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ABSTRACT 

This t h e s i s i s concerned with the study of the interface 

and "bulk properties of n-type and p-type s i l i c o n MOS devices. 

The widely used q u a s i - s t a t i c technique has been applied 

to the interface state analysis., The method (due to Kuhn) consists 

of applying a l i n e a r voltage ramp to the sample at a s u f f i c i e n t l y low 

sweep rate so as to maintain the device i n quasi-equilibrium. 

The non-equilibrium c h a r a c t e r i s t i c s of the device were 

measured by the f a s t ramp technique. From such c h a r a c t e r i s t i c s , the 

bulk trap density and the generation l i f e t i m e were obtained. 

An analogue c i r c u i t was b u i l t to give a d i r e c t plot of 

surface potential versus gate voltage i n equilibrium as well as i n 

non-equilibrium conditions. Such plots were compared with those 

generated t h e o r e t i c a l l y and with those obtained using graphical 

integration of the I-V curves. There was a close agreement between 

a l l these r e s u l t s . 

The transient charge due to small voltage steps applied 

to an MOS capacitor i n inversion was measured. The r e s u l t s were 

analysed to give the generation l i f e t i m e which was compared with 

that obtained from the f a s t ramp non-equilibrium a n a l y s i s . 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 t h e o r e t i c a l 

work w i l l be needed to find the reason for t h i s discrepancy. 
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CHAPTER 1 
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1.1 Introduction 

Metal-oxide-semiconductor (MOS) based electronics components 

account f or a substantial proportion of a l l devices (both d i s c r e t e 

and integrated) manufactured. Such devices cover a wide range 

including f i e l d - e f f e c t t r a n s i s t o r s , charge-coupled devices and memory 

(dynamic and s t a t i c ) . A thorough physical understanding of such MOS 

structures i s thus e s s e n t i a l . 

The most popular tool used for study i s 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 s t a t e s ) which occur within the semiconductor 

forbidden band-gap a t the semiconductor-oxide interface and trapping 

sta t e s within the forbidden band-gap i n the bulk of the semiconductor 

(bulk s t a t e s ) . A l l of these e f f e c t s are detrimental to the operation 

of the aforementioned MOS based devices. 

In t h i s t h e s i s , the work w i l l be mainly concerned with a study 

of bulk traps and a b r i e f account f or every chapter i s arranged as 

follows * 

The second chapter i s concerned with interface states a n a l y s i s . 

The method made use of i s that presented by Kuhn ( l ^ ) , i n which the 

displacement current i s measured upon application of a slow voltage 

ramp to the gate of the MOS capacitor. A study of bulk traps i s treated 

i n the t h i r d chapter. The method consists of applying a f a s t voltage 

ramp so as to take the device into the non-equilibrium condition. The 

various sections of the r e s u l t i n g non-equilibrium I-V curves are 

id e n t i f i e d using the non-equilibrium theory proposed by Board and^pAM munsj^ 
r - 5 AUG 1982 
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Simmons (29) ; the generation l i f e t i m e can then be extracted. 
Surface-potential as a function of gate voltage i s generated experiment­
a l l y and compared with theory0 The fourth chapter i s concerned with 
the measurement of a charge transient upon application of a step v o l t ­
age to the gate of the MOS capacitor„ The generation lifetime i s 
extracted from the transient curve using the simple theory presented 
by Hofstein (23). The r e s u l t s obtained from t h i s measurement are 
compared with r e s u l t s obtained from the f a s t ramp setup. 
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1»2 Review of the Subject 

The advent of the SOS structure can be considered to have 

heralded a new era i n semiconductor device research. I t was f i r s t 

proposed as a voltage variable capacitor by Moll (6) and Pfann and 

Garrett ( ? ) . The structure was then employed by Terman (8) i n the 

study of thermally oxidised s i l i c o n surfaces a f t e r Frank1 (9) and 

Lindner (10) analysed i t s characteristics„ 

Many experimental techniques were developed i n an e f f o r t to 

understand the physics of the MOS system. E a r l y experimentation was 

concerned mainly with the study of the interface properties of s i l i c o n -

s i l i c o n dioxide. Terman (8) used the high frequency capacitance 

method i n evaluating the interface state density. Following t h i s , 

Gray and Brown (11) proposed a method of temperature variation to study 

interface s t a t e s , while maintaining the surface potential a t a fixed 

values 

N i c o l l i a n and Goetzberger (12) established the admittance 

method, again i n an attempt to evaluate the density of interface states. 

However, t h i s precise technique i s unsuitable for a rapid evaluation of 

the device parameters. Furthermore, the interface state density can 

only be measured i n a small portion of the forbidden energy gap and 

information concerning the bulk semiconductor properties cannot be 

obtainedo 

I n 1966p Berglund (13) provided the basic theory for the 

qu a s i - s t a t i c method which made use of very low frequency device 

excitation i n order to maintain i t always i n e l e c t r i c a l equilibrium. 

Following t h i s , Kuhn (14) and Castagne (15) provided an easy and f a s t 

technique which allowed interface state density over large parts of the 

energy gap to be determined 0 The method consists of applying a very 

slow l i n e a r voltage ramp to the device whilst a t the same time measuring 
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current response- Then, the interface state density can be determined 

by comparing t h i s data with a calculated i d e a l low frequency (14) or 

high-frequency (15) curve. Values of interface state density down to 

^ 10 1 0 cm"2 V - 1 can be achieved using the former method. 

As mentioned above, the t r a d i t i o n a l 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 i n a 

non-d.c. equilibrium s i t u a t i o n , i t has become possible to study the 

generation-recombination c h a r a c t e r i s t i c s i n the bulk as well as a t 

the interface of semiconductor. After Schockley and Read and H a l l (5) 

proposed the model of generation-recombination process, much e f f o r t has 

been expanded on the v e r i f i c a t i o n and use of t h i s model. 

Much work has been published concerning the determination of 

generation and recombination l i f e t i m e (31) of excess minority c a r r i e r s 

from measurements on an MOS capacitors. These measurement techniques 

involved monitoring quantities such as current or capacitance a f t e r the 

device i s brought to a non-equilibrium condition. Some techniques cause 

large deviations from equilibrium w h i l s t others involve small deviations 

from thermal equilibrium. 

The concept of the pulsed MOS structure was f i r s t proposed by 

Rupprecht (16) to study the generation properties of surface s t a t e s i n 

germanium. I t was l a t e r extended to the bulk properties. Jund and 

P o i r i e r (17) have used t h i s method of monitoring the capacitance as a 

function of time to obtain the bulk generation l i f e t i m e . The technique 

was further developed by Zerbst (18) to again extract the generation 

l i f e t i m e and the surface generation v e l o c i t y . I n view of the 

Zerbst (18) analysis„ Schroder and Nathanson (19) showed that a 

correction must be applied when interface generation i s s i g n i f i c a n t 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 t h i s pulsed technique. The method made 
use of experimental aspects of the Zerbst (18) analysis and i t was shown 
that surface generation.which i s characterised by a surface generation 
vel o c i t y , can be eliminated i f the surface i s i n i t i a l l y i n the inverted 
condition. However, i f the interface s t a t e density i s very large, 
which would r e s u l t i n strong surface generation, then i t i s not possible 
to completely ignore i t , even though the surface i s shielded by an i n ­
version l a y e r . 

Heiman (21) described the method of applying a large voltage 

step to the gate of an MOS capacitor i n such a di r e c t i o n as to take the 

system from accumulation to depletion and the model of Zerbst was used 

to evaluate the bulk generation l i f e t i m e <> Huang (22) introduced a 

technique of applying a large signal step voltage to MOS capacitors i n 

strong inversion and monitoring the change of the MOS capacitance as a 

function of time* The l i f e t i m e can be e a s i l y extracted from the 

transient waveform.. The advantage of t h i s method again l i e s on the 

f a c t that the device i s operated i n heavy inversion where the surface 

state contribution i s negligible and the use of a large-signal measure­

ment which produced a pronounced change i n observed capacitance trans­

i e n t o 

Hofstein (23) introduced a simple method for the determination 

of the generation lifetime« I t consists of applying a small depleting 

voltage step to the device biased i n inversion condition and measuring 

the charge flow as a function of time 0 The generation l i f e t i m e can 

then be extracted from the transient response characteristics„ Although 

t h i s method eliminates interface state e f f e c t s , i t faces the problem of 

pick up and leakage i n the measuring c i r c u i t o 
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Berglund (24) suggested a method by which c a r r i e r s are 
injected from the inversion layer into the semiconductor bulk to 
create an excess concentration of minority c a r r i e r s . This method was 
l a t e r employed by Tomanek (25) to evaluate recombination l i f e t i m e . 
The work involved applying a voltage pulse of reverse polarity to 
the MOS system biased i n inversion, so that the space charge region 
w i l l cease to e x i s t i n a very short time. This r e s u l t s with some of 
the minority c a r r i e r s unable to recombine during the pulse duration. 
As the pulse terminated, the inversion layer i s reconstituted under 
the influence of the d.c. b i a s . By measuring the capacitance a f t e r 
termination of a pulse of such duration, i t i s possible to calculate 
the charge c a r r i e r s that being able to recombine during the pulse, 
which i s used to obtain the recombination l i f e t i m e . 

Both the methods of Heiman (21) and of Tomanek (25) include 

the e f f e c t of surface s t a t e s , since, during the transient, the quasi-

Fermi l e v e l a t the surface sweeps through the major portion of the 

bandgap. I f interface state d e n s i t i e s are large, incorrect bulk 

l i f e t i m e values are therefore obtained. 

Simmons and Wei (26) provide a somewhat d i f f e r e n t approach 

i n analysing the pulsed MOS capacitor. They have studied i n d e t a i l 

the Shockley-Hall-Read (5) generation rate equation and considered 

t h e i r e f f e c t on the capacitance transient of the Zerbst's a n a l y s i s . 

The method of Kuper and Grimbergen (27) uses a depleting 

l i n e a r voltage ramp applied to the gate of an MOS capacitor biased 

i n i t i a l l y i n inversion to cause the device to go into the non-

equilibrium state.. Then, the generation l i f e t i m e can be obtained 

from the measurement of high-frequency small s i g n a l capacitance and 

the gate current, a t p a r t i c u l a r sweep ra t e . The method was shown to 

be very successful i n measuring devices with short l i f e t i m e s as well 
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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 l i f e t i m e obtained using t h i s method was shown 

to agree quite well with the capacitance-time transient method of 

Zerbst. 

Recently, Board and Simmons ( 2 9 ) presented an analysis of 

the response of an MOS capacitor upon application of a f a s t l i n e a r 

voltage ramp. Subsequently, Board, Simmons and Allman ( 3 9 ) have 

shown experimental proof of t h i s theory„ 

Allman and Simmons ( * K ) , 4 l ) introduced a constant-current 

rather than a constant-voltage ramp method ( 2 9 ) to biasing the MOS 

device. The method was shown to have an advantage over the constant-

voltage ramp method i n that the t o t a l semiconductor capacitance can 

be extracted d i r e c t l y from the curves, thus easing a n a l y s i s . 



CHAPTER 2 

INTERFACE-STATE ANALYSIS 
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2 d Introduction 

This chapter i s concerned with the evaluation of the density 

of interface states that occur within the MOS capacitor. The 

conditions occurring within t h i s surface region are intimately 

connected to the device fabrication parameters. The most important 

example of the necessity for good surface control i s where a semi­

conductor junction terminates a t a surface(usually the s i l i c o n - s i l i c o n 

dioxide i n t e r f a c e ) . Extensive studies using MOS capacitors have given 

a better understanding of the c h a r a c t e r i s t i c s of t h i s interface region. 

The knowledge gained has been used to control the properties of t h i s 

i nterface, giving r i s e to modern fa b r i c a t i o n techniques for high quality 

devices. 

Since the p e r i o d i c i t y of a c r y s t a l l a t t i c e a t a surface i s 

disturbed, i t was predicted by Shockley ( l ) that a high density of energy 

states (designated interface s t a t e s ) w i l l be introduced into the f o r ­

bidden energy band gap. These st a t e s are found to have a measurable 
1 0 1 2 - 2 - 1 density of the order of 1 0 to 1 0 cm eV and are more or l e s s 

uniformly distributed i n energy over the centre portion of the energy 

gap ( 2 ) . 

The technique proposed by Kuhn (l*f) i s often used to determine 

the interface-state density of both n-type and p-type MOS devices. I t 

consists of applying a slow l i n e a r voltage ramp of such a rate as to 

maintain the device i n equilibrium,, the r e s u l t i n g instantaneous current 

being measured as a function of applied voltage. 



2.2 The Ideal MOS Cha r a c t e r i s t i c s 

An i d e a l MOS structure i s defined as that which i s free of 

work function difference mobile and fixed oxide charge and interface 

states o 

The simple MOS structure with a p-type substrate i s i l l u s t r a t e d 

i n F i g . 2 . 1 o The ideal energy band diagram corresponding to zero gate 

voltage i s shown i n F i g . 2<,2o 

9V 

ox 

P-type 

.gate contact 

oxide 

semiconductor 

substrate contact 

F i g , 2 o l % MOS capacitor structure ( 

V = 0 

F̂m 
metal 

p-type semiconductor 
E 

- E. 
Ionized acceptors 

mobile holes 

oxide 

F i g o 2 o 2 s I d e a l energy band diagram a t V = 0 < 
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The MOS capacitor can be biased w i t h both negative and positive 

gate voltages„ For a negative gate voltage„ V < 0, the energy bands 
S 

i n the semiconductor w i l l bend up and the majority c a r r i e r (holes) are 

attracted towards the oxide-semi conductor interface,, thus creating an 

accumulated surface layer 5 the semiconductor bulk remains e f f e c t i v e l y 

neutralo To compensate these accumulated charges, an equal negative 

electron charge forms on the gate. This i s shown i n F i g . 2.3(a) 
(a) metal 

P W * 

p-type 
semiconductor 

0>) 

E 
c 

E i 

k —~ 5F 

holes 
Q, 'g 

—o 

0 ft O 0 

X = o x = 0 ^ - - qN Ax d 

Q g < 0 (e) 

g 

P ( X ) , 

mobile 
°£ electrons (inversion layer) 

r e 0 

/ 'g 
Xdm 

<2 •£> 

x = 0 

F i g 2 » 3 8 Energy band diagram and charge d i s t r i b u t i o n i n an MOS 
structure upon applying external b i a s 0 

(a) V < 0 „ accumulated surface layer 
g 

(b) V g > 0 p depleted surface layer 
( c ) y >> 0 , inverted layer a t the semiconductor surface. 
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Holes w i l l be repelled from the oxide-semiconductor interface 

when a positive bias i s applied to the gate (V > 0 ) , l e a v i n g the 

surface l a y e r a region depleted o f mobile charge, as shown i n 

F i g 2.3 (b)« The charge density i n t h i s depletion region i s deter­

mined by the ionized donor density so that, 

- -q N A x d C cm - 2 ( 2 . 1 ) 

where i s the depletion layer widtho I n practice, the t r a n s i t i o n 

from the depleted region to the neutral bulk i s not as abrupt as shown 

i n the diagram. 

I f the gate voltage becomes more positive, the energy bands 

bend further, with the e f f e c t that the conduction band edge moves 

closer towards the Fermi level» Electrons w i l l thus be caused to p i l e 

up a t the oxide-semiconductor interface creating what i s known as an 

inversion l a y e r , shown i n F i g 2 = 3 (c)» 

Assuming that i s the t o t a l electron charge per unit surface 

area built-up i n the inversion region, then from charge n e u t r a l i t y 

requirements, we obtain, 

= A - * N A X d - ~ % • ( 2 - 2 ) 

where Qg i s the charge on the metal gateo 

The process of accumulating electrons to form the inversion 

layer together with the widening of the depletion region occurs within 

a c e r t a i n time constant which i s characterized by the generation l i f e ­

times Due to t h i s f a c t p the dynamic c h a r a c t e r i s t i c s of the MOS system 

i s a strong function of the frequency of the measurement„ At very low 

frequencies, the device follows the d 0e» equilibrium c h a r a c t e r i s t i c s , 

while a t higher frequencies the behaviour w i l l become frequency depend­

ent o 
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2.2 (a) Charge i n the Semiconductor Surface Layer s 
S&mi &«rw4 vttov 

For an MOS capacitor under steady-state b i a s , the sys^fcea i s 

considered t o be i n equilibrium provided t h a t there i s no conduction 

through the oxide« 

By making the assumptions that the doping concentration i s 

uniform, the impurities are f u l l y ionized, and the s t a t i s t i c a l function 

under consideration i s not degenerate, i t i s possible to compute the 

e l e c t r i c change i n the semiconductor surface layer ( 3 1 ) « 

Using the convention defined i n F i g 2ob for the parameters, 

we use Poisson's equation s 

d ij» = _ P(X) 
dx 

( 2 . 3 ) 

where p(x) i s the t o t a l space-charge density and e i s the permittivity 
s 

of the semiconductor. Integrating Eq ( 2 . 3 ) y i e l d s s 

dx - q Lp *po 

where £ = e l e c t r i c f i e l d i n s/<e and = e x t r i n s i c Debye length. 

semiconductor surface 

oxide 

E g 

semiconductor p-type 

F i g 2oh t Energy band diagram a t the surface of a semiconductor. 
The potential i|; i s measured with respect to the i n t r i n s i c 
Fermi l e v e l ( a f t e r Sze ( 3 1 ) ) . 



13 

At the surface„ the e l e c t r i c f i e l d becomes 

= + 2kT 
q L D 

p L,. ^ 
\ P° 

(2.5) 

where 

F / n 
^9. 

s" p. po 

-fty n 8<J> s ,v po / s + 6^s- 1)+ (e • 
po 

and 

Using the r e l a t i o n s p. po 

and n °p po po n^ s where n^ i s the i n t r i n s i c 

c a r r i e r concentration, then s 

s' P. 
2 E 
po 

-0t|i n. 2 
(e 8 + B * s - 1 ) + ("F) (e B - 6 * s - l ) 

A 
(2.6) 

The space-charge per. u n i t area becomes 

% s q 
2 e_ kT / n 

- F f Sip s „ /.. ^ o 
s' p. (2.7) 

with the convention t h a t t 

and 

> o p $a < 0 

< 0 „ tys > 0 

I t i s possible to evaluate the mobile electron charge which 

constitutes the inverted surface layer, Q̂ p that i s „ 

where, % = -q N x A dm 

(2.8) 

(2.9) 
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with x.. = S _ J l ) ( 2 . 1 0 ) dm V * » A / 

being the maximum depletion width and $ ̂  the Fermi p o t e n t i a l 0 

2 » 2 (b) Capacitance of an I d e a l MOS Structure 

I f a voltage i s applied to the gate of an MOS device with 

respect to the substrate, some of i t w i l l be dropped across theosd.de 

layer and the r e s t across the surface space-charge l a y e r of semi­

conductor, that i s , 

V = V + * ( 2 . 1 1 ) 
g OK S V 

The t o t a l d i f f e r e n t i a l capacitance of the MOS system i s given by t 
d ( L d 
d V d V „ 

g g 
( 2 . 1 2 ) 

Substituting Eq ( 2 . 1 1 ) into Eq ( 2 . 1 2 ) and re-arranging, y i e l d s s 

c - f ^ - . ( 2 . 1 3 ) 

OX SC 

Eq ( 2 . 1 3 ) shows that the t o t a l capacitance of the system i s a s e r i e s 

combination of the i n s u l a t o r capacitance and the s i l i c o n space-charge 

capacitance, C! which can be obtained by d i f f e r e n t i a t i n g Eq ( 2 . 7 ) , such 
SC 

that, 

C s c - d l " ^ 

The oxide capacitance i s given by 

d Q_ e 

cox = T T ~ = d ^ F ™ 2 ( 2 o l 5 ) ox ox 

Eqs ( 2 o l l ) „ ( 2 . 1 3 ) , ( 2 . 1 f r ) and ( 2 . 1 5 ) describe the equilibrium 

capacitance-voltage c h a r a c t e r i s t i c s of an MOS structure a t low frequency, 

thus being depicted i n F i g 2 . 5 ( & ) ° 

http://theosd.de


15 

OX 

ox 

i 

C S C y £ p-type 

•srr W 

d 
03t 

t 

V (-ve) V (+ve) 

Pig 2 o 5 % I d e a l MOS Capacitance -voltage curves ( 3 0 ) 

(a) low-frequency curve 

(b) high-frequeney curve 

( c ) deep-depletion curve 
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The t o t a l capacitance a t flatband condition ( i . e . a t $ = 0 ) , 

can be determined from s 

e 
ox 

i 
it) (f^) ox 

( 2 . 1 6 ) 

The small-signal capacitance-voltage behaviour of the MOS 

system can be b r i e f l y described as follows. Under a negative gate 

voltage, holes accumulated a t the surface of the semiconductor give 

r i s e to a t o t a l capacitance with a value close to the oxide capacitance. 

When a depletion region i s formed, as a r e s u l t of positive voltage a t 

the gate, the t o t a l capacitance s t a r t s to decrease and reaches a mini­

mum value. With larger positive voltages, i t s t a r t s to increase again 

defining the inversion region where the electrons are building up a t 

the semiconductor surface. Again, a t strong inversion, the t o t a l 

capacitance w i l l be p r a c t i c a l l y equal to the oxide capacitance. 

I f the small s i g n a l measurement frequency i s s u f f i c i e n t l y high, 

such that the electrons (minority c a r r i e r s ) i n the inversion region can 

not follow the a . c , the t o t a l capacitance i n the inversion region w i l l 

be p r a c t i c a l l y constant (equal to C ^ ) as shown i n Pig 2 . 5 ( b ) . The 

small s i g n a l capacitance of the space charge region under these high 

frequency conditions i s given by 

0^ 
(** "A ) 1-e 

s e 
( 2 . 1 7 ) 

The gate voltage i s related to surface potential as i n Eq ( 2 . 1 1 ) . 

From Eqs 2 . 1 1 and 2 a 1 7 , i t i s possible to obtain the high-frequency 

C-V curve ( F i g 2 . 5 (b) ) . 
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I f i t i s assumed that strong inversion begins a t a surface 

potential, iji * 2 ̂  „ 5 the corresponding gate voltage i s s S F 

V = _ =2. + 2<p m ( 2 » 1 8 ) g C v F ° ox 

where + F - ™ in (V^) (2.19) 

The t o t a l capacitance which corresponds to t h i s condition can 

be written as t 

e 
c . . 2 £ ( 2 . 2 0 ) 

d + 7 \ x 

ox y e
s J dm 

where x d j n i s given by Eq ( 2 . 1 0 ) o From Eq ( 2 . 2 0 ) , the doping density; 

NA can be determined by knowing C from the high frequency C-V 
A HI 

measurement. 

When the voltage sweep applied to the gate i s r e l a t i v e l y f a s t p 

the electrons (minority c a r r i e r s ) w i l l not have enough time to accumulate 

a t the surfaceo As a result,, the t o t a l capacitance w i l l be lower than 

C m p as i l l u s t r a t e d i n F i g 2°5(c)» This i s due to the f a c t that i n 

curve ( c ) the depletion l a y e r extends further into the semiconductor 

and constitutes the deep depletion condition. The experimental evidence 

of the difference between curve (b) and curve ( c ) was f i r s t shown by 

Zaininger & Heimans(33),, as the rate of sweep was varied,, 



18 

2 o 3 Experimental MOS C h a r a c t e r i s t i c s 

Measurements on actual MOS capacitors show that various factors 

or phenomena associated with the structure perturb the predicted i d e a l 

C-V c h a r a c t e r i s t i c s 0 These factors include t metal-semiconductor 

work-function difference, surface st a t e s or interface-states a t the 

s i l i c o n d i o x i d e - s i l i c o n interface and a l s o the charge within the oxide 

layer> 

(a) E f f e c t of work-function difference and fixed oxide charge s 

I t has been shown ( 3 ^ ) that i n the A l - S i 0 2 - S i structure a t 

thermal equilibrium and zero gate voltage,the surface of n-type s i l i c o n 

i s already accumulated. On the other hand,, the surface of p-type 

s i l i c o n i s inverted. This i s true even f o r oxide and interface 

charges assumed to be zero. The amount of gate voltage needed to bring 

the energy band diagram to the flatband condition i s defined as the 

flatband voltage, Vpg. I n t h i s case, i t w i l l be equal to the metal-

semiconductor work-function difference, d> . The d i f f e r e n t values of 
ms 

Vpg obtained experimentally by using various metals such as Mg, Ni, Cu, 

Au, Ag, has been considered by Deal et a l (3*0 • The dependence of work-

function difference upon the doping concentration of the semiconductor 

has a l s o been shown. 

I f a fixed charge density Q ĉ e x i s t s a t the oxide-semiconductor 

interface (fixed oxide charge), then % 

FB G as 

Equation ( 2 . 2 1 ) shows that the equations obtained for the ide a l 

MOS structure can be used i f V i s replaced by an e f f e c t i v e gate voltage 
S 

V ° such that 

V " V V F B ( 2 - 2 2 ) 
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Another e f f e c t on voltage flatband a r i s e s from distributed 

charge within the oxide. This w i l l modify the voltage flatband such 

that s 

pad 

re Cox m s Cox 

ox 
X | — P °(x') dx' (2c 
ox 

o 

where p'(x') i s charge density distrubuted i n the oxide with x" 

indi c a t i n g distance from the metal. 

The expression given above can be s i m p l i f i e d by considering 

the interface fixed charge and the distributed charge within the oxide 

as an equivalent interface fixed charge, so that, 

v - - (V6quiV- + * ( 2 . FB C ms v 

Equation ( 2 . 2 * 0 shows that i f the flatband voltage, <j> and 

C are known, then ((L. ) . can be evaluated ( 3 2 ) . Values of ox v ^ f c / e q u i v w ' 

^Sfc^equiv °^ a ^ ° u ^ 10^° " 1 0 ^ charges per cm 2 are quite common, the 

magnitude being strongly dependent on the f i n a l heat treatment that the 

device received ( 3 ) . 

(b) E f f e c t of mobile charge within the oxide 

During the f a b r i c a t i o n process, the system i s normally sub­

jected to i o n i c contamination, p a r t i c u l a r l y by sodium which i s e a s i l y 

incorporated i n S i 0 2 as Na + (*0° Upon applying a bias to the device, 

sodium ions w i l l be forced to move. This means that Eq (2.2*0 w i l l be 

a function of time<> However, the d r i f t of voltage flatband caused by 

t h i s e f f e c t can be negligible, once a good controlled surface i s 

achieved. 
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( c ) E f f e c t of f a s t surface s t a t e s or interface-states 

At any c r y s t a l surface, there i s a discontinuity i n the 

pe r i o d i c i t y of the l a t t i c e <. This disruption r e s u l t s i n the i n t r o ­

duction of energy l e v e l s or st a t e s within the semiconductor bandgap 

a t the surfaceo The number of such states depends on the surface 

treatment during processing 0 Shockley ( l ) predicted an interface-state 
1*5 - 2 

density of the order of 10 cm for an atomically clean surface„ 

However, the formation of an oxide l a y e r tends to reduce the actu a l 

interface-state density found a t a clean s i l i c o n d i o x i d e - s i l i c o n 
i n t e r f a c e o The number of such states on a well prepared surface can 

10 2 
be l e s s than 10 per cm $ whereas for poorly prepared surfaces, they 

13 2 may reach over 10 per cm ( 3 2 ) o 

The important property of these st a t e s i s t h e i r a b i l i t y to 

exchange charge very r e a d i l y with the valence band and conduction band 

of the semiconductoro The inte r f a c e - s t a t e s are considered to be donor-

type, that i s , those situated above the Fermi l e v e l are empty, and 

hence p o s i t i v e l y charged,whereas those below the Fermi l e v e l are f u l l 

of electrons and n e u t r a l 0 When a gate voltage i s applied, the i n t e r ­

face state l e v e l s w i l l move up or down with the valence and conduction 

band edges while the Fermi l e v e l remains fixed, as i l l u s t r a t e d i n 

F i g 2o6° This means that the charge condition of the interface s t a t e s 

can be raised„ This change r e s u l t s i n a further a l t e r a t i o n of the i d e a l 

MOS C-V curve 0 The e a r l y observations of t h i s e f f e c t were made on 

experimental high frequency C-V curves, F i g 2 o ? ( 3 2 ) , where a distorted 

c h a r a c t e r i s t i c i s very obvious„ 

The e f f e c t of the interfac e - s t a t e s on the C-V curve can be 

understood by considering t h e i r density designated as N per cm 2
0 

These sta t e s are charged and discharged as the voltage i s varied„ 

For a MOS structure with oxide thickness d of 1000 % and interface-
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12 2 

state density N of 10 per cm , the extra voltage required to do 

t h i s i s 8 
Q q N 

v . JS£ . 8 8 - k07 v o l t s , ss C e /, ox ox/d y ox 

which w i l l r e s u l t i n s i g n i f i c a n t displacement along the voltage a x i s 
o 

of the C-V curveo However, i f N i s reduced to as low as 10 
ss 

2 

per cm „ the displacement w i l l be almost negligible„ Further con­

sideration of the effeefc of int e r f a c e - s t a t e s on the C-V curves w i l l 

be given i n the next section. 
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oxide 
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p-type semiconductor 

E 

E y T 

E_ = Energy of discrete 
interface-state 

E 

Fig 2 . 6 s Illustration of interface-states behaviour as surface 

potential i s varied,, 

(a) surface accumulated %- state unoccupied0 

(t>) surface inverted s- state occupied. 

C/C 
ox Theory 

No fast 0.9 
mterfa 
states Expenmen 

0.8 
inter 
face states 

10 10 20 15 
V (Volts) 
g 

Pig 2 o ? s The effect of interface-states on the h.f. capacitance-

voltage characteristics of an M0S capacitor. 



23 

2 o 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 i s measured as 

a function of surface potentialo This yields the total charge in the 

surface states at any particular surface potential, that i s % 

C ( AV) Coul/ 2 ox v ' ^ cm 

The interface-state density per unit energy i s then evaluated "by 

numerical or graphical differentiations 

( 2 . 2 5 ) 

N ss i(*r) =
 "-f (nj)*w-%» (2.26) 

This technique was shown to be successful for measuring very large 

surface state densities (greater than 1 0 per cm per eV)» However, 

the method becomes inaccurate for lower surface state densities ( 3 5 ) . 

The low-frequency or quasi-static C-V technique provides an 

alternative method for evaluating interface-state densities ( 1 ^ , 1 5 ) 0 

Basically, the method consists of applying a slow ramp voltage to 

the MOB capacitor, the resultant displacement current being measured 

using an electrometer amplifiero 

By considering the applied voltage waveform to be % 

V„ - V + at S o ( 2 , 2 7 ) 
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where a = voltage sweep rate„ then the instantaneous displacement 
current as a function of gate voltage can be written as t 

d 
dt 

dV 
dV dt g 

( 2 » 2 8 ) 

where C(V ) » i s the quasi-static total differential capacitance 
g 

of the deviceo 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 ) s 

J L . 1 ( 2 . 2 9 ) 
ox S S V r S ' 

where C s g ( ^ s ) i s the interface-state capacitance (a function of surface 

potential).. Using Eft ( 2 . 2 9 ) » the interface-state density can be 

evaluated from s 

*ss(*s> -
1 

q 
o(v) 

- C (ty ) s c v s' 

ox 

( 2 . 3 0 ) 

From Eq ( 2 „ 3 0 ) i t i s obvious that in order to evaluate N „ i t i s 
ss 

necessary to know the relationship between gate voltage V and surface 
S 

potential * s. The overall procedure for obtaining the distribution 

of idie interface-state density i s therefore as follows t 

(a) The ideal C("JJ ) curves are generated using the known 

gate area, oxide capacitance and doping density of the MOS device. 
(b) The experimental ^ •g— vso V g curve i s integrated to 

ox 
determine the surface potential as a function of gate voltage p using 

Berglund's integration 8 

*s < V 

& c(v g) 
c dV + A ( 2 . 3 1 ) 
ox 
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ox OX 

7 ss 

C 

Fig 2 c 8 s Simplified equivalent circuit of the MOS capacitor 

showing the capacitance due to interface-states, C 0 
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where V i s the chosen gate voltage at the i n i t i a l limit of integra-

tion, and A i s an additive constant, which can be determined either 

by comparison with the ideal curve or by use of a suitably chosen 

value of V a (usually the flat-band voltage, V^g, in which case A = 0)0 

A plot of i|> - V can in fact be obtained directly by using special s g 
circuits which w i l l be described in detail in the next chaptero 

(c) The experimental normalized capacitance (c/C ) as a 

function of the experimentally determined surface potential ran then 

be plottedo 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 < > 3 0 ) , 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 i n the 

band gap, i t i s 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 induction band edge as : 

E t 
ET = E e = ~ f + * * F ~ q P s ( 2 o 3 2 ) 

where E g = 1 . 1 1 eV and ij/p i s given by Eq ( 2 o l 9 ) . 

S i / S i 0 o interface , 

Tf =—" E 
E / 2 

T * F E I 

=•—= — E 
p-type semiconductor v 

Fig 2 . 9 s 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 measurements. 

Two types of MOS capacitor were used in these experiments, with the 

following specification 8 

( i ) n-type substrate 8 

< 1 0 0 > orientation „ oxide thickness r« 1 0 0 0 X , 

gate diameter of Al ^ 1 mm? gold substrate contact» 

( i i ) p-type substrate t j j j a ] 

< 1 0 0 > orientation,, oxide thickness ^ 7^5 2 , 

gate diameter of Al ^ l o 5 ^ am,, aluminium substrate contact. 

2<>5 (a) Experimental details 8 

The experimental set=up used for these measurements i s shown 

in Fig. 2 « 1 0 o The high-frequency C-V measurements were made using 

an analogue C-V plotter which had been built in the department ( 3 7 ) ° 

This instrument allows an a 0 e 0 signal of 1 0 0 raV (rms) to be super­

imposed on a d.Co bias which i s then applied to the sample. The 

output from this bridge, proportional to capacitance, i s directly 

connected to a Bryans I-Y plotter <> The instrument was calibrated 

using standard capacitors. The lowest voltage sweep rate ( 2 6 mV/sec) 

which can be derived from the triangle generator (supplying the d<,Co 

bais to the bridge) was found to be slow enough to maintain equilibrium 

in the devices usedo 

The sample was housed i n an el e c t r i c a l l y and optically 

shielded probe chamber. The vacuus chuck (plinth) supporting the 

sample was made of stainless ste@l ensuring a good electrical contact 

between the substrate contact ©f the device and the plinth i t s e l f . 

The probe contact to the metal gate of the devise was adjusted 

manually with the help of a binocular microscopeo 
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The method of Kuhn (l*f) has been used i n 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 6O0B Electrometer. 

Typical current magnitudes for this kind of measurement l i e s in the 
—12 -11 

range 10~ - 10~ Amp0 The output voltage (which i s proportional 

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 s 

Since the magnitude of the measured current i s very low, 

several precautions have to be taken 0 A l l of the connecting leads are 

well shielded against e l e c t r i c a l and mechanical disturbance (usually 

short screened cables and °BNC° connectors)„ The triangular 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. 

~ j Supplied by Dr. A.G.Nassibian frorc the University 

of Western Australia and by the University of Edinburgh. 
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2 o 6 N-type MPS Restate 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 o 4 . 

This section describes the results and analysis for the n-type 

samplee 

2 » 6 (a) High-frequency C-V curve 

Fig 2 0 1 1 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 V >> 0 the semiconductor 
g 

capacitance, C i s much greater than oxide capacitance, C ), the sc ox 
value being measured as 2 6 8 pFo From Eq ( 2 * 1 5 ) , the oxide thickness 

i s calculated to be 1 0 0 9 i° 

The same curve, gives a value of minimum c&pacitance of 

6 0 pFe Using the equations which relate the minimum capacitance to 

doping density (as presented i n section 2 » 2 ) „ yields the value of the 
1 ^ - 3 

doping density of 6 x 1 0 cm « 

The flatband voltage, Vpg was determined as - 0 „ 7 2 V using 

Eq 2 e l 6 for C^g , and the experimental C-V curve.. From Sze ( 3 1 ) , 

the metal-semiconductor work-function difference, d> of the device 
T ms 

considered i s -0=,36 volts. Thus, the total s h i f t of V,_ due to 

oxide and interface charges i s ( - 0 o ? 2 + 0<>36) «= « 0 ° 3 6 volts, which 

yields the equivalent interface charge of only Qo2>6<,Coy/q_ = 7 « 5 x I 0 1 0 c m 

The ideal theoretical high-frequency C-V characteristics was 

generated using the values of V^, NpP area A and oxide capacitance, 

C as obtained from the experimental datao The theoretical curve 

i s shown dotted in Fig 2 „ 1 1 and the computer data used to generate 

this curve i s tabulated in Appendix Aa 
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2 . 6 (b) Quasi-static I-V curve 

Fig 2 o l 2 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 0 The curve was generated at 

room temperature using a voltage sweep rate, a - 0 . 0 2 6 V/sec. The 

oxide capacitance, C q x was determined to be 2 6 9 pF from the current 

obtained in strong accumulations, that i s , C „ = I Va , where I i s 
OX Or O 

the current measured in strong accumulation. This value of C i s in 

very good agreement with the value of 2 6 8 pF obtained from the high 

frequency measurement . 

The experimental surface potential-gate voltage relationship 

was obtained using the direct plotting instrumentation developed which 

w i l l be described i n the next chapter <= This enables the total normalised 

capacitance and the surface capacitance, Figures 2 . 1 3 and 2.1*1 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 i s shown in Appendix A. 

The interface state density was extracted from Fig 2.1*f ( 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 i s shown in Fig 2 . 1 5 . I t shows that the density i s of 

the order of 4 . 5 x 1 0 1 0 cm"2 eV"1 near midgap and rising toward the 

band-edges„ 
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Fig 2 o l 5 s Interface states density distribution obtained 
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2 . 7 P-Type MPS Results and Analysis 

The high frequency C-V curve obtained for the p-type sample 

i s shown in Fig 2 . 1 6 . The oxide capacitance i s seen to be 8 5 0 pF, 

yielding an oxide thickness of 7 ^ 5 A* . The minimum capacitance i s 
14 - 3 

1 5 3 pF, giving a doping density of 7 . 0 x 1 0 cm . 
From the experimental curve the flatband voltage was deter­

mined to be equal to -O.96 volts using Eq ( 2 . 1 6 ) . Using the metal-

semiconductor work-function difference, * = - 0 . 8 6 volts, the 
• luo 

effective total interface charge density at flatband i s found to be 
10 -2 

2 . 8 x 1 0 cm , which i s very low. I t i s therefore not surprising 

that there i s a close correlation between the experimental and theor­

e t i c a l curve (dotted curve in Fig 2 . 1 6 ) i s seen. The data for the 

theoretical curve i s tabulated i n Appendix B. 

Fig 2 . 1 7 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 i s in equilibrium. The curve 

was generated at room temperature with a voltage sweep rate, a of 

0 . 0 2 6 V/sec. The current was 2 . 2 5 x 1 0 A m p at strong accumulation 

and strong inversion, yielding an oxide capacitance of 8 6 5 . ^ pF. This 

value i s found to be in quite good agreement with the value of 8 5 0 pF 

obtained from the high-frequency C-V measurement. Figure 2 . 1 8 shows 

the normalised total capacitance as a function of surface potential 

for both experiment and theory^ (the data for the theoretical curve 

i s tabulated in Appendix B). The capacitance of the semiconductor 

surface i s plotted against surface potential in F i g . 2 . 1 9 . 

The interface-state density distribution i s obtained from 

Fig 2 . 1 9 by noting the difference between the experimental and 

theoretical curves. Fig 2 . 2 0 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 1 0 1 0 cnT 2 eV"1 i s 
again observed to be near midgap. 
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F i g 2 . 1 9 s Surface capacitance as a function of surface p o t e n t i a l . 
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F i g 2 . 2 0 s Interface s t a t e s density d i s t r i b u t i o n obtained for 
p-type MOS capacitor. 
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2 o 8 Discussion 

The experimental section of t h i s chapter has been concerned 

with the calculation of the interface-state density d i s t r i b u t i o n for 

both n and p-type MOS capacitors„ One of the major sources of e r r o r 

which would a f f e c t the interface-state density calculation i s the 

determination of surface potential as a function of gate voltage <> 

This e f f e c t can be understood by r e a l i s i n g that, i n strong inversion 

a t l e a s t a small change i n surface potential w i l l cause a substantial 

change i n gate voltageo Thus, i t would be possible to obtain a value 

of surface capacitance a t a grossly incorrect gate voltage. The 

non-uniform nature of surface potential can also influence the c a l c u l a ­

tion of N s s ( 3 5 ) . 

The minimum interface-state d e n s i t i e s obtained for the 

capacitors used are quite low, of the order of ^ . 5 x 1 0 " ^ cm"2 eV~^ 

(n-type) and 2 . 5 x 1 0 ^ cm ^ eV * (p-type) o At such values the 

differences between experimental and i d e a l curves are very small 

( e o g o F i g 2 . 1 1 and 2 . 1 6 ) and t h i s l i m i t s the accuracy of t h i s method 

of measurement. I n the present case the values may have an absolute 

accuracy a t only + 5 0 % t although t h i s does not invalidate the method0 

On the contrary, i t can be argued that low values of interface-state 

density are of limited p r a c t i c a l importance and that accuracy i s not 

then required. The method used has the advantages of s i m p l i c i t y 

and low cost compared with more se n s i t i v e methods ( e o g 0 G-f-V, DLTS) 

which have been developed more recently. 



CHAPTER 3 

NON-EQUILIBRIUM MEASUREMENTS AND ANALYSIS 



44 

3 ° 1 Introduction 

In contrast to the subject of the second chapter, where the 

device i s maintained i n quasi-equilibrium conditions with the "bias 

voltage,here, we s h a l l consider the non-equilibrium case. In t h i s 

condition the c a r r i e r d e n s i t i e s are well above or below the thermal 

equilibrium values corresponding to the instantaneous bias voltage. 

The necessity for understanding non-equilibrium behaviour i s due to 

the f a c t that charge coupled devices are operated i n t h i s manner. 

The method used here to study the non-equilibrium behaviour i s 

based on work performed by Board and Simmons ( 2 9 ) » I t consists of 

applying a triangular gate voltage to an MOS capacitor of s u f f i c i e n t l y 

high frequency to drive the device into non-equilibrium. The various 

sections of the experimental current-voltage curves obtained i n these 

conditions were found to f i t w e ll with the proposed theory. The 

r e s u l t s obtained were then analysed to give the generation l i f e t i m e 

of the s i l i c o n . 

An experimental c i r c u i t was b u i l t to measure the surface 

potential as required for analysing the non-equilibrium r e s u l t s . The 

c i r c u i t which was f i r s t described by Tonner and Simmons( 3 6 ) can be 

used to obtain d i r e c t l y the surface potential-gate voltage relationship 

under either quasi-equilibrium or non-equilibrium conditions. The 

r e s u l t i n g curves were compared with those obtained by graphical 

integration. 
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3.2 Theory of the MPS Capacitor i n Non-Equilibrium 

3„2 (a) Generation-recombination centres (traps) 

The conditions for non-equilibrium phenomena to occur i n a 

semiconductor can be r e a l i s e d by applying an external energy source 

for example, radiation or e l e c t r i c f i e l d . I n the case of applying a 

l i g h t source, some electrons are raised to the conduction band and 

excess c a r r i e r s are generated„ As the source i s turned off, c a r r i e r 

generation ceases and the excess concentration decays back to the 

o r i g i n a l equilibrium conditions by means of recombinations. From 

observed values of l i f e t i m e of these c a r r i e r s i n s i l i c o n i t becomes 

cl e a r that d i r e c t recombination from band to band i s i n s i g n i f i c a n t i n 

pra c t i c e . Schokley and Read and H a l l ( 5 ) proposed that the generation/ 

recombination mechanism involve t r a n s i t i o n s v i a intermediate energy 

l e v e l s l y i n g within the forbidden energy gap. These energy l e v e l s may 

a r i s e from a v a r i e t y of causes, including the existence of unwanted 

impurities i n the c r y s t a l or the presence of l a t t i c e imperfections. 

Using Schockley-Hall-Read s t a t i s t i c s ( 5 ) » the bulk generation-

recombination rate of a single l e v e l trap a t an energy E^ above the 

valence band i s given by 

where i s the bulk trap density, i s the thermal v e l o c i t y of 

c a r r i e r s and a i s the capture cross-section (which i s taken to be 

the same for holes and e l e c t r o n s ) . Under thermal equilibrium pn = n^ 

re s u l t i n g i n U = 0 (no net rate of generation-recombination). Also 

U oan be interpreted as the recombination rate when i t i s positive 

and as the generation rate when i t i s negative i n value. 

Equation (3°l) provides the most important aspect of the 

Schokley-Hall-Read generation-recombination a n a l y s i s . I t r e l a t e s the 

U = 
g vth N t ( p n ' n i 2 ) 

(3.1) E.-E. 
n+p+2n. cosh kT 
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net generation-recombination rate to the free c a r r i e r d e n s i t i e s as well 

as the s p e c i f i c properties of the generation-recombination centre,, I n 

ei t h e r generation or recombination the most ef f e c t i v e centres w i l l 

have E^ close to E^, the i n t r i n s i c energy l e v e l . For example, gold 

and copper give r i s e to two very e f f e c t i v e trapping centres with values 

of ( E t - E i ) i n s i l i c o n of 0.03 and 0.01 eV respectively ( 31 ) . Further­

more, Et[, (3.1) can be sim p l i f i e d for a p a r t i c u l a r problem. I n the case 

of a depleted region, such as e x i s t s i n MOS structures when a deep-

depleting voltage step or f a s t voltage ramp i s applied, the electron (n) 

and hole (p) c a r r i e r concentrations are reduced below t h e i r equilibrium 

concentrations such that s 

n, p « n L (3.2) 

where n^ i s the i n t r i n s i c concentration of c a r r i e r s . Then the generation 

rate i s given by , 

° V J . U M* n- n. n = . t h _ J b _ i = i _ _ , V 
U * 2 c o s h ( f £ ? i ) ( 3 ' 3 ) 

cosh ( ^ i ) 
w h e r e -g = 7 v (3.4) 

6 v t h ™t 

i s defined as the generation l i f e t i m e e Eq (3=3) states that U has a 
g 

maximum value when the trap i s located a t midgap, i e . : E. s E.• 

3<>2 (b) Theory of non-equilibrium f a s t ramp I-V s 

Following the treatment presented by Board and Simmons ( 29 ), 

the trapping l e v e l i s considered to be a generation centre only., 

Consider an n-type MOS device with generation centres (or trap energy 

l e v e l s ) l y i n g very close to the i n t r i n s i c energy l e v e l , as i l l u s t r a t e d 
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i n F i g 3 o l o Above the Fermi l e v e l the traps are e s s e n t i a l l y empty 

of electrons and below i t they are e s s e n t i a l l y f u l l of electrons. When 

a depleting voltage i s applied to the metal gate electrode the genera­

tion of electron-hole p a i r s w i l l not be f a s t enough to maintain the 

device i n quasi-equilibrium for a s u f f i c i e n t l y high voltage sweep r a t e D 

As a r e s u l t , the depletion region extends into the bulk, f a r beyond the 

maximum depletion width of quasi-equilibriumo 

Fm 

E 

F i g 3 - 1 s Band diagram of n=type MOS structure with a discrete 

bulk trap a t energy E. biased into inversion. 



48 

I n the region ( x<j- x
0) < x < x^, where X q i s the depletion width 

up to the onset of generation, the net generation rate i s negligible ( 2 6 ) . 

This i s because the number of holes i n t h i s region i s very small and 

the traps are e s s e n t i a l l y f u l l . However, i n the region o< x < (x^-x ) 

the generation rate i s very high compared to the recombination r a t e , so 

that the net generation rate i s e f f e c t i v e l y given by Eq ( 3 . 3 ) » The holes 

whirh are generated w i l l be swept to the interface (due to high f i e l d i n 

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 i s characterised by the generation l i f e t i m e . The 

inversion charge b u i l t up at the interface i s given by, 

where ( x
d ~ x

0 ) represents the depletion width contributing to c a r r i e r 

generation. The t o t a l gate charge, Q, i s given by, 

g ( 3 . 5 ) 

Qox + % + \ ( 3 . 6 ) 

where Q Q x i s the fixed oxide charge and and are the depletion 

charge and inversion charge, respectively. 

The current can be obtained by d i f f e r e n t i a t i n g Eq ( 3 . 6 ) , 

dx 
dt 0 I = % = q "g ( xd" X0> + * ND ( 3 . 7 ) 

The gate voltage i s related to the depletion width by s 

V = - - 5 -
g C 

ox 
+ 

q N. x D "d + V, FB (3.8) 
s 

F i g 3 . 2 shows t y p i c a l current-voltage c h a r a c t e r i s t i c s together with the 
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voltage waveform that i s applied to the n-type MOS device„ Section a-b 

of the curve shows the quasi-equilibrium part of the c h a r a c t e r i s t i c . 

I n section b-c the current-voltage c h a r a c t e r i s t i c i s i n the non-

equilibrium condition ( i o e . the bulk s i l i c o n i s being depleted). The 

current magnitude i s reduced below that of the quasi-equilibrium value 

due to the reduced generation of electron-hole pairs i n the depletion 

region. This r e s u l t s i n the depletion l a y e r extending further into the 

bulk. Hence, the current I flowing i n the device consists of the current 

I d (due to the discharging of the donor centres a t the edge of the 

depletion region) and the generation current I as i l l u s t r a t e d i n 

F i g 3 - 3 (a) s 

I - I I d I + I I g I 

On r e v e r s a l of the voltage sweep, a t gate voltage V-,, the 
D 

depletion l a y e r i s progressively reduced with time, the generation 

current continuing to flow i n the same d i r e c t i o n . The r e s u l t i n g current 

i s given by, 

1 = - ! x d l + I i g I . 

the sign of I d i s changed because the donor centres a t the edge of 

the depletion region have to be f i l l e d ( F i g 3 . 3 (b) ) . 

Section c-d of the curve shows the current dropping abruptly 

a t the instant of sweep r e v e r s a l , and then following the form as 

indicated by section d-e. For | I ^ j > | i j the current i s positive 

i n magnitude but when | I | < I I d I the current becomes negative. 

The return to equilibrium occurs when the Fermi l e v e l i n the bulk 

l i n e s up with the Fermi l e v e l a t the interface ( F i g 3 . 3 (c) )„ a t 

which point the current decreases abruptly as depicted by section e-f 

of the characteristico The system i s then i n quasi-equilibrium, as 
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indicated by section f-g, with the current being given by 

1 - "W 
where I i s the current due to the flow of inversion charge (holes) 

from the i n t e r f a c e . 

Extraction of various parameters such as generation rate and 

generation l i f e t i m e can be made by the equation appropriate to the 

p a r t i c u l a r section of the non-equilibrium I-V c h a r a c t e r i s t i c (see below), 

(a) Forward voltage sweep % 

The voltage waveform that i s applied to an n-type MOS device i s 

shown i n F i g 3 . 2 . The forward sweep corresponds to the i n t e r v a l 

o< t< tg where the gate voltage can be represented as s 

V = V o- a t = V q - V (3.9) 

D i f f e r e n t i a t i n g , with respect to time, equations ( 3 - 8 ) and ( 3 « 9 ) (second 

term of RHS i n Eq ( 3 * 8 ) w i l l be negative i n t h i s case) we obtain, 

dV - I„ q Nnx, dx, 

OX s 

Substituting I f from Eq. ( 3 ° 7 ) gives 8 

C x, \ dx, U 
1 + -af - £ <4 + *. - V »-n> 

a C 
ox 

where Lg = — ^ — and C i s the oxide capacitance per unit area, 
g 

Using the boundary condition = X q a t t = o the solution to the 
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above equation is 

1 + r f <*o+ V In ( 1 - z ) + 
L C z -C. V 
td OX ox ( 3 . 1 2 ) 

where z = ( x ^ " " ^ ) / ^ * s ^ e normalized depletion width. E q . ( 3 „ 1 2 ) 

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

Eqo ( 3 « 1 2 ) with respect to z, so that 

dz 
dV 

C ( 1 - z ) ox v ' 

+ ( x o + z L e } 

( 3 . 1 3 ) 

Substituting E q . ( 3 » 1 3 ) into Eq. ( 3 . 7 ) . then. 

I - = a C- Z 

or 

L = a C f ox z + 
1 + l f <•*„*"*> 

( 3 . 1 4 ) 

The parameter X q , the depletion width at the start of generation, 
i s given by, 

2 e s ( B p - E t ) 

D 

where E^ i s the energy level of the bulk traps,, The gate voltage at 

the onset of generation, VQ, occurs at a surface potential $ surh that, 
(E p - E t) 

( 3 . 1 6 ) 
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Then, 
V - - C ox 

o FB ( 3 . 1 7 ) 

where Qgc i s the equilibrium semiconductor charge (an expression for which 
is given i n Chapter 2 ) . 

Equations ( 3 . 9 ) , ( 3 « 1 2 ) and ( 3 = 1 * 0 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 tg< t< t ^ , where t Q i s 

the time at the end of the reverse sweep» The gate voltage at any time 
is then given bys 

Vg - V B+ a t t - t g ) - VB + V ( 3 . 1 8 ) 

where Vg i s the gate voltage at t = tgc 
From equations ( 3 ° 8 ) and ( 3 . 1 8 ) 0 

dt a _ 
I r q ND x d dx( 

ox 
d 

dt ( 3 . 1 9 ) 

Substituting I (from Eq0 ( 3 ^ 7 ) ) yields 

1 + 

C x, ox d dx _d 
dt <h + x d " x

0> ( 3 . 2 0 ) 

By using the boundary condition z = at t - t g 0 separating the variables 
and then integrating„ results i n % 

1 + ox 
s 

m £ S L + i t ! ox >v ( 3 . 2 1 ) 
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Similarly,, the expression for reverse current'can be obtained by 
differentiating E q o ( 3 « > 2 0 ) and using Eq. ( 3 » 7 ) » 

a C ox z - 1 + z 
( 3 < . 2 2 ) 

1 + ox 
£ s ( \ + Z L E ) 

Combining equations ( 3 . 1 8 ) , ( 3 ° 2 l ) and ( 3 . 2 2 ) w i l l allow us to generate 
the non-equilibrium reverse sweep I-V characteristic (section d-e of 
Fig 3 o 2 ) . 

(c) Instant of sweep reversal 
The change of current AI at the voltage sweep reversal can be 

calculated from equations (3<>1*0 and ( 3 » 2 2 ) resulting i n , 

2 a C 
AI = ( 3 » 2 3 ) 

1 + "f <*o + % V 
s 

where Zg i s the normalized depletion width at Vg. In Fig. 3 » 2 , AI i s 
represented by section c-d of the characteristic 0 

(d) The return to equilibrium on reverse sweep 
This occurs when the inversion charge being generated by the 

bulk traps i s equal to the inversion charge for quasi-equilibrium 
at the same gate voltage. The gate voltage which corresponds to this 
condition, say VR, can be obtained by substituting z = z q i n Eq. ( 3 . 2 1 ) , 

R B C 
ox 

/ C \ 1+z L_C 

( 3 . * ) 

xm~xo 
with z q = m

 r ( 3 o 2 5 ) 

where x m i s the depletion region width under quasi-equilibrium strong 
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inversion conditions. By assuming a surface potential of 2 ^ we ran 
say, 

4 e kT In (ND/n- ) 
1 1 1 ( 3 o 2 6 ) x 

m q 2 ND 

(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 i n 
Chapter 2 o 

In the analysis presented above, the current I is related to 
gate voltage V through the normalized depletion width, z„ I t can also S 
be expressed i n terms of small signal capacitance, using the relation 

^ dV dt ° dV L / a 

6 S 

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 i n Chapter 2 ) , i t i s 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 ( 1 3 ) 

integration. However, this method is very tedious and time consuming 
when performed by hando As an alternative, Tonner and Simmons ( 3 6 ) 

describe a method of using a single analogue c i r c u i t to provide direct 
plots of ̂  vs. V o s g 

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

-1 
Jox 

V + * = t 2 - + * (3-27) 
ox S C S w ' / 

or 
:ox *s= V g " t ~ ( 3 ' 2 8 ) 

where Q is the gate charge per unit area. (The flatband voltage i s not 
S 

included here because i t can be easily accommodated by an appropriate 
gate voltage translation)„ From Eq. ( 3 = 2 8 ) , the surface potential can 
be obtained by subtracting QJ r from the gate voltage, V % this 

8 ox g 

evaluation can be easily performed using analogue circuitry. 
From Eq. ( 3 . 2 8 ) , 

dip (V ) = dV 
s v g y g C ox 

or 
(V ) C(V ) 

dV Cox 
(3-29) 

where C(Vg) = i s the small signal capacitance as a function of 
S 

gate voltage. Integrating Eq. (3«29) , the change i n surface potential 
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for a change of gate voltage from V. to V i s given "by s 

dV„ ( 3 - 3 0 ) 

V 
g 1 c(v ) 

V. 
1 

where C(V ) = l(V )/a„ 
B 6 

Bergluncl (13 ) was the f i r s t 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 l e t V̂, = V^g. 
Then, using the fact that <l> (V.—) = 0 , Eq. ( 3 - 3 0 ) reduces to s 

V $s c(v ) 

- - ) d v
g (3"3D 

v 
FB 

By evaluating the appropriate area from the l / l Q - V curve, the 
1 vs. V relationship for either quasi-equilibrium or non-equilibrium s g 
can be determined„ 

In generating the <|< -V relationship for the case of the 
s g 

non-equilibrium I-V curve, the various sections of the curve can be 
manipulated as follows s 

Integrating the equation from voltage flatband, V̂ g to the 
end of forward sweep, Vg, yields the surface potential at Vg as 

f W 

* S(V B) = J ( I f - ) dVg ( 3 = 3 2 ) V 0 

FB 

where I Q = A C q x. The integral i n Eq. ( 3 . 3 2 ) w i l l be the area marked 
as A i n Fig. 3 ° ^ ° The value i s negative because dV is negative. 

S 
During the reverse sweep, the surface potential at any gate 
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voltage, V i s given by s g 

* 8 < v - * 8 < v 

where ^(Vg) is given by Eq. ( 3 = 3 2 ) . The value of ̂ s(V g) w i l l become 
less negative because dV is positive, i n other words, the surface 
potential begins to decrease after the voltage sweep reversal. I f the 
integration for the reverse sweep is carried out up to the voltage f l a t -
band, then, 

KV ) 
W = W + J c 1 - - r * - ) d v g ( 3 = 3 4 ) 

(1 
I(V ) 

S— ) dV ( 3 - 3 3 ) 

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)o 
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3 „ 4 Experimental Techniques for Non-Equilibrium Measurements 
The samples used for the measurements were those used for the 

quasi-equilibrium evaluation i n 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 rase 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 

simpb 
The form of equation ( 3 ° 2 8 ) is very simple. Such a 

expression can be realised i n analogue c i r c u i t form. The schematic 
diagram of such a cir c u i t i s illustrated i n Fig 3 » 5 ° The method is 
based on a measurement of MOS capacitor gate charge i n 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 i n the 'fast' mode and the output 
voltage is a measure of the gate charge, Q s 

S 
t 

v = rf ) i d t - - c * ^ 

where i s the feedback capacitor i n the electrometer. The operational 
amplifier A acts as a voltage follower, so i t s output w i l l be equal to 

- Qg/cf° T h e c u r r e r r t flowing into the input terminal of amplifier B is 
given by 

i
3
 = h + i

2 ( 3 . 3 6 ) 

where ̂  = V/f^ = - (fe/^and L, = V ^ „ 
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The output VB of amplifer B is thus 

V Q 
V„ = i„ ft, = R„ ( ^ - I ( 3 . 3 7 ) B L 3 ^ ~ R 3 I H 2 " CR1 

c 
ox selecting R2 = R̂  and R1 = -— R̂ , yields 

VB = V -3EL ( 3 . 3 8 ) 
5 'ox 

The output Vc of amplifier C i s the inversion of Vg, thus s 

Vp = V - f - ( 3 - 3 9 ) 
e ox 

Comparing equations ( 3 ° 2 8 ) and ( 3 ° 3 9 ) » "the surface potential 
<J; i s simply given "by the output V„. The output V_ and the gate voltage s c u 
V_ are fed into the oscilloscope, allowing us to display the vs. V 8 s g 
characteristic directly. 

A l l of the amplifiers and components, except resistor R̂ , are 
mounted i n a screened box<, The value of external resistor (variable) 
depends on the oxide capacitance of the MOS sample through the relation s 

C 
R l " C, R 3 

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

12 
greater than 10 ohms). Measurements were taken for different voltage 
sweep rates, each time the value of R̂  being compared with the expected 
theoretical value. I t 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 MPS 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 curves about the voltage axis is due to 
the fa«-t that the net generation rate of electron-hole pairs is i n ­
sufficient to maintain the device i n quasi-equilibrium. Consequently, 
as the voltage sweep rate i s increased the depletion layer extends 
further into the semiconductor bulko The current at strong accumulation, 
I q , i s measured for every voltage sweep-rate allowing us to determine 
the oxide capacitance, CQx, from the relationship C =» Ip/a 

a (V/sec) I q (Amp) C (pF) 

1.257 •}A x 1 0 _ 1 0 270.5 

2.518 6.8 x 10" 1 0 270 

1.2 x 10"9 271 

6.9^1 1.85x 10 - 9 266.5 

The values of C obtained here are very close to those obtained from ox J 

high-frequency C-V measurements ( i . e . s 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 i s plotted against gate voltage i n Fig 3=6. The dashed 
curves i n 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, a , the normalized steady-state depletion width, Lg ( i n 
this case the parametric variable) i s f i r s t chosen and then the 
current-voltage relationship calculated. A value of Lg can then be 
selected to give the optimum f i t to the experimental I-V curve. The 
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value of X q , the depletion layer width at the start of generation, is 
calculated using Eq. ( 3 = 1 5 ) by assuming that the trapo are located at, 

aC ox or very near to, mid-gap. From the relationship Lg= ~ ^ — the 
S 

generation rate, U , can be determined„ The process of obtaining the 
g 

generation rate is repeated for the other curves taken at different 
voltage sweep rates. This means that the value of Lg, and thus U , 
is determined independently for every different voltage sweep rate 
characteristic. I t can be seen from Fig 3 « 6 that the theoretical 
curves are i n close agreement with the experimental I-V curves over 
most of the sweep range. The theoretical normalized current at the 
onset of generation i s 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 i s 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 i t is possible to 
calculate the generation rate and hence the generation lifetime. The 

U _T _T 
average generation rate obtained is of the order of 1 . 3 x 1 0 J cm J sec . 
The generation lifetime, t (where T = n./2U ) i s then calculated for 

g g i g 
every I-V curve and is found to have values of 6 . 0 5 , 5 ° 9 2 , 5 . 9 7 , 6 . 0 3 y sec 
at voltage sweep rates, a, of 1 . 2 5 7 * 2 o 5 l 8 , 4 . 4 - 1 9 and 6 . 9 ^ 1 V/sec, 
respectively. These values can give an average of 6 . 0 ysec. Further-
more, i f i t is assumed that thermal velocity, v ^ = 1 0 cm/sec and 
capture cross-section, a = 1 . 0 x 1 0 J cm , then the bulk trap density 
i s 1 . 7 x 1 0 1 3 cm"3. 
3 ° 5 (b) Vg curves 

The solid curve shown i n Fig 3 . 7 is the quasi-equilibrium surface 
potential versus gate voltage characteristic obtained using the experimental 
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c i r c u i t as of Fig 3 . 5 c The experimental curve was obtained by using a 
value of external variable resistor, R̂, of 2 7 0 ohms and feedback 
capacitor, C„ of 1 0 pF, resulting i n a value of C of 2 7 0 pF. Again 

I OX 
this i s very close to the value of C obtained from the high frequency 

ox 
measurement ( 2 6 8 pF). The clashed line shows the result obtained using 
the Berglund graphical integration method. Graphical integration i s 
obtained by calculating the appropriate area for a small increment of 
gate voltage using Simpson°s approximation. The agreement between 
these two curves i s quite good although some deviation at strong 
accumulation and strong inversion is apparent. 

Fig 3 ° 8 shows the ̂ g~Vg characteristic obtained as the voltage 
sweep rate is increased„ The solid lines are the experimental curves 
while the theoretical curves are represented by the dashed lines. The 
theoretical curves are generated using the relation 

2 

*s <V 
s g 2 e 

s 
where x i s related to the gate voltage, V , through the parameter 

°- S 
z by s 

xd = 25 h + V 

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, becomes increasing negatively as the gate voltage 
is increased more negative. This i s 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 
in s continues to be appreciable u n t i l we reach a particular gate 
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voltage whereby the system returns to quasi-equilibrium ; the surface 

po t e n t i a l then follows the quasi-equilibrium characteristics„ 

The quasi-equilibrium <l> -V i s included i n Fig 3.8. I t i s 
s g 

observed that the surface p o t e n t i a l i s essentially constant a t strong 

inversion and that the characteristic displays no hysteresis. On the 

other hand, under non-equilibrium, hysteresis i n the characteristics 

i s observed. 

The dotted curve i n Fig 3*8 ( f o r a voltage sweep rat e , 
a = 2.518 V/sec) was obtained by graphical integration of the I-V 

characteristic. Again, close agreement with the the o r e t i c a l curve i s 

demonstrated. 
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3»6 Analysis of Results_fgr_a p-type MPS Device 

3.6 (a) Non-eajiilibriinn I-V characteristic 

The experimental non-equilibrium I-V characteristics are shown 

i n Fig 3.9. The measurements were taken a t room temperature f o r d i f f e r e n t 

voltage sweep rates. The current at strong accumulation, I was measured 

fo r every voltage sweep rate and the oxide capacitance C determined. 

ct (v/sec) I 0 (Amp) C (pF) ox _ ' 

0..292 2.5 x 10~ 1 0 856.2 

0.588 0.5 x 10"9 850.3 

1.281 1.1 x 10~ 9 85807 

1.667 1.^5x 10" 9 869.8 

These values of C are found to be i n good agreement with the value of 
"850 o x 

S6&"pF obtained from the high frequency measurement (2 percent difference 

or l e s s ) . 

The dashed lines i n Fig 3°9 axe the theor e t i c a l I-V curves. 

In generating these t h e o r e t i c a l curves the normalized steady-state 

depletion width, Lg, i s f i r s t chosen and. then the current and voltage 

values can be determined. The value of Lg i s selected to give the 

best f i t to the experimental curve. I f the bulk traps are assumed to 

be positioned at midgap the generation rate, U „ can be calculated. 
S 

The value of x Q i s calculated using Eq (3<>15)« The process of obtain­

ing the generation rate,, U , i s repeated f o r other curves with d i f f e r e n t 
8 

voltage sweep rates. The close agreement between the experimental and 

theoret i c a l curves i s demonstrated over most of the characteristic. 

I t can be observed that the characteristics f i r s t follow the quasi-

equilibrium curve and then deviate on to the non-equilibrium portion. 

This i s due to the f a c t that the generation rate of electron-hole pairs 

i s not f a s t enough to cope with the changing gate voltage 5 as a r e s u l t , 

the current i s lower than the quasi-equilibrium value. The calculated 
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current a t the onset of generation i s found to be lower than obtained 

experimentally. The difference i s thought to be due to the emission 

from interface states ( 36 ) o However, f o r increasing gate voltage 

the difference between the two curves becomes very small. 

Using the theory presented i n section 3°2 ( b ) , i t i s possible 

to calculate the voltage sweep rate which must not be exceeded i f the 

system i s to remain i n quasi-equilibriumo This condition i s when 

xdm xo 

where x^ m i s the depletion width a t strong inversion under equilibrium 

conditions and i s given by, 
x 

E ^ _ s F 
q N A 

Using the r e l a t i o n Lg = aC

0y/^ ^g" V0-'-'taSe s w e e P ra-te f o r the 
condition to occur i s s 

q U 
C dm o ox 

X H ™ * x« I = ° ° ° 5 V/sec, 

which l i e s between 0.026 ( f o r the quasi-equilibrium curve) and 0.292 

V/see ( f o r the non-equilibrium curve). 

The generation l i f e t i m e can be evaluated by assuming the bulk 

traps are a t midgap. The values obtained are 18.5, 16.3, 16.0, 16.0 Msec 

f o r the curves with voltage sweep rates of 0.292,, 0<>588, 1.281, 1.667 

volts/sec, respectively. I f we assume the thermal v e l o c i t y , v
t h = 1x10 ̂ cm/sec 

-1*) 2 
and the capture cross-section, o = l„o x 10 cm , the average bulk trap 

12 -3 
density i s 6.3 x 10 cm . 
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3*6 (b) * - V curves 
s . <5 

The quasi-equilibrium $ -V relationship obtained using the 
s g 

c i r c u i t described e a r l i e r i s shown by the s o l i d l i n e i n Fig 3.10. The 

dashed l i n e i s the curve obtained by graphical integration. The experi­

mental curve was obtained using an external variable r e s i s t o r , R̂ , of 
if 

value 858 ohm and feedback capacitor, Cf, of 10 pF. Using the equations 
given i n section 3„4 (b) the oxide capacitance, C , i s 858 pF, which 

ox 
again i s i n good agreement with the r e s u l t obtained from the high 

frequency measurement„ 

Fig 3 o i l shows the experimental non-equilibrium ̂  -V 
s s 

characteristics obtained as the voltage sweep rate i s increased. These 

curves correspond to the set of experimental non-equilibrium I-V curves 

i n Fig 3„9o 

The quasi-equilibrium 'J'g-V curve i s included i n Fig 3.11 and 

shows no hysteresiso The approximately constant surface potential i s 

observed i n the strong inversion region. 

The r e s u l t obtained using a graphical integration method i s 

shown by the dotted curve i n Fig 3»H ( f o r a voltage sweep rate,a , 

of O.588 V/sec. 
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3.7 Discussion 

The non-equilibrium I-V characteristics of an MOS system (n-type 

and. p-type) i n response to a l i n e a r voltage ramp has been investigated. 

The experimental results were shown to have a close correlation with 

the theory presented.. Assuming th a t the bulk traps are located a t midgap 

(as the most efficacious generation centres) allowed us to determine the 

generation rate and generation l i f e t i m e . Values of generation l i f e t i m e 

were determined f o r each of the d i f f e r e n t voltage sweep rates and the 

results were shown to be consistent. Interface states were observed to 

have an e f f e c t on the early portion of the forward sweep characteristic. 

A simple analogue c i r c u i t was found to be useful i n d i r e c t l y 

generating a p l o t of surface p o t e n t i a l versus gate voltage. The quasi -

equilibrium i|> vs. V curve generated using the c i r c u i t i s i n reasonably s g 
good agreement with the tedious graphical int e g r a t i o n method. Further­

more, the c i r c u i t can be used to generate the non-equilibrium ^ vs.V 
s g 

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

those obtained by graphical i n t e g r a t i o n . 



CHAPTER 4 

TRANSIENT CHARGE MEASUREMENTS AND 

COMPARISON WITH FAST RAMP 
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^•ol Introduction 

This chapter presents the results obtained f o r the generation 

l i f e t i m e measured using the Q-t method of Hofstein (23). These results 

are l a t e r compared with those from the f a s t ramp measurements i n 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

a c i t o r biased i n i t i a l l y i n strong inversion. The present measurement makes 

use of automated computer c o n t r o l l e d - d i g i t a l instrumentation developed i n 

the Department (38)0 

Since the device i s i n i t i a l l y biased i n inversion the e f f e c t of 

interface states i s minimal. I t i s not the purpose of t h i s work to discuss 

the Q-t theory i n d e t a i l and, as such„ only the simple model presented by 

Hofstein (23) i s considered. The transient response of the inversion 

charges i s assumed to follow a simple exponential law and the generation 

l i f e t i m e i s computed from the time constant of the transient character­

i s t i c o Because the observed transient time i s very much larger than the 

generation l i f e t i m e ( o f the order of 10^ to 10^ times), the method can 

be used to measure l i f e t i m e s as low as 10second» 

The results obtained w i l l be compared with the values computed 

from the f a s t ramp measurements. 
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4.2 Theory of Inversion Charge Transient Response 

The t h e o r e t i c a l considerations are developed here f o r an n-type 

MOS capacitor biased by a s t i f f i c i e n t l y large negative gate voltage, V , 

so that an inversion layer i s created a t the s i l i c o n - s i l i c o n dioxide 

interface. Upon the application of a negative voltage step AV , towards 

stronger inversion, the depletion width expands further into the bulk. 

Simultaneously, electron-hole pairs s t a r t to be generated withi n part 

of the depletion layer- As a r e s u l t , the minority carriers (holes) are 

swept to the s i l i c o n - s i l i c o n dioxide interface re i n f o r c i n g the inversion 

layer while the depletion width relaxes back to i t s equilibrium value. 

The energy band diagram corresponding to t h i s relaxation process i s shown 

i n Fig, 4.1. 

The e l e c t r i c a l response i s thus determined by a dynamic e q u i l i ­

brium between the depleting voltage step tending to increase the depletion 

layer width, and the generation of carriers tending to collapse i t and 

restore equilibrium. There are some other mechanisms of inversion 

layer formation (not included i n the analysis here), such as thermal 

generation at the s i l i c o n - s i l i c o n dioxide interface, thermal generation 

i n the neutral semiconductor bulk and surface generation around the edge 

of the capacitor which i s discussed by Schroder (^2). 

The s i m p l i f i e d small-signal equivalent c i r c u i t of an MOS cap­

a c i t o r biased i n strong inversion i s i l l u s t r a t e d i n Fig. 4o2 (23). 

C q x i s the oxide capacitance, C D the depletion layer capacitance and R^ 

a resistance associated with the generation-recombination processes. 

Assuming that the generation-recombination centres are at midgap, 

Sah et a l (*K3) have shown th a t , 

where x g i s the generation l i f e t i m e , Vd i s the voltage dropped across 

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

R. l t q n. x 0 . 1 ) 
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Fig i f d s Relaxation of depletion region due to generation of 
electron-hole pairs i n the depletion region of an 
MOS capacitoro 
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ox 

R 

6 
Fig koZ s Equivalent c i r c u i t of the MOS structure i n strong inversion-

The generation l i f e t i m e can therefore be deduced from a measurement 

of Rj.o As proposed by Hofstein (23) „ the response time of the MOS 

structure to a small-signal perturbation i s measured. From the 

equivalent c i r c u i t of Fig. kaZ0 the dynamic behaviour i s characterised 

by a time constant % 

Using -Hie relations 

C d - xT (*-3> 
d 

C C 
and r = ° x ^ * (4A) m c + C, v ' ox d 
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where C i s the high frequency strong-inversion capacitance, the m 
generation l i f e t i m e from Eq (̂ «l) i s given by s 

T - T
 5 " i ^i1' VC°X ) (4.5) 

S r

 v - 2 V c 
vd c o x o 

Fig. 4.3 shows the transient behaviour of the t o t a l charge 

a f t e r a small voltage step i s applied to the gate of an MOS capacitor. 

The r a t i o of C /_ ,, which appears i n Eq. (4.5), can be obtained 
ox 

d i r e c t l y from such a transient curveo The rapid i n i t i a l step, ^Q^t 

i s due to the very f a s t change of depletion region width i n the 

beginning of the transient. The i n i t i a l charge step i s given by 

where Av^ i s the small voltage step and i s the high frequency 

capacitance a t inversion. The t o t a l change of charge stored i n the 

MOS system i s determined by the oxide capacitance, C q x as % 

O OX g V ' / 

A Total Charge Q 
(Coulomb) 

Q 

time 
(arb.units) .units) 

Fig. 4.3 s Schematic diagram of the transient characteristic of the 
t o t a l charge i n an MOS capacitor a f t e r a small depleting 
voltage step. 
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The capacitance r a t i o C c a n therefore be obtained by measuring the 
™* 'ox 

changes AQ̂  and tq^ % so that from Equations (4.6) and (4.7) 

C /„ = AO / n (4.8) 
^ C o x V A Q O 

The time constant, t r can be computed from the Q-t transient, 

assuming that the characteristics follow the simple exponential law. 

*- % = ( w (iH,"Vtr) ( M ) 

The slope of a semilogarithmic p l o t of 1 - ~—pr- against t w i l l 

therefore give the value of T _ C 
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^ • 3 Experimental Details 

The equipment used f o r measuring the charge-time (Q-t) transient 

"behaviour of MOS capacitors i s i l l u s t r a t e d i n Fig ^.^ ( 3 8 ) = This equip­

ment has recently been developed i n the Department by Z.A. Ibrahim whose 

assistance with the Q-t measurements i s g r a t e f u l l y acknowledged. 

A d.c. bias, V , causes the MOS system to be i n strong inversion. 
S 

A rectangular voltage step of amplitude AV = 0 . 0 2 5 V (generated from the 

PET computer) i s superimposed upon V o The charge flow following the 
8 

application of the voltage step i s measured by the electrometer which i s 

operated i n the Coulomb mode.. The output voltage of the electrometer, 

^out" * S * n u s d i r e c t l y proportional to the t o t a l charge Q stored on the 

MOS systemo The sample was housed i n a screened chamber and flushed 

with dry nitrogen i n order to reduce leakage currents across the surface. 

The analogue voltage output from the electrometer, which i s 

monitored using an oscilloscope, i s converted to a d i g i t a l form. A 

computer program was available f o r the computer which controls the 

experiment and which f i n a l l y produced the Q-t transient on a d i g i t a l 

p l o t t e r ( 3 8 ) . The Q-t curve i s plotted a f t e r averaging the data over 

several runs. 
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4 . 4 Results and Analysis 

4 . 4 (a) N-type MPS sample 

Fig. 4 . 5 shows the Q-t p l o t obtained f o r the same n-type MOS 

capacitor as used f o r measurements i n previous chapters0 The response 

i s to a step voltage of 0 . 0 2 5 v o l t s superimposed on a d.c. bias of 

- 5 . 0 5 v o l t s , so that the gate voltage f i n a l l y reached a value of 

- 5 . 0 7 5 v o l t s . 

Assuming that the transient behaviour follows the character­

i s t i c s described by Eq. ( 4 * 9 ) , the time constant x r i s determined to 

be 0 . 5 1 sec (from the slope of curve (a) i n F i g . 4 . 6 ) . The transient 

behaviour i s seen to follow the exponential characteristic but deviates 
Q _ Q t n 

from i t f o r larger times, as shown by the p l o t of I n 
t i n Fig 4 . 6 (curve a), 

1 " V Q m vs. 

The r a t i o of C /„ as obtained from the high frequency 
ox 

measurement i s 0 o 2 2 4 o Using t h i s value and p u t t i n g Vd = 2 ^ i n Eq. ( 4 . 5 ) . 

the generation l i f e t i m e , j „ i s determined to be 5 » 9 psec. However the 

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

m _ ^ o 
^ox 

The value of AQ^AQ^ i s 0 . 2 5 3 from F i g 0 4 . 5 , and s u b s t i t u t i n g t h i s i n t o 

Eq. ( 4 . 5 ) gives as 4 . 9 ysec. The difference i n the two values i s 

seen to be r e l a t i v e l y small and w i t h i n the l i m i t s of experimental error 

and t h e o r e t i c a l assumptions 0 

4 . 4 (b) P-type MPS sample 

The Q-t p l o t measured f o r the p-type sample i s shown by curve (a) 

i n Fig.4o7» The response was measured with the MPS system biased a t a gate 

voltage of 5 Volts and a step voltage of P.025 Volts. The transient 

behaviour i s measured f o r a positive going voltage step 
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Fig ^.6 j Evaluation of charge-time plots 
(a) n-type sample 

(b) p-type sample. 
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(i.e.. V s 5 to 5 ° 0 2 5 v o l t s ) which corresponds to the generation S 
characteristics„ 

From the s t r a i g h t l i n e portion of the p l o t of I n 

against t , shown "by curve (b) i n Fig. 4,6, the time constant T R i s 

determined to be 0.645 sec. Using the r a t i o of C^ c = 0.180 (as 
ox 

determined from high frequency measurement) then from Eq.(4,5), the 

re s u l t i n g generation l i f e t i m e , T » i s 5«6psec. On the other hand, 
6 

using AQjy/̂ Q = Ool&i (as determined from the charge-time p l o t of 

curve (a) i n Fig. 4,7) yields T = 5°^ ysec which i s i n excellent 

agreement. 
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^ o 5 Discussion 

The Q-t method as applied to the MOS system allows us to 

determine the generation l i f e t i m e , T . Using the simple theory 
s 

presented by Hofstein ( 2 3 ) » values of generation l i f e t i m e were 

obtained f o r both samples under consideration» 

The generation l i f e t i m e f o r the n-type sample using the 

Q-t method i s 5 - 9 ysec, whereas from the f a s t ramp technique as 

described i n Chapter 3 s T = 6O 0 usee. There i s seen to be excellent 

agreement between these values„ 

For the case of the p-type sample, the generation l i f e t i m e 

was found t o be 5 ° 6 y sec from the Q-t method, and 1 6 usee from the 

f a s t ramp technique» The measurements were checked but the difference 

of almost a factor of 3 times was d e f i n i t e l y not due to an experimental 

error. To check the calculations f u r t h e r t h e o r e t i c a l Q-t and f a s t ramp 

I-V curves were calculated using the l i f e t i m e values of 1 6 and 5 « 6 ysec 

respectively. I n each case these are the l i f e t i m e s obtained from the 

opposite techniqueo The r e s u l t i n g curves were compared with the experi­

mental ones. 

Curve (b) i n F i g A o 7 shows the r e s u l t i n g Q-t transient 

calculated using the simple theory of Hofstein ( 2 3 ) and Equations ( 4 o 5 ) 

and ( ^ « 9 ) with T = 1 6 usee The large difference between the experi-

mental curve (a) and curve (b) i n F i g o 4 „ 7 i s clea r l y seen. The curves 

show that the technique i s very sensitive to the value of x and t h a t 
6 

the difference i n the values can not be accounted f o r by errors i n 

measurement, 

A s i m i l a r comparison i s shown f o r the f a s t ramp technique i n 

F i g o ^080 Curve (b) i s generated from the theory of Board and Simmons ( 2 9 ) , 

using a generation l i f e t i m e of 5 . 6 ysec. Again a s i g n i f i c a n t difference 

i s observed between curve (a) (T = 1 6 ysec) and curve (b) (T = 5 » 6 issec). 
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A possible reason f o r the difference between the two techniques 
i s t h a t interface state generation i s not considered i n the Q-t analysis. 
However, the interface state density f o r these samples i s moderately 
small, as shown by the measurements i n Chapter 2 , so that any possible 
e f f e c t due t o interface states would also be expected to be small. 
Furthermore, investigations by Schroder and Nathanson ( 1 9 ) showed that 
the influence of interface state generation under our biasing conditions 
i s small. I t would also be d i f f i c u l t to explain why the techniques agree 
f o r the n-type sample but not f o r the p-type, since the interface state 
densities are very s i m i l a r . 

A more l i k e l y reason f o r the discrepancy could be the very 

simple model used f o r the Q-t analysis. Uncertainty about the analysis 

presented by Hofstein ( 2 3 ) arises from doubts about the expression used 

f o r the generation r a t e , t h i s being v a l i d only f o r deep depletion i n the 

space charge region The objective of the present work was to use 

the Q-t technique rather than being concerned with i t s theory which i s 

the subject of f u r t h e r work i n the group. Therefore the following r e f i n e ­

ments of the theory were not used i n practice. Although they might 

influence the r e s u l t i t seems u n l i k e l y that they would change t , by as 

much as three times. 

The f i r s t improvement i n the Q-t theory was due to Zechnall 

and Werner (*+4) who obtained good agreement f o r measurement on many 

samples when compared with the Zerbst method (18). Later, Viswanathan (^5) 

again modified the Q-t analysis and showed tha t the method i s applicable 

over a large range of values of step voltage amplitude. Again, the 

generation l i f e t i m e was i n good agreement with Zerbst"s r e s u l t s . 

The comparison between the Q-t and f a s t ramp methods of 

obtaining xg» i n the present work, which has not been done before, 

shows the need f o r much more f u r t h e r work on a variety of MOS samples 

with d i f f e r e n t doping densities and l i f e t i m e values. I t i s hoped that 
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such i n v e s t i g a t i o n s would c l a r i f y the cause of the discrepancy i n the 

present r e s u l t s which cannot be explained w i t h the l i m i t e d data a v a i l a b l e . 

Another f a c t o r t h a t can i n f l u e n c e MOS measurements i s the s t a t e of 

the oxide surface outside the e l e c t r o d e a r e a . For example, the s u r f a c e may 

have a permanent i n v e r s i o n l a y e r due to charges i n the oxide or i t s i n t e r f a c e 

w i t h the s i l i c o n so i n c r e a s i n g the e f f e c t i v e area (31) . T h i s problem can be 

overcome by using a s u i t a b l y - b i a s e d guard r i n g around the measuring e l e c t r o d e . 

The only samples a v a i l a b l e f o r the p r e s e n t work did not have such guard r i n g s , 

r a i s i n g the p o s s i b i l i t y t h a t the r e s u l t s might be i n f l u e n c e d by a permanent 

i n v e r s i o n l a y e r . T h i s would be most l i k e l y for the p-type sample due to the 

predominance of p o s i t i v e oxide charge. F i g 2.17 showed t h a t the f l a t - b a n d 

voltage was, i n f a c t , negative f o r t h i s sample showing t h a t s u r f a c e i n v e r s i o n 

was p o s s i b l e . 

An independent measurement was t h e r e f o r e made of the e f f e c t i v e e l e c t r o d e 

a r e a for the p-type sample u s i n g an e l l i p s o m e t e r to determine the oxide t h i c k n e s s . 
o 

The r e s u l t was between 760 and 775 A f o r d i f f e r e n t p a r t s of the sample, the 

average being 767 A. The r e f r a c t i v e index was 1 .455. From the HF measurement 

of the oxide capacitance, 850 pF (page 37), the e f f e c t i v e e l e c t r o d e a r e a was 
-2 2 

thus 1.88 x 10 cm g i v i n g a diameter of 1.55 mm. T h i s compares w e l l with the 

measured value of 1.53 mm from which the oxide t h i c k n e s s of 745 A* was obtained 

e a r l i e r . These v a l u e s agree to w e l l w i t h i n experimental e r r o r so t h a t i t could 

be concluded t h a t there was no permanent su r f a c e i n v e r s i o n with t h i s sample. 

I t i s important to c o n s i d e r whether the d i f f e r e n c e between the l i f e t i m e 

r e s u l t s obtained by the two methods could be influenced by s u r f a c e i n v e r s i o n . 

The f a s t sweep method d r i v e s the c a p a c i t o r i n t o i n v e r s i o n for only a s h o r t 

period of time whereas the Q-t method uses a steady i n v e r s i o n b i a s . T h i s could; 

p o s s i b l y i n f l u e n c e the s u r f a c e o u t s i d e the measuring e l e c t r o d e i n a d i f f e r e n t 

way but i t i s u n l i k e l y to account f o r the l a r g e d i f f e r e n c e i n the v a l u e s of x 
g 

found. Other work i n the Department has been concerned with the i n f l u e n c e of 

t h e p o t e n t i a l o f a guard r i n g i n Q-t measurements, and i t i s n o t l a r g e . However, 

some f u r t h e r work s i m i l a r t o t h e p r e s e n t s h o u l d be done u s i n g samples w i t h g u a r d 

r i n g s . 



CHAPTER 5 

CONCLUSION 
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CONCLUSION 

The present work i s mostly concerned with the determination 

of generation l i f e t i m e of s i l i c o n MOS devices using the fa s t ramp and 

Q-t techniques. Since the comparison of results obtained from the two 

measurements has not been done before, the work i s an important check 

on both methods. 

Some subsidiary measurements were also performed on the same 

samples. These included the measurement of the fixe d interface charge 

and interface state density spectrum which determined the q u a l i t y of 

the devices. The d i r e c t measurement of the surface potential-gate 

voltage relationship, which was also included, provides further con­

firmation of the f a s t ramp r e s u l t s . 

The fixe d interface charge values were obtained from the 

experimental high frequency C-V characteristics. Both devices show a 
10 —2 

moderately low magnitude of interface charge (7°5 x 10 cm and 
10 —2 

2 . 8 x 10 cm f o r the n-type and p-type respectively) which results 

i n a small voltage t r a n s l a t i o n of the C-V characteristics from the 

i d e a l . 

Quasi-static I-V measurements have been shown by Kuhn (14) to 

provide an easy method f o r obtaining the interface state spectrum i n 

an MOS sample. For the devices under consideration, the minimum i n t e r ­

face state densities obtained are again quite low, of the order of 

4.5 x 1 0 1 0 cm"2 eV - 1 and 2 . 5 x 1 0 1 0 cm - 2 eV"1 around the centre of the 

gap f o r n-type and p-type devices respectively, r i s i n g towards the band 

edges. A larger value might have been obtained near the band edges as 

a r e s u l t of incorrect determination of the surface p o t e n t i a l i n t h i s 

region, and t h i s i s one of the errors associated with the quasi-static 

technique-, Although the v a l i d i t y of the r e s u l t i n g value of interface 

state density can be accepted only i n a small region (+_ 0.3 eV) around 
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midgap, the measurement technique can be confidently used to estimate 

interface state densities as low as 1 0 1 0 cm - 2 eV - 1 i n t h i s region. 

The experimental non-equilibrium I-V characteristics of the 

devices i n response to a fast l i n e a r voltage ramp has been analysed using 

the theory presented by Board and Simmons ( 2 9 ) . The close correlation 

between experimental and the o r e t i c a l values f o r most sections of the 

curves i s demonstrated. This v e r i f i e d the assumption that the most 

efficacious generation centres are located atmidgap or very close to i t . 

I t was observed that the interface states have an e f f e c t on the i n i t i a l 

portion of the forward sweep characteristic although t h i s e f f e c t i s 

diminished as the biasing voltage i s increased. Every individual I-V 

curve (which i s 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 c i r c u i t was found to be very useful f o r 

d i r e c t l y generating a p l o t of surface p o t e n t i a l versus gate voltage. 

Rather than a tedious graphical integration method, such a plot can be 

easily used i n the interface state analysis. When used i n the non-

equilibrium condition,, the r e s u l t i n g - V p l o t again showed a close 
s g 

agreement with the t h e o r e t i c a l l y generated p l o t and with that obtained 

by graphical integration of the I-V curve. Furthermore, the trend of 

the non-equilibrium \jJs~Vg characteristics was observed to have a close 

relationship to the non-equilibrium I-V characteristics. Hence, any 

i r r e g u l a r i t i e s that appear i n the I-V characteristics w i l l also be 
reflected i n if* -V curve 0 Such information could be useful f o r f u r t h e r s g 
investigations i n i d e n t i f y i n g various mechanisms occurring with i n MOS 

devices. 

The f a s t ramp analysis indicated a bulk trap density of 

1 . 7 x lO1-^ rm~^ and a generation l i f e t i m e of 6.0 usee f o r the n-type 

MOS device. Similar analysis f o r the p-type MOS device yields a bulk 
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1 2 - 3 

t r a p density of 6 = 3 x 1 0 era and a generation l i f e t i m e of 1 6 . 0 usee. 

F i n a l l y , the results from Q-t measurements, analysed using 

the simple theory of Hofstein ( 2 3 ) , gave the value of generation 

l i f e t i m e f o r comparison with the f a s t ramp values, as tabulated below \ 

Method of T (n-type) T_(p-type) 
Measurement 

ysec j J s e c 

Fast ramp 6 . 0 1 6 . 0 

Q-t 5 . 9 5 . 6 

I t i s d i f f i c u l t t o explain why the techniques should agree 

f o r the n-type sample but not f o r the p-type one. Any e f f e c t 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 ( f o r the p-type sample) 

was d e f i n i t e l y not due to an experimental error. Furthermore, the 

curves show that the technique i s very sensitive to the value of T 

S 
and that the difference i n the values cannot be accounted f o r by errors 

i n measurement. 

The objective of the present work was to use the Q-t 

technique rather than being concerned with i t s detailed theory which 

i s the subject of fu r t h e r work i n the group. For such reason, only a 

simple theory of Hofstein ( 2 3 ) i s used and the refinements of the theory 

have not been considered. Although they might influence the r e s u l t i t 

seems u n l i k e l y that they would change T by as much as three times. 
8 

I n order to understand the cause of the discrepancy i n the 

present r e s u l t s , a f u r t h e r investigation should be made. This should 

include measurements on many more samples with variable doping density 



and including guavd t-o 
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and l i f e t i m e values f o r both n-type and p-type substrates^ I t would 

also be important to check the results by using a t h i r d method f o r 

measuring T ( f o r example C-t method) which was beyond the scope of & 
the present work. I t i s hoped that such measurements would c l a r i f y 

the discrepancy shown in.the present r e s u l t s . 

To sum up, the quasi-static and non-equilibrium l i n e a r 

voltage ramp techniques have shown to provide an easy and useful 

method f o r characterizing i n t e r f a c i a l and bulk traps t h a t occur i n 

metal-oxide-semiconductor structures. The Q-t technique gives a 

value of generation l i f e t i m e which i s generally i n agreement with 

that obtained from the fast ramp technique although a far more detailed 

comparison with other methods should be made i n the futu r e . 



APPENDIX A 

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

Generated Using the Equations Given in the Text 
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CO CO CO CO CO CO CO Cs cs c s CS CS Cs i O L0 -0 T - i CO •o CO­ -0 T rx 
o o o o CO o CO o o Cs o o o Cs Cs o O ;> o -•0 n 00 r-i o n LO CO Cs G 
! ! s ! o ! o 1 i O 1 I i o o ! 1 o 1 r-i LO T - i r-i c iO ro •o r-i —• 

LU LU U! LL! 1 LU ! LU L U 1 Ui LU Ui s 1 UI Ui ! L U rx x0 -c xj G fx 00 o- T - i iO 
-o ro LO x5 LU LO LU L0 T - i LU r x CO N? LU Ui IX NC Ui r x <r ro r-i T - i o Cs CO fx rx G 

r o c-i T—: O n O r-i r x T - i Cs C i <r co Cs CC NQ o T - i T - i 

L O L O L O CS -0 fx xr C-i LO T - i o CO CS O C-i L0 r x T - ! H 00 CO i33 CO CO x- fx |X. fx. 
- ' T Cs G T - i ro Cs L0 LO ro T - : CS CO cs o L0 

<r <r T r-i ro <r -0 o <T -0 r o LO ro T - l <r L0 r o <r n 
rx co T-i X ) x5 o CS o T - i ro T - i r-i T - i r x ro rx TH o <? 
PC L O ro O c-i X} SO C i o CO r x T ! T - i CS =r r-i o CO 

T T T - I CO o O o o ro -o L0 r o C-i f x CS CO fx L0 

CS Cs CS CS CO 00 CO CO 
T - i Cs cs 

o o o o o o o O o O 
o o o o o o o o o o 
o o o o o o o o o 
o o o o o o o o o o 
o o o o o o o o o 
o o o o o o O o o o 

x3 CO Ci <r CO r-i <r NC CC r-i <r NQ CO O C i -0 00 o r-i T o CO 
«r xr L O L O L0 L0 L0 NG N0 NQ - G rx rx f x fx f x CO 00 CO i30 CO Cs Cs G- :> i X 
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