surface recombination Veloéity
of MOS capacitors are measured.

7.2.1 Theory
A typical high frequency C-V curve for an MOS capaci-

tor is shown by the full line in Figure 7.1(a). On applying
a positive voltage step with the capacitor already in in-
version, the response is as shown by the broken line, wherc

‘Va is the initial applied voltage and AV is the voltage step.
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Immediately after the voltage step is appliéd the additional
electric field repels majority carriers further into the
bulk thus extending the depletion width and causing the
capacitance to drop from its equilibrium value Cf to the
minimum value Cm' Subsequently, the applied voltage
remains constant at (Vé + AV) and as minority carriers are
generated the depletion width relaxes back to its new equili-
brium value which is almost the same as the initial value.
The capacitance variation with time is therefore as sﬁown
in Figure 7.1 (b) where the values correspond with those in
Figure 7.1(a). Figure 7.1(b) is the familiar C-t curve for
the MOS capacitor. By analysing this curve as shown below
one obtains the so-called Zerbst plot from which the life—
time can be evaluated.

'By solving the charge neutrality, voltage, capaci-
tance, and surface poténtial eqguations, Zerbst derived an

expression for the inversion charge Q. per unit area.

inv
For p-type silicon this is
>NaEs ( Cox2 -1
Qinv - Cox Va - g 2 C , 2 (7.1)
(o) 4 C

where C is the capacitancé per unit érea. at any time, t
The derivation of this equation is given in Appendix 4 .
Differentiatiné the expression with respect to time gives
the rate of change of the inversion charge cqncentration,

that is

a o, 2
¢ %inv | _ qNaES 4 (;C.QX_) (7.2)

at 2 C dat
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FIG. 7.1 (a) A Typical C-V Plot for p~type MOS-C
showing the effect of a Step Voltage.
(bY A C-t Transient following a Voltage Step.
(c) A Typical Zerbst Plot.
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This rate of change is due to generation in the bulk and
at the surface which are assumed to be given by the two

terms in the equation

d Qinv an

(x;=x.) + g n,S (7.3)
at Tg da ' f i

Equating (7.2) and (7.3) gives the Zerbst expression

2
_a ( 1 ) _ Zni 11 . 2 niS~— 7.1
dt C T NC T C C N ¢ C :
a ox g f a s ox
a (1 \ 11
and by plotting I (E ) agalnst( c - E;-) one gets the
Zerbst plot as shown in Figure 7.1 (c). The gradient of the

linear portion of the plot yields Tg » while the intercept
gives S.

7.2.2 Experimental Details

The Zerbst technique was set up to provide a direct
comparison with the Q-t method for some of the samples.
The experimental lay—out is as shown in Figqgure 7.2, where
the sample was placed in the probing box which was described
in Chapter 3. The leads from the prbber and the sampie base

plate were connected to the input of the Boonton 72BD capaci-

tance meter. The step voltage was applied by programming the
Commodore microcomputer through the IEEE port and a digitél
to analogue converter as for the Q-t method but with an
additional amplifier to allow for finer adjustment of the
analogue voltage which was applied to the MOS capacitor
thrdﬁgh the polarising connections on the capacitance meter.
The magnitude of the voltage step and the pulse duration

were both coritrolled by the microcomputer, but the digital
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'output Qf.the Capacifénge metér réséonded £66j§iow1y#f§ft

the transient to be recorded digitally. Instead an analogue
X~y plotter was aftached fo the analogue output of the
capacitance meter with the capacitance information. connected -
to the y—input-while the x~-input was driven by an external
ramp generator. As with the Q-t experiments caréful screen=~
ing was observed to minimise extraneous noise-pick—upwand

the measurements weré done in total darkness by ensuring'that
the probing box was light tight.

7.2.3 Results and Discussion

Measurements were carried out for a numbér of sa@pies
‘and'the results are summarised in Table 7;1. The detailéd
results given below are for the p-type sampleITTl35 PreV10051Y
used for Q-t experiments. The‘oxide capacitance of this
‘sample, 2.29 x 10"8 F cm_z. was obtained from a high frequency
C-V measurement and this value waé used throughout the )
analysis.

The general shape of the capacitance transient thaiheg
was similar to that obtained by Zerbst. .Figufe 7.3 shohs the
--transient for a voltage step of 2.50 volts with the hlqh
frequency equilibrium inversion capacitance, Cf, of 61.8 pr.
’The applied volﬁaée was from 2.55 volts to 5.05 VOIFSg-wthh
ensured the device in‘heavy inversion both before aﬁd aftéf
the voltage étep. Immediately'after the voltage step,'tbe
capacitance dropped to 37.5 pF, returning to its eqﬁiiibrium
- - l§> agaiﬁst

C

( % - %— ) is shown in Figure 7.4. Accérding to Equation

(7.4), a linear plot was expected but since this equation

value in about 100 sec. The plot'of - %Ei(

fails as the transient reaches saturation, a deviationafrom‘

wrEy e

iineariﬁy wag observed on the pi £ A8 thE 85 5 tdnce
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approached C¢ value. This may be due to the‘fact that
recombination processes become significant as tﬂe depletion
width approaches its original equilibrium value. The slope:
of the linear portion of the plot in Figure 7.4 gavé the
value of Tg as 65 usec, and from the intercept with the
y—~axis the value of S was obtained as 0.25 cm s—l.

From this experiment it was found that the C-t
transient measurement was relatively easy to perform and
it is quite similar to the Q-t method. The difference
between the'two methods is that iﬁstead of using a simple
electrometer, for the Q-t transient measurement, a capaci-
tance bridge was needed in the C-t experiemnt. 1In both
methods a voltage step was required to change the‘bias
from strong to stronger inversion. As the C-t method is not
the main concern of this work, the Zerbst experiment was’ndt
automated és in the Q-t measurement and so the resulté are
-not as consistent, e.g. there is no averaging. Also the
analysis required to obtain the result from alc4t transient
Ais not as simple as the Hofstein's-Q-t method as it requires
manual differentiation of the trace. This is rather similar
to the Q-t methods of Takino, and Viswanathan and Takino
where differentiation of the trac¢e is also required. However
in contrast to their technique, the C-t method does not require
the calculation of the surface potential which varies with
time during the transient.

The limitation of the C-t meﬁhod can be seen in the
extreme case where the doping concentration is high. Thus
with the same voltage step, the change in the depletion

width x and hence the capacitance change, will be small but

dl
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the change in charge in: the depletionftegionwnill'be»isfder;f*
The reason for this is that for higher doping concentrations

only a small change in x., will accompany the necessary change

d
in the depletion charge to balance the charge on the elect-
rode.

Another disadvantage of the C-t method is that because
an a.c. signal is required on top of the d.c. bias the res-
ponse speed is limited by the frequency of the signal if the
lifetime is extremely short. This is not the case in the
Q-t method as it requires only d.c. voltages ana the measuring

»gear'can be easily improved should an extremely fast response

be . encountered .

L

It is concluded that on the whole the C-t method shows

some limitations compared to the Q-t measurement but these .
are mostly in extreme conditions. The main disadvantage it
has over the simpler Q-t method ovaofstein is the need to
differentiate the é-t transient}which introduces the main

‘ causevof ertor. The valnes of the lifetimetﬁlobtsined py:
this method will be compafed with other methods in the next
'chapter« | v | |

7.3 - mhe Fast Ramp Method:

Methods employlng a 11near voltage ramp to study MOSi- 
capac1tor characterlstlcs have long been used by several _‘
authors. Most of these methods involve capa01tance-voltage;
(C—V) measurements, although some measure the gate current
against the applied voltage (53-55). In the latter case the;e are
two sets of conditions to be considered depending on*tne.rsmp
: spg@é, If the ramp is slow enough to keep the capacitortin:';

‘equilibrium throughout the voltage cycle the~currentz

1 = i3

1 ) Tt S JVL, Tiaip
i g, %ﬁ y Wwill give the Bgﬂillbfiﬁ% & B ?Ve. Thig
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method was used by Kuhn (50) when he studied‘the interfaée
states in MOS devices. The other extreme is to apply a
fast linear voltage ramp as in the method of Kuper and
Grimbergen (52). The method to be described here is based
on the work by Board and Simmons (27) on the fast ramp
current measurement where the devices do not reach equili-
brium at all during the voltage cycle. The tedhniqhe‘will
be briefly described and the results from the joint work
with Abdullah (56) in the same research group will be given.
Fromlthe theoretibal analysis it will be shown that the.
minority carrier lifétime can be extracted easily from the
current characteristics.

7.3.1 Theory

Figure 7.5 Shows a typical plot of the current in
an n-type MOS capacitor resulting froﬁ the application of
fast voltage ramp. The response is in .two parts, one for
the forward voltage sweep (i.e. negative dV/dt) while the

other is the reverse sweep‘(positive dVvV/dt).

The Forward Voltage Sweep

In following the I-V trace from point A to B, the
device is in accumulation at point A with a constan£ current :
level as there are abundant electrons (majority cafriers)in
the silicon surface. When the applied voltage passes the
flat-band point depletion begins to set in and the current
starts decreasing due to limited charge concentration in the
silicon surface. As the applied voltage increases in the
negative direction the depletion width increases to a-maxi%'
mum vaiue and the current reaches its lowest value at'point B.
From here on, if the ramp was slow enough, ﬁhére would’be

RIS

RS [ - s L B e R U V'L)-;w..-:_s P
tinle for thHe géneration cUrren£ €0 increase thus increasing
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the sample current to B. But since we are ﬁere deaiing.
with a fast voltage ramp the carrier generation rate is
unable to cope with the voltage change, and the current

does not increase to its equilibrium value but to a lower
value as shown by the pointIC in Figqgure 7.5. The current
flowing in the device is made up of the displacemen£ current
and the generation current. During this part of the voltage
sweep these current components are in the same direction.

As shown in Appendix 5 the expression for the gate

current is then

Ig = qa C 7 + 1 -2 (7.5)
f ox (0):4
__(X—ZL)
£ o E
S
aCOX
and L_ =
E U
9 Yq
X_ =X
where 7 = d o
LE

-0 is the ramp speed in volt/sec

and - U% is the generation rate per unit volume.

The Reverse Voltage Sweep
“When the magnitude of the applied voltage is reduced
the I-V curve follows the lower path DEFG shown in Figure 7.5.

The gate current now becomes

(7.6)

)
0
S
Q=
® |+
]

r o)

== X -
€ ( o ZLE)
S

As can be seen from the two equations 7.5 and 7.6

Y f
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This is because the displacement and thé generation currents

are now in opposite directions so that the netieffect,is the
difference of the two, Due to this difference there is initially‘:
an abrupt fall from C to D on the plot. From D to E the gen--
eration current Ig is greater than the displa¢ement current ida

When Id > Ig the net current

1

becomes negative as shown on the plot by point E. At F,
sufficient minority carriers have been generated for the
surface to be just inverted so that the part of ﬁhe curve from
F to G represents the eqﬁilibrium displacement current'again.
This is a mirror image of the equilibrium curve ABB'.

In this experiment, samples having different-generation
rates will have the portions BCDEF different from one another.
For a higﬁer generation rate, thus lower Tg, the portion BC
will be higher and the points'E ahd F will be shifted to a('
more negative value as shown in Figure 7.5(b). This is qgused
by the increased sample cufrent due tovthe increased genefa;
tion of minority carriers. Conversely for a lower generaﬁidn
<rate, the curve will 1look liké B 02D2E2F2 of Figure 7.5(b).‘

To obtain the value of Tg one needs to match the I-V
curve calculated from the theoretical expression using an
estimated value of Tg to the experimental one. If these
curves do not match then another value of Tq is used until
the best fit is obtained. The value of Tg thus obtained is

the lifetime of the sample. This calculation is easily done

oh a microcompiiter and the résults can be plotted manually.
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From the work of Rahman (57) and Allméﬁ (58 ) who
were working in the same research group, it is possible to
calculate the lifetime Tg directly from the I-V plot. In
their method the step CD observed in the I-V plot of Figﬁre
7.5(a) is measured. This is the point at the end of the
forward sweep ramp where the ramp gradient dV/dt changes sign.
From this wvalue, Tg can be calculated. |

7.3.2 Experimental Details

The experimental set up used for the fast ramp method
is shown schematically in Figure 7.6. It is similar ﬁo that
for the Q-t method except for the voltage ramp generator
instead of the voltage step source. The electrometer used
was thé Keithley 600 B switched to current measurement instead
of the Coulomb rénge_as in the Q-t measureménﬁ. The fast ramp
methéd was not automated and so the result was recorded on a
Bryans énalogue x-y recorder when the ramp frequency is not_
too fast. Otherwise a storage oscilloséope was used and the
trace was photographed for analysis. Normal experimental pre-
cautions were taken as with other methods. The calculations
"of the theoretical curve to obtain the best fit with the ekperi-i
mental plot was done numerically on.a microcomputer and the -
results were plotted manually.

7.3.3 Results and Discussioh

The fast ramp technique was developed in Durham byv
Dr. P.G.C.Allman (58) and by Abdullah (56). Part of the latter's
work was to compare the fast ramp results with the author's
O-t results, and some measurements using both techniques
were done jointly.
Measurements were made on both p- and n-type sampleé;

The oxide thickness and the dopiﬁg doncentratidn were détermined
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fibm a3highiff¢quency c-v meésureﬁéﬁt;‘ fhéiminority:carriér
}iféﬁime was obtaiﬁed By compafiﬁg:the ﬁhéorétiéal ﬁioté{witﬁ
£he éxpérimentél ones. The v;lue of Tg was changedfuntil
the best fit was obtained. The-results shown in Table 7.2
and in Figures 7.7(a) and 7.7(b) are for both n- and p-type
samples NI-1 and EN-1 respectively.
By this method although the theory fits'very well to

the experimental plots for the forward going voltage ramp,
where the deplétion widths are widening, the deviation from
the experiment was obvious on the reverse ramp. This may be
explained by/the fact that as the depletion width collapses,
the recombination §rocesses becomes more significant but was
not taken into consideration in the theoretidal expression, and
hence the error. Since the lifetime was obtained by numerical
calculation, the method is therefore not easily performed fbr
the purpose of Tg determination. The main source of un-
certainty is in deciding when the best fit is obtained, since
this is very subjective.

| In spite of theseAdisadvantages the fast ramp'expéfi—
-meht is easily éet up as its instruﬁentatipn.is*éimilar to
" the Q-t metﬁod except that it reqﬁirés é VOlEage rampfgenérator"
instead of the simpler voltage step generator. The,compéfison
as to how well the values of Tg obtained by this method aéree

with the Q-t measurement will be discussed in the following

chapter.




_Sample .

p-type ITT521 -
" ITIS23

" ITTi35

766{l.ps

70.0 us

65.0 ﬁs

EETEEEN

0.27 "

0.25 "

TABLE 7.1 - Results obtained from G-t Method

Sample

IR
Na or Ndkm )

Ly

n-type NI-i

p-type EN-1

6 2101“ ,

7 xlOlu

6;0 ps

16.0 ps

"TABLE 7.2 Results Obtained by the FaSt‘Ramp"Method‘_,'
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CHAPTER 8

ANALYSTS AND DISCUSSION

8.1 Introduction

The theme of the work in this thesis is in liﬁking
the small and large signal Q-t methods and others fdr the
determination.of the minority carrier lifetime both ih
theory and experiment. This includes the first work on
both the theory and experimental result for the Q-t re-
combination transient.

Ih.Chapter 4, the various effects on the Q-t transients
were shown by typical experimental cgrves selected from well
over five hundred obtained in this part of the investigation.
In Chapﬁers 6 and 7 the values of Tg were‘obtainedbby other
methods for a few of these samples. In'this~chaPter the
corresponding values ofrthe generation lifétime g are
calculated using the theory developed in Chapter 5 and cbmpared
wiih tﬁose obtained by other Q-t méthods and also with the
‘methods described ih Chapﬁérs 6 and 7. Finally the recombina-
tion lifetime, T;; is calculated using the new theory developed

in this work.

8.2 Comparison of Theoretical and'Experimental Results
In this section the theory developed in Chapter 5
will be evaluated to see how it compares with the experi--
mental results. The comparison is made with regard to the
actual transient shape, the initial charge increment, and
the effect of changing the voltage step. For the vbltage
step effect, the trend for the variation of the transient

shape is also compared with theory. 1In Section 8.2.3(b) the
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present theory and experiment will befébmpared fdr-the

reverse step QO-t transients.

8.2.1 The Generation Layer Width

The first thing to detefmine in evaluating ﬁhe
theoretical plots is the effect of different assumptions
about various parameters put into the theory. These are
mostly in the expressions for the generatién width'énd,the
generation rate. |

The generation current is definitely proportional to
the generation width xgen in the silicon. However the
~expression chosen for Xgen differs in the various previous
pgblications on MOS transients., Thé follqwing éxpreséions

have been used in diffErent papers :-

X"z
v = x50 -
genl a 7

Xgen2 X3 7 *do
X = X _id_g
gen3 d -
J 2
and Xgen4 = %d

where xgenl is the generation width used by Rabbani and

Lamb (12)
Xgen2 1S that of Zerbst (1)
xgen3 1is that of Simmons and Wei (2)

and is that of Hofstein ( 21 )

xgen4

(8.1) -

(8.2)

(8.3)

(8.4)
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" In thigﬁcémpatison only‘the;fifst.tﬁfee.éenérafion layér
width expressions will be considered becaUsevthé laéf'ohé
obviously gives the absolute generation without considering
recombination, and this is essential for the sample ever :o
approaéh equilibrium.‘ The generation widths 8.1 to é.é are .
compared in.Figure 8.1.

Figure 8.2(a) shows theoreticai.Q—tnpiots evaiuqted
using the different generation layer widths for a value of

' .

v, of 20 ys. It is found that x ‘gives the slowest
g gen2 »

response because it has the lowest value and the smallest
net generation current at any time up to saturation. The
'expression xgenl produces a steeper rise in the transient

and with Xgen2' a shape which cdnverges.for large values-bf

time. This is because these two generation widths become
zero as X4 approaches X530 the equilibrium depletion width.

The generation width xg is the largest of the three and

n3

so its Q-t transient has the steepest gradient at any time.

In ¢ t ’ : -hi ' juce
ontrast to xgenl and_xgenZ’ this vglue does not produce a

d

cOhverging transient becadSe it does not become zero as x
approaches X30" but converges to a finite value of
<l -—-) X30 = 0.29 X430

Between the first two generation widths the first
expression is more favourable because it takes into considera-
tion the extra bending of the energy bands at the surface when
the MOS capacitor is out of equilibrium. It is for this
reason that Xgenl is used in the present theory for the Q-t

transient.




FIG. 8.1 En@rgy Band Diagrem of an MOS Capacztor

Shewing Yarious Generation Regione.
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8.2.2 The Generation Rate Expression

The generation rate of carriers is given in general

by the expression (31)

» 2
op on Ven Ng (PRong )

U

g »
E -E. kT

Iin + n e( t l)/ + 3

n i ° |

+ n.e
1

where on,op_are the capture cross-section for holes and

electrons

Ny

By

Veh

In the generation layer of the depletion region p,n << ni

is the trap densiﬁy
is the energy of the trap leVel

is the thermal velocity of the electrons.

and taking ¢_ = ¢

. p n
energy band gap, Equation (8.5) becomes

o, and traps at the middle of the

n.
_ 1
Ug B OVth Nt' 2
ny
or U =
: 21
g g
. 1
where 1 =
oUth Nt

In the work of Hofstein and of Zerbst the generation rate

expression is

(Ei_Et)/kT]

(8.5)

(8.6) -

(8.8)

(8.7) -
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although it is used without juStifiéation énqﬁapéears to

be incorrect. However, Equation 8.7 and 8.8 weré both -

used in the present theory and the Q-t transients obtained

are compared 1in Figure<8.2(b) for a lifetime valﬁe of 20 ps.

The transient with Ug from Equation 8.8 shows a steepér rise

as expected. For the subsequent analysis of the experimental
results the expression 8.7 is used following the wogk‘bf

Collins et al (3,4) where it was shown that the generation

: n, n.
rate never reached the value - but only 5%—
T
g , -9

8.2.3 Voltate Step Magnitudes

Using the theory developed in Chapter 5 and the
appropriate e#pression for the genefation current obtainable
ffém.éectiOns 8.2.1 and 8.2;2; the Q—t-t?ahéients were
calculated for both:fofward and reverée voltage steps of
différent.maqnitudeé‘fér a given valpé_of Tg; These_plots
afe nérmalised for the purpose of comparison ih Eigufes,8.3
and 8.5. For the forward transieﬁt, leﬁage steps'of 25 @V,
50. mV, iOO mv, 1V, 2V, éna 5 V.were-uséd but for the
,reverselfransient the volt;ge,step cannot bevas big as>
explained in Chapter 5, so steps of up to 1 V only were ﬁsed»l
so as to make a physicéliy'aCCépiéblé analysis. The fofwérdi
transieht_will be discussed first in the fdllowiﬁg section.
For all the calculations here the value of Tg used was 20 ps.-

(a) The Forward Voltage Step Transient -

From thé normalised theoretical Q-t transients of
Qo+
Qmax
charge at t = o+ to the maximum charge, decreases with

Figure 8.3 it is seen that the ratio, , of the initial

increasing voltage step. The initial charge, Q__ was plotted

o+
against the voltage step AV, in Figures 8.4(a) and 8.4(b)

for small and for larger voltage ranges respectively. In
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Figuré 8;4(5) the voltage.stép’was Eéﬁﬁéf@’lgés:ﬁhanfioo mv.
Within thls range of voltage step the initial oharge-increment
is proportional to the increase in'the voltage step.w.When the
~ voltage step was further increased to 2 V as in Figure 8.4(b),
the increment in Qo+ becomes less than proportional to the
voltage step increment. This agrees well with the experimental
results given in Section 4.3. The experimental results_for
sample lTTB4,4 are compared with the theoretical'plot of
Figure 8 4(b) which shows that the experimental points on
the graph agree very well w1th the theory

Also in Figure 8.3, it is seen thatrthe normallsed 0-t
transients for voltaqe,steps of 25 'mV to 100 mV are very close.
Thistlndicates that for the small Qoltage step range, the
increase in charge at anyitime, is almost proportional to the
voltage step increment . However, as the voltage steps were
further increased this proportionalvbehavioor.does not - hold any
longer. For larger voltage steps, the charge increment of the
forward,transieht is,geherallf’less than proportional to the
‘:vOltage step incremeht, except when’the final equilibriumhis
‘approached, thus g1v1ng a slower transient response This
behaviour was also found in the experlmental results-‘ The :~
physical reason is that the change of depletion w1dth is less_
than'proportlonal to the step magnitude when the latter is
appreciable. Thus the relative generation current is reduced
for lar ge steps and a longer time is required to generate the

required charge.



(b) The;ReyerseAVoltageVStep Transient

For the reverse volfage etep, the behévieUr of thev
Q-t transient is different from the forward case. Figure 8.5
shows the normalised reverse transient for different voltage
steps of up to 1 V. Similar to the forward transient, the
curves for AVa of 25 mV to. 100 mV were very close again
indicating approximate proportionality between the cha:ge

increment and the voltage step. Contrary to the forward

Q..
. S . o+ . .
transient condition the ratio of =——— increases with

Q

, max
increasing voltage step (Figure 8.5). Also for larger steps

the-charge.inerementvdue to the inereased velﬁage step is
more than proportional. to the step_magnitude thus resulting
in a faster Q-t response. This is because with larger steps
there is more charge to reeombiﬁe'in a smaller depletion iayer
wiath, with the increased concentration increasing the re-
combination current.

For these'reasons the difference»between the_forwarde

and the reverse Q-t transient is more pronounced for large

signal Q-t measurements as shown in Figure 8.6.

/8.3 Comparison of Results using the Present Q-t Theory o

and Other Methdds

In this section, the value of Ty is evaluéted fqr
typical samples by applying the present theory to the |
experimental Q-t transient. The values of the lifetime
are then compared with those obtained by other Q-t methods.
As the method of Hofstein was the simplest to perform, this
was chosen as e basis for comparison against other methOde
and the present theory. Hofstein's methoa is only valid for
small voltage steps and many of the measurements perforﬁed

1o

T R T 4 o3 s H s =, gk [EB S T RS AN S B e - A ey
fere of this type, including all £HosE fof the reversé step
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transient which are restricted to relatively small signal
in the present theory.

A very large number of samples was used for Q-t
measurements in this work and many hundreds of accurate
transients were recorded. The results given in the thesis
refer mostly to the small number of samples that were also
used for measurements by the other techniques. Investigation
of the other techniques was rather limited due to shortage of
time and because they were peripheral to the main investiga-
tion on the Q-t method.

8.3.1 Evaluation of the Minority Carrier Lifetime

by the Present Method

The lifetime was obtained from the experimental -t
plots by comparison with theoretical Q-t plots for a range
of values of Tg obtained using the present theory. Before
calculating a set of theoretical plots, the experimental
Q-t transient is examined to get the value of the actual
dopant concentration Na’ and the oxide capacitance per unit
area, C__. These values are obtained from the value of the

OoX

initial charge step Qo+ and the maximum charge increment

Qnax by using the following equations.
Q
_ o+
Ya o T A X
! do+
Q
_ max
and Cox = KV;_

where AV, is the voltage step magnitude
6X4,, is the change in the depletion layer width at
t = o+, which can be determined using

Equation 5.27.
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Using these values of Na and Cox’ the‘thebretical
O-t curves were generated for a range of.values of Tg using
the program described in Section 5.6. This method is shown
applied to the Q-t transients for the p-type samples ITT135
and ITTG2 for which the theoretical and experimental plots
are compared in Figures 8.7(a) and 8.7(b) respectively. The
voltage step used was 25 mV in both cases. From these
comparisons, the values of the lifetime ﬂgare found tol be
27.0 ys and 7.7 us for the two samples.

The lifetime values for several other samples were
also evaluated using the present theory and reasonable
results were obtained. For the n-type sample TC3-8D3 and
the p-type ITTAU2,2, the evaluation was carried out for the
two véltage step magnitudes of 25 mV and 100 mV to test the
accuracy of the larger signal theory. The theoretical and
experimental plots are shown in Figures 8.8 and 8.9, and the

results obtained are

Voltage Step TC3-8D3 ITTAU2, 2
(n-type) (p-type)

_8 . _6

25 mV 2.2 x 10 s 2.5 x 10 s

100 mv 3.2 x 10”85 2.5 x 10" %

Again the values of the lifetime obtained are consistent with
the actual transients. For the p-type ITTAU2,?2 sample.the
values of Tg for both 25 and 100 mV voltage steps are
identical indicating that there is a uniform concentration
of generation centres within the regions of the silicon
measured. |

For the n-type TC3-8D3 sample, the value of the life-

time apparently increases with the voltage step magnitude.
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Assuming that the theory holds accurately, and using

S
‘g Ven Ne
for mid-gap generation centres, this indicates that the
generation centre concentration Nt’ was higher at the
surface. This, combined with a very low lifetime value,
would not be surprising for an old sample made in Durham
and almost certainly subjected to surface contamination.

8.3.2 Comparison with the Tg Values from Other

Q-t Theories

‘The results obtained in Section 8.3.1 were subsequently
compared with those obtained using the other Q-t methods of
analysis, i.e. those of Hofstein and Viswanathan and Takino
(Figures 8.10 and 8.11). As Hofstein's method uses a
different expression for the lifetime, a correction had to be
made to the g value for the final comparison. This comparison

is given below for the 25 mV voltage step results

Sample Hofsﬁein's Method Hofstein's Viswanathan Present
Method and Takino Theory
(corrected)

ITT135 79.5 us 39.8 us 13.7 us 27.0 ps

ITTG?2 19.4 s 9.7 us 3.3 us 7.7 us

It is seen that as expected Hofstein's method becamé closer
to the present theory after correcting the generation rate
expression. The method of Viswanathan and Tanino was found
to be in error because of the small voltage step used (Figuré
8.11) where the surface recombination velocity S is negative.

For this reason the calculation of their method was repeated
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with a bigger voltage step of 0.2 V (Figqure 8.12). Only
the ITT135 sample was used in this evaluation.. The new

values of Ig are as follows

Sample Hofstein's Method Viswanathan Present Theory
at 25 mv and Takino at 0.2V
(with correction) Mthd. at 0.2V
ITT135 39.8 us 39.3 us 38.0 us

The result obtained was closer to the value from Hofstein's
analysis and nearly three times the small signal value whereas
using the present theory the result changes by only about
40%. This suggests that the present theorY‘is more accurate
in its ability to give a correct result for all step magqitudes..
Evaluating Ty on other samplés at different voltage
steps according to the requirement of their theory (that is
small steps for Hofstein's method and larger ones for the
methods of Viswanathan and Takino and the present theory),
the results are as shown in Figureé 8.12, 8.13 and 8.14 and

are summarised as follows :-

Sample Hofstein's Viswanathan Present
(corrected) and Takino Theory
ITTB4,4 71.3 us 93.5 us 75.0 us
ITTAUZ, 2 2.7 us 2.9 us 2.5 us
ITT135 39.8 us 39.3 us 38.0 us

This shows that the present method is consistent in giving
values of the lifetime in close agreement with other Q-t

methods particularly Hofstein's.
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8.3.3 Comparison with the Fast Ramp Results
The values of Ty obtained by other methods on some

common samples were compared. From the Fast Ramp (F-R)

method described in Chapter 7, the following comparison was

obtained :-
Sample Hofstein's Mthd. Hofstein's Mthd. F-R Present
(uncorrected) (corrected) Method Theory
n-type
NI-1 5.9 us 3.0 pus 6.0us 2.5 s
p-type :
EN-1 5.6 us 2.8 us 16.0us 2.3 us

and comparison with the present theory is also shown in
Figure 8.15. This comparison table is based on F-R results
by Abdullah (56) who worked on setting up the F-R technique
in this research group. From the results, it is seen thét
although the agreement between the Hofstein's and F-R values
of Ty was claimed by Abdul}ah to be good for the NI-1 sémple,
the Hofstein method used at that time was not corrected for
the true generation expression. With this correction, the
F-R method does not agree at all well. This difference couid
possibly be due to the different ways in which the generation .
process occurs in the two cases and possible reasons for the
difference will>be given in the discussion in section 8.5. .
Another possibility is that the evaluation of the fast ramp-
experiment, being far less direct than Q-t, is less accurate

due to hidden assumptions.,
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8.3.4 Comparison with the Zerbst C-t .Results

The value of the lifetime obtained by the Zerbst C-t
method described in Chaptér 7 was compared with the Q-t
value evaluated by the method of Hofstein and the present

theory for the sample ITT135. Since both Zerbst and Hofstein

n.

methods use the generation rate expression ;i instead of

ni g

> as in the present theory, the evaluations were also
g

corrected for both of them. The results obtained are :-

Ug Hofstein's Zerbst Present
Expression Method Method Theory
ni
- 79.5 us 65.0 us -
g
ni
e 39.8 us 32.5 us 38.0 us
g

The Zerbst method was carried out with a voltage step of 2v,
Hofstein's method was with 25 mV, and the present Q-t theory,
and experiment, was with b.ZV.

The bigger voltage steb needéd in the Zerbst and thc
Visuwanathan and Takino methods is necessary because the
generation layer expression used in these methods does not
include the additional width due to the extra band bending
at the surface as in the present theory. The error due to
omitting this is large for small voltage step measurements but
for larger voltage steps the depletion layer width extends so
much that the additional width is only a small fraction of the
total generation width, thus making the error small.

It can be seen that the three methods give closcly similar

i AREY 3 ST {zhenx
o3 31 e £0 31

Fediltd ahd that the present thdoby with d 6.3 Volt step §lves
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a lifetime value very similar to that of the small signal
Hofstein evaluation.

8.3.5 Comparison of the Taniguchi C-V Results

The C-V method of Taniguchi to determine the minority
carrier lifetime was described in Chapter 6. As already
mentioned the method showed that the experiemntal points

for the ITT14 and ITT134 samples were totally out of the

range of the theoretical plots of | ch - Vcl' versus ch.
Looking at the trend of the theoretical plot for
the ITT14 sample, (Figure 6.5(a)), the experimental point

would havevbeen witfhin the chart if the theory could have
been evaluated for lifetimes lower than 4 us. This was not
possible due to the limitation of the mathematical equations
but it is not clear what the physical reason for this might
be.

For the ITT134 sample (Figure 6.5(b)), despite the
fact that the experimental point was very close to the
theoretical chart the theoretical curves seem to be astpﬁotic
at a point short of the experimental result and again it is
clear that ﬁheory and experiment are not consistent although
there is nothing at all peculiar about either the sample or
its C-V curves. It has not therefore been possible to explain
the failure of the C-V method with_these samples.

The experimental point for ITT135 sample did fall
within the theoretical chart as seen in Figure 6.5(d), although
the lifetime of 265 us deduced from its position was very iarge.
For this sample the Tg values obtained by the methods of Zerbst,
Viswanathan and Takino, Hofstein, and the present theory are
all within 30 and 40 ps, so that the C-V method seems to be

erroneous. Since time was not available for further investiga-
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tion and that the primary concern of the thesis is not in
the C-V technique, this discrepancy was lefﬁwunresolved.

It certainly appears that there is a major error in the
theory of the C-V method and this has not been observed
previously because of the lack of other comparative measure-
-ments.

8.4 Evaluation of the Recombination Lifetimé from the

Reverse Voltage Step Transient

The reverse transients for the n—type TC3-8D3 sample
and the p-type ITTAU2,2>were evaluated by the theory in.
Chapter 5 first for the rate of recombination R, and then
for the recombination lifetime, Ty The following are the

typical values for the rate of recombination for two of the

samples.
. . -3 -1
Sample Recombination Rate (R) cm S
17
n-type TC3-8D3 4.03 x 10
15
p-type ITTAUZ,?2 2.07 x 10

With these values, and assuming that the recombination rate
can be related to the recombination lifetime in the same

manner as the generation situation, we then have

Thus the recombination lifetimes for the samples TC3-8D3

and ITTAUZ2,2 were found to be 1.8 x 10.8 s and 3.5 x 10_6 s

respectively (Figures 8.16 and 8.17).
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Comparing these values to the generation lifetime

we have the following result

-8 -8
TC3-8D3 1.8 x 10 2.2 x 10

-6 -6
ITTAU2, 2 3.5 x 10 2.5 x 10

These values seem to be reasonable siﬁce for small voltage
steps the transients are quite close to each other. As
there are n;T;;blished othexr Q-t methods for the determination
of the recombination lifetime, there is no way of telling how

accurate this method ié.

8.4.1 Effect of the Voltage Step Magnitude on the

Reverse Transient

The theoretical reverse transients were calculated for
different voltage steps using the theory developed in Chapter

Figure 8.18 shows these plots for AVa of 25 mv, 50 mv, 100 mV,

0.5V, and 0.8 V. Logarithmic plots were then obtained from
the'theéretical transients as.showﬁvin Figure 8.19(5) and

were then coméared with the experimentai results 6f Figures
8.19(b) and 8.19(c). These experimental plots were obtained
from the reverse transient of Figure 4.20 for the TC3-8D3 and
ITTAU2,2 samples. It is found that the theoretical plots

have the same trend as the experimental ones where on the log
plots they are linear for most of the transient for the voltage
step of 25 mV but for larger steps, there is a deviation from
linearity at the beginning of the transient where the gradient
is steeper than for the rest of the curve. However, the main

part of the log plot after the non-linear portion has constant
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gradient indicating exponential behaviour. -There is also
a deviation from the straight line for long times for the
smaller voltage steps.

The reason for the first deviation is due to the
fact that the initial change of the applied voltage, and
hence of the surface potential, causes a sudden rush of
minority carriers towards the bulk thus giving rise to a
bigger recombination currént than the steady state where
the gradient is linear.

Towards the end of the transient, the net recombination
is reduced as the excess minority carrier concentraﬁibn'falls
to the equilibrium value. This causes the recombination
current and hence the gradient of the log plot to decrease.
This phenomenon is present for all voltage steps. Since
this occurs when the energy bands are close to equilibrium,
its effect is small compared to the total recombination
current for large voltage steps when the results are normalised.

Also from Figure 8.18(a) it was found that the value

of QO+ increases with increasing voltage step as seen in
Figure 4.21 for ITTB4,4 sample. The reason for this has
already been given in Section 4.4.2. To examine this effect
more clearly, the values of Q.. were plotted against the
voltage step AVa. This is shown in Figure 8.20 for the
theoretical transients and Figure 4.23 for the experiment.
Both figures show a similar trend with the approximate
linear behaviour holding for smaller steps. For larger
voltage steps, the value of Qo+ eventually becomes more than
proportional to AVa in both theory and experiment.

In general the comparisons made between the present

theory and experiment for reverse voltage step transients
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show identical trends although they are not in quantitative
agreement. This indicates that the theory developed is on
the right lines but it is not exact because it fails to take
into account the variation of the minority carrier con-
centration throughout the depletion layer and as a function
of time. For small steps the error is quite small but for
larger steps a more accurate theory is required.

8.5 Discussion

It was found in this chapter that the shapes of the Q-t
transients obtained from experiments agree well with the |
theoretical calculations. Some results from Chapter 4 were
compared with the theory and was found to be in good agree-
ment both for the small and large forward voltage steps.

Also in this chapter it was seen that the results
obtained from Q-t measurements evaluated using the present
theory are quite close to those of the theories of Hofstein,
Viswanathan and Takino, and of the C-t method as evaluated
by Zerbst provided suitable voltage step magnitudes are used
in each case and that the necessary correction is made to the
Hofstein and Zerbst methods. The choice of the expression
for the generation layef width does contribute greatly to
the small differences that occur between the present method
and the others but it is important for accurate work. Also
by dropping the surface generation term, the new method is
more tolerant to the voltage step magnitude because as shown
earlier, the lifetimes obtained at small and larger voltage
steps differ only by a small amount compared to the other
methods.

A small difference in the lifetime values obtained by’

the present method for small and large voltage steps is almost
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inevitable because of the way in which the lifetime is
obtained. For small voltage steps the lifetime is actually
the average over the equilibrium width of the depletion layer,
whereas for large voltage steps, the generation region, over
which the value of lifetime is averaged may be several times
greater. Thus for samples where the concentration of

generation centres or traps, N varies with distance into

y
the semiconductor, the values of lifetime might vary with
the voltage step magnitude as was observed for the TC3-8D3
sample and rather less so for the ITT135 sample. For
ITTAU2,2, the values of y remained the same for voltage
steps of 25 mV and 100 mV, indicating_constant Nt or Tg
with distance. Generally the values of Tg obtained for
small voltage steps, are less than for larger steps. This
agrées with the fact that the trap concentration is often
greater nearer the surface and that it decreases into the
bulk because it is due to surface contamination and/or the
accumulation of recombination centres around crystalline
defects caused by surface damage.

The Fast-Ramp and the h.f. C-V methods of measuring
'% did not givé good agreement with the others. This could
have been inherent in the nature of the methods. In»both
of them the applied bias in the form of a triangular Qave
is always changing. This causes the sample to be out of
equilibrium for most of the time so that charges are always
moving and the generation width is always changing. The other
methods are of the voltage pulse type in which the applied
voltage is constant during the transient so that the generation

width is determined just by the relaxation process. This

could be the reason for not getting a good agreement between
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the lifetime values obtainéd by the two types Qf expériment.

The new theory extended to the case oé the reverse
voltage step transient for the first time gave Q-t curves
that agreed well with the experimental results (Figure 8.16).
The trends in the variation of the reverse transient shape
with increasing voltage steps agrees well with the actual
experimental result as shown in Section 8.2.3. However?
tﬁe theoretical forward and reverse Q-t transients for a
given voltage step and the same values of g and Tyt differ
more than in the actual experimental results. This could be
due to the reverse step theory not allowing sufficiently
accurately for the recombination rate as a function of
excess minority carrier density. Alternatively it could
be due to non-uniform trap concentration in the samples
actually used for the recombination measurements. Nevertheless
the comparison of the values of g and t_ in Section 8.4 showed

r

that they are in good agreement for small voltage steps at

least.

Recombination in MOS capacitors seems to have 5een
completely neglected in the context of pulse or step relaxa-
tion Q-t measurements and the work reported here is the first
that has been done both theoretically and experimentally.
However, it is only a preliminary investigation and time
prevented it being examined in more detail particularly in
theory. A full treatment would have to allow more accurately
for the rate of recombination as a function of position and

of time.
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CHAPTER 9

CONCLUSION

o
b=

Contributions to the Q-t Method of Determining

Minority Carrier Lifetime

The Q-t methods for the determination of minority
carrier lifetime available previously were very restricted
to particular range of voltage step magnitudes.. They were
applicable either to small steps or to larger steps only
and they fail completely for voltage steps outside their
range.

In the case of Hofstein's method, it is necessary
to work with small voltage steps of about 25 mV, and the
method fails even when the step is increased to only twice

this value. This effect was clearly shown in Chapter 4.

This. limitation on the signal presents a problem for accurate
measurements because of noise pick up which can easily be
as large.as the injected signal. Hence the method
necessiﬁates én averaging techniqﬁe to obtain clean transients.
This is vefy time consuming and éomplex. Hofstein's methaol
also requires an electrometer capable of measuring very small
charges.

:The method of Viswanathan and Takino is strictly
valid only for large voltage steps and for small voltage
steps of below 100 mV the method fails totally giving an
erroneously negatiye intercept with the y-axis, indicaéing
a negative surface recombination velocity ! In Chapter 8

it was also seen that the lifetimes obtained by this method
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for the small and large voltage steps differ by about one
order of magnitude. -

The above problems were resolved by improving the
theory as well as the method of evaluation. This led to
the development of the present Q-t method of determining the
generation lifetime. With this improved theory the Q-t
transient is more even accurately calculated by using the
improVed generation layer width expression originally due to
Rabbani and Lamb (12) and by removing the surface generation
term which is justified for the reasons given in Chaptér 5.°
This evaluation technique is obviously more involved than
the previous ones and the theoretical transients have to be
directly compared with the experimental ones for the same
sample type. However this removes the need to do graphical
différentiation which is the source of gross error in the

previous methods. The need to compare curves is not a serious

drawback because, by using a microcomputer to aid the process
of comparing the Q-t transients, the method is not only more
accurate and consistent but it also allows more measurements
to be performed in a very short time éompared to previous
methods. The limit of the accuracy is now the accuracy of

the measured transient itself and with the‘automated equipment
developed here this can be very high.

The improvement in the evaluation of lifetime is seen
in Chapter 8 where the results obtained for a typical sample,
the ITTAUZ2,2 was the same for small and large voltage steps
using the new theory. The differences that occurred for other
samples may be due to the non-uniformity of the trap concentra-
tion, but the values are still more consistent than those

obtained by other methods,
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The new theory accurately predicts the variation of

Q

o+ and of the transient shape with voltage step magnitude

as shown in Chapter 8. Very good agreement is obtained
between theory and experiment for the transient shapes.
From Chapters 4, 5 and 8, the following additional

conclusion can be drawn:-

(i) That p-type samples need to have guard rings
suitably biased in accumulation before an accurate and
consistent measurement can .be made by the Q-t technique.

(ii) That for the Q-t method to give consistent
results, the sample has to be biaéed into heavy inversion,
and it should remain in inversion both before and after the
application of the voltage step.

(iii) That the voltage step magnitude can be either
small or large, except that for smaller signal the lifetime
is averaged over a smaller depth into the silicon. FFor
samples with non-uniform trap concentrations the method gives
the average'lifetime for avdepth that depends.on the voltage
step magnitude. The variation of measured lifetime with step
height can therefore be used to estimate the non-uniformity.

(iv) That the present theory developed for the reverse
Q-t transient is truly applicable only if the voltage step is
small enough so that the inversion charge does not contribute
significantly to the minority carrier concentration in the
recombination region. However, with this limitation it appears
to agree well with experiment. The present theory over-estimates
the difference between large signal forward and reverse transiené
because it does not allow accurately for the variation of the

recombination rate with position and time.
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9.2 Advantages of the Present Method over Other Voltaée

Step Methods

Although good agreement was obtained between the results
from the present method and other experiments that use voltage
steps, the Q-t method as analysed here has several advantages
over the others for the accurate and easy determination of
minority carrier lifetime.

Firstly, the new method is not restricted to small
voltage steps as required for Hofstein's analysis thus
reducing the difficulty in measuring the charge and improving
the accuracy by obtaining a larger signal-to-noise ratio.
Secondly, the method being applicable to a wide range of
voltage steps, has the advantage of giving some information
on the variation of lifetime within a small region of the
semiconductor by comparison of transients for small and large
voltage steps which allows the lifetime to be averaged over a
variable distance.

Compared with the method of Viswanathan and Takino,

“the generation width expression used here has been improved
by considering the generation process in more detail and by
removing the surface effect term which is shown to be small
in any case. This method, has therefore proved to be more
consistent both for small and large voltage steps.

The present method could be further improved by
programming the microcomputer to do the automatic comparison
of the theoretical and experimental transients by evaluating
the time constants of the two transients while scanning
through values of Tg in theory. This can be done with the
present method because of the good agreement in the shape

of the transient between theory and experiment. With this
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'improvement, the lifetime could be evaluated almost immediately
lwhile doing the measurement itself.

Compared with the Zerbst C-t method,there is no rieed for the
complex capacitance bridge for the Q-t evaluation of iifetime SO
that the measurement is more direct. Also there is no need to do
a laborious graphical differentiation as in the Zerbst method.

This allows a fas£ evaluation of Tg;

Referring to Equation 5.30, it seems that it should be
equally applicable to the measurement of the cu;rent transient
(34,59-61) instead of the charge transient for the application éf a
voltage step. However this is less direct than the measurément of
charge. Also, the initial, rapid transient, poses problems when
measuring current because it gives a very large current surge
initially which will appear as a big spike in the current-time-
transient. This is also undesirable as it can overload the measuring

apparatus.

The Q-t and C-t methods give generally similar results as
shown in Section 8.3, but it must be concluded that the more indirect
fast ramp and C-V methods are not as reliable at the present time.

9.3 Suggestions for Further Work

From the present work it was realised that other investi-
gations relating to the Q-t measurement could be carried out tb
further establish the method for the characterisation of MOS
devices; From these, the following are felt to be the more important

ones.

(i) Theoretical work to be carried on the lines of the
approach of Collins et al to produce more accurate computer modell-
ing of the Q-t transient of MOS capacitors. This should be able to
reproduce the exact behaviour of charges in samples without the
need of the approximations used in the present theory.

(ii) Investigation of the Q-t transients by Qarying»the
temperature of the samplef This should show the teﬁperaturé

variation of the generation rate, where the latter is mainly




150

due to thermal generation and so is very tempéraﬁﬁre
dependent, while recombination processes are less so.
It should therefore be possible to 'freeze out' generation
by lowering the temperature. Also the difference in the
generation and recombination rates can be compared at
various temperatures. It should be possible to use the
exact computer model mentioned above, to predict the exact
temperature variation of the Q-t response. |

(iii) More work could also be carried out on the
effect of trap levels other than the mid-gap traps aésumed
in this work. The trapping centres could be added inten-
tionally to MOS samples by using gold for instance. It would
also be interesting to investigate the effect of having two
trap levels from gold recombination centres for example.
This behaviour could also be investigated using the'present
or an improved computer model and experimentally

(iv) In this work, it was assumed that the surface
effects are negligible.‘ It would be interesting to investigate
the actual dependence of the Q-t transient on the concentra-
tion of surface states. By the inclusion of sufface genefation
the Q-t transient—could»also be measured witﬁ a wider bias
rénge instead of being limited only to the heavy inversion
bias case as in the present work. |

(v) More work should be carried out on improving the
theory of the reverse transient. This could be done by
considering the basic equations for the generation and re-
combination rates and the actual charge concentration as a
function of the position and time variables. |

(vi) The profile of the minority carrierrlifetime and
hence the trap density can also be obtained by using the Q-t

measurement using different voltade steps ahd some further
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experiments on lifetime profiling would be worthwhile.

By using the results of (iv) above it should be possible
to extend the profile to nearer the surface, when the bias
is no longer limited to inversion.

(vii) Finally more work is also needed to investigatg
the differences in the lifetime values obtained by methods
using voltage steps as in Q-t and C-t and those using voltage
ramps as in the C-V and Fast Ramp techniques which appear to
be in error.

By doing all the work suggested above, the investigation
of the Q-t measurement technique will be complete in both
théory and experiment. This will then provide a fast and easy

means of characterising dynamic processes in MOS capacitors.
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APPENDIX 1

BASIC Program Listing for the Experiment Control

10 REME = = — e e o e e e e e e e e e
11 REM: :

12 REM: i The (G-t Response Measurement H#3t

13 REM: .

14 REMz ———~—— e e o e e e e o e Pt 2 e o i e e e -
20 PRINT “DEVICE TYPE :-— ‘P OR 'N° "

25 CLR

30 D=2543 J=0s Z=0:55=2: 6=0: §=0: DA=0: BF=50

35 B$=CHR$ (3)

40 GET TY#

45 IF TY$="" THEN 40

50 PRINT TY$

55 GOSUB S00 tREM Fetch Constants

&5 DIM A(D) ;AA(D) ,B(D) ,BB(D) ' ‘ -

70 POKE 52,0: POKE 53,60 tREM Set Top of RAM

75 GOSUR 4000 sREM Load M/C Code Program
BO PRINT "Type :— ‘A’ for Expt. Data"

BS PRINT * ‘B’ for Taped Data"

90 GET D%

100 IF D%$="" THEN 90

105 IF D$="B"THEN GOSUB 3000: GOTO 400

110 PRINT "Sample Farameters z-"

115 PRINT "Ox. Cap. ="3C0

120 PRINT "Gate Area =" AG

125 PRINT "Dopant Conc.="3N

130 INFPUT "0.K. ?"3A#%

i35 IF LEFT#(A%,1)="Y" THEN 160

140 PRINT "Enter 3-" '

145 INPUT "Ox. Cap."3CO
150 INPUT "Bate Area =" 3 AG

155 INPUT "Dopant Conc.="iN
160 REM— = e e e e e ( Test Run )
165 OPEN. 6,6
170 PRINT "Test Run"
175 PRINT "Fress Any Key to Proceed"
180 PRINT#&6, CHR$(XO)3: T=TI
1835 IF TI<K<T+360 THEN 185
190 GET A%
193 IF A%="" THEN 180
197 CLOSE 6 :
200 REM—— = e o e e e e e e ( Check Expt’ 'al Set-up )
203 PRINT "Check Expt. Set-up" ' '
210 PRINT "Electro meter / Amplifier Gain ="jA
215 PRINT "Feed-back Cap. ="3CF
220 INPUT “"0.K. ?"3;A%
225 IF LEFT#(A%,1)="Y" THEN 245
2Z0 PRINT "Enter :-"
235 INPUT "New Bain ="3A
240 INFPUT "New Feed-back Cap.="3CF .
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245 HI=FEEK (864): LO=FEEK(839) s REM Delay Factor .

250 TF=((HI- 1)*2u6+(LD 1)) %0.015 B

255 PRINT "Delay Factor ==":TF,"("'HI:LD:")"

260 INPUT "0O.k ?"jA$

265 IF AF<>"NO" THEN 300

270 INPUT "Enter 31— HI 3LO"3;HI,LO

275 POKE 864,HI: POKE 859,L0

280 GOT0O 250 o
TOO0 REM = o o e e e e e ( Check Input Data )

305 POKE 59468,192: POKE 594468,224
310 DO=FPEEK (59457) v tREM I/F Initial Value

‘215 PRINT J,DO ,
320 IF DO<3 THEN PRINT "I/P Too Small": STOP
325 IF DO>252 THEN PRINT "I/P Too Large“: STOP
330 IF Z=1 THEN 360
335 OPEN 6,6
340 PRINT#6, CHR$(X0D)j
345 CLOSE 6
350 GOTO 370
260 GOSUB 1000
365 IF Z=1 THEN 9030
270 FOR I=0 TO D
275 ACI) =AA(I)
380 B(I)=BB(I)
85 NEXT -
400 PRINT "Please Type In :-"
405 PRINT "'0‘ For I/P Reading"
410 PRINT "‘1’ For Averaging"
415 FRINT "‘'2‘ For Recording Data"
420 PRINT "°3° For @-t Plot"
425 PRINT "4’ For New Data I/P"
430 INPUT G
435 ON G GOSUE 9000 ,5000,6000
440 IF G=0 GOTOD 300
445 IF G=4 GOTO 80
450 GOTO 400 _
500 REM—————— e e e ( Table of Constant )
505 ES=1.036E-12 ' ’
510 NI=1.45E10
- 515 @ =1.62E-19
520 KT=0,0259#@Q
525 AD=0.01
550 REM-——— e e e
555 IF TY$="N" THEN X0=01:Y0=05:G0T0O 585
580 X0=05: YO=01
585 VA=0.025
590 N =1.S5E15
595 AG=9.013E-3
600 CO=2.08E~10
610 A =33.33
615 CF=1E-10
620 RETURN
1000 REM=— = e e e e e e e e ( O/P TO 1EEE FORT +/- )
1005 OFEN 5,6
1010 PRINT#5,CHR$ (X0)
1015 T=TI
1020 IF TI<{T+60 THEN 1020
1025 POKE 59468,192: POKE S59468,224
1030 D1=PEEK (59457) '
1035 FRINT#S5,CHR$ (YD)
1040 SYS (826)
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1035 FRINT#5,CHRE (YD) ;
1040 SYS (826)
1045 FOR I=1 TD D
1050 AA(I)=PEEK (15873+D-1)
1055 NEXT I
1060 POKE S9468,192: POKE S594648,224
1065 D2=RAA (D)
1070 PRINT#S,CHR$ (X0) g
1075 SYS (826)
1080 FOR I=1 TO D ,
1085 BB(I)=FEEK(135873+D-1I)
1090 NEXT I
1095 CLOSE 5
3000 REM-— e e o e e e e e e e e e ( Data Input from Tape )
3005 INPUT “"File Name :~-"gp#%
Z010 OPEN 1,1,0,P%
3015 INFPUTH®#1,TF
3020 INPUT#1,D1
3029 INPUT#1,D2
J030 INPUTH#1,A
3035 INFUT#1,CF
3040 INPUT#1,CO
3045 INPUT#1 ,BF
3050 FOR I=0 TO D
3095 INPUT#1,A(D)
3060 NEXT I _
3065 INFUT "Need -ve Part of Trace 7?"3A$
3070 IF LEFT$(AF,1)<x"Y" THEN 3090
307% FOR I=0 TO D
3080 INPUT#1,B(I)
3085 NEXT I
3090 CLOSE 1
3095 RETURN : '
4000 REM—-~——m—m—m— e e ( Load in M/C Code Prog. )
. 4005 RESTORE ' :
4010 FOR I=1 TO 84
4015 READ H
4020 FPOKE 825+1,H
4025 NEXT 1
4030 DATA 169,58,141, 19,232,169,224,141,76,232, 169 0,141,75,232
4035 DATA 169,0, 141 67 232
4040 DATA 162,244,169 192 141 ,76,232,169,224
4045 DATA 141,746,232
4050 REM——-—-——-- Delay Loop Start —-—-——--
4055 DATA
169,200,141 ,1,61,149,6,141,2,61,206,2,61,2046,1,61,169,0, 20q i,61
4060 DATA 708 246 169 O 205,4,61 208 2¢b
4065 REM—~—~——— Delay l.oop End ~—~—~——-
4070 DATA 173,77,232,41,2,240,249
4075 DATA 173,65,232,157,0,62
4080 DATA 202,208,200,1469,61,141,19,232,96
4085 RETURN
TO00 REM=——r e s e e e i e e ( Dump Data to Tape )
5005 INPUT "F11e Name g3 P '
S010 OPEN 1,1,2,P$%
015 PRINT#l TF
9020 PRINT#1,D1
6289 ERINT#H#I 52
O30 ERINT#1,A
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SOX5 PRINT#1 ,CF

5040 PRINT#1,CO

5045 FRINT#!1 ,BF

S050 FOR I=0 TO D

S055 FRINT#1,A(I)

5060 NEXT I

3065 FOR I=0 TO D

5070 PRINTH#1,B(I)

5075 NEXT 1

5080 RETURM

EOC) RIE M o o e o e e e e ot o e e e e e ( @-t Plot )
6005 OFPEN 2,5

6010 BV=245: BW=830

6015 PRINT “Last Scale....BF=",BF

6020 INFUT "Scale 0.K. ?";D$

6025 IF LEFT$(D$,1)="Y" THEN 6033

6030 INFUT "Enter New Scale':;BF

6033 INPUT "'+ OR ‘- Trace ?"3;A$

6040 IF A$="-" THEN 6065

6045 FOR I=0 TO D

6050 BR(I)=A(I)~D1

6055 NEXT I

6060 GOTO &£080

6065 FOR I=0 TO D

6070 BEB(I)=HK(I)~-D2

&075 NEXT I

6080 PRINT#2, "SC-100,2400,-500,8500"

6083 FOR I=0 TO 250

6090 FRINT#2, "PA",I#10,",",(ABS(BB(I)))*BF,";PDsPU"
6095 NEXT 1 ,

6100 PRINT "Delay Factor....TF="3TF, " ("sHIsLO;")"
6105 INFUT "O.K. ?";A$

6110 IF AF="NO" THEN CLOSE 2: 60OT0O 270

6115 INPUT "Another Flot ?";A$

6120 IF LEFT$(A%,1)="Y" THEN &020

6125 IF LEFT$(A%$,1)="6" THEN CLOSE 2: RETURN

6130 PRINT#2, "VSa"

6135 FOR I=0 TO 24

6140 FPRINT#2, "FA"I#100" ,03XT3;FD"

6145 NEXT I

6150 PRINT#2, "PD3PA 2500,0,2500,8500,0,8500"

6155 FOR I=1 TO 17

6160 PRINTH#2, "PRO,-S5003YT"

61635 NEXT 1

6170 PRINT#2Z, "PUY

6180 FOR I=0 TO 240 STEP 20

6185 FPRINT#2, "SI1.15,.183PA"I#10",03 CP-2,-13LB"31;B%
6190 NEXT I

6195 FRINT#2, "PA B00,~500;LB VALUES OF TIME-T (X"3TF3;"MILLISEC.)",Bd
6200 FOR I=1 TO 8 ,

6205 PRINT#2, "PA 0,"I#1000"3"CP-4.5,~.3:LB"31;B$
6210 NEXT I , '

6215 PRINTH#2, "DIO,1;PU3PA-120,3500"

6220 PRINT#2, "LBR-VALUES (X"31000#(1/BF)#CF#AD/As ")",B$
6225 FRINT#2, "SIiDI1,03PU3PA%00,85003CP O0,—1"
6230 PRINT#2, "LB PLOT OF @ VS. TIME",B$,"VS"
62353 CLOSE 2

£246 RETURN




2000
2000
005
010
015
9020
025
9030
035
9040
9045
2050
9055
9060
065
9070

. 9075
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INFUT "Enter Sample Size";S8
Z=1

FOR J=1 TO SS

GOTO 300

FOR I=0 TO D

A =(A(I)#(J-1)+AAR(I))/J
B(I)=(B(I)#(J-1)+BB(1))/Jd
NEXT I

DA=(DA* (J—-1)+D1) /J

DB=(DB* (J-1)+D2) /J

NEXT J

Z=0: DI=INT(DA): D2=INT(DRE)
FOR I=0 TO D

A(I) =INT(ACI)).
B(I)=INT(B(I))

NEXT 1 .

( Averaging Routine )
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APPENDIX 2

BASIC Program Listing for the Present Q-t Theory

20 REMg————=——=——== - —————— - S :

21 REM: s
22 REM: @~-t THEORY ( +ve Transient ) H
23 REM: :
24 REMg —————————r—— - —— - - ——— - —-—

30 OPEN1,S

37 INPUT"ENTER Tg"3TG

35 B$=CHR$ (3)

40 GOSUB 1000

80 PRINT " " @ -7 THEORY & PLOT *

20 FRINTL#

DT REM o e e e e e e e e e ( Display Initial Values )
100 PRINT" At Vg= "3VG3" Volts z-"
110 GOSUB2000
112 RQE=GF
114 QS=QT
116 PS=SP
118 XF(0)=XD(O)

120 XD(1)=XD(2)

135 PE=@#ND/ (2%#ES) #XD(1) "2
140 FRINT" Os at Eqm."3jVG3" V. ="
170 PRINT" Xdo ="iXF((O)

1720 VG=VG+VD
200 PRINTL#

210 PRINT" At Vg="3;VGE" Volts 31-"
220 GOSUBRZ2000
222 PRINT" Xdo+ ="gXD(1)

L
Q

224 PRINT" Inc. in Gs. ="g QD
: ' 230 FRINT" @s at Eqgqm."3jVG" V. =35 QP
—- 235 PRINT" Tot. Bs at to+ =" @T

245 XF (1)=XD(0)

230 PRINT" Xfo ="3XF(1)

255 PRINTL#®

287 REM ( Wait for Keyboard I/F )
260 PRINT"Type ‘P’ for G-t Plot"
265 PRINT"Type ‘'S’ for SP-t Plot"
270 GET A%

275 IF A$="F" THEN P=1

280 IF A$F="8" THEN S=1

285 IF As="" THEN 270

295 REM ( Num. Calc. )

290 T1=0

300 Q6=Q0S

310 A=(ES*Q#ND/2) 0.5

315 B=UG/ND"0.S#(2#0%#ES)~0.5

330 E=2#ES/ (QA#ND) #(VG—-QB) /CX) —XF (0)~2/2
340 T1=T2

360 C=(VB~- (BG~EE) /CX+Q#ND#*XF (0) ~2/ (2#EA) ) ~0. 5
370 DX=SEOR(2%ES/ (A%#ND))#C ,
380 Di=G+UGx (BOR(EL) =XF (0) /2%.5)
390 DE=1+A/ (CX#C)
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393 REM ( DT=d@/dt )

400 DT=D1/D2

405 PT=PS+ (PQ~-FPS)+(RS-GE) /CX—-(AG-GE) /CX

410 IF fP=1 OR S=1 THEN G6OTO S00

415 IF S=1 THEN PRINT T1:TAB(6):FPT :60T0 425

420 PRINT T13TAB(?) ;06-CQE; TAB(25) 3 DX

425 IFDX—-XF(1)<=0THEN 510

430 T2=T1+0. 100

435 A1=DT#(T2~-T1)

440 QG=CG+Q1

430 GOTO 330

500 REM——m—— o e e e e e e e i ( Plot Routine )
502 YF=1E-12 :TF=20 :FY=300

S04 PRINT#1,"SC-100,2400,-50,850"

505 IF S=1 THEN S07

S06 GOTO 508

507 PRINT#1,"FPA",INT(T1#TF) ,"," ,INT(PT%#FY) ,"3PD;PU" :60T0 509
508 PRINTH#1,"PA" INT(T1#TF) ,",", INT((QG-QE) #*YF) ,"sPDsFU"

S09 GET A% 3 IF A$="" THEN 340

510 REM ( Graph Scale )

511 PRINT#1,"VS6:TLO.5,0"

512 FOR I=0 TO 25

514 PRINTH#1 ,"PA"I#100" ,Q03XTgPD"

S1é6 NEXT

518 FRINT#1,"PA2500,0,2500,850,0,850;LT"

S20 FOR I=1 TO 17

922 PRINT#1,"PRO,-S03YT"

524 NEXT

526 PRINT#1,"PU"

527 FOR I=0 TO 2400 STEFP 200

S35 FPRINT#1,"810.15,0,183PA"I",03CP-2,~15LB"; I1/1003B% sNEXT
590 PRINT#1,"PABOO,~-S503LB VALUES OF TIME X" 1/TF#100" SEC." ,B#%
560 FOR I=1 TO 8 '

563 PRINTH#1,"510,15,0.183PA0,"I%100";CP-2.5,-0.25LB" 31 13B$ sNEXT
565 IF S=1 THEN 5&7 '

‘Sbb6 -GOTO 570

567 FRINT#1,"DIO,13PA-100,3003LB SURF. POTL. X" 1/FY#100" VOLT",EB%
568 GOTO 580 ,

570 PRINT#1,"DIO,13PA-100,300;LE VALUES OF @ X" 1/YF#*100" c.",B%
580 PRINT#1,"DI" : :

6400 CLOSE1

700 END

1000 REM————~—— e e e e e e e - ( Constants )
1010 Q=1.6E~-19 :
1020 K=1,38E-23

1030 T=300

1040 NI=1.45E£10

1050 VGE=5

1060 ES=1,036E-12

1070 ND=1.3SE15

1080 UG=2.4E14

1100 XO=(24E8/ (@#ND) #0.29%9) 0.9

1110 TX=1000E-8

1120 EX=3.46E~-13

1140 CX=EX/TX

1150 VD=1

1160 TF=50 .

1170 YF=1.5E10

1172 T1=0:T2=0: PR=0t 5=0

1180 FORI=1TO3?:LF=L$+" _"sNEXT

1190 RETURNM
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2000 REM=———— = e e e e e ( Surf. Potl. Routine )
2010 X=0.1 '
2020 SF=1.0
2030 GOSUBSOOO
2032 Vv2=V1
2034 DV (1)=V2-VG
2036 SP=SP+X
2038 GOSUBSOO0
2040 Y3=Y1
2050 DV (2)=V3-VG
2060 IF SBN(DV(1))=8SGN(DV(2))THEN 2140
2090 REM' ( Increment Sens. )
2100 SF=SP-X
2110 X=X/10
2120 GOTO2036
2130 REM
2140 IF ABS(DV(2))<0.0005THEN2220
2150 IF DV(1)>DV(2) THEN 2036
2170 REM  SF Inc./Dec. )
2180 X=-X
2190 SP=SP+X
2200 6OTO 2036
2220 V3I=SBN(V3) # (INT (ABS (V3#1000+0.5))) /1000
2230 FRINT" SP= "“3GP
2235 PRINT
2240 VG6=V3
2250 REM ( Xd & Qo Calc. )
2270 XD(0)=(2%ES/ (Q#ND) #SP) 0.5
27280 XD(2)=—ES/CX+BOR(ES™2/CX"2+XD (0) “242#ES#XD () /CX+2#ES#VD/ (Q#ND)
2290 OD=@#ND# (XD (2)-XD(0)) '
2300 OT=0P+@D
2310 RETURN
5000 REM ( Va &% Egqm Od Calc. )
5010 QS (1)=EXP (-SP#0/ (K#T))+8P#Q/ (K#T) -1
5020 0S(2)=NI"2/ND"2# (EXP (SP#Q/ (K#T) ) ~SP#Q/ (K#T)~1)
5030 QF=( (2¥ND#ES#K#T) # (05(1)+05(2)))~0.5
5040 Vi=QF/CX+SP
5050 RETURN

" FOR THE REVERSE TRANSIENT THE FOLLOWING CHANGES ARE REQUIREDsf

190 VG=VG-VD
330 E=QR#UG#XF (Q)
360 C=(-VD+ (QE-QG) /CX+Q#ND#XF (0) ~2/ (2#ES)) ™. 5
380 D1=B*C-E
390 D2=1-A/ (CX#C)
405 PT=PS+ (PA-PS)+(BE-BS) /CX- (RE-BG) /CX
420 PRINT T1:TAB(9);QE-QG; TAB(25) 3 DX
425 IFXF (1)~-DX<=0THEN 510
S08 PRINT#1,"PA", INT(T1#TF),",", INT((QE-QG) #YF) ,"sFD3PU"
2290 GD=@#ND (XD (2)-XD(0))
2300 QT=0FP+@D




10

15

20

25

30
100
110
120
130
140
150
160
170
180
300
JI05
310
315
320
325
330
335
340
345
350
395
360
365

70

375

380
385
390
395
400
405
410
415
420
425
430
435
440
445
450
455
460

465

470
475
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APPENDIX 3

BASIC program Listing for the C-=V Method

REM g — o e e e e e e e e e e e e e e e e
DIMV1 (50) ,V2(50),T1(350) ,T2(50) ,8(50) ,VC(50) ,X (50) ,Y (50)

GOSUR S00

FOR S=.5 TO O STEP -.1
FOR K=1 TD 2

CF=CF (K) /AG

VT=VT(K)

FOR TA=TD TO TN STEP -10
TB=TA*1E-&

‘GOSUR 9000

X=CF /CX
XF=CF /CX

-Al==-AL (K)

XM=CM/CX
A=NI/ (2#TB#*NA)
=CX# (AL-Q#NI#S/CX) #CF/ (ES#Q#NA)
IF A+B>»=0 THEN PRINT"A>=B":TA=TD:GOTO 400
AS=A%CF / (CX# (A+R))
REM  AR=-A/AL* (V-VM)
AR=(1/X-1/XM)~(1/A8+1) # (LOG(X/ (X—-AS8) ) -LOG (XM/ (XM-AS)))
VO=-~AR#AL /A+VM '
VC=VO-VT & J=J+1
IF K=2 THEN 385
REM
REM
Vi(I)=VC s T1(J)=TB :6(S)=5 :60T0 390
V2¢J)=VC :T2(J)=TB :1S(8)=§ ’
IF J>=200 THEN TA=TD :GOTO 400
NEXT TA '
D(K)=J sJ=0 :NEXT K
D=D(1) :IF D(1)>D(2) THEN D=D(2)
IF C=1 THEN P=3 :60T0 455
PRINT"TYPE g ="
FPRINT"® O '— Proceed"
PRINT"* 1 ‘- Printout Result"
FRINT" " 2 '— Plot Result"
FRINTY " 3 ‘- Continuous"
FRINT"’ 4 ‘- Read Data From Tape"
PRINT"" S '— Scale Graph"
INPUT P
ON PGOSUBRL000,3000,4000,5000, 6000
IF P=0 THEN 470
GOTO 410
NEXT S:C=0
GOTO 415



SO0
912
514
515
S516
S17
520
530
545
S50
555
965
sS85
590
S95
600
650
699
3000
3003

3010

3020
3030
3040

- 3030

3060
3070

3090

3100
3105
3110
3130
3140

3150

3200
3230
3231
3235
3236
3250
3260
3265
3270
3280
3290
3310
4000
4005
4020
4030
3040

HO= (MX-X0) #XA :VE=(MY-YO) #YA
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RE Mmoo o e e e e e e e e e e ( Table of Constants )

OPEN2,5

O=1.6E-19

NI=1.45E10

ES=1.036E-12

NA=1.SE1S

AG=9.013E~3 : GATE AREA

VM=8. 30

CX=210E-12/A6

CF(1)=64.4E-12 :CF(2)=67.4E-12

VT (1) =-0.20 EVT (2)=~0,20

AL (1)=0.061 AL (2)=0.338

TD=400 g TN=20

XA=3000 e YA=1000

X0=0 8 YO=0

MX=8 o s MY=6

AF="" sFOR L=1TO39 stAS=AS+"-" 2NEXT
RETURN

REM—————— - ————— -

PR INT#2 9 "‘SC_ " HD/20 n s [1] HD " . -— VE/ZO (1} s 10 vE "ne
B3=CHR$ (3) o
PRINT"XA,YAs—"3 XA, YA

INPUT"SCALE 0.K.";AS$

IF LEFT$(A$,1)="Y" THEN 3070
INPUT"ENTER: ~XA, YA" 3 XA, YA

FOR I=1 TO D

VE (1)=ABS (V2 (1) -V1 (1))

NEXT

IF C=1 THEN 3200

PRINT" ‘ORIGIN’ XO,Y0s-"§X0,YO
INPUT"0.K. "§ AS

IF LEFT$(A%$,1)="Y" THEN 3200
INPUT"ENTER OFFSET (X0,Y0)"§X0,YO

( Plot Routine )

REEM e e e e e e e ( Plotter Commands )

FOR I=DTO-1 STEP -1
FRINT"Tg="3T1(I)

Y(I) =INT((VC(I)=-YO) #YA)

X (I =INT ((V2(I)=XO0) #XA)
PRINTH#2,"PA" X (I) """, ¥Y(I) ,"sPDsPU"
NEXT . .
IF C=1 THEN GOTO 3300
INPUT"ANOTHER PLOT":A$

IF LEFT$(A%$,1)="N" THEN 3300
GOTO 3030

RETURN

=1

GOSUB 3070
P=0

RETURN

~=—( Continuous Cond. )
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6000 REM—————————mr e e e e - -—( Graph Scale )
6005 OPEN2,S
6010 PRINT#2,"VG6"
6013 RX=INT ( (MX—XO)#XA)
&016 RY=INT ((MY—-YO) #YA)
6018 V=INT(RX/40)
6020 FOR I=0 TO 40 ,
HOZ0 PRINTH#2,"PA"I#V" ;03 TLO. 5,03 XTgPD"
6040 NEXT
&045 FPRINT#2,"PU"
6055 W=INT (RY/30)
6060 FOR I=0 TD 30
6070 PRINT#2,"PRO,"I#W"§TLO.5,03YT;PD"
&080 NEXT
6085 PRINT#2, "PU"
6090 PRINT#2,"810.15,0.18"
6100 FOR I=(MX-X0)/24 TO (MX-X0D) STEP (MX-X0)/12
6110 PRINT#®#2,"PA"I" 0"
6120 PRINT%#2,"CP-2,-1"
6130 PRINT#2,"LB"31;B$
6140 NEXT
6150 PRINT#2, "PABO,-50"
6160 PRINT#2,"LB VALUES OF VC(2) (X"3FXs"vOoLT)",B$
6170 FOR I=MY/16 TO MY STEP MY/8
6180 PRINT#2,"PAO,"“I""
6190 PRINT#2,"CP~-4.5,-0.3"
6200 PRINT#2,“LB"3I3BS$
6210 NEXT
6220 PRINT#2,"DIO, 1"
6230 PRINT#2,"PA-12,350"
6240 PRINT#2,"LBVC(2)-VC(1) (X"3FY3"VOLT)",B$
6230 CLOSEZ2 '
6260 RETURN } . :
7000 REM-—r——==——- , ( CM Calculation )
030 DC=0.20 -
2032 AL=AL (K)
2035 W=8,00
Q037 CD=W#10"~-9
F040 GA=0
9042 GOSUB 9200
2045 IF GA=1 THEN W=W+DC :GOTO9040
050 Vi=v0 '
FO53 VK=VM-Vi
F056 IF V1<0 THEN W=W-DC :GO0TO9040
060 GA=O0.
2062 W=W-DC
0465 GOSUB 2200
9070 IF GA=1 THEN W=W+DC sDC=DC/2 :60T0Q9060
9073 v2=v0 :
080 VL=VM-V2 ;
2085 IF VK<VL THEN PRINT"WRONG DIRN." :STOP
090 IF VL<0,001 AND VL >=0 THEN CM=CD :RETURN
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095 REM———————— et e e e e —— ( Increment Sens. )
2105 IF SGN(VL)=SGN(VK) THEN 2060
110 W=W+DC

?115 DC=DC/2

2120 GOTO 0460 :
?200 REM————=———m————— e : ( +ve AL )
9240 CD=W#*1E-9 ' ‘

9260 X=CD/CX

9270 XF=CF/CX

2280 A=NI/ (2#TB#NA)

9300 B=CX# (AL—-@#NI#S/CX) #CF/ (ES*#G#NA)

9320 AS=A%CF/ (CX# (A+B))

2340 IF X<=AS THEN PRINT" CD TOO LOW" :GA=1 :RETURN

9400 AR=(1/X-1/XF)—(1/AS+1)#(LOG(X/ (X~AB8))-LOB (XF/ (XF-AB)))
2420 VO=—AR#AL./A+VT

2440 RETURN
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APPENDIX 4

C-t Transient

The voltage equation of an MOS capacitor is :

Va = Vox + ws (A . 1)
gN
= —ax?2
where ws 2¢ o
s
and \Y = O
ox C
ox
- _( Qinvd Naxd)
Cox
Substituting these, A4.1l becomes
' 2
...=q N_X N X
v = - (anv,q a d) + 4 ™a"a (A4.2)
a , 2 ¢
ox s
' » dVa ‘
Since Va is constant during the transient, 3t (0]
On differentiating (A4.2)
dVa =’_ 1 innvv+ qNa dxd .\ q Naxd dxd' (B4.3)
dt Cox dt COx dt € dt _
= 0
Rearranging (A4.3):-
dQ X dx
“inv 1 d. d :
—— =g N_C (——— + — ) - (A4.4)
dt a ox Cox s t ,
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From the relation for series capacitors

i1 .1
c Cox Cd
X
-1 , 4
=& + = (A4 .5)
“ox s
Differentiating (A4.5) and rearranging
dx
1 d _d 1
. 2= (= AL.6
., 4t _ at (c) (A4.6)
Substituting (A4.5) and (A4.6) into equation (A4.4):
d .Q- A
¢ Qinv _ 1.4 (1)
at - IN;Cx s cat \c (AL.7)
Equation (A 4.7) can be written as :-
aoQ gNge C 2 _
inv _ as ox 4 (1 (AL .8)
2 dt C . )

dt

The rate of increase of the inversion charge Q, .. has
contributions from the thermal generation of carriers due.
to the increase in the depletion width and the surface
generation. |

That is

= - q U (x47xg) - ans (A4.9)

Replacing X4 and Xe with the corresponding capacitance and
n

U = —2 in (A4.9)

9 T -

o . ge

d A itns
81

& (A4:.10)

10
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Equating (A4.8) and (A4.10) gives the equation for the

Zerbst plot :

2
- g (L) s S (;_L)+i_“i_ Ak.11)
dt \ C NaConge C Cf NaeSCOX
The plot of d_ (l>2 ainst 1.1 should therefore be a
bl at \c/ 239 c €

straight line with an intercept proportional to S.
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. APPENDIX 5

Theory of Non-Equilibrium Fast Ramp I-V Technique

The total gate charge Qm on an MOS capacitor is given by:

Qm = 'Qox + Qd + Qinv (A5.1)

where Qox is the fixed oxide charge
Qd is the depletion charge

Qinv is the inversion charge

On differentiating equation (AS.l) and noting that

t
Qi = (q Ug J (xd-xo)dt

o
because generation will predominate in positions where the

generation centres are below the Fermi level.

d X3
Ig = q Ug (Xd—?(o) + g Nd 4t (AN.2)
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From the voltage equation

a ox s FB
2
Q g N.x
_ _ m da'd
= = et VFB (A5.3)

!

For the forward voltage sweep (i.e. from accumulation to

depletion), &Eg = -d

On differentiating (A4.3)

RN B - Bl (A5.4)
dt . COx €g dt

Substituting for the value of Ig into (AS5.2) gives :

Cox xd dxd qﬂ
g(l + c ) 3t " W (Le + xo—xd) (AS5.5)
s d
aCox
where Le = 3 Ug

Solving (AS.5) with the boundary condition Xq® X at £t =0

: C (x + L) L.C z Cc \Y
€ E g N4L
S S de
X.=X
where z = i d ol
Le

Differentiating (AS5.6) with respect to z yields :-
c. (1 - 2)
dz OX
dV - C (AS.?)

: OX
q NdLe [l + _E; (Xo + Z Le)]
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Equation (AS5.2) can be written as

- , 4z ‘ |
Ig = acox z +q NdLea v (AS5.8)
Substituting (AS5.7) into (AS5.8)
_ l -z '
Ig = a COX Z + C - _ (A5.9)

ox
— <+
1+ — (xo z Le)

S

This equation gives the value of the gate current during

the forward voltage sweep.

dv
For the reverse sweep (-153 = q ) the same procedure
can be used to show that
' 1 + 2 '
Ig = qQ Cox z - C - - (AS5.10)




