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ABSTRACT

This thesis is concerned with the study of the interface
and bulk properties of n-type and p-type silicon MOS devices.

The widely used quasi-static technique has been applied
to the interface state analysis. The method (due to Kuhn) consists
of applying a linear voltage ramp to the sample at a sufficiently low
sweep rate so as to maintain the device in quasi-equilibrium.

The non-equilibrium characteristics of the device were
measured by the fast ramp technique. From such characteristics, the
bulk trap density and the generation lifetime were obtained.

An analogue circuit was built to give a direct plot of
surface potential versus gate voltage in equilibrium as well as in
non-equilibrium conditions. Such plots were compared with those
generated theoretically and with those obtained using graphical
integration of the I-V curves. There was a close agreement between
all these results.

The transient charge due to small voltage steps applied
to an MOS capacitor in inversion was measured. The results were
analysed to give the generation lifetime which was comparec with
that obtained from the fast ramp non-equilibrium analysis. The
values agreed well for an n-type sample, but they differed by a
factor of three for a p-type one. Further experimental and theoretical

work will be needed to find the reason for this discrepancy.
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CHAPTER 1

INTRODUCTION




1.1 Introduction

Metal-oxide-semiconductor (MOS) based electronics components
account for a substantial proportion of all devices (both discrete
and integrated) manufactured. Such devices cover a wide range
including field-effect transistors, charge-coupled devices and memory
(dynamic and static). A thorough physical understanding of such MOS
structures is thus essential.

The most popular tool used for study is the MOS capacitor,
thus being the most simple MOS structure. The MOS capacitor allows us
to study such parameter as mobile and fixed ions within the oxide, the
trapping states (interface states) which occur within the semiconductor
forbidden band-gap at the semiconductor-oxide interface and trapping
states within the forbidden band-gap in the bulk of the semiconductor
(bulk states). All of these effects are detrimental to the operation
of the aforementioned MOS based devices.

In this thesis, the work will be malnly concerned with a study
of bulk traps and a brief account for every chapter is arranged as
follows.

The second chapter is concerned with interface states analysis.’
The method made use of is that presented by Kuhn (14), in which the
displacement current is measured upon application of a slow voltage
ramp to the gate of the MOS capacitor. A study of bulk traps is treated
in the third chapter. The method consists of applying a fast voltage

ramp so as to take the device into the non-equilibrium condition. The
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various sections of the resulting non-equilibrium I-V curves are

identified using the non-equilibrium theory proposed by Board an
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Simmons (29) ; the generation lifetime can then be extracted.
Surface-potential as a function of gate voltage is generated experiment-
ally and compared with theory. The fourth chapter is concerned with
the measurement of a charge transient upon application of a step volt-
age to the gate of the MOS capacitor. The generation lifetime is
extracted from the transient curve using the simple theory presented

by Hofstein (23). The results obtained from this measurement are

compared with results obtained from the fast ramp setup.




1.2 Review of the Subject

The advent of the FOS structure can be considered to have
heralded a new era in semiconductor device research. It was first
proposed as a voltage variable capacitor by Moll (6) and Pfann and
Garrett (7). The structure was then employed by Terman (8) in the
study of thermally oxidised silicon surfaces after Frankl (9) and
Lindner (10) analysed its characteristics.

Many experimental techniques were developed in an effort to
understand the physics of the MOS system. Early experimentation was
concerned mainly with the study of the interface properties of silicon-
silicon dioxide. Terman (8) used the high frequency capacitance
method in evaluating the interface state demsity. Following this,
Gray and Brown (11) proposed a method of temperature variation to study
interface states, while maintaining the surface potential at a fixed
value.

Nicollian and Goetzberger (12) established the admittance
method, again in an attempt to evaluate the density of interface states.
However, this precise technique is unsuitable for a rapid evaluation of
the device parameters. Furthermore, the interface state density can
only be measured in a small portion of the forbidden energy gap and
information concerning the bulk semiconductor properties cannot be
obtained.

In 1966, Berglund (13) provided the basic theory for the
quasi-static method which made use of very low frequency device
excitation in order to maintain it always in electrical equilibrium.
Following this, Kuhn (14) and Castagne (15) provided an easy and fast
technique which allowed interface state densiiy over large parts of the
energy gap to be determined. The method consists of applying a very

slow linear voltage ramp to the device whilst at the same time measuring
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current response. Then, the interface state density can be determined
by comparing this data with a calculated ideal low frequency (14) or
high-frequency (15) curve. Values of interface state density down to

10 cm‘“2 V-1 can be achieved using the former method.

10

As mentioned above, the traditional experimental technique
has been to measure the capacitance or conductance as a function of a
d.c. or slowly varying gate voltage. By operating the device in a
non-d.c. equilibrium situation, it has become possible to study the
generation-recombination characteristics in the bulk as well as at
the interface of semiconductor. After Schockley and Read and Hall (5)
proposed the model of generation-recombination process, much effort has
been expanded on the verification and use of this model.

Much work has been published concerning the determination of
generation and recombination lifetime (31) of excess minority carriers
from measurements on an MOS capacitors. These measurement techniques
involved monitoring quantities such as current or capacitance after the
device is brought to a non-equilibrium condition. Some techniques cause
large deviations from equilibrium whilst others involve small deviations
from thermal equilibrium.

The concept of the pulsed MOS structure was first proposed by
Rupprecht (16) to study the generation properties of surface states in
germanium. It was later extended to the bulk properties. Jund and
Poirier (17) have used this method of monitoring the capacitance as a
function of time to obtain the bulk generation lifetime. The technique
was further developed by Zerbst (18) to again extract the generation
lifetime and the surface generation velocity. In view of the
Zerbst (18) analysis, Schroder and Nathanson (19) showed that a
correction must be applied when interface generation is significant so

that bulk and surface-dominated generation can be separated. Further
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work by Schroder and Guldberg (20) presented a detailed analysis of
lifetime interpretations using this pulsed technique. The method made
use of experimental aspects of the Zerbst (18) analysis and it was shown
that surface generation,which is characterised by a surface generation
velocity, can be eliminated if the surface is initially in the inverted
condition. However, if the interface state density is very large,
which would result in strong surface generation, then it is not possible
to completely ignore it, even though the surface is shielded by an in-
version layer.

Heiman (21) described the method of applying a large voltage
step to the gate of an MOS capacitor in such a direction as to take the
system from accumulation to depletion and the model of Zerbst was used
to evaluate the bulk generation lifetime. Huang (22) introduced a
technique of applying a large signal step voltage to MOS capacitors in
strong inversion and monitoring the change of the MOS capacitance as a
function of time. The lifetime can be easily extracted from the
transient waveform. The advantage of this method again lies on the
fact that the device is operated in heavy inversion where the surface
state contribution is negligible and the use of a large-signal measure-
ment which produced a pronounced change in observed capacitance trans-
ient.

Hofstein (23) introduced a simple method for the determination
of the generation lifetime. It consists of applying a small depleting
voltage step to the device biased in inversion condition and measuring
the charge flow as a function of time. The generation lifetime can
then be extracted from the transient response characteristics. Although
this method eliminates interface state effects, it faces the problem of

pick up and leakage in the measuring circuit.



Berglund (24) suggested a method by which carriers are
injected from the inversion layer into the semiconductor bulk to
create an excess concentration of minority carriers. This method was
later employed by Tomanek (25) to evaluate recombination lifetime.
The work involved apilying a voltage pulse of reverse polarity to
the MOS system blased in inversion, so that the space charge region
will cease to exist in a very short time. This results with some of
the minority carriers unable to recombine during the pulse duration.
As the pulse terminated, the inversion layer is reconstituted under
the influence of the d.c. bias. By measuring the capacitance after
termination of a pulse of such duration, it is possible to calculate
the charge carriers that being able to recombine during the pulse,
which is used to obtain the recombination lifetime.

Both the methods of Heiman (21) and of Tomanek (25) include
the effect of surface states, since, during the transient, the quasi-
Fermi level at the surface sweeps through the major portion of the
bandgap. If interface state densities are large, incorrect bulk
lifetime values are therefore obtained.

Simmons and Wei (26) provide a somewhat different approach
in analysing the pulsed MOS capacitor. They have studied in detail
the Shockley-Hall-Read (5) generation rate equation and considered
their effect on the capacitance transient of the Zerbst’s analysis.

The method of Kuper and Grimbergen (27) uses a depleting
linear voltage ramp applied to the gate of an MOS capacitor biased
initially in inversion to cause the device to go into the non-
equilibrium state. Then, the generation lifetime can be obtained
from the measurement of high-frequency small signal capacitance and
the gate current, at particular sweep rate. The method was shown to

be very successful in measuring devices with short lifetimes as well



as for those with long lifetimes.

Trullemans and Van de Wiele (28) introduced a method of
measuring the current response as a function of time upon application
a step voltage ; the device being biased from inversion to stronger
inversion. The bulk lifetime obtained using this method was shown
to agree quite well with the capacitance-time transient method of
Zerbst.

Recently, Board and Simmons (29) presented an analysis of
the response of an MOS capacltor upon application of a fast linear
voltage ramp. Subsequently, Board, Simmons and Allman (39) have
shown experimental proof of this theory.

Allman and Simmons (40,41) introduced a constant-current
rather than a constant-voltage ramp method (29) to biasing the MOS
device. The method was shown to have an advantage over the constant-
voltage ramp method in that the total semiconductor capacitance can

be extracted directly from the curves, thus easing analysis.



CHAPTER 2

INTERFACE-STATE ANALYSIS




2.1 Introduction

This chapter is concerned with the evaluation of the density
of interface states that occur within the MOS capacitor. The
conditions occurring within this surface region are intimately
connected to the device fabrication parameters. The most important
example of the necessity for good surface control is where a semi-
conductor junction terminates at a surface(usually the silicon-silicon
dioxide interface). Extensive studies using MOS capacitors have given
a better understanding of the characteristics of this interface region.
The knowledge gained has been used to control the properties of this
interface, giving rise to modern fabrication techniques for high quality
devices.

Since the periodicity of a crystal lattice at a surface is
disturbed, it was predicted by Shockley (1) that a high density of energy
states (designated interface states) will be introduced into the for-
bidden energy band gap. These states are found to have a measurable

10 -1

density of the order of 107 to 1012 cm-2 eV © and are more or less

uniformly distributed in energy over the centre portion of the energy
gap (2).

The technique proposed by Kuhn (14) is often used to determine
the interface-state density of both n-type and p-type MOS devices. It
consists of applying a slow linear voltage ramp of such a rate as to
maintain the device in equilibrium, the resulting instantaneous current

being measured as a function of applied voliage.



2.2 The Ideal MOS Characteristics

An jdeal MOS structure is defined as that which is free of
work function difference mobile and fixed oxide charge and interface

states.

The simple MOS structure with a p-type substrate is illustrated
in Fig, 2.1, The ideal energy band diagram coxrresponding to zero gate

voltage is shown in Fig. 2.2.

P

gate contact
| L
dox ?._ oxide
T l
p-type
— semiconductor
s 1;? < —— substrate contact

Fig. 2.1 : MOS capacitor structure,

p~type semiconductor

E
¢
v=0 ' L
g ~ El
Erm Ep
. T .
metal — > o 5 = — E, ionized aceeptors

R\\‘~ mobile holes

oxide

Fig. 2.2 : Ideal energy band diagram at Vg = 0,
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The MOS capacitor can be bilased with both negative and positive
gate voltages. For a negative gate voltage, Vg‘< 0, the energy bands
in the semiconductor will bend up and the majority carrier (holes) are
attracted towards the oxide-semiconductor interface, thus rcreating an
accumulated surface layer ; the semiconductor bulk remains effectively
neutral. To compensate these accumulated charges, an equal negative

electron charge forms on the gate. This is shown in Fig. 2.3(a)

(a) metal p-type (v)
semiconductor ,//1

a [Vl

p(x)

J
m
GQ‘D
=
v

x
X =0 -

x =0 QS = - qNAxd

mobile

Qg‘<0 (e) ////ﬁg(’electrons (inversion layer)
.
| 5 e e e e — EF

p (x)

Fig 2.3 : Energy band diagram and charge distribution in an MOS
structure upon applying external bias.,

(a) Vg < 0 , accumulated surface layer

(v) V8 > 0 , depleted surface layer
(e) vg >> 0, inverted layer at the semiconductor surface.



Holes will be repelled from the oxide-semiconductor interface
when a positive bias is applied to the gate (Vg:@ 0), leaving the
surface layer a region depleted of mobile charge, as shown in
Fig 2.3 (b). The charge density in this depletion region is deter-
mined by the ionized donor density so that,

-2

Q =-q NA X4 ¢ cm (2.1)

where X3 is the depletion layer width. In practice, the transition
from the depleted region to the neutral bulk is not as abrupt as shown
in the diagram.

If the gate voltage becomes more positive, the energy bands
bend further, with the effect that the conduction band edge moves
closer towards the Fermi level. Electrons will thus be caused to pile
up at the oxide-semiconductor interface creating what is known as an
inversion layer, shown in Fig 2.3 (¢).

Assuming that Q, is the total electron charge per unit surface
area built-up in the inversion region, then from charge neutrality

requirements, we obtain,

Q@ = AN x, = Q. (2.2)

where Qg is the charge on the metal gate.

The process of accumulating electrons to form the inversion
layer together with the widening of the depletion region occurs within
a certain time constant which is characterized by the generation life-
time. Due to this fact, the dynamic characteristics of the MOS system
is a strong function of the frequency of the measurement. At very low
frequencies, the device follows the d.c. equilibrium characteristics,
vhile at higher frequencies the behaviour will become frequency depend-

ent.



2.2 {a) Charge in the SBemiconductor Surface Layer :

semiconduetor

For an MOS capacitor under steady-state blas, the smesenm is
considered to be in equilibrium provided that there is nc conduction
through the oxide.

By making the assumptions that the doping concentration is
uniform, the impurities are fully ionized, and the statistical function
under consideration is not degenerate, it is possible to compute the
electric cha;ge in the semiconductor surface layer (31). |

Using the convention defined in Fig 2.4 for the parameters,

we use Poisson's equation :

2
d- v _ o(x
i - -em | (2:3)
dx s

where p (x) is the total space-charge density and € is the permittivity
of the semiconductor. Integrating Eq (2.3) ylelds :

n
dx = aly Ppo

(2.4)

wherefi = electric field in s/¢ and LD = extrinsic Debye length.

L

semiconductor surface

/ yi g Ec
A
q -
qws T// qq).F 1
(yg> O ¥ T

semiconductor p-type
oxide | S ¢

Fig 2.4 : Energy band diagram at the surface of a semiconductor.
The potential vy is measured with respect to the intrinsic
Fermi level Ei(after Sze (31) ).



At the surface, the electric field becomes :

n
£ = . & Pofay_ . =2 (2.5)
s ~- a Ly LS Ppo

ofps

and oE

LD = qa;A ¥ g = Q/kT"

Using the relation : ppo x NA 0

and n__ P = ni2 , where n, is the intrinsie

PO “PO i

carrier concentration, then :

n By n, 2 By H
F‘éws, fiﬁ) =| (e °+ g1+ (_T“i) (e “-pyg-1) (2.6)

The space~charge per. unit area becomes

;25 M ' iPB )
Qs = -gSE = + =——=— F (By_, (2.7
s q LD 8 ppo
with the convention that,

Q@ > 0 yg <O
and Q@ < O yg > O

It is possible to evaluate the moblle electron charge which

congstitutes the inverted surface layer, Qn' that is ,

Q= Y- (2.8)

where, QB

.q NA xdm (209)
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e WF
with x. = = —5.2 (2.10)
qQ N,

wpe

being the maximum depletion width andIPF the Fermi potential.

2.2 (b) Capacitance of an Ideal MOS Structure

If a voltage is applied to the gate of an MOS device with
respect to the substrate, some of it will be dropped across the oxide
layer and the rest across the surface space-charge layer of semi-
conductor, that is,

The total differential capacitance of the MOS system is given by :

S S, (212)

av d
g g

Substituting Eq (2.11) into Eq (2.12) and re-arranging, yields s

COX CSC

c v (2.13)
ox scC

Eq (2.13) shows that the total capacitance of the system is a series

combination of the insulator capacitance and the silicon space-charge

capacitance, C which can be obtained by differentiating Eq (2.7), such

that,
Cee = Z :: (2.14)
The oxide capacitance is given by,
T Fon (2.15)
ox ox

Eqs (2.11), (2.13), (2.14) and (2.15) describe the equilibrium
capacitance-voltage characteristics of an MOS structure at low frequency,
thus being depicted in Fig 2.5 (a).


http://theosd.de
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oX

oX T

CS c ;bz p-type

v (=ve) 0 v (+ve) >

Fig 2.5 : Ideal MOS Capacitance-voltage curves (30)
(a) low-frequency curve
(b) high-frequeney curve

(c) deep-depletion curve
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The total capacitance at flatband condition (i.e. at v~ 0),
can be determined from :

[
ox

% T T 7° SIEAWE
() (722)

The small-signal capacitance-voltage behaviour of the MOS

(2.16)

system can be briefly described as follows. Under a negative gate
voltage, holes accumulated at the surface of the semiconductor give
rise to a total capacitance with a value close to the oxide capacitance.
When a depletion region is formed, as a result of positive voltage at
the gate, the total capacitance starts to decrease and reaches a mini-
mum value. With larger positive voltages, it starts to increase again
defining the inversion region where the electrons are building up at
the semiconductor surface. Again, at strong inversion, the total

capacitance will be practically equal to the oxide capacitance.
If the small signal measurement frequency is sufficiently high,

such that the electrons (minority carriers) in the inversion region can
not follow the a.c., the total capacitance in the inversion region will
be practically constant (equal to cmin) as shown in Fig 2.5 (b). The
small signal capacitance of the space charge reglon under these high
frequency conditions is given by

% B
s
c = (ﬁfﬁ.) e (2.17)
sc 2 kT / (e=6ws+ . -1)%
Y

»

The gate voltage is related to surface potential as in Eq (2.11).
From Eqs 2.1l and 2.17, it is possible to obtain the high-frequency

C-V curve (Fig 2.5 (b) ).
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If it is assumed that strong inversion begins at a surface

potential, nps = 21pF, the corresponding gate voltage is :

%

V =- — +2¢ (2.18)

g Cox F

v - KT N 3
where P g I ( A/ni) (2.19)

The total capacitance which corresponds to this condition can

be written as :

c. = OX (2. 20)

where x, 1is given by Eq (2.10). From Eq (2.20), the doping density:
N, can be determined by knowing Cm from the high frequency C-V
measurement.

When the voltage sweep applied to the gate is relatively fast,
the electrons (minority carriers) will not have enough time to accumulate
at the surface. . As a result, the total capacitance will be lower than
C, » as illustrated in Fig 2.5(c). This is due to the fact that in
curve (c) the depletion layer extends further into the semiconductor
and constitutes the deep depletion condition. The experimental evidence
of the difference between curve (b) and curve (c) was first shown by

Zaininger & Heimans(33), as the rate of sweep was varied.
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2.3 Experimental MOS Characteristics

Measurements on actual MOS capacitors show that various factors
or phenomena associated with the structure perturb the predicted ideal
C-V characteristics. These factors include : metal-semiconductor
work-function difference, surface states or interface-states at the
silicon dioxide-silicon interface and also the charge within the oxide
layer.

(a) Effect of work-function difference and fixed oxide charge :

It has been shown (34) that in the A1-8i0,-81 structure at
thermal equilibrium and zero gate voltage,the surface of n-type silicon
is already accumulated. On the other hand, the surface of p-type
silicon is inverted. This is true even for oxide and interface
charges assumed to be zero. The amount of gate voltage needed to bring
the energy band diagram to the flatband condition is defined as the

flatband voltage, In this case, it will be equal to the metal-

VFB°
semiconductor work-function difference,¢mso The different values of
VfB obtained experimentally by using various metals such as Mg, Ni, Cu,
Au, Ag, has been considered by Deal et al (34). The dependence of work-
function difference upon the doping concentration of the semiconductor
has also been shown.

If a fixed charge density ch exists at the oxide-semiconductor
interface (fixed oxide charge), then :

Veg = - %f-"- + oo (2.21)

ox

Equation (2.21) shows that the equations obtained for the ideal

MOS structure can be used if Vé is replaced by an effective gate voliage

Vg°, such that

vg = v8 - Vg (2.22)
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Another effect on voltage flatband arises from distributed

charge within the oxide. This will modify the voltage flatband such

that :
Qr OX
c 1 x°
V. = -—=% 4¢ o= Z—p(x') dx° (2.23)
FB COX ns Cox dox
(o]

where p'(x') is charge density distrubuted in the oxide with x'
indicating distance from the metal.

The expression given above can be simplified by considering
the interface fixed charge and the distributed charge within the oxide

as an equivalent interface fixed charge, so that,

v - - Beedoquiv + 0 (2. 24)

FB COx ms

Equation (2.24) shows that if the flatband voltage, ¢ _ and
Cox 2Te known, then (ch)equiv can be evaluated (32). Values of

(ch)equiv of about 101° - 10t charges per cn® are quite common, the

magnitude being strongly dependent on the final heat treatment that the
device received (3).

(v) Effect of mobile charge within the oxide

During the fabrication process, the system is normally sub-
jected to lonic contamination, particularly by sodium which is easily
incorporated in 5i0, as Nat (4). Upon applying a bias to the device,
sodium ions will bes forced to move. This means that Eq (2.24) will be
a function of time. However, the drift of voltage flatband caused by
this effect can be negligible, once a good controlled surface is

achieved.,
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(c) Effect of fast surface states or interface-states

At any crystal surface, there is a discontinuity in the
periodicity of the lattice. This disruption results in the intro-
duction of energy levels or states within the semiconductor bandgap
at the surface. The number of such states depends on the surface
treatment during processing. Shockley (1) predicted an interface-state
density of the order of 1015 cm°2 for an atomically clean surface.
However, the formation of an oxide layer tends to reduce the actual
interface-state density found at a clean silicon dioxide-silicon
interface. The numbsxr of such states on a well prepared surface can
be less than 1010 per emz s whereas for poorly prepared surfaces, they
may reach over 1043 per en’ (32).

The importani property of these states is their ability to
exchange charge very readily with the valence band and conduction band
of the semiconductor. The interface-states are considered to be donor-
type, that is, thosé situated above the Fermi level are empty, and
hence positively charged,whereas those below the Fermi level are full
of electrons and neutral. When a gate voltage is applied, the inter-
face state levels will move up or down with the valence and conduction
band edges while the Fermi level remains fixed, as illustrated in
Fig 2.6, This means that the charge condition of the interface states
can be raised. This change results in a further alteration of the ideal
MOS C-V¥ curve. The early observations of this effert were made on
experimental high frequency C-V curves, Fig 2.7 (32), where a distorted
characteristic 1is very obvious.

The effect of the interface-states on the C-V curve can be
understood by considering their density designated as Nss per cm2o
These states are charged and discharged as the voltage is varied.

For a MOS structure with oxide thickness dox of 1000  and interface-
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state density Nss of 1012 per cm2p the extra voltage required to do

this is :
%s 1 Ny
Vss = T = - = 4.7 volts,
ox Eox/d

oX

which will result in significant displacement along the voltage axis
of the C-V curve. However, if Nss is reduced to as low as 109
per cm2p the displacement will be almost negligible. Further con-
sideration of the effeet of interface-states on the C-V curves will

be given in the next section.
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(a) (v)
oxide

p-type semiconductor

ET = Energy of discrete
interface-state

Fig 2.6 : I1lustration of interface-states behaviour as surface
potential is varied.

(a) surface accumulated :- state unoccupied.
(b) surface inverted :- state occupied.

1.0 I
c/c
ox Theory
- Experiment,
0.9 r—- No fast —
Experiment
‘o.8tincluding ) -
inter-
face states
0.7+ . . o _‘
e .
—20 -15 ~10 -6 0 5 10
_ V_ (Volts)

Fig 2.7 s The effect of interface-states on the h.f. capacitance-

voltage characteristics of an MOS capacitor.
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2.4 Interface-State Evaluation

Early methods used to evaluate the interface-states density
of MOS devices utilized the high-frequency C-V characteristics (8).
These methods are based on the comparison between the experimental and
theoretical C-V curves. The interface-state cause a shift AV along
the voltage axis of the C-V curve, the value of which is measured as
a function of surface potential. This yields the total charge in the

surface states at any particular surface potential, that is :

Qs = Cox “V)  Coul/ 2 (2.25)

The interface-state density per unit energy is then evaluated by

numerical or graphical differentiations

- 1 (3.?53.) . Sox (3'“) states/cn’/eV (2. 26)

S8 E BIJ/S q P ws

This technique was shown to be successful for measuring very large
surface state densities (greater than 1010 per en? per eV). However,
the method becomes inaccurate for lower surface state densities (35).

The low-frequency or quasi-static C-V technique provides an
alternative method for evaluating interface-state densities (14,15).
Basically, the method consists of applying a slow ramp voltage to
the MOS capacitor, the resultant displacement current being measured
using an electrometer amplifier.

By considering the applied voltage waveform to be s

V A
g

= Y% T oot (2.27)
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where ®= voltage sweep rate, then the instantaneous displacement

current as a function of gate voltage can be written as :

a E& dy
e . g
I Ty dVg It ac (vg) (2.28)

d

where C(Vg) = E%B is the quasi-static total differential capacitance
g

of the device. This provides an elegant way of measuring the device

capacitance.

The total MOS capacitance obtained from the quasi-static

measurement can then be expressed as (see Fig 2.8) :

1 1 1

- + (2.29)
c(vy) Cox Cooltg) + Cgg(ug)
where Css(ws) is the interface-state capacitance (a function of surface

potential). Using EQ (2.29), the interface-state density can be

evaluated from :

Cag () c(v,)
N () = sz__"’s__ .,% ==-—=%——7C 77 - Cocl¥s) (2.30)
1 - E__S_
(¢):4

From BEq (2.30) it is obvious that in order to evalusie Noo it is
necessary to know the relationship between gate voltage Vg and surface
potential wso The overall procedure for obtaining the distribution
of the interface-state density is therefore as follows 3

(2) The ideal C(ws) curves are generated using the known
gate area, oxide capacitance and doping density of the MOS device.

(b) The experimental E£= V8o Vé curve is integrated to

ox
determine the surface polential as a function of gate voltage, using

Berglund’s integration :

v (v
vg (Vg) = J-g [ =-C(—52] v, + a (2.31)

\
a
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Fig 2.8 : Simplified equivalent circuit of the MOS capacitor

showing the capacitance due to interface-states, Csso
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where V_ is the chosen gate voltage at the initial 1limit of integra-
tion, and A is an additive comstant, which can be determined either
by comparison with the ideal curve or by use of a suitably chosen

value of V_ (usually the flat-band voltage, in which case A =0).

VF‘B"
A plot of Vg~ Vg can in fact be obtained directly by using special
circuits which will be described in detail in the next chapter.

(c) The experimental normalized capacitance (q/cox) as a
function of the experimentally determined surface potential ran then
be plotted. Comparison can be made with theoretically generated curves
obtained from the ideal MOS structure.

(d) A plot of semiconductor surface capacitance at each
value of surface potential can be constructed for both the experimental
and theoretical cases. Using Eq (2.30), the surface state density can
then be determined directly.

As mentioned earlier, the valence and conduction bands move
up or down as determined by the gate voltage. By assuming that the
interface states are confined to a continuum of discrete levels in the
band gap, it is possible to determine the distribution of interface-
states within the energy gap. From Fig 2.9 the interface state: levels
can be written with respect to the @enduction band edge as :

E

Ep-By = 5 + avp -afv, (2.32)

where Eg = 1.11 eV and ¥, is glven by Eq (2.19).

I Si/Si0, interface .
----- - E

———F.

7~ wF
T EF

r///'7p‘-=‘l'.ype seniconductor Ey

Fig 2.9 : Position of a single discrete interface-state level

within the band gap as a function of surface potential.
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2.5 Experimental Measurements of Interface-State Density

The method described in the previous section has been used to
determine the interface state density from experimental measurementis.
Two types of MOS capacitor were used in these experiments, with the
following specification 3

(1) n-type substrate s [:;i]
< 100> orientation, oxide thickness ~ 1000 £ ,

gate diameter of A1 ~ 1 mm, gold substrate contact.

(i1)p-type substrate s E; %]
< 100> orientation, oxide thickness ~ 745 ] 0
gate diameter of Al ~ 1.5 mm, aluminium substrate contact.

2.5 (a) Experimental details s

The experimental set-up used for these measurements is shown
in Fig. 2.10. The high-frequency C-V measurements were made using
an analogue C-V plotter which had been built in the department (37).
This instrument allows an a.c. signal of 100 mY (rms) to be super-
imposed on a d.c. blas which is then applied to the sample. The
output from this bridge, proportional to capacitance, is directly
connected to a Bryans X-Y plotter. The instrument was calibrated
using standard capacitors. The lowest voltage sweep rate (26 m¥/sec)
which can be derived from the triangle generator (supplying the d.c.
bais to the bridge) was found to be slow enough to maintain equilibrium
in the devices used.

The sample was housed in an electrically and optically
shielded probe chamber. The vacuum chuck (plinth) supporting the
sample vwas made of stainless steecl ensuring a good electrical comtact
batween the subsirate contact of the device and the plinth itself.
The probe contact to the metal gate of the deviee was adjusted
manually with the help of a binocular microscops.
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The method of Kuhn (14) has been used in order to obtain the
low-frequency quasi-static I-V measurements. A very low frequency
triangular voltage waveform was applied to the sample and the dis-
placement current measured using a Keithley 600B Electrometer.
Typical current magnitudes for this kind of measurement lies in the

12 _ 411 Amp. The output voltage (whirh is proportional

range 10~
to the input current) from the electrometer together with the voltage
sweep from the triangle generator were fed to the X-Y plotter as
vertical and horizontal inputs, respectively.

2.5 (b) Experimental precautions :

Since the magnitude of the measured current is very low,
several precautions have to be taken. All of the connecting leads are
well shielded agalnst electrical and mechanical disturbance (usually
short screened cables and °BNC° connectors). The iriangular voltage
waveform generator and electrometer were battery driven in order to
avoid mains frequency pick-up problems.

The chamber containing the device was flushed with dry
nitrogen in order to avoid condensation of water on the surface of
the sample. The sample plinth was regularly cleaned with iso-prophyl
alcohol in order to remove grease, etc, and ensure a low resistance

substrate connection.

Ex j Eﬁ aj Supplied by Dr. A.G.Nassibian from the University
)
of Western Australia and by the University of Edinburgh.
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2.6 N-type MOS Results and Analysis

The high-frequency C-V and quasi-static I-V measurements
made using the technique described above, were analysed to give
the interface-state density by the method given in section 2.4.
This section describes the results and analysis for the n-type
sample.

2,6 (a) High-frequency C-V curve

Fig 2.11 shows the high-frequency C-V curve obtained for the
n-type MOS device. The oxide capacitance can be determined from the
strong accumulation region (since for Vg >> 0 the semiconductor
capacitance, C is much greater than oxide capacitance, Cox)’ the
value being measured as 268 pF. From Eq (2.15), the oxide thickness
is calculated to be 1009 &.

The same curve, gives a value of minimum cszpacitance of
60 pF. Using the equations which relate the minimum capacitance to
doping density (as presented in section 2.2), yields the value of the
L Cm-j

o

doping density Ny of 6 x 10
The flatband voltage, VFB was determined as -0.72 V using

Eq 2.16 for Cpg » and the experimental C-V curve. From Sze (31),

the metal-semiconductor work-funetion difference,(pms of the device

considered is -0.36 volts. Thus, the total shift of Vep due to

oxide and interface charges is (-0.72 + 0.36) = -0.36 volts, which

yields the equivalent interface charge of only 0936ocox/q = 7.5 x 10l

The &desd theoretical high-frequency C-V characteristics was

generated using the values of V?Bg pe area A and oxide capacitance,

C°x as obtained from the experimental data. The theoretical curve

is shown dotted in Fig 2.11 and the computer data used to generate

this curve is tabulated in Appendix A.

0 =
cm

2

o
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2.6 (b) Quasi-static I-V curve

Fig 2.12 shows the quasi-static curve obtained for the device
under consideration. We can be sure that we have equilibrium maintained
throughout the entire voltage sweep because of the symmetry of the
characteristics about the voltage axis. The curve was generated at
room temperature using a voltage sweep rate, a = 0.026 V/sec° The
oxide capacitance, Cox ¥a8 determined to be 269 pF from the current
obtained in strong accumulation, that is, C = Io/a , where I_ is
the current measured in strong accumulation. This value of Cox is in
very good agreement with the value of 268 pF obtained from the high
frequency measurement .

The experimental surface potential-gate voltage relationship
was obtained using the direct plotting instrumentation developed which
will be described in the next chapter. This enables the total normalised
capacitance and the surface capacitance, Figures 2.13 and 2.14 to be
generated from the experimental quasi-equilibrium I~V curve as a
function of surface potential. The theoretical curves in the figures
were generated using the equations given in section 2.2. The data
obtained from a computer program is shown in Appendix A.

The interface state density was extracted from Fig 2.14 (i.e.
the difference between the two curves, divided by the electronic
charge). The plot of interface state density as a function of position
in the band gap is shown in Fig 2.15. It shows that the density is of

10 1

the order of 4.5 x 10°° em™? ev™! near midgap and rising toward the

band-edges,
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. 2
Experimental ACSC(F‘/cm )

— -~ — — Theoretical

0.6 0.5 0.4 -0.3 0.2 0.1 0 0.1
b (V)
Fig 2,14 : Surface capacitance as a function of surface potential.
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10 4+
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6 1
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- E_(ev)
-— gap o -
Towards Towards
valence band ‘ conduction band
Fig 2.15 : Interface states density distribution obtained

for n-type MOS capacitor.
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2.7 P-Type MOS Results and Analysis

The high frequeney C-V curve obtained for the p-type sample
is shown in Fig 2.16. The oxide capacitance is seen to be 85 pF,
yielding an oxide thickness of 745 % . The minimum capacitance is
153 pF, giving a doping density N, of 7.0 x 101’+ en”.

From the experimental curve the flatband voltage was deter-
mined to be equal to -0.96 volts using Eq (2.16). Using the metal-
semiconductor work-function difference, Oms -0.86 volts, the
effective total interface charge density at flatband is found to be
2.8 x 10°° cn™?, which is very low. It is therefore not surprising
that there is a close correlation between the experimental and theor-
etical curve (dotted curve in Fig 2.16) is seen. The data for the
theoretical curve is tabulated in Appendix B.

Fig 2.17 shows the experimental I-V curve obtained using the
quasi-static method. The curve shows symmetry about the voltage
axis, indicating again that the device is in equilibrium. The curve
was generated at room temperature with a voltage sweep rate, a of

1 Amp at strong accumulation

0.026 V/sec. The current was 2.25 x 10~
and strong inversion, yielding an oxide capacitance of 865.4 pF. This
value is found to be in quite good agreement with the value of 850 pF
obtained from the high-frequency C-V measurement. Figure 2.18 shows
the normalised total capacitance as a function of surface potential
for both experiment and theory, (the data for the theéretical curve
is tabulated in Appendix B). The capacitance of the semiconductor
surface is plotted against surface potential in Fig.2.19.

The interface-state density distribution is obtained from
Fig 2.19 by noting the difference between the experimental and
theoretical curves. Fig 2.20 shows the resulting interface-state
density as a function of position in the band gap. The minimum value

of interface-state density of the order of 2.5 x 10:° em™2 eVt is

again observed to be near midgap.
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A Csc (F/cmz)

Experimental

== o= — — Theoretical

by (V)

Fig 2.19 s Surface capacitance as a function of surface potential.
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& of gap
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Fig 2.20 : Interface states density distribution obtained for
P-type MOS capacitor.
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2.8 Discussion

The experimental section of this chapter has been concerned
with the.calculation of the interface-state density distribution for
both n and p-type MOS capacitors. One of the major sources of error
which would affect the interface-state density calculation is the
determination of surface potential as a function of gate voltage.
This effect can be understood by realising that, in strong inversion
at least a small change in surface potential will cause a substantial
change in gate voltage. Thus, it would be possible to obtain a value
of surface capacitance at a grossly incorrect gate voltage. The
non-uniform nature of surface potential can also influence the calcula-

tion of N (35).

The minimum interface-state densities obtained for the

capacitors used are quite low, of the order of 4.5 x 1010 n72 eyt

(n-type) and 2.5 x 102° cn7? eyt (p-type). At such values the
differences between experimental and ideal curves are very small
(e.g. Fig 2.11 and 2.16) and this limits the accuracy of this method
of measurement. In the present case the values may have an absolute
accuracy at only + 50%, although this does not invalidate the method.
On the contrary, it can be argued that low values of interface-state
density are of limited practical importance and that accuracy is not
then required. The method used has the advantages of simplicity
and low cost compared with more sensitive methods (e.g. G-f-V, DLTS)

which have been developed more recently.



CHAPTER

NON-EQUILIBRIUM MEASUREMENTS AND ANALYSIS




44

3.1 Introduction

In contrast to the subject of the second chapter, where the
device is maintained in quasi-equilibrium conditions with the bias
voltage,here, we shall consider the non-equilibrium case. In this
condition the carrier densities are well above or below the thermal
equilibrium values corresponding to the instantaneous bias voltage.
The necessity for understanding non-equilibrium behaviour is due to
the fact that charge coupled devices are operated in this manner.

The method used here to study the non-equilibrium behaviour is
based on work performed by Board and Simmons (29 ). It consists of
applying a triangular gate voltage to an MOS capacitor of sufficiently
high frequency to drive the device into non-equilibrium. The various
sections of the experimental current-voltage curves obtained in these
conditions were found to fit well with the proposed theory. The
results obtained were then analysed to give the generation lifetime
of the silicon.

An experimental circuit was built to measure the surface
potential as required for analysing the non-equilibrium results. The
circuit which was first described by Tonner and Simmons ( 36) can be
used to obtain directly the surface potential-gate voltage relationship
under either quasi-equilibrium or non-equilibrium conditions. The
resulting curves were compared with those obtained by graphical

integration.
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3.2 Theory of the MOS Capacitor in Non-Equilibrium

3.2 (a) Generation-recombination centres (traps)

The conditions for non-equilibrium phenomena to occur in a
semiconductor can be realised by applying an external energy source
for example, radiation or electric field. In the case of applying a
light source, some electrons are raised to the conduction band and
excess carriers are generated. As the source is turned off, carrier
generation ceases and the excess concentration decays back to the
original equilibrium conditions by means of recombinations. From
observed values of lifetime of these carriers in silicon it becomes
clear that direct recombination from band to band is insignificant in
practice. Schokley and Read and Hall (5) proposed that the generation/
recombination mechanism involve transitions via intermediate energy
levels lying within the forbidden energy gap. These energy levels may
arise from a variety of causes, including the existence of unwanted
impurities in the crystal or the presence of lattice imperfections.
Using Schockley-Hall-Read statistics ( § ), the bulk generation-
recombination rate of a single level trap at an energy Et above the

valence band is given by

2
o v, N,(pn-n,”“)
U = .th t i (3.1)

E _-E.
t 71
n+p+2ni cosh < KT >

vhere Nt is the bulk trap density, Vih is the thermal velocity of

carriers and ¢ is the capture cross-section (which is taken to be
the same for holes and electrons). Under thermal equilibrium pn = ni2
resulting in U = 0 (no net rate of generation-recombination). Also
U oan be interpreted as the recombination rate when it is positive
and as the generation rate when it is negative in value.

Equation (3.1) provides the most important aspect of the

Schokley-Hall-Read generation-recombination analysis. It relates the



46

net generation-recombination rate to the free carrier densities as well
as the specific properties of the generation-recombination centre. In
either generation or recombination the most effective centres will

have Et close to Ei’ the intrinsic energy level. For example, gold

and copper give rise to two very effective trapping centres with values
of (Et'Ei) in silicon of 0.03 and 0.0l eV respectively (31) . Further-
more, Ef. (3.1) can be simplified for a particular problem. In the case
of a depleted region, such as exists in MOS structures when a deep-
depleting voltage step or fast voltage ramp is applied, the electron (n)
and hole (p) carrier concentrations are reduced below their equilibrium

concentrations such that :

Ny, P << Dy | (3.2)

vhere n; is the intrinsic concentration of carriers. Then the generation

rate is given by ,

v - - 9 Vip Nt n, _ n, (3.3)
g Et°Ei 271 3.3
2 cosh ®T g
cosh (Et;21>
where . = (3.4)
g ov N
th t

is defined as the generation lifetime. Eq (3.3) states that Ug has a

maximum value when the trap is located at midgap, ie. Et:= Ei’

3.2 (b) Theory of non-equilibrium fast ramp I-V :

Following the treatment presented by Board and Simmons ( 29 ),
the trapping level is considered to be a generation centre only.
Consider an n-type MOS device with generation centres (or trap energy

levels) lying very close to the intrinsic energy level, as illustrated
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in Fig 3.1, Above the Fermi level the traps are essentially empty
of electrons and below it they are essentially full of electrons. When
a depleting voltage is applied to the metal gate electrode the genera-
tion of electron-hole pairs will not be fast enough to maintain the
device in quasi-equilibrium for a sufficiently high voltage sweep rate.
As a result, the depletion region extends into the bulk, far beyond the

maximum depletion width of quasi-equilibrium.

Fi ol ¢ Band diagram of n-type MOS structure with a discrete

bulk trap at energy Et biased into inversion.
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In the region (xd—xo) < X <x4, where x_ is the depletion width
up to the onset of generation, the net generation rate is negligible (26),
This is because the number of holes in this region is very small and
the traps are essentially full. However, in the region o< x < (xd—xo)
the generation rate is wvery high compared to the recombination rate, so
that the net generation rate is effectively given by Eq (3.3). The holes
vhich are generated will be swept to the interface (due to high field in
the depletion region) to accumulate and form the inversion charge. Thus,
the process by which a MOS capacitor subjected to a depleting voltage
relaxes to equilibrium is characterised by the generation lifetime. The

inversion charge built up at the interface is given by,
y = ay, j (x47x,) dt (3.5)

vwhere (xd~xo) represents the depletion width contributing to carrier

generation. The total gate charge, Qg’ is given by,

%G = %yt Ht Y (:6)

where be is the fixed oxide charge and Qd and Qi are the depletion
charge and inversion charge, respectively.
The current can be obtained by differentiating Eq (3.6),
° dx
I = Q,g = q Ug (xd-xo) +q Ny —E% o (3.7)

The gate voltage is related to the depletion width by :

q N, x 2
v, - _;ﬁ_+ DXa” 4y (3.8)
ox 2¢€

Fig 3.2 shows typical current-voltage characteristics together with the
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voltage waveform that is applied to the n-type MOS device. Section a-b
of the curve shows the quasi-equilibrium part of the characteristic.

In section b~c the current-voltage characteristic is in the non-
equilibrium condition (i.e. the bulk silicon is being depleted). The
current magnitude is reduced below that of the quasi-equilibrium value
due to the reduced generation of electron-hole pairs in the depletion
region. This results in the depletion layer extending further into the
bulk. Hence, the current I flowing in the device consists of the current
I (due to the discharging of the donor centres at the edge of the

depletion region) and the generation current Ig as illustrated in

Fig 3.3 (a) :

I = I + I
| Iq | | 1g |
On reversal of the voltage sweep, at gate voltage VB' the
depletion layer is progressively reduced with time, the generation
current continuing to flow in the same direction. The resulting current

is given by,
== 1Lkl * || >

the sign of I3 is changed because the donor centres at the edge of
the depletion region have to be filled (Fig 3.3 (b) ).

Section c-d of the curve shows the current dropping abruptly
at the instant of sweep reversal, and then following the form as
indicated by section d-e. For IIJ > |Id|: the current is positive
in magnitude but when |Ig | < IId | the current becomes negative.
The return to equilibrium occurs when the Fermi level in the bulk
lines up with the Fermi level at the interface (Fig 3.3 (c¢) ), at
which point the current decreases abruptly as depicted by section e-f

of the characteristic. The system is then in quasi-equilibrium, as
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indicated by section f-g, with the current being given by

vhere Iq is the current due to the flow of inversion charge (holes)
from the interface.

Extraction of various parameters such as generation rate and
generation lifetime can be made by the equation appropriate to the
particular section of the non-equilibrium I-V characteristic (see bélow).

(a) Forward voltage sweep :

The voltage waveform that is applied to an n-type MOS device is
shown in Fig 3.2. The forward sweep corresponds to the interval

0< t< tB where the gate voltage can be represented as :

V. = V-at = V_ -V (3.9)

Differentiating, with respect to time, equations (3.8) and (3.9) (second

term of RHS in Eq (3.8) will be negative in this case) we obtain,

av -1 q N.x dx
_&8_ _ - f _ D7d d
at *= 3 e it (3.10)
ox s
Substituting I from Eq. (3.7) gives :
C_x dx U
ox “d d _ &
1+ = @ W Ly + x, - %) (3.11)
o Cox
where LE = E_ﬁ;_ and Cox is the oxide capacitance per unit area.

Using the boundary condition X3 = X, at t = o the solution to the
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above equation is

C LE c Z -C
1+ 2X + 1In (1-z) + °x - X 3,12
. (x, + Lg) n (1-z) - 7N L (3.12)

where z = (xd-xo)/LE is the normalized depletion width. Eq.(3.12)

relates the depletion width to time (or voltage).
An expression for the current can be obtained by differentiating

Eq. (3.12) with respect to z, so that

c (1 - 2)
dz _ oX .
W : (3.13)

qNDLE(1+-;°-—-: (xo+ ZLE))

Substituting Eq.(3.13) into Eq. (3.7), then,

dz
Ip = aCy 2% alyly agy

or
Ip = aC z + L-z (3.14)
f ox Cox ’
1 +;—(XO+ZLE)
S
The parameter Xy the depletion width at the start of generation,
is given by,

o

2¢. (B, -E,)

S F__t (3.158)
o] 2 \JokD)]
q Ny

E
]

where Et is the energy level of the bulk traps. The gate voltage at
the onset of generation, Vo, occurs at a surface potential Vo surh that,

(Ep - E,)
P

o —5 (316)
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Then,

+ Vv o+ ¥ (3.17)

where Qsc is the equilibrium semiconductor charge (an expression for which
is given in Chapter 2).

Equations (3.9), (3.12) and (3.14) completely described the form
of the non-equilibrium I-V curve as indicated by section b-c of Fig.3.2.

(b) Reverse voltage sweep

The reverse voltage sweep corresponds to §B< t< tc, where tc is
the time at the end of the reverse sweep. The gate voltage at any time
is then given by:

vg = Vgt o (t-tB) = Vg +V (3.18)

where Vb is the gate voltage at t = tBo
From equations (3.8) and (3.18),

av I N. x dx
--5 o= a = - L - q D d dd (3°19)
dt Cox €g t
Substituting I_ (from Eq. (3.7) ) yields :
C b 4 dx U
ox 'd4 - p_d _ __& -
1 + Gs dt ND (].uE -+ xd xo) (3«20)

By using the boundary condition z = Zp at t = th separating the variables
and then integrating, results in :

.

c 1 LE C
1+ -g-;& (x,-Lg) | 1n 1::B+ — (z-zB}= -qN;’;E oV (3.21)

s
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Similarly, thé expression for reverse current can be obtained by

differentiating Eq.(3.20) and using Eq. (3.7),

+
I = ac¢ z - é 2 (3.22)

ox
L+ ()

Combining equations (3.18), (3.21) and (3.22) will allow us to generate
the non-equilibrium reverse sweep I-V characteristic (section d-e of
Fig 3.2).

(c) Instant of sweep reversal

The change of current Al at the voltage sweep reversal can be

calculated from equations (3.14) and (3.22) resulting in,

2qaC

- ox
AI = c (3°23)

1+ -si (xo + 2z LE)

vhere Zg is the normalized depletion width at Vho In Fig. 3.2, Al is

represented by section c~d of the characteristic.

(4) The return to equilibrium on reverse sweep

This occurs when the inversion charge being generated by the
bulk traps is equal to the inversion charge for quasi-equilibrium
at the same gate voltage. The gate voltage which corresponds to this
condition, say Vg, can be obtained by substituting z = z_ in Eq. (3.21),

1 NDLE Cox 1+z° LECox
VR = VB - '===E°-;:-— é. + g: (xo—LE) 1n 1+7'B + Es (ZO-ZB)
(3.24)
. Xn %o
with 2 = —-EE”= (3.25)

where X, is the depletion region width under quasi-equilibrium strong
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inversion conditions. By assuming a surface potential of 2 yp We ran

say,

ofs

bhe xkt 1n (Np/n,)
x = >— . (3.26)
Q“ N,

(e) Equilibrium section

Sections f-g and a-b represent the quasi-equilibrium part of the
characteristic and can be generated using the theory presented in
Chapter 2.

In the analysis presented above, the current I is related to
gate voltage Vg through the normalized depletion width, z. It can also

be expressed in terms of small signal capacitance, using the relation

d aq
e b _
C av_ AV /a

where C is the small signal capacitance.
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3.3 Surface Potential-Gate Voltage Relationship

In the Kuhn analysis of interface state density evaluation
(described in Chapter 2), it is necessary to obtain the semiconductor
surface potential as a function of gate voltage. This can be achieved
by graphical integration of the I-V curve using Berglund's (13 )
integration. However, this method is very tedious and time consuming
when performed by hand. As an alternative, Tonner and Simmons ({36 )
describe a method of using a single analogue circuit to provide direct
plots of wé VS, Vgo

Considering an n-type MOS device,the gate voltage is related to

the surface potential by

Q
Vg = Vox t v = EEL- + b (3.27)
oX
or vV = v - 8'5_ (3.28)
) g C '
oxX

where Q,g is the gate charge per unit area. (The flatband voltage is not
included here because it can be easily accommodated by an appropriate
gate voltage translation). From Eq. (3.28), the surface potential can
be obtained by subtracting Qg/C from the gate voltage, Vg ; this
evaluation can be easily perfor;:d using analogue circuitry.

From Eq. (3.28),

] i S
v (vg) = av, - o,
or
dy (V) 1 Cévg) (3.29)
av, ox

where C(Vé) = ng/dV is the small signal capacitance as a function of

gate voltage. Integrating Eq. (3.29), the change in surface potential
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for a change of gate voltage from Vi to Vg is given by :

s a(v.)
v (vg) —ws(vi) = }: 1 - -—Lcox dvg (3.30)
v,

1

hi c(v_ ) = I(V )/ a.
where C(V_) = I(V.)/
Berglund (13 ) was the first to use this equation to determine the
surface potential as a function of gate voltage from the experimental
quasi-equilibrium I-V curve.

For simplicity let Vi = VFBc

Then, using the fact that wS(VFB) = 0, Eq. (3.30) reduces to :

e c(v.)
W | a- =5 ay (3.31)
Vrp

By evaluating the appropriate area from the I/IO—Vg curve, the
by VSo Vg relationship for either quasi-equilibrium or non-equilibrium
can be determined.

In generating the ws-vg relationship for thc case of the

non-equilibrium I-V curve, the various sections of the curve can be

manipulated as follows s

Integrating the equation from voltage flatband, VFB to the
end of forward sweep, Vb, yields the surface potential at VB as
V.
B (V)
0 (Vy) = (- —E) av, (3.32)
v 0
FB

where I = o C_ . The integral in Eq. (3.32) will be the area marked

as A in Fig. 3.4. The value is negative because d.vg is negative.

During the reverse sweep, the surface potential at any gate
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voltage, Vg is given by :

s (v.)
b (V) = u (V) + g (1 - ———3-—1 ) av, (3.33)
Vg °

where ws(VB) is given by Eq. (3.32). The value of ws(Vg) will become
less negative because dVg is positive, in other words, the surface
potential begins to decrease after the voltage sweep reversal. If the

integration for the reverse sweep is carried out up to the voltage flat-

band, then,
'rB (V)
Vo (Vo) = “’S(VB) + § (1 - Tﬁ-)dvg (3.34)
v 0
B

where the integral term is represented by area B + C in Fig. 3.4. Since
the surface potential at voltage flatband is zero, the area of A must be

equal to the area of (B + C).
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3.l Experimental Techniques for Non-Equilibrium Measurements

The samples used for the measurements were those used for the
quasi-equilibrium evaluation in Chapter 2.

3.4 (a) Non-equilibrium I-V

The experimental set-up for obtaining the non-equilibrium I-V
characteristic was the same as used for the quasi-equilibrium I-V
measurements. In the case of fast ramp excitation, the I-V rurve was
displayed on a storage oscilloscope since the speed of response of an
analogue X-Y plotter is insufficient. A permanent copy of the form of
the I-V characteristics was obtained by photographing the oscilloscope
screen.

3.4 (b) Surface potential versus gate voltage curve

3impk
The form of equation (3.28) is very simple. Such a ednsie

expression can be realised in analogue circuit form. The schematic
diagram of such a circuit is illustrated in Fig 3.5. The method is
based on a measurement of MOS capacitor gate charge in response to a
linear voltage ramp. The resulting charging current from the MOS
device is fed into the input of the Keithley electrometer (Model 600B),
this being operated on the charge range.

The electrometer is operated in the ‘fast’ mode and the output

voltage is a measure of the gate charge, Q

g
t
1 : S
Vo= idt = - :
G §o o (3.35)

where Cf is the feedback capacitor in the electrometer. The operational
amplifier A acts as a voltage follower, so its output will be equal to
- Qg/Cf° The current flowing into the input terminal of amplifier B is

given by

i, (3.36)
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The output VB of amplifer B is thus

v Q
- = 3 = -‘5 - .
Vg i Rj R3 R, —E_CRl (3.37)
Cox
selecting R, = R, and R, = = R,, ylields
2 3 1 ¢ 3
Q
-v, o= v - A (3.38)
B g C
0x
The output VC of amplifier C is the inversion of VB' thus @
Vo=V E (3.39)
¢ &  Cox

Comparing equations (3.28) and (3.39), the surface potential
ws is simply given by the output VC° The output VC and the gate voltage
Vg are fed into the oscilloscope, allowing us to display thetps VS, Vg
characteristic directly.

All of the amplifiers and components, except resistor Rl' are
mounted in a screened box. The value of external resistor Rl (variable)

depends on the oxide capacitance of the MOS sample through the relation

The system was assessed using a constant capacitor of the
polystyrene type (measured as 224 pF and with insulation resistance

12 ohms). Measurements were taken for different voltage

greater than 10
sweep rates, each time the value of Rl being compared with the expected
theoretical value. It was observed that the difference was 2% or less,

which is acceptable.
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3.5 Analysis of Results for an n-type MOS Device

3.5 (a) Non-equilibrium I-V characteristic

Fig 3.6 shows experimental non-equilibrium I-V curves as a
function of voltage sweep rates measured at room temperature. The
non-symmetrical nature of the carves about the voltage axis is cdue to
the fart that the net generation rate of electron-hole pairs is in-
sufficient to maintain the device in quasi-equilibrium. Consequently,
as the voltage sweep rate is increased the depletion layer extends
further into the semiconductor bulk. The current at strong accumulation,
Io’ is measured for every voltage sweep-rate allowing us to determine

the oxide capacitance, Cox' from the relationship C = Io/a

a(V/sec) I, (amp) Cox (PF)
1.257 3.4 x 1070 2705
2.518 6.8 x 10710 270
4.419 1.2 x 1077 271
6.941 1.85x 1077 266.5

The values of Cox obtained here are very close to those obtained from
high-frequency C-V measurements (i.e. : 268 pF) as described in Chapter 2.
The differences are well within experimental error. |

For ease of analysis the normalized current rather than the
absolute value is plotted against gate voltage in Fig 3.6. The dashed
curves in Fig 3.6 are the theoretical non-equilibrium I-V characteristics,
generated using the theory presented by Board and Simmons ( 29 ) .
To obtain the form of the characteristic at any particular voltage
sweep rate, o , the normalized steady-state depletior width, Lg (in
this case the parametric variable) is first chosen and then the
current-voltage relationship calculated. A value of LE can then be

selected to give the optimum fit to the experimental I-V curve. The
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value of Xy the depletion layer width at the start of generation, is

calculated using Eq. (3.15) by assuming that the traps are located at,
o«C
or very near to, mid-gap. From the relationship Ly= - on the

g
generation rate, Ug, can be determined. The process of obtaining the

generation rate is repeated for the other curves taken at different
voltage sweep rates. This means that the value of LE' and thus Ug,
is determined independently for every different voltage sweep rate
characteristic. It can be seen from Fig 3.6 that the theoretical
curves are in close agreement with the experimental I-V curves over
most of the sweep range. The theoretical normalized current at the
onset of generation is seen to be lower than the measured current.
This difference may be attributed to the effect of interface states.
The differences between the measured I-V curves and the generated theor-
etical curves is very obvious at the early portion of the forward sweep.
As the gate voltage is increased, and thus the depletion region width
extended further into the bulk, the difference seems to be reduced.
Assuming that the bulk traps are at midgap it is possible to
ralculate the generation rate and hence the generation lifetime. The
average generation rate obtained is of the order of 1.3 x 1015 cm-3 sec"lo
The generation lifetime, tg (where Tg = ni/ZUg)is then calculated for
every I-V curve and is found to have values of 6.05, 5.92, 5.97, 6.03 usec
at voltage sweep rates, a, of 1.257, 2.518, 4.419 and 6.941 V/sec,
respectively. These values can give an average of 6.0 sec. Further-
more, if it is assumed that thermal velocity, Van = 10? cm/sec and
capture cross-section, ¢ = 1.0 x 10_15 cm29 then the bulk trap density

is 1.7 x 1013 o3,

3.5 (b) Yo Vg curves

The solid curve shown in Fig 3.7 is the quasi-equilibrium surface

potential versus gate voltage characteristic obtained using the experimental
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circuit as of Fig 3.5. The experimental curve was obtained by using a
value of external variable resistor, Rl of 270 ohms and feedback
capacitor, Cf of 104 pF, resulting in a value of Coxof 270 pF. Again
this is very close to the value of Cox obtained from the high frequency
measurement (268 pF). The dashed line shows the result obtained using
the Berglund graphical integration method. Graphical integration is
obtained by calculating the appropriate area for a small increment of
gate voltage using Simpson'’s approximation. The agreement between
these two curves is quite good although some deviation at strong
accumulation and strong inversion is apparent.

Fig 3.8 shows the ws—Vg characteristic obtained¢ as the voltage
sweep rate is increased. The solid lines are the experimental curves
vwhile the theoretical curves are represented by the dashed lines. The

theoretical curves are generated using the relation

q N. x 2
_ L “d
P (V)= - ———
s 8 2 €
8
where X3 is related to the gate voltage, Vg, through the parameter
z by

X3 = 2 LE + xo,

with the parameter z being already defined (section 3.2 (b) ). The two
sets of curves, experimental and theoretical, are so close as to be
indistinguishable. The curves presented correspond to the I-V
characteristics of Fig 3.6, with the same voltage sweep rates. The
surface potential, Vg becomes increasing negatively as the gate voltage
is increased more negative. This is a consequence of the depletion
layer width expanding further into the semiconductor bulk during the
forward sweep. During the reverse voltage sweep the surface potential
decreases due to the decreasing depletion layer width. The reduction

inlps continues to be appreciable until we reach a particular gate
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voltage whereby the system returns to quasi-equilibrium ; the surface
potential then follows the quasi-equilibrium characteristics.

The quasi-equilibrium ¢S—Vg is included in Fig 3.8. It is
observed that the surface potential is essentially constant at strong
inversion and that the characteristic displays no hysteresis. On the
other hand, under non-equilibrium, hysteresis in the characteristics
is observed.

The dotted curve in Fig 3.8 (for a voltage sweep rate,

o = 2,518 V/sec) was obtained by graphical integration of the [-V
characteristic. Again, close agreement with the theoretical curve is

demonstrated.
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3.6 Analysis of Results for a p-type MOS Device

3.6 (a) Non-eguilibrium I-V characteristic

The experimental non-equilibrium I-V characteristics are shown
in Fig 3.9. The measurements were taken at room temperature for different
voltage sweep rates. The current at strong accumulation, Io was measured.

for every voltage sweep rate and the oxide capacitance Cox determined.

o (V/see) Iy (Anp) Cox (PF)
0.292 2.5 x 1010 856.2
0.588 0.5 x 1077 850.3
1.281 1.1 x 1072 858.7
1.667 1.45x 1077 869.8

These values of Cox are fourd to be in good agreement with the value of
;Zg?pF obtained from the high frequency measurement (2 percent difference
or less).

The dashed lines in Fig 3.9 are the theoretical I-V curves.
In generating these theoretical curves the normalized steady-state
depletion width, LE’ is first chosen and then the current and voltage
values can be determined. The value of LE is selected to give the
best fit to the experimental curve. If the bulk traps are assumed to .
be positioned at midgap +the generation rate, Ug, can be calculated.
The value of x  is calculated using Eq (3.15). The process of obtain-
ing the generation rate, Ug’ is repeatec for other curves with different
voltage sweep rates. The close agreement between the experimental and
theoretical curves is demonstrated over most of the characteristic.
It can be observed that the characteristics first follow the quasi-
equilibrium curve and then deviate on to the non-equilibrium portion.
This is due to the fact that the generation rate of electron-hole pairs
is not fast enough to cope with the changing gate voltage ; as a result,

the current is lower than the quasi-equilibrium value. The calculated




*30TAdP SOW adA3-d JO sor3sTIegORIRYD A-] umtzqITinbe-uoy : 6°f F14

72

(poanseou)

— . @ ——
—
.

untxqitinba-tsendb

2as /A 262°0

bt}
(s3ton) TA
r

Te0139I09Y3 —— —

Tejuautradxe




73

current at the onset of generation is found to be lower than obtained
experimentally. The difference is thought to be due to the emission
from interface states S 36 ) . However, for increasing gate voltage
the difference between the two curves becomes very small.

Using the theory presented in section 3.2 (b), it is possible
to calculate the voltage sweep rate which must not be exceeded if the

system is to remain in quasi-equilibrium. This condition is when

where X3m is the depletion width at strong inversion under equilibrium

conditions and is given by,

j

4 €s lpF

dm
a N,
Using the relation LE = acox/q Ug’ the voltage sweep rate for the

condition to occur is :

o = —8 X - xo = 0.05 V/sec,

which lies between 0.026 (for the quasi-equilibrium curve) and 0.292
V/sec (for the non-equilibrium curve).

The generation lifetime can be evaluated by assuming the bulk
traps are at midgap. The values obtained are 18.5, 16.3, 16.0, 16.0 Usec
for the curves with voltage sweep rates of 0.292, 0,588, 1.281, 1.667

volts/sec, respectively. If we assume the thermal velocity, ‘%h= 1x107 cm/sec

15

and the capture cross-section, ¢ = 1.0 x 10 cmz, the average bulk trap

12

density is 6.3 x 10 en”D,
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3.6 (b) $s— Vgrcurves

The quasi-equilibrium ¢S—Vg relationship obtainec using the
circuit described earlier is shown by the solid line in Fig 3.10. The
dashed line is the curve obtalned by graphical integration. The experi-
mental curve was obtained using an external variable resistor, Hl, of
value 858 ohm and feedback capacitor, Cps of 10” pF. Using the equations
given in section 3.4 (b) the oxide capacitance, Coxr 18 858 pF, which
again is in good agreement with the result obtained from the high
frequency measurement.

Fig 3.11 shows the experimental non-equilibrium ws~vg
characteristics obtained as the voltage sweep rate is increased. These
curves correspond to the set of experimental non-equilibrium I-V curves
in Fig 3.9.

The gquasi-equilibrium ws-Vg curve is included in Fig 3.11 and
shows no hysteresis. The approximately constant surface potential is
observed in the strong inversion region.

The result obtained using a graphical integration method is
shown by the dotted curve in Fig 3.1l (for a voltage sweep rate,o ,

of 0.588 V/sec.




75

aoTA®p SOW °dL3-d JOo SOTSTIARORIBYD ~ A~

8 s

untrqyrmbe-ysend ¢ 01°€ 814

20 1
8
(s310A) A
A9 s Ul € 2 1
2°04
NOISHEANI NOILVINWNIDV
40
9°0}
g0l uotjex8ejuy teotydear§ ———
— — — -_ - )
s TejuautIadxs
(s310A) T




76

*6°¢ A4

JO saaImno A-T 9ay3 01 Butpuocdsaxaod SOT}STISOBIBYD m>|m9 untaqirmba-uoy 3 TT1°C B4
1 2
unmtxqrrInba-1send
8
(s3TOA) A
2- -
(4
%8s /A
262°0
t
885°0
9
. uotjeIBIIUTL
821 o Teo tydexd
499°1 TeST38I09Y3
+ Ot TejusutIadxa

(s3100) 4




77

3.7 Discussion

The non-equilibrium I-V characteristics of an MOS system (n-type
and p-type) in response to a linear voltage ramp has been investigated.
The experimental results were shown to have a close correlation with
the theory presented. Assuming that the bulk traps are located at midgap
(as the most efficacious generation centres) allowed us to determine the
generation rate and generation lifetime. Values of generation lifetime
were determined for each of the different voltage sweep rates and the
results were shown to be consistent. Interface states were observed to
have an effect on the early portion of the forward sweep characteristic.

A simple analogue circuit was found to be useful in directly
generating a plot of surface potential versus gate voltage. The quasi-
equilibrium ws vS. Vg curve generated using the circuit is in reasonably
goo¢ agreement with the tedious graphical integration method. Further-
more, the circuit can be used to generate the non-equilibrium ws vs.Vg

curves. Again, such curves are shown to be in close agreement with

those obtained by graphical integration.




CHAPTER 4

TRANSIENT CHARGE MEASUREMENTS AND

COMPARISON WITH FAST RAMP
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4.1 Introduction

This chapter presents the results obtained for the generation
lifetime measured using the Q-t method of Hofstein (23). These results
are later compared with those from the fast ramp measurements in Chapter 3.

The Q-t method consists of measuring the charge response follow-
ing the application of small step voltages to the gate of an MOS cap-
acitor biased initially in strong inversion. The present measurement makes
use of automated computer controlled-digital instrumentation developed in
the Department (38).

Since the device is initially blased in inversion the effect of
interface states is minimal. It is not the purpose of this work to discuss
the Q-t theory in detail and, as such, only the simple model presented by
Hofstein (23) is considered. The transient response of the inversion
charges is assumed to follow a simple exponential law and fhe generation
lifetime is computed from the time constant of the transient character-
istic. Because the observed transient time is very much larger than the

generation lifetime (of the order of 10° to 10°

10

times), the method can
be used to measure lifetimes as low as 10 second.
The results obtained will be compared with the values computed

from the fast ramp measurements.
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L4.,2 Theory of Inversion Charge Transient Response

The theoretical considerations are developed here for an n-type-
MOS capacitor biased by a sufficiently large negative gate voltage, Vg,
so that an inversion layer is created at the silicon-silicon dioxide
interface. Upon the application of a negative voltage step AVg, towards
stronger inversion, the depletion width expands further into the bulk.
Simultaneously, electron-hole pairs start to be generated within part
of the depletion layer. As a result, the minority carriers (holes) are
swept to the silicon-silicon dioxide interface reinforcing the inversion
layer while the depletion width relaxes back to its equilibrium value.

The energy band diagram corresponding to this relaxation process is shown
in Pig. 4.1.

The electrical response is thus determined by a dynamic equili-
brium between the depleting voltage step tending to increase the depletion
layer width, and the generation of carriers tending to collapse it and
restore equilibrium. There are some other mechanisms of inversion
layer formation (not included in the analysis here), such as thermal
generation at the silicon-silicon dioxide‘interface, thermal generation
in the neutral semiconductor bulk and surface generation around the edge
of the capacitor which is discussed by Schroder (42).

The simplified small-signal equivalent circuit of an MOS cap-
acitor biased in strong inversion is illustrated in Fig. 4.2 (23).

C _ is the oxide capacitance, Cd the depletion layer capacitance and R

ox t

a resistance associated with the generation-recombination processes.
Assuming that the generation-recombination centres are at midgap,

Sah et al (43) have shown that,

T. V
d
Ry = H— (1)
qid v
where g is the generation lifetime, Yy is the voltage dropped across

the depletion region, and X3 the width of the depletion region.



80

[}
[e]
q(Vg+AVg) N N \\5 5 o
\ \'.r_ — —— — — — c—
AN
N
~
\\
0 ~_—_—————
Oo'
< " ~3
d

metal —_— oxide s semiconductor n-type

Fig 4.1 : Relaxation of depletion region due to generation of

electron-hole pairs in the depletion region of an
MOS capacitor.
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Fig 4.2 : Equivalent circuit of the MOS structure in strong inversion.

The generation lifetime can therefore be deduced from a measurement
of Rto As proposed by Hofstein (23), the response time of the MOS
structure to a small-signal perturbation is measured. From the
equivalent circuit of Fig. 4.2, the dynamic behaviour is characterised

by a time constant s

T, = Ry (Cy *Cy) (4.2)

Using the relations

€

_ S
Cqy = % (4.3)
c. C
_ _ox d
and Cn = T T (4.4)

ox d
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where Cm is the high frequency strong-inversion capacitance, the

generation lifetime from Eq (4.1) is given by :

o 2
_ Cnvc L
. - q ni es<i ox (4'5)
g8 T 2 Cuic
Vd cox o ox

Fig. 4.3 shows the transient behaviour of the total charge
after a small voltage step is applied to the gate of an MOS capacitor.
The ratio of Cm/cox ,which appears in Ba. (4.5), can be obtained
directly from such a transient curve. The rapid initial step, AQm,
is due to the very fast change of depletion region width in the

beginning of the transient. The initial charge step is given by

g, = o bV (4.6)

where AVé is the small voltage step and Cm is the high frequency
capacitance at inversion. The total change of charge stored in the

MOS system is determined by the oxide capacitance, Cox as 3

AQ = € LAy (4.7)

a Total Charge Q
(Coulomb)

AQ

-
n _Iﬁ% time
arb.units)
5 (

Fig. 4.3 : Schematic diagram of the transient characteristic of the

total charge in an MOS capacitor after a small depleting
voltage step.
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The capacitance ratio Cm/c can therefore be obtained by measuring the
“ox
changes AQ and 4Q  ; so that from Equations (4.6) and (4.7)

O/ = U aq (4.8)

The time constant, t_ can be eomputed from the Q-t transient,

r

assuming that the characteristics follow the simple exponential law.

@ q, = (e, (1-{%’”) (4.9)

T
%

The slope of a semilogarithmic plot of 1 - against t will

therefore give the value of T e
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L.3 Experimental Details

The equipment used for measuring the charge-time (Q-t) transient
behaviour of MOS capacitors is illustrated in Fig 4.4 (38). This equip-
ment has recently been developed in the Department by Z.A. Ibrahim whose
assistance with the Q-t measurements is gratefully acknowledged.

A d.c. bias, Vé, causes the MOS system to be in strong inversion.
A rectangular voltage step of amplitude AVg = 0.025 V (generated from the
PET computer) is superimposed upon Vg“ The charge flow following the
application of the voltage step is measured by the electrometer which is
operated in the Coulomb mode. The output voltage of the electrometer,
Voutp is thus directly proportional to the total charge Q stored on the
MOS system. The sample was housed in a screened chamber and flushed
with dry nitrogen in order to reduce leakage currents across the surface.

The analogue voltage output from the electrometer, which is
monitored using an oscilloscope, is converted to a digital form. A
computer program was available for the computer which controls the
experiment and which finally produced the Q-t transient on a digital
plotter (38). The Q-t curve is plotted after averaging the data over

several runs.
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b4 Results and Analysis

by (a)}N—type MOS sample

Fig. 4.5 shows the Q-t plot obtained for the same n-type MOS
capacitor as used for measurements in previous chapters. The response
is to a step voltage of 0.025 volts superimposed on a d.c. bias of
-5.05 volts, so that the gate voltage finally reached a value of
~-5.075 volts.

Assuming that the transient behaviour follows the character-
istics described by Eq. (4.9), the time constant T is determined to
be 0.51 sec (from the slope of curve (a) in Fig.4.6 ). The transient

behaviour is seen to follow the exponential characteristic but deviates

%9

Q_
from it for larger times, as shown by the plot of 1n [l - Qm } VS,
t in Fig 4.6 (curve a).

The ratio of Cm/ as obtained from the high frequency

C
ox

measurement is 0.224. Using this value and putting V; = 2y, in Eq. (4.5),

the generation lifetime, 7 _, is determined to be 5.9 ysec. However the

g
value of Cm/C can also be obtained from the charge transient since
ox

C bqQ
_m zr2
Cox %N

The value of AQU/AQm is 0.253 from Fig.4.5, and substituting this into
Eq. (4.5) gives g as L,9 ysec. The difference in the two values is
seen to be relatively small and within the limits of experimental error

and theoretical assumptions.

4.4 (b) P-type MOS sample

The Q-t plot measured for the p-type sample is shown by curve (a)
in Fig.4.7. The response was measured with the MOS system biased at a gate
voltage of 5 Volts and a step voltage of 0.025 Volts. The transient

behaviour is measured for a positive going voltage step
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Fig 4.6 : Evaluation of charge-time plots
(a) n-type sample

(b) p-type sample.
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(i.e. Vg : 5 %0 5.025 volts) which corresponds to the generation
characteristics,
®-q,
From the straight line portion of the plot of In |1 - a—:am
0
against t, shown by curve (b) in Fig. 4.6, the time constant 1, is

determined to be 0.645 sec. Using the ratio of Cm/C = 0,180 (as
ox

determined from high frequency measurement) then from Eq.(4.5), the

resulting generation lifetime, g is 5.6 psec. On the other hand,

using AQm/AQ = 0,184 (as determined from the charge-time plot of
0

curve (a) in Fig. 4.7) yields Ty = 5.4 yusec which is in excellent

agreement.
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b.s5 Discussion

The Q-t method as applied to the MOS system allows us to
determine the generation lifetime, rgo Using the simple theory
presented by Hofstein (23), values of generation lifetime were
obtained for both samples under consideration.

The generation lifetime for the n-type sample using the
Q-t method is 5.9 usec, whereas from the fast ramp technique as
described in Chapter 3, Tg = 6.0 ysec. There is seen to be excellent
agreement between these values.

For the case of the p-type sample, the generation lifetime
was found to be 5.6, sec from the Q-t method, and 16 usec from the
fast ramp technique. The measurements were checked but the difference
of almost a factor of 3 times was definitely not due to an experimental
error. To check the calculations further theoretical Q-t and fast ramp
I-V curves were calculated using the lifetime values of 16 and 5.6 usec
respectively. In each case these are the lifetimes obtained from the
opposite technique. The resulting curves were compared with the experi-
mental ones.

Curve (b) in Fig.4.7 shows the resulting Q-t transient
calculated using the simple theory of Hofstein (23) and Equations (4.5)
and (4.9) with e = 16 ‘usec. The large difference between the experi-
mental curve (a) and curve (b) in Fig.4.7 is clearly seen. The curves
show that the technique is very sensitive to the value of T and that
the difference in the values can not be accounted for by errors in
measurement .

A similar comparison is shown for the fast ramp technique in
Fig. 4.8. Curve (b) is generated from the theory of Board and Simmons (29),
using a generation lifetime of 5.6 usec. Again a significant difference

is observed between curve (a) (rg = 16 usec) and curve (db) (Tg= 5.6 wsec).
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A possible reason for the difference between the two techniques
is that interface state generation is not considered in the Q-t analysis.
However, the interface state density for these samples is moderately
small, as shown by the measurements in Chapter 2, so that any possible
effect due to interface states would also be expected to be small.
Furthermore, investigations by Schroder and Nathanson (19) showed that
the influence of interface state generation under our biasing conditions
is small. It would also be difficult to explain why the techniques agree
for the n-type sample but not for the p-type, since the interface state
densities are very similar.

A more likely reason for the discrepancy could be the very
simple model used for the Q-t analysis. Uncertainty about the analysis
presented by Hofstein (23) arises from doubts about the expression used
for the generation rate, this being valid only for deep depletion in the
space charge region (44). The objective of the present work was to use
the Q-t technique rather than being concerned with its theory which is
the subject of further work in the group. Therefore the following refine-
ments of the theory were not used in practice. Although they might
influence the result it seems unlikely that they would change o by as
much as three times.

The first improvement in the Q-t theory was due to Zechnall
and Werner (44) who obtained good agreement for measurement on many
samples when compared with the Zerbst method (18). Later, Viswanathan (45)
again modified the Q-t analysis and showed that the method is applicable
over a large range of values of step voltage amplitude. Again, the
generation lifetime was in good agreement with Zerbst’s results.

The comparison between the Q-t and fast ramp methods of

obtaining t_, in the present work, which has not been done before,

g
shows the need for much more further work on a variety of MOS samples

with different doping densities and lifetime values. It is hoped that
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such investigations would clarify the cause of the discrepancy in the
present results which cannot bé explained with the limited data available.

Another factor that can influence MOS measurements is the state of
the oxide surface outside the electrode area.v For example, the surface may
have a permanent inversion layer due to charges in the oxide or its interface
with ﬁhe silicon so increasing the effective area (3l). This problem can be
overcome by using a suitably-biased guard ring around the measuring electrode.
The only samples available for the present work did not have such guard rings,
raising the possibility that the results might be influenced by a permanent
inversion layer. This would be most likely for the p-type sample due to the
predominance of positive oxide charge. Fig 2.17 showed that the flat-band
voltage was, in fact, negative for this sample showing that surface inversion
was possible.

An independent measurement was therefore made of the effective electrode
area for the p-type sample using an ellipsometer to determine fhe oxide thickness.
The result was between 760 and 775 R for different parts of the sample, the
average being 767 g. The refractive index was 1.455. From the HF measurement
- of the oxide capacitance, 850 pF (page 37), the effective electrode area was
thus 1.88 x lO_2 cm2 giving a diameter of 1.55 mm. This compares well with the
measured value of 1.53 mm from which the oxide thickness of 745 g was obtained
earlier. These values agree to well within experimental error so zhat it could
be concluded that there was no permanent surface inversion with this sample.

It is important to consider whether the difference between the lifetime
results obtained by the two methods could be influenced by sgrface inversion.
The fast sweep method drives the capacitor into inversion fof only a short
reriod of time whereas the Q-t method uses a steady inversion bias. This could;
possibly influence the surface outside the measuring electrode in a different
way but it is unlikely to account for the large difference in the values of Tg
found. Other work in the Department has been concerned with the influence of

the potential of a guard ring in Q-t measurements, and it is not large. However,

some further work similar to the present should be done using samples with guard

rings.



CHAPTER 5

CONCLUSION
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CONCLUSION

The present work is mostly concerned with the determination
of generation lifetime of silicon MOS devices using the fast ramp and
Q-t techniques. Since the comparison of results obtained from the two
measurements has not been done before, the work is an important check
on both methods.

Some subsidiary measurements were also performed on the same
samples. These included the measurement of the fixed interface charge
and interface staté density spectrum which determined the quality of
the devices. The direct measurement of the surface potential-gate
voltage relationship, which was also included, provides further con-
firmation of the fast ramp results.

The fixed interface charge values were obtained from the
experimental high frequency C-V characteristics. Both devices show a

10 -2
cm

moderately low magnitude of interface charge (7.5 x 10 and

10

2.8 x 10 cm—2 for the n-type and p-type respectively) which results

in a small voltage translation of the C-V characteristics from the
ideal.

Quasi-static I-V measurements have been shown by Kuhn (14) to
provide an easy method for obtaining the interface state spectrum in
an MOS sample. For the devices under consideration, the minimum inter-
face state densities obtained are again quite low, of the order of

10 n2 eyl ana 2.5 x 1010 on2 ev!

k.s x 10 around the centre of the
gap for n-type and p-type devices respectively, rising towards the band
edges. A larger value might have been obtained near the band edges as
a result of incorrect determination of the surface potential in this

region, and this is one of the errors associated with the quasi-static
technique. Although the validity of the resulting value of interface

state density can be accepted only in a small region (t.003 eV) around
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midgap, the measurement technique can be confidently used to estimate
interface state densities as low as 1010 cm_2 ev_1 in this region.

The experimental non-equilibrium I-V characteristics of the
devices in response to a fast linear voltage ramp has been analysed using
the theory presented by Board and Simmons (29). The close correlation
between experimental and theoretical values for most sections of the
curves is demonstrated. This verified the assumption that the most
efficacious generation centres are located atmidgap or very close to it.
It was observed that the interface states have an effect on the initial
portion of the forward sweep characteristic although this effect is
diminished as the biasing voltage is increased. Every individual I-V
curve (which is a function of voltage sweep rate) was analysed to extract
the required parameters, thus avoiding the error due to a single measure-
ment.

A simple analogue circuit was found to be very useful for
directly generating a plot of surface potential versus gate voltage.
Rather than a tedious graphical integration method, such a plot can be
easily used in the interface state analysis. When used in the non-
equilibrium condition, the resulting b Vg plot again showed a close
agreement with the theoretically generated plot and with that obtained
by graphical integration of the I-V curve. Furthermore, the trend of
the non-equilibrium wS—Vé characteristics was observed to have a close
relationship to the non-equilibrium I-V characteristics. Hence, any
irregularities that appear in the I-V characteristics will also be
reflected in- ws-vg curve. Such information could be useful for further
investigations in identifying various mechanisms cccurring within MOS

devices,

The fast ramp analysis indicated a bulk trap density of
1.7 x 1013 rm"3 and a generation lifetime of 6.0 psec for the n-type

MOS device. Similar analysis for the p-type MOS device yields a bulk
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12 3

trap density of 6.3 x 10 cm © and a generation lifetime of 16.0 usec.
Finally, the results from Q-t measurements, analysed using
the simple theory of Hofstein (23), gave the value of generation

lifetime for comparison with the fast ramp values, as tabulated below :

Method of rg( n-type) rg(p-type)
Measurement usec usec
Fast ramp 6.0 16.0
Q-t 5.9 5.6

It is difficult to explain why the techniques should agree
for the n-type sample but not for the p-type one. Any effect from
interface states would be expected to be small since the values
measured are quite low. The measurements were checked but the
difference of almost a factor of three times (for the p-type sample)
was definitely not due to an experimental error. Furthermore, the
curves show that the technique is very sensitive to the value of Ty
and that the difference in the values cannot be accounted for by errors
in measurement.

The objective of the present work was to use the Q-t
technique rather than being concerned with its detailed theory which
is the subject of further work in the group. For such reason, only a
simple theory of Hofstein (23) is used and the refinements of the theory
have not been considered. Although they might influence the result it
seems unlikely that they would change 1é by as much as three times.

In order to understand the cause of the discrepancy in the
rresent results, a further investigation should be made. This should

include measurements on many more samples with variable doping density




and including guavrd vings to
ensure that the 4rea guvéaca
of Fha sampla is not inverted .

and lifetime values for both n-type and p-type substratesA It would
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also be important to check the results by using a third method for
measuring Tg (for example C-t method) which was beyond the scope of
the present work. It is hoped that such measurements would clarify
the discrepancy shown in.the present results.

To sum up, the quasi-static and non-equilibrium linear
voltage ramp techniques have shown to provide an easy and useful
method for characterizing interfacial and bulk traps that occur in
metal -oxide-semiconductor structures. The Q-t technique gives a
value of generation lifetime which is generally in agreement with
that obtained from the fast ramp technique although a far more detailed

eomparison with other methods should be made in the future.




APPENDIX A

Theoretical C-V Data for an n-type MOS Device

Generated Using the Equations Given in the Text
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APPENDIX B

Theoretical C-V Data for a p-type MOS Device

Generated Using the Equations Given in the Text
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