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ARSTRACY

PR A

checratical raview of M0OS structure is done.

T Tdeal MOS8 sLructure wvas considered first, After it
various aifects guch as work function diffevence, -
oxide charxges etc, that deviate the ideal MOS
properﬁy are discussed.

Three electrical megsuraement techniques are
discussea. The capacltance measurement teéhnique at
‘room temparature is used for the expeviment.
Description of the experimentcl set up is given and

propercties of individual instruments including the
couputer are disgcussed. |

Measurement 1s done on thres samples. Insulating
. Yédyer on samples G6f and 82 is [110,, on sampia 12¢
the layer is Indium -~ Thin - Oxidoe. From high
fraquency o-v measurament purizce charge density and
surface steate density is determnined and their Vaiue
ls compared with data previously published, Frgﬁ
combined high and low freguency capacitance measurement
values of energy distribution of density of states and
doping pﬁé%ile are obtained. On all samples the effect
of, illuminetion was chservad iﬁ depletion and inversibn
laye#s. Eistiﬁct deviatﬁcn £rom theoretically
predidted high froquoncy c-v Curvos was observed on
sample 12¢. Two peak appears between accumulation
and depletion layer. These peaks are at bias value

: 5 o~

e 0,95y and <+ GL.2Lv,  The oras value are independent




of freguenty. The capacitance values of the peaks

decrease with frequency.




IRTRODUCTION

Hetal-Oride-Seniconductor (HOS) struatuég play
doéinant role in w@any solid state devises and
integrated -circuits (IC). The wost iaporﬁant
‘examples are HBS.'eapaciﬁors(BUSC) and HOS field}k
effact transistors (HOSFAT). Fabricstion of stable
and high performance small volume YC foy purpose of
Vory Large 8cale Integration (VLSI)  motivated
thorongh study of HOS structures. The pregent
interest for furthor IC size reduction reguires
fuxther investigation of HOS structures.

 EBlectric charges . in HOS structure are

éist?ibuted in ;a Yery GOmplicateé way. Their
distribution depends on the potential funetion in
the structure, on impurity Jlevels and  their
concentration, on elestron and hole trasps, both
‘ghallow snd desp. It strongly depends on oxide
thickness. In applications like semiconduotor
devises production it is erucial to have gﬁfficiantrw
knowlsdgle about the tLrxaps and ismpurity levels.
Several ﬁéthcds have been developed for the charge
distributién”study. The most important of these
afe: I-V, C-¥, Hoise mogsurenentg and Deep Level
Tra;aieht Spect¥oscopy (DLTS).

At the oxide (eg. 5i0,) - sopiconductor

(eg. 5i) interface of HOS structures, the change in




ths periodicity of the Iattiee croates trap levels.
These interface %ra@a interaot with Free charge
- ecarriors in the pogicondpotor. The traps are Ffilled
with mejority everiors when the interfacs state is
bisged in to ancussistion conditicn. When the
interface is biaged in to depletion oy inversion
conditions, tho chavge in the intaxﬁ&aar rogion is
changed. It leads to upstebility of HNO8 devimes.
- Despite many yoors of reseavch snd offort of meny
gseientists and suginesrss interface gtagte in KOS
struciore is st%ll pitkpown. Thus, regearvch in the
Physies (also Cﬁ%&iﬁtrg) of interfass statez or
traps oontinmeg 6 be neoded. Heasuremant
teclhniguon has been developed for &he study of
interface stuhe. Some of these are : GQuasistatic
Copmeitance Voliege ((-V) ¢echnigue, Conductance
tochnigue, PLTS, HKlectron epin resonanes (ESR). But
ro considered the fivet ¢three techniques in our
worl.

The objeotive of the thesis is to introduce
tha individ%.l methods to our Physies department
lahoratorv,-iﬁ urite noveszary ocoapuber progra}s
fom,ingtruﬁéﬁt‘ adﬁtral sned ca%par@ the result
obtained with t;@ theoretical reaﬁ;t.

The Pizst oheptor deals with  ideal  NOS .
structure. It deserines charge distribution near

F
L3




the surface, high snd low frequspay capacitance cf
the interfaco. The second ohepter gives brigf
discussion of effects like intecfuce trapped and
oxide chardes, Work-Function difference snd sose
others. It deals with omerier transport in
insulating films (oxides) tuo. The thizrd chapter
given brief description of messurseent technigues.
The fourth chapter includes apparatus and their
arrangensnt, t&ahn*quas uged in onwr work and

exporisental result and disecuassion.




1.1

it

CHAPIER 1

e s

Tdeal Metal -~ Oxide -~ Semiconductor (MOS)  structure.

Intfbductiﬂn

The Metal-insulator-Semiconductor (MIS) structure
is very ﬁseful in experimental study of the semiconductor
surface. Since the reliability aﬁd stability of seni-
conductor devices are raelated to thelr surface conditions,
an understanding of the surface and interface physics w;th
the help of MIS structure is of great importancae.

The MIS structure was first proposed as a voltage=~
variable capacitor in 1959 by Moll | 1 | and by Pfann and
Garrett | 1|. 1Itg, characterstics were then analyzed by '
Frenkel and Linder . | 1{. "The MIS structure was first
employed in the study of thermally oxidized gilicon

surface by Terman and by Lehovec and Slobodsky ] 1 I._If

the insulator is an oxide, then the styructure ig refered

to an Metal-Oxide~Semiconductor (MOS) structure,

 Ideal MOS structure

The MOS structure is shown in Fig. 1, where 4 18

the thickness of the oxide and v ig the apnlied voltage

on the metal plate. Throughout thig paper we use the

convention tﬁéﬁ the voltage v is positive when the metal
plate is positively biased with respect to the ohmic

contact, and v is’nagative when the metal plate iz

- negatively blased with respect to the ohmic contact,.

4
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The energy-hand diagram of an ideal MOS structure
for v = 0 is ghown in Fig. 2, for p-type semiconductor.
An 1ldeal MOS8 is défined as followsl L] . (1) At zero

. applied bias, energy difference batween the metal work

function ¢m~and the ssmiconductor work function ¢s, g
is zero, '
ex " vagouum level - Fig.2 Enengy band
ex diagram of ideal
v=0 MOS8 structure at
?% L i, v = O for p-type
f‘g% et S ' semiconductor
A O M wx e VIR R e TR me G wy ,,E;;
, DFITF TN RPIFTP ITTE E
MET AL |OKDE| BEMI CONDY (PR

The folloving relation applies:

¢;ﬁs = V- ¢ X+ g/?.e *Yp) = 0 for P-type
(1.1.1)

Similarly 8 ’
g = P (X 79790 » ¥y) = O for n-type

(1.1.2)

i




Wﬁerev¢m ig the nmetal wofk function; Xthé"semiconductor
electron affinity, xorthe oxide eloctron affinity, Eg. the
bandgap, ¢, the potential barrier betwaen the metal and
the oxide, and wB the potential difference between the
Fermi level Ep and the intrinsic Fermi level Eyo In
other words, the band is flat (flat-band condition) when
there 1s no appllaed voltage.
(2) The only charges that can exigt in the structure under
any biasing conditions are those in the semiconductor and
those with the equa} but opposite sign on the metal gur-
face adjacent to‘thétinsulator. (3) There is no carrier
transpoxrt through the' insulator under de biasing conditions,

gince the reaistivity of the insulator ls aasumed to be

infinite,

"B
F g . LN
i e B
£

Fig., 3.. Easrgy ~ band diagranz of ideal MOS structure
when v # O Ffor P~type semiconductor, for the following

casesg:

(a) accumulation; (b) depletiony (¢) inversion




.

when an ideal MOS structure is biaged with positive
or negative voltage, basically three cases may exist at
the ﬁntype gemicounductor. When a.negative voltage (v<0)
is applied to -the melal plate, the top of the valence
band benﬂs-upward and ig closer tq the Fermi level (Fig.3a)
For ideal MOS structure, no c¢urrent flows in the stiucture,
go the Fermi level remains congtant in the semiconductor.
Since the carrier density devends exponentially on the
energy difference (EF - Ev) : P = N_ exp (CY
this band bending causes on increase of majority carrier’
conductivity near the semiconductor surface. This is the
"accumulation” case, When a small posltive voltage
(v > 0 } is applie&; the bands bend downward, and the
concentration of majority carriers decrease (Fig, 3b).
This is the " depletion " case, When a large positive
,yoltaga ig applied, the bands hend even more downward s0
that the intrinsic level B, at the surface crosses over
the Fermi lével B, (fig. 3C). At this point the number
of elactrons (minority carriers) at the surface is large
than that of the holes, the ifype of conductivity of the
surface is thus inverted ( to n-type). This is the
"inversion® céﬁé: Similar results can be obtained for
the n-?ype_semibonductor. The polaﬁity of the voltage,

however, should be Ehanged for the n-type semiconductor.
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1.2 Surface Ypace-Charge Region

Relation betwaeen surface potential, épa&e charae,
and electrle fleld will be discussed. The velation will
be uged later to discuss c-v characterstics of ideal MOS

structure.

Congider a P-type semiconductor without surface

states as shown in ¥ig, 4.

-~ HOS structure

N Se— P-type S
Semiconductor
-3 @
Flg. 4 (a)
elé, 5,‘5 y N Eg = P)c bl E‘f
o, iEg @ '
(B} 6”7“ ﬁ%w,em“mqwg_q,j%nw”g ~ kEnergy band at
(% ;?é% 4 ﬁ%&@g&%ﬁ P @:;__ large positive
. fﬁ ] bi&s,
T i epe, holes . ionized
¢h§g? ‘ELpletion acceptors
o region
y W ’

~ Idealized charge

O distributions with
o in the semiconductor
’/;;;*inversion for large positive

X
7

|
T :‘%

el .w and Q_ are
~elN, W A n

A density of ionized
acceptors and electron
) per unit area in
, ={n inversion region
g respectively.

fg R




(@)

?e(x)

. ~Blectric fleld for
‘_’_,sm"’

& IQsl/eax : charge distribution

given above.

-4 a ¥

To

= Potential distribution
(V:vc e applied
voltage)

Iin Fig. 4b the potential Y 1z defined as zero iﬁ the
bulk of semiconductor and is neasured with respect to
the intrinsiq Q?rmi level E;. At the semiconductor surs
face, § = ws ¢ and ws is called the surface potential.
The electron aﬁd hole concentraticﬁlag a function of ¢

are glven by the relatlon:

W




4

N o axp (8¢)

p M |
(1.2.1) !

Pp mt Pp() exp (u—-Bl"J) . i

whare npo and Ppo are the equilibrivm densities of elegty-

ons and holes respectively, in the bulk of the semicondu-

B

¢tor, and B e/K?, At the surface the densities are

)
%

g npo enp {5¢s) (1.2.2)
g Ppe axp (wew3>

From our discussions in section 1.1 and with the help of

Eqg. 1.2.2, the folldwing regions of surface potentials
are digtinguilshed i 1': !

P < 0 accumulation of holeg {(bands bend u@ward)

0 flat-bkand condition

=
it

8

¢8 > ¢ > 0 depletion of holes (bands bend downward)

ms = wB - midgap with Ny = PS = ni(intrinsic cone
centration)

wg > *e inversion (electyon enhancement, bands

T )

bend downward) .

Undex inversion condition, elsctrons will be attrac-
ted to the surfacé“so'that the negative charge in the
aeﬁiccnéucﬁox will consist partly of the electrons in a
narrov invergion region neax the surface and partly of
the exposed acceptor ions in the depletion region (Fig.4c).

At large biases the charge of the electrons dominates,

10



FOPCIY N

1n¢¢nntrast with a rovexs biagsed p-n junctign whare
accunulation of‘minorityicagriara ig impossible and all
of the chayrge nust sﬁnaiéﬁ of theraaceptcrxians‘ﬁith in
© bhe dégleﬁiéna reqion; This resuli 1s very lmportant iz!s
In é r@varsa biased p=-n junétion the width of the
deplation.regian'will keep increasging with increassing .
‘bias, whereas in an MOS structure it will not. |

‘The presence of electron invaggigns;‘region will "
determine the size of the deplstion region under the

given G¢c bias. fThe depletion width can be defined from

pfentii.e.,

=

charge neutrallty reguirs

O = O * oMW = Q, (1.2.3)
Yhere Qq is chgrga éafuﬁit area on the metal, Q is
- alechon per unit area in the iaverslion xeglon, eNAW in
the jlonized acCeptors per unit,axga-in;thé?gyace‘charge
gggion with space charge width w, aud Q, is the total
charge peor uniﬁ area In the semiconductor.
%0 arriva'at the result of inteorest, Gon;ﬂéﬁr one

dimensional poiszon's equation,

2 . ,
e =p{x} '
el gﬁ“ (1.2.4)

- Where p(x) iénzgﬁal space~charge denslity in ﬂ@mieoﬁﬁuctor,
wqis Qgﬁéngial;éu@ to“chaxga &iﬁtxiﬁutiﬁn undexr conglder- '
o %ﬁi@ﬁ,_agé'gs i pé%miﬁiyity of semiconductor. Total |
" ppace~charge density is given by
| plx) = o (Ng Ny b P - n)
(L.2.5)

- ' PAA




o w@érg gg; ﬁaﬁgﬂ; ara the deasities of the ionized donors
o and acééﬁﬁagae sﬁggﬁcaivgiﬁi CThe conditdon of charge

nané&glitg must'exisﬁlin tha hélk, that ia:‘f&r from the
suxface whore ¥(x) = (») = 0 and plx) = p(«) = 0. Since

'iﬁp&xiﬁy iz fully Jonlzed it follows

I\];.L} 12 E’]Qa- ] Nﬁ. P p}?{) (1.2.6}
Using Bg. (1,2.13p (3.2.8)p (1.2.8) and iﬁt@gratiﬂg
Eq {1.2.4) yvielde electric fisld given hy
& = 4 Jg%% [{3@8¢ * 3¢«1)+“m5fpgﬁ (eﬂ¢wﬂwnl}]g;:
o
i R ‘ (L.2.7)

Sﬂ.’

whers Ly, 8 callod the extrinsic Debye lemgén foz holes,

Intre&ﬂsiﬁg the function ?LS]

on - e i Y
F (R, :39) o i a B + By~ L% m@(eswmﬁq)“l)]% .th

Fro oo
{1.2.8)
/B s '
aglectrie fleld becomes & = + i Flaw, =R - .2.9
N n.‘§> . . PI}C} .
\Elegtziq.fialﬁ~aﬂ the surcface i ;V
B AR P S ' i,
@, =k {ggéwy{gwé, ) (1.2.10) ’
-41? _ 1 536
13




7ﬂsing aauga F law bﬁ@ Jﬁacamtharge pox unlt area required

to praéuce this iield is

/zxme
G, = g R wt ; -, Edei“ #{ B;’) : .,..RQ)

(1.2;11)

Computer program QhowinQ tha dep@nﬁence af Q onqq
in prep&re&b Name of the pzogxﬁm is “bﬁdn&g“ (gae

ﬁppandix ahi;t shawa the eﬁfﬂ@t a ’”gmg@&aﬁ&ye;&néaéaging

dﬁnsify on gpace charge danﬁity-:ﬁd Qﬁ__gy banﬁ;Q;ﬁé'temp*
srature T = 300°k varying the caaﬁentration ohe gan 8ed
tha? near and ﬂhova ﬂ 5%1@*?/¢@ tne samiﬂanductor is
dagenevate and daplation regiﬁﬁ increases. Ag- | ha accaptor
concentration docreasas to a valua lﬁ /@c the gemlcon-
dugtor_haCGmes intringie nggfgﬁeg;gtign=§@g;@nfdecr@ases;
the band gap increaseu andkbglqwftﬁisv51Qesgt chaﬁgés.ta,
"nwtyf}e semiconductor. The bemfi',vasﬁjigig with eanéantratzion
with xesgeéﬁ to the Fermi 1evai'3s‘va1en¢e béhd.. for
.cenb@ntration Nﬁ = éle /og and for Lamperature neaf énd
bslow 215%%k Ly ?he a&micmnductat b$C¢ﬁ es degenarate and
d&plﬂtion region increasaes, ﬁs-the Lempératgré_i&craaséS'
the depletion Fegion decreases andrﬁha aami&onﬁuctér tends
o have intrinsic bﬁhaviour Both banﬁs B and B, »3h1ft 7

' relative te the Fe¥mi 1&vglﬁ Campatﬁr himulated graph is
qhown in Pig. 5. What one aan 3@& fxom the graph in
relation to the relations d@rived ahove is the follawinv.

for negative-ws R Q ig yogéfzﬂﬁ and c@rrPQPDnd% o the

accunul ation region, Wh@ funw*ian F !5 daminated by the

first temm in Hq, 1.2,8, tqgg ;e Q o ;xp (@j?«iéhtfj;p¢




Foi ¥y = 0, we have the flat-band oonditip? and'gs = 0,
For mB > wg ? 0, QS 18 negative gnd we have the deplet-
jon case. The function ¥ is now dominated by the second.
term,rthaﬁ 13"99 v /ws. For ¢, »> Yo We have the
inversion case with function F dominated by the fourth,
that is; Qs voexp (e%!@kT). Also the strong inversion
begins at a surface potential,

b (4nV) 1w 24BuZKE N (N sy ) (1.2.12)

In pigure 5a

1, Ny = 10%%/¢c

2, NA == 3.013/cfc

3, NA = 1015/cc
- 17

In Figure 5b

1, T = 2158%k

2, T = 250k
3, T = 300°k
4, T = 350k

Tﬁe long veréiéél lines show the corresponding stmng
inversion potential 2y, and shorter once to the left of
0.2V, corresponds to valence band and to the right of it
cofresponds to conduction band with the Fermi level at

the origin.

14




TEHFERFTURE, T=304 K
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Fig 5b Temperature variation
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' To determine the change in hole density AP, and

elactron density 4n, perx unit area when y at the surface

is éhifted from zero to wﬁ , consider Fig. 6

o
o= [ (P(x)=P(=)dx

i
. i
P, ! 1.2.13
T p(mjmﬁgo ( - )
. ity
X Qﬂ ''''''' s e T Making change of variable
e (%) =Py, eXp (~P8) - and the necessary substitu-
d W tion WE~%$t
eP L o {@ "7=1)
Fig 6 | AP = ~B2.8 ¢ day
po
{(1.2.14)
Similarly
an_ L VoV o o1y
o PO D s(e" " - 1 )dy
an ! (1.2.15)

2kt o F(ﬁw,nPQ,P y
- poO

But one can see that edn ig nothing but Qn, hence
2 .
o = Slmefo Vs P - nay

h Y2kt o F(BY , M, )
' P

po y
{1.2.16)

£

Relation between Q. and Q. can be found from Eg. (1.2.16)
tﬁat

Q. (V) = en_ ¢ fws (- 1yay
nos8 pe s 4 TTE (1.2.17)

16




Limiting cases:

Case 1 w% + O that 48 ¥ + O~

veg n %
QM) v == (1+ Tpo/, )
D po
o & —opo’s 5"”9 (e®1) qy
h
Ce/L (l+ﬂpo/P )% v
D po (1.2.18)
Cage 2 ws + w0 (ws very large), § + o

— - BYg/
QUvg) ='a o VIRTES, ofVs’2

T - Blp ’
n (ws) ~ /2Eresnpo o 3/ (1.2.19)

+

From the above analysis, for small vy, Qﬁ(ws) + O faster

than Qs (Bée Bg. 1.2.18), Hence, Qs n emAw (see Eq.1,2.3}).

For large ¢ Q (Y ) & Q. which inturn shovs that the

depletion region ceases to change with increasing voltage.
To obtain potential as a function of position, consider

Bg.(1.2.3). dﬁgécemcharge density 1s gilven by

p = "(eNA + Qn/W) 7 (1.2.20)

o

Soiving posgon's eguation using conditions ¢! {w)=0=y(w)
we get

w-d" (l__X/.)Z P wﬁ {eN. + Q Yy (1.2.21)
T g Tw ' s 2¢ ENp T ¥nsy L

17




Relation between applied voltage and surface potential
is obtained considering Fig de. Applied voltage v, is
given by
Vo=V, ot ws (1.2.22)
From the continuity condition, electric displacement

vector at the insulation - semiconductor boundary

0, =& =c¢ & (1.2.23)

where Vo is voltage drop across oxlide, ¢ is permitivity

oX
of oxide and Eo iz elactric field in insulator. Since
v, = @bd = |QS[/eox)d uging Bq. 1.2.11, Eg. 1.2.22

raduces to

| ; .
n-ox po (1.2.24)

When the applied voltage increases, ¢B and w increases.
Eventually-strong invergion will occur at wsfinv) v ZwB .
Once gtrong inversion ocours, the depletion-layer width

reaches maximum.. When bandg are bent down far enough
Vthat b= ZwB +. the semiconductor is shilelded from further
penetration of the electric field_hy the Iinversion layer.
Acco¥dingly, the maximum width Wm}Jf the surface depletion
region under steady-state condition can be obtained from

Fgs.l.2.12 and 1.2.21. It follows that

. {ﬂ! 2e,¥ (inv) _ /degk-r zn(NAjn“
m - aN -

2
A {1.2.25)

A e'N
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The turn - on voltage, Ve at which strong inversion occurs

can be obtained from Egs 1.2.3( at Voo ¢ Q; = eNyW,),1.2.12

and 1.2.25 and we get

Yy e T ¢,

o it
|

oY
(1.2.26)

Computer program which shows the dependence of ws on

16 . -3

applied voltage for p-type silicon with N 1o and

A
oxide thickness taken as a parameter is prepared. The
result shows that for a given applied voltage when the
oxide thickness is small surface potential is large and
when oxide thickness is large surface potential is small.
For very large oxide thickness (m.40009§) the graph almost
coincides with wg = 0‘1ine, vwhich shows that almost alil
applied voltage dvon acrozs the oxide. Name of the progr am

is "Sp -~ Ap ~ V" (see Appendix A}, Computer simulated

graph is'shown in Fig, 7.
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e e -4 5
, 400A
v = 300R
= 10003
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- 20004
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& ! 40000A 4000
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o et
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s 2 e s
§ T
7 B o} -Fig.7
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Capacitance of MOS structure

‘The charge distribution in MOS structure can be
experimentally determined by the capacitance messurement.
We have two types of capacitance, congtant capaciltance
and differential capacitance., Constant capacitance is a
capacitance value obtained simply by applying a dc bias on
a capacitor. Whereas differential capacitance measurement
is done by superimposing small altermating voltage.-on a
dc bias with the help of capacitance bridge, Differential
capacitance is the mogt important in MOS capacitance
neasurements because small-signal measurements determine
the rate of change of charges with voltage.

To derive the small-signal equivalent circuit of the

MOS capacitor consider Eq. 1.2.22, rewrilting

vit) = v, ¥ ¢s£t) (1.3.1)
vit) = v + Svit) and Y (t) = ¥+ Sy, ()

' (1.3.2)
év{t) - superimposed small ac voltage, Gms{t) - gurface
potential due to small ac voltage.

Field in the oxide g o= vit) =¥glt)
© d. (1.3.3)
Using Gauss's law (see Eq. 1.2.22)
¢, (V(t) = b (€)= -0 (k) (1.3.4)

Where C, 18 oxide capacitance per unit area
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In addition there will be a small-signal variation in Qs'
60, (). If 60 () is small onough to be in the small-signal
regime, it can be estimated using only the first term of

a Taylor series expansion of QS. -

dg
- . s
Oa(8) = Qg +iby () = 9(h,) + (=2 ) sy, (0

5

Qq(B) = Q (b)) = = Cpli ) sy (L) (1.3.5)

ag (¥ )
Cp (bg) = - 2.2 (1.3.6)
| ap, 1.3,

The equilibrim version of Bg. 1.3.4, that is, with

no excitation is

Co (V= Y) = =0 () (1.3.7)

Bubtracting Eg. (1.3.7) from Eg. (1.3.4) and using
expressions in Eq. (1.3.2) and rearranging terms, we get

=1

| == 4 £ %
8t c, leD(wgi e 8v

8 0[

(1.3.8)

Finally, the total capacitance pay unit area €, which

relates 6QS to the small-signal ac gate wltage, becomes

c-=Ps . %% By
&v Gws Sv
o= Sop (1.3.9)
C0+C D
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Eg. (1.3.9) EBxpresses the total capacitance per
unit area of the MO8 capacitor as a series combination of
the silicon cagacitor per unit area and the oxide
capacitor per unit area., Since CD is blas dependent it
acts as a variable capacitor .

Explicit expression for C_, can be obtained using

b
Ec. (1.2.11)
: ) .
o 2 M & [1-a™8¥s 4 PO/P o) (eB¥Ba1) |
D T 39 I . n
s 2L, FBhy, Rofp ) (1.3.10)

At flat-bkand conditions, that is, ws = 0, Cpy is obtained
expanding the exponential terms into series, and we obtain

C._ {Flat~band) .= ¢

D s/L

D (1|3911)

- Total capacitance at flat~band condition, that is,
'v = 0 ( ws = 0 ) is obtained using CD = eox/d and Bgs.
(1.3.9) and (1.3.11)

£
= B ceseos ()};m) inm
Cop g = O

. E
&+ (..‘2:5) I

e R

2 {1.3.12)

Turn-on voltage. (on set of strong inversion) capacitance

is given by

t OX
27}
Cmin -

£
QX
a+{ e ) ¥y (1.3.13)
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combination of Bg, (1.2.24), (1.3.9) and (1.3.10) gives
the. complete description of the ideal MOS8 c¢-v cuxve as

shown in ¥Fig. 8.

Low and High freguency capacitance

Low freguency capacitance is the capaciltance measured
under the condition that the minority carriers able to
follow the source sidgnal, It is said to be high requency
capacitance Lf it is unable to follow the source signal.
All the discussions above holds for low £requency B
capaclitance., Even if it includesz high frequency case, in~
order to see the effect at high freguency consider Eg, 1.2.3
(P.11) From the definition of differential capacitance,
¢ = ;gﬁ : where dQS ig increaumental chargeldn the metal
electrod for a voltage change dv. At high enough freguen=
¢ies, when the minoxrity carriler generation rate ié too
slow to follow the gignal varilation, aQS corresponds to
the charge of hole distribution gilven hy shaded area A in

Fig. 4c¢. Hence high frequency capacitance is

dQs
C = on { Q, = const (1.3.14)

From Egg{1.2.3),. (1.2.21) and (1.2.22)

v = mgiim“ Yoo« 1. ,Qn e )

' Ze Hae ‘s )

: s Cph ZeNAgS

: 2N, £
- X - . B8
From this Qs = 3 (Qn Co Yy 4

ZeN. ¢

+ ~~@f~§-s - Qn)2 + BeN,e V

o {1.3.15)
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Fig. 8 MOS capacitance-
¢ s voltage curves. {a)
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Ag to majority carriers, since its bcncentration is
very large one can a agsume continucus volume distribution
of the charge (carriers). Characterstic responge of the
gemiconductor (medium) is determined by majority carriers.
Hence the life time of majority carriers is almost equal
to the value of the time respose of the wmedium which is

"equal to ¢/o, where e permitivity of the medium, and o
conductivity of %he medium, Usually it is of the order of
l(:vm9 toﬂlsis sec; Hence majority cafriers can follow both
high and low frequaﬂ;y gignal sources.

Both low (&) and high (b) Irequency c-v curves are
shown in Fig. 8. It shows that at the left side (negative

voltage) we have an accumulation of holes and therefore a
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a high differential capacitance of the semipondubtor. As

a resull the total capacitance is close to the insulator

capacitance. 23 the negative voltage is reduced sufficiently,

a depletion region is formed near the semiconductor surface,
and the total capacitance decreases. The capaciténce goes

)

and then increases again as the lnversion layer of electron

through a minimum, C

in (and corregponding voltage, V_.

min
forms at the surface, NoOts that the lincrease of caphcitance
depends on the ability of the electron concentration to
follow the applled ac signal. This only happens at low
frequencies where the recombination-genevation rate of mino-:
rity-carriers can keép up with the small-signal variation
and lead to charge exchange with the inversion layer in

gstep with the nmeasurment signal.

Computer program for low=frequency c=v curve 1is
preparad. Fille name is " C-V-Mos"(gee appendix A ). It
shows the déﬁendence of capacitance'on_applied voltage with
oxide thickness taken as a parameter. For ver& small oxidé

thickness {n 10°A) ¢ ig almost zereo, the width of depress-

min
lon decreases tending to have constant value. Ag the oxide
thickness increéées the capacitance minimun shifts to the
right ﬁnd_ﬁhe width increases. ¥For very large thickness

(~ 40000°%A)one can not find the depregsion, that is, the
capacitance value 1s almost equal to the oxide capacitance.

Curvas obtained from computer simulation are shown in .

Fig. 9.
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CHAPTER 2

PEAL - MOS STRUCTURE

Introduction
In the preyious chapter ideal ﬁos structure were

congidered, In experimental study one can not find MOS
structure that fulfill ideality conditions. But experimerit
is done on real MO5 structure, Real MOS gtructure contains
trap states | 5 | at the interfade that contribute a space
charge located at the suxfacea These interface traps and
related charges affecte the ideal MOS characterstics. The
space charge depends on the position of the Fermi level

E, at the surface and on the distribution of trap states

F
across the band gap of the semiconductor.

MOS structure with charges ‘related to traps are shown
in Pig., 1. These are mobile and immobile charges in oxide.
According to the standardized terminology given in 198014 t,
mobile charges are mobile ionic charges (Qm) {such as sodium
and potagium ‘ions) and immobiles are oxide trapped charge
(Qot), fized oxide charge (Q;) and interface trapped charge
Q) Mobile ionilc

charge (Qm)
b

/é S:i.02 Flg. 1
e
- ()1

Voxide trapped . Fixed oxide Silp
charge (Qot) charge (Qf) l

momoE Mom @

<iw 4 7

Interface trapped charge(gitigi

27




Jeveral other factors exist that affect ideal MOS
characterstics. These are work function difference and
cther iﬁfluences such as effect of temperature, 1llumination
etc, There existy also current transport in oxide which
has its own effect on MOS characterstics. In this chapte¥
we are concerned primarlly with these factors and related

topiles,

»1  Interface Tvrapped Charge and Surface States "

-1.1. Interface Trapped Charge (Qit)
interface trapped chargeg Qit’ which are located
at the 8i «~ 810, -interface exist with energy states in
tﬁe forbidden bané'gap of silicon due to the interrup~
tion of the periodic lattice structure at the surface
of a crystal as. explained in section 2,1.2. They can
also be created due to structural defects induced during
the oxidation or metal impurities or other defects
cauged by ﬁigh energy radiation or charge injectionl 4!.
The exiztance of Qit was confirmed experimentally by
Shockley and Pearson in their surface conductance
:measurment.l 61
An intefféce trap. Where interface charges can be
trapggd,_is considered a donor 1f ‘it can become neutral
or positive by doiating {giving up) an electron, Aan
acéaptar interface trap can become neutral or negative
by accepting an electron. The distribution functions

for the interface traps ave:
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. 1 -
Pop(By) = 1 = et .

148 expBr 7 F
ik

for donor interface taps aund

1

17‘ B [ SR

SA ) B, F
]_ + l/g GXP (\_w.‘i:m“m 2

kT

g ety

E2S
kT

) 14y exp(wmmwghh)

(2.1.2)

for acceptor interface traps, where Et is the enexgy

of interface trap, ¥ is Ferml energy and g is ground-

state degenenacy, which is 2 for donors and 4 for

acceptor.ll |

When a voltage is applied, the interface~trap

levels move up ordown with the valence and conduction

bands, while the Fermi level remalns fixed. A change

of charge in the interface trap occurs when it crosses

the Fermi level (Fig. 2). This change of charge contribu-

tes to the MOS capacitence and alters the ideal MOS

r
-

curva.
N
e
G} a
.. |
(1)

{a) trap filling

{(accumulation)
Fig. 2

Py, R E«c
e e By
prission
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EQUIVALENT CIRICUIT For ideal MOS structure total

capacltance was congidered to be a series combination of

oxide capaojtance and depletion layer capacitance., 'The
' basic equivalent circuit R l*iirst introduced by

Iehovec and later improved by Nicollian and Goetzberger,

incorporating the interface trap effect 18 shown in Pig.3.

& ; B e
<1 e
l- I J: C 2
Ying ¢ Yin (G =) $g. G070
T 0 R, 1‘ D tapie?” P i rufe
§ ""“"""“““‘“'*"’“F"“"“” ¢
" ] o]
" e {b)
R.C. {a)

n are the oxide capacitance and semicon-

ductor depletion layer capacitance, respectively, G and

In Fig 3, C0 and C

R are Capacitance and resistance associated with interface-
traps and are functions of surface potential. The product

CsRs is defined ag the interfacemtrapwlife time, which
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determines the freguency behaviour of the interface traps.
The parallel branch of the equivalent circﬁit in Fig.3a
can be converted into a conductancé Gp in parallel with a
capacltance CP, as shown in ¥Fig. 3b, Both Gp and cp are

fr equency dependent .

t = G Hi C
Admit tance yp Gp it p (2.1.3)

Using inverse relation oﬁ.impedance and admittance, ,that

is, z = l/yp we obtain

wQTCS C
Yp = =t 4 dw( Cp t ) (2,1, 4)
1 4+ w?c? ‘ i+ w2e?

Comparing Egs. 2,1.3 and 2.1.4

(021‘ CS c
0p “x . SIS Cp = CD ‘} o S
Liwr? Lbwiv?
{(2.1.5)
The input admittance Yin is given by
Yj.n = Gin + lw Cin (2.1.6)
Similarly
w?C 1 .2
Fel = 8 [
in > 2 - 3
i (Co*C +Cp) 2+ wir?(C +C )
(2.1.7)
and , )
C {(C_+C_+C)2C wP1(C +C
Cip = SR - {c pre QB D D o 1
C H+C +C, - 2, 2.2 :
© D (C ¥C HC ) “HwT (CO+C®,
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One can see that in the absence of icerface traps i.e.

CS =0, Bg. (2.1.7 ) reduces to Bg. (1.3.8).

interface traps in the 8¢ - 8102 system“is comprised
of maﬁy 1evelsl %!, The levels are sé closaly spaced in
energy that they cannot be distinguished as gseparate levels,
and actually appears as a continuum over the band gap of
the semiconductor {(their nature will he discussed in the
next section) Time constant of the egulvalent circuit for
an MOS8 structure with a single enérgy level should there~
fore be modified. We must also consider the statistical
fluctuation of surface potential due to surface charges

becauge small fluctuation in wy causes a large fluctuation

in T, as seen from tha relation

(b = ¥}
T o= :fg;”' exp | - e B __.® for p-type
VoM, KT (2.1.8)
1 Wy ¥
T R e @Xp | e B -.8) | for n-type
voan, kT

refer PFlg. 4 in chapter 1,

where o and v, are the capture cross section of holesg and

P
electrons, respectively, and v is the average thermal

velocity.l 1 "BQt this is not considered in this paper.
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1.2

Surfaca States.

In order to undefstand the nature of interface
state, let us consider the effect of crystal lattice
boundry. The interruption of the periodic lattice
structure at the surface of a crystal is a source for
the formation of traps in the forbidden band gap. To
see ﬁhe changes which the existence of the boundaries
;ntroduce into the energy spectrum ¢onsider a one dimen-

.3

sional model of the lattice, Fig. 4.

-t B

u(x)= u_ Semi~infinite crystal

- S, O 75 o

(<0}

(x>0) u{x+a)=u

In the interval x<0, u(x) = U, and in the interval
X > O uwix+a) = u(x), where a is the periodicity of the
cxystal lattice. Schrodinger equations in the first and

second intervals are of the form
~ hz dz¢1(x)

e

2m  dx?

Yup () =By (x) %<0
(2.1.9)

o 84,00

e e e

2m Gx?

4 u(x)wztx) = E$2(x) %20

For E<uo,=solution in the firgt interxval isg glven by

¥ s amiu_~E)
b =pe®* e ST
! n? (2.1.10)
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where A is a constant,

lSolution in the second interval: For laéée positive x
the boundary will little affect electron motion, the
golution shoﬁld accoyvdingly be in the form of Bloch
functions.

b (x) = e iikx%ikts)

continulty conditions at the boundary. require k to be

complex.
Let

k= kl + ik2 (2.1.11)
Solution in the second interval is given by

y =B e ‘j“gi'(x)e 2

2

To find the relation between A and B consider the
continuity of the wave function and its derivative at

the boundary (x = 0)

v (0 =a=35Y% 0 (2.1.13)

and v'(0) = #p = B (k% (@ + £ (0)
| (2.1.14)

It follows that, from Eqs. 2.1.137and 2.1,14
b‘f"j?k(o} = 1k § (0) + '’ (0)

L . ik + [gn q%{ (O) ]' {2.1.15)
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The vight hand side is complex one, on the other hand,

# 45 real. lLoet,

Jwm Yoo = a e (2.1.16)

separating real and imaginary part. Substituting
Eg. 2.1.16 into Eqg. 2.1.15, rearranging and separating

real and imaginary part, we. get

s A~ ky o kg omoew (2:1.17)

2
Expression for the energy E(k) = u = §~(k3~l)2
2m

(2.1.18)

Tﬁare ig definite'ﬁand structure of E(k) = E(kl) for
k, = O. Pogsible values of ¥ in the expression for the
energy are limited by the condition §f==3, where

X =Rre [ M7 (O)]', since g;(a}l
k. For kz ¥ 0 and for fixed values of A the energy

=g 18 a function of
turns out to he a quadratic function of k, for all
value of ), But this means that for k2 # 0, new energy
values appear in the energy spectrum of an infinite
‘arystal, since in the latter case they were described
by the condition k, = 0. HNew levels due to crystal
boundaries should be located in tﬁé forbidden band,

Consider the states which correspond to these levels:

[

v, (x) A eaﬁ" (%<0} (2.1.19)

ik % g (%>0)
v, (x) = B° “ﬁ{me 2

{2.1,20}




2.2

We see that the wave functions of states generated by

"the boundaries fall off exponentially both sides of the

bouﬁdary'it means that these gtateg are localized
within a boundavy layer whose thickness is of the orxder
of k;l.r The states are termed surface states, the
additional levels are termed gurface levels. The conc¢rete
form of the expression for surface levels depends on
the form of the potential u{x) and the position of the
boundary in respect to the field through | ig‘?k(b)J;
in addition to surface (Tamm) levels the surface
layer contains many localized states due to numerous
field imperfections (defects and adsorbed atoms). The
nﬁmber of states corregponding to Tamm levels is const-
ant “or a given crgstal, but the number of states due
to lattice deffects and adsorbed atoms may change
depanding on surface treatment. Various interactions
are poasible between the electron gtates on the surface
and in the bulk of a crystal, and as a result surface
states greatiy affect physical processes in the semi-

conductor.

© Oxide charges

Oxide charges include the oxlde fixed charge Qf,
the oxide trapped charge Qot’ an@ the mobile ionic charge
Qm-

Properties of fixed oxide charge | l[: ~ It is
fixed and cannot be charged or discharged over wide

variation of ¢S; its denslty is not greatly affected by -
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tﬁe oxide thickness or by the type or concentration of
impurities in thé silicon ¢+ At is generally positive
and depends on oxidation and annealing &o;ditions, and
on the silicon orientation. The ofigin of fixed oxide
charge was suggested to be exceess sillicon or the loss

of an electron from oxygen centers,

The presence of Qf at the interface causes the shift
along voltage axis of c*vlcurve {high frequency) discussed
in chapter 1. For both n~type and p~type substratés,
positive Qf cauges the ¢-v curve to shift to more

negative values of applied d.c. bhias with respect to-thé

ideal c¢-v curve, while nagative Qf causes the o-v curve

to shift to more positive voltage. The magnitude of the

shift i given by

dvg = /e, (2.2.1)

- where ¢ 13 oxide capacitance per unit area and Q. fixed

oxide charge per unit area:

Pig.5. C=~V curve ghift alon

——hﬂ
B Yy

ot —_— g',’\;*g;\\ VF ] (r-QﬁJ the voltage oxide due to
‘Nﬁﬁc;‘\*" GUAYE ifK\ﬁmwh positive or negative fixed

oxlde charge.

hy v
- 0 4 Zaa - ® ¥ °  {a) For p-type semiconfucto
- (B) For n-type semiconiucto
< -
A
: Co 2
. et
Vhg wofsfPisn qosini. &V 57 Vi
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It was fist demonstrated by 8now et.allg-l, that

alkal 18, such as godium, in thermally grown 5;02
filme are ma;nly regpongible for.the instability of the
oxide-passivated devices., Rellability problems in semi-
conductor devices opsrated at high temperatures and
voltages may be related to the contamination by alkali
metal iong, because under thege conditions mobile lonic
charges can move back and forth through the oxide.layer
depending on biasing conditions and thus give rise to
voltage shifts., Large concentration of alkali ions at
8i - Sio2 interfaqe causes large flat-band voltage shift
and device instability. The flat-band voltage shift due

to mobile ionic charge is given by

Av_ = (2.2.2)

mn n/C
/0

where Qm is the effective nst charge of mobile ions per

unit area ‘at the $4 - 3102 interface.

Oxide trapped charge also can cause a vbltage shift
of the MOS o=-v curve., Thege oxide traps are associated
-with defects in 810,. The oxide tzaps are usually
electrically ﬁéutral, and are charged by introducing
electrons and holes I 1 '\intn the ovide. The voltage

shift due to this oxide trapped charge is given by

[;vot 55 sl {(2.2.3)

where Qot is the effective net charge in bulk oxide

t.raps per unit area at {he 83 - Si02 interfsce. The

Y




Matal

total voltage ghift due to all the oxide charges 1is

giveh by
Av = Avm'+
Qo = Qm

+ Qf + Q()t

(2.2.4)

Q, iz the sum of the effective net oxide charge per unit

area at the 8i = 8102 interface.

A

Voltage shift, Av expressed above can bhe obtained

by the application of Gauss' law,

One can consider the

possibility of a volume charge digtribution p(x)[ 8 |

within the oxide as shown in Fig 6.

Fig., 6
e d Pio,
Orides  lsemiconductor
{(81)
et R
() ‘
e 34
ao’
#,dQG 53” g

¥

The element of
chaz";ge |

1

dQG

li

and dQ.s:: b EE
4

(%-d)

o (x)ydx

Gﬂ

Charge induced in the
metal electrod and in the
semiconductor substrate
by an arbitary distrib-
ution of p(x) in the
oxlde.

oxlide space charge p(x) dx induces a

in metal

pi{xids in the semiconductor. Here x ig

measured from the metal-oxlde interface. Total charge

induced in metal and semiconductor are
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Qé = f x-d pix)dx . (2.2.5)
o] 4 - .
4 < ,
and Q; = f = op{x)dx {(2.2.6)
i O 4d
a
t . L - - , oz .2,
Note that QG 4 Qs £ o(x)dx Qn (2.2.1

where Q, ig total charge per unit area in the oxide., A

voltage of “Qé/c would be required to induce a charge
‘0 .

Qé in the silicon. Hence the effect of the charge Qé
in the oxide is to ¢hift the c¢=-v curve along the voltage

axis by an amount

Q; 1 , 4
AV =iw =R o= = | 5/ xp(x)ax | {2.2.8)
0 ‘o 0

Work~Function Difference and other influences.

- Work=Function differencs

The effect of a work function difference ¢ms

" between the metal and the semiconductor is simply

additive 18 | to that of the applied field plate voltage

and results in a shift of the c¢-v curve along the

voltage axlig. For an ldeal MOS structure, it has been
aggumed that the work function difference (chapter 1,

Fig. 2) for a p-type semiconductor,
"ms = Pm - (X Eg/2e 4 ¥y (2.2,1)

is zero. If the value of ¢ms is not zero, the effective
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2.3.2

voltage across the MOS structure is

v

eff Va

¢~ g (2.2.10)

which leads to voltage ghift from the ideal theoretical

curve by an amount.

VG - Veff = ¢ms (2.2,11)

1f interface trapped charge Qit and oxide charges-Qo

axist the effective voltage across the MOS gtructtire is

Q. . o,
PR R = T T L (2.2.12)

af G s ms
£ - Cq

v

which leads to voltage shift VFB from the ideal

theoretical curve by an amount

0,0
Ve ~ Yess = Vpp = ¥pg - 2FCLE
C
o

(2.2.13)

where VFB,is called flat-band voltage shift.

Other influences

There are factors other than work function difference

. Interface trapped charges and oxide chavges which affect

the MOS properties. Some of these are tenmperatuxe,
ionigat;on radiation and illumination.
| Let us consider the effoct of illumination.-
Tha.main effonct of i1llumination on the MOS capaci-
tance-voltage curve is that the capacitance in the

heavy invergilon region approaches the low frequency
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value as the intensity of iflumination is increased.

Two mechaniswy are respongible for this effectl 10 ,:

first, the decrease of the time constant for generation

of the inversion layer and, secoﬁd, the decrease of the

space-charge region by an effective dacrease in the

surface potential under illumination. In order to

compare the quantitiative importance of the two méchanisms,
filrst evaluate the influence of illumination on the

MOS8 capécitance, considering only the influence on time

constant of inversion layer generation 'lo l.

We shall
exﬁress the time cbnsﬁant, o as'6=m/u ; N being the density
of acceptors or donors in the semiconductor and U the
generation rate of minority carriers in the space - charge

| 10 |

region, Approximate expregsion for u ig

where ny is intrinsic concentration of carriérs in the
semiconductor, and v ig life time of minority carriers.
Under illumination, assuming a rate of generation

g of hole -~ electron palrs by photons, the value U will

become K
U = -;?i' g o= »»j-:wj'{mgmr
(2.3.7)
it feollows that the time constant decreasés to
0 = —mDio (2.3.8)
n-+gr

1



The seacond mechanism is the influence of illuminat-

{10 L The limit {maximum)

ion on surface potential
value of the depletion region veyrsus the surface poten-

tial ws(inv} is given by Bg. 1.2.25 yhich iz
el

The reduction of the width of the space -~ charge layer

(2 n3§9)

as a result of decrease in surface potential leads to a
corresponding lncrease of capacitance. This mechanism
is independent of the frequency of measurement and is
the predominant one at high freqguencies.

Carrier Transport in Insulating films{oxides).

In an ideal MOS structure current carrier transport
was neglected. 1t was based on the assumption that cond=-
uctance of the oxide film is Zero. Real oxides (insulator},
howaver, ghow carrier conduction when the electric
field and temperature is sufficiently high, One can
estimate the e¢lectric field in an oxide undexr biasing
conditions, f£rom the continuity of displacement vector

at 81 ~ Sio2 boundary.

=k | oy ) {(2.4.1)

o
i
n

where & and Eg are the electric fields in the oxide and
the semiconductor, respectively, and €ox and ¢_ are the
3

corresponding permitivities,

41




Different conduction processes! 1| are described
for carriers in oxide. Some of them are considered here.

If netal and oxide or oxide and semiconductor or
metal and semiconductor are. brought into contact, energy
barrier with a certain barrier height will be formed at
the interface. But there is a possibility for a carrier
to have enerqgy grealer or equal to barrier height dr
less. Those having energy greater or equal to barrvier
height can be transported by Schottky emission prééess‘
In this cage thermionic emission acrosg the metal-oxidse
interface or the oxide~semiconductor interface are
responsgible for carrier transport. It depends both on

termperature and applied field. Functional dependence

]

x 2 (¢B ~¥f§t/4ﬂ50x )
3= A 1 exp o~ | -~ {

'

is given by

{2.4.2)
where A*ié effective Richardson constant. Those having
energy less than barrier height can be transmitted by
tunnelling, It is a dominant process for a heavily doped
gemiconductor or for operation at low temperature. The
tunneling is caused by field ionization of trapped
electrons into the conduction hand. The tunnel emission
has the strongest dependence on applied voltaqe.but is
esgentially independent of temperature. Functional

dependence is given by
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3/2
J {',2 exp [ - i/MQ.)_ !
3ght
{(2.4.3)

There exists also emisgsion ﬁrocess where ve have
both thermionic and tunnel emission known as Frenkelf
Pool emission. It is due to field-enhanced thermal
excitiation of trapped electrons into the conduction

hband . Functional dependence 1is given by

J v EJ EXQ l e q (q‘B had V/E;f;/wsox)/kT r

(2.4.4)
To write it explicitly, temperature dependence is
Jgne T 3 (2.4.5)
and field dependence is given by
g EePE (2.4.6)

where a and b are constants, From the above relation
one can see that the current increases as temperature

and field increases,
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CHAPTER 3
Heasuremnent technignes
Introduction

The experinental technigues used to examine
interfaces including those dqveloped for surface
gtudies as well as those that can probe deeper in
to the sclid. Their features were recently
sumparized by WEAVER[{17].

Ultraviolet or x-ray radiation photoemiéﬁion
techniques are sensitive to the chemiesl state of
atoms in the over layer as well as to their
distribution and can therefove deteect chuanges in
bonding and charge distribution, Low enerdy
electron diffraction reveals whether there is
orderingd on the surface and gdives structural
inforpation. Aager and - angle regolved Auger
gpectrogscopies use electrong to identify the astomic
species.present and to determine their spatial
distribution; these zpeectroscopies also reveal the
structure of overlayer through diffraction
modulation, Inverse photosmission, in which
electrons stimulate the emission of photon, is a
proniging  technigue that - gives detailed
information about the smpty electronic states in
interface. Rlectron spin resonance(ESR) in

-chenienlly diagnostic analytic technique that can
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reveal the nature atomic sesle or point defects,
the one most suitable for & and 50, interface{18].

Thera ave different smeasurcessnt Lechaniques
electrical, thermal snd acasurements mentioned
above. they are {isted here enl} for completeness.
It was caprcitance wmeasuremsent methed that have
been applied in rocent years to study interface
properties. A great variety of different mnethbds
that have heen suggested are ghown ian table 1.

Thia paper will summasrize three approaches of
electrical measurements:

~ the guagistatic capacitance mpethod.

- the conductance method.

- the PDeep Level Trsnsient sgpaectroscopic(DLTS)
nethod. These methods are singled out because of
their specific features when used in practical
measureménts.

The quazistutic method the most versatile
wathod. It iz uwsually applied for first inagpection
of unknown samples, and it devives its significance
from the fact that it ig a powerful diagnostic tool
for many particular features in HOS structures.

The conductance method and the DLTS method, on

the other hand, belong to the mogt senzitive methods
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for investigsting interface state distributions.

A HOS weasnrement technigues have  been
revievad several timas[43, the c¥perimental
approachez of the aethods mentioned above will
thaerefore be only briefly &Bult with here.
Particularly in the passage on the quasisgtatic
method, the measurement princliples and diasgnostie
agpects will be emphasized. In the oconductance
nethod measurement principle and its advantage as
compaered to quasistatic ospacitance method are
denceribed. As for DLTS method emphasis is put the
principles of measurenents.

Heasurements are made with the help of chargde
exchange processes in the interface states. It 1is
weil esstablished that the interface states behave
like Schockley-Read centers. Virtusally all
prncedurés which are found in the literature for
evaluating weagured capacitance data are bawed on
tha Schockley-Read~-Hall(SRH) theory of generation
~raecombination centers. According to this theory #
trap(interface brap) is saeid to be SRH
reconbination center:

1, the trap is assumed to have energy level in the

energy gap 8o that its charge may have either of
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two velues differing by one electronic chargs. That
ig, either nedative or nentral, ainilarly either
pogitive or neulral.

2, recombination occurs through ¢he pechanisam of
trapping. |

3, the fime reguirod for an electron trapped in an
excited state Lo fall to ground stato is
negligible. This thesory provides us with
gquantitative relation betwoeen the interface
propaerties and the phenomena observed
experinentally. One of the properties whieh can be
extrdcted Ffrom oapacitance measurement is the
interface shtate dongity Dit. It esn be & funetion
of the energy in the forbidden gep.

In eapacitance wessurement, if a2 @aall
sinugoidal signal voltage is applied to o HOS
caprecitor, the ehnergy bendsg of the sepiconductor
are bent a little upwuerds or downvards with the
intorface gtate centers aoving accordingly
(see Pig 2, Chapter 2). Only interface state
crogsing the Berul-level aro charged and
digcharged. 311’ other intsrface tLrapped chargen
furiher away- f{from the Fermi~level renain

onchanged. We may thoerefore infor: In  capacitance



nonsurenent the Ferni fonebion acts as a probe for

interfface states. The Fermi-ievel ocan oasily be
shifted scrons the forbidden gap, and in  this way

the interfuce state digstribution can be seamned.

Shifting of the Fermi-level can be perforned either

by bending ths enuwrgy &anﬁﬁ by the bias voltage or

by a temperature variation.

The conductanece methed and the gquasistaiic
nethod are typicel examples in which thiw kind of
charge exchange is employed.

Another bagie process of ocharge oexchange ig
the enigsion of charges varriersg ¥Yrom oconpiad
interface traps. By aopropriate biasing program the
interiace stabes ars Fivsy fiilad with majority
carriers, which 1in the subseguend period are
thermally emitted. Accoxding to the SBH theory the
eninzicn tiwme congtant of au interfuace trap a8t

ene gy ET mEY Do oxpressed as

TR P B ) B
kg HY g
e (1)
whare ﬁc iz the effective denaibty of states in  the
conduction band., in casce the intorface trap is much

above the Fermi-lsvel, say @ore thaa 34T, then

RBg. (1) redocns to

: - SO S -
T = Onvml‘icexp( BT } P (2)



PLTS method 1s an exsepls of the study of emission
ProGesses.
Table 1 methods suggested fFfor investigsting
HOS intorfaces ™.
High frequentcy methoda {(room tempuratore)
High frequency mathods (low temperabure)
Capacitunce derivative
Igsothernal transient methodsz
Thermally simulated measursment
HOS tcansistors
Chamnel conduetancee aud braanconduciance
Charges pusping
Subthreshols currant
Hoige neasuramneais
Charge eounisd deviceos
Phivelecgkric messurspouts
Blectron mpin r2atinsnea.
31 Quasi-staiic Capacitanes-Yoltage(CV)
Taehslauae,
Tha C-Y mraguraoment an HOU aapacitor structure
in the stantard smeihod in laboraiory practice fox
dobarainire fthe digtribution of interface states in

the forbidden baad gap of Sileon, Thir is done

using low and hiskh froguensy cxpucitatnee valoe.  Low



freguency meoansg that the interface states and
minority carriers should respané fully to the tLest

freguoncy. This eondition regunives a test {requency
lower thun of the order of 1 to 18- He. Accurats
capaacitance messuvencent at such low {requencies are
vary difficult Lo perform. Thir diffiouity wass over
come by Lhe guagistatic or slowy rasp tanhniqueﬁ{
The opposite isg true for high f{reguency and the
differential capaecitanae is vevcorded by a
comnercial bridge.

Thies basic ides for low {reguoncy capreitance
measarenent  ig quite giuple. A slowly rising
valisge ranp ig aspplisd to the capacitor ander
teut, and the ocurrent iz recorded as & function of
aprrlied voltadge ¥. The owerent iz propoerticnal +to
the differentinl cepneitance at the instantaneouns
voltage V '

. - ¥

Loz GV “aE . 3.1.1
the shape of the -V curve 1s thus zeflected in the
ghaps of the gaazigtatie displacenent oprraent i &
linearity of rawmp voltage is mocured. In orderﬂ to

" meet the ilvw fraquenay rogniressnts the voltage

varisition with ¢ime must be slow., Typileal value
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~vary batween 18 sv/s and W9 nv/a. Cuarrent, . which
are often saaller thon 1807'°A, have to be measured
aﬁcurately.l
Betraetion of interfasce state properties from
capacitance weapurement igs  done convenlently
using the eéabined low and nigh frequency
capacitsnce moasurement. As it is explained in
See. 2.2.1 the sfifest of interface state is  to
introduce capacitor psrallel to depletion layer
capacitor in the semiconductor. Total eapacitance
of the semicondductor is given by
C = CS + CD ... 3.1.2
Whers C, is interfece state capacitance and O is
depletion layver capacitance in the absonce of
interface state. At high freguency the interface
gtate ig unabie to follow test frequency, which
results to CS = @. At high froguoncy the above
equation reduces to C = € = C:F. Henee Bg. 3.1.2

can by wriched as

b )

C =0 +C w ¢ =0¢ - 0%

LE = sy s L HF e 3.1.3

e

where CfF angd CZF ave Loy wmnd high frequency
capacitance of the nemiconductor respsotively. But
it is not the gemiconduotor capseitance that is to

be messurad, rather it is the capacitance of HOS
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structure. C_ should be expressed interms  of
capacitanee at  low aund high Ffregqueney of HOS
gtructure. Capscitance of the structure ia asgsunad
to be series combination of oxide snd depletion

layer capacitance. That is,

. 1 — u.-v_.g'm.-a f-N .,.-.,%3'..,.,._

CLF Cc “Lk

From this we got ¢® = CL” i
LF. i- GLF/CO
- iIHF

Similariy ¢ = e

HE 1= €L/

where CLF arndgd GHF are low and high f{requency
capacitance of the structure and CQ ig oxide

cupacitance. tence

Gy = 1[:!‘?: o 1?}‘; 7C
e’ Vo wr’ o
e 3.1.4
From the definition of interface siate density
i égtt Cs
ﬂu' b= R Y { punbeyr of eharge/éﬁzev

Where &u is  interface trapped charge per unit
aren, g is the elemsntary charcge, snd & the mnetal
plate area. Thus the intorface-state density is
d&iarmined in- the daepletion region by the
difference between the high and low {rsyuency

caprucitonce,
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D, = B (¥ = op e D e

Fo ;mfawfcm . M”“CHF/CO _
it QA i-~-0 [Cm T - CaF/CQ

L.

This syuation gives the deopendence of Bu o the’
gate voltage and not wyet on the enevgy in the
forbidden gep.

The velation hetween the gate voltade and
energy in the forbidden bkand gdap is pruvidedd by
Barglund integration mathod' *', Bhen oxide
trapped charges and mobile ionic charges osn  be
neglected we obtain from the velation V = ¥V . v,

gnd Lthe #act that 409 = Csdvo = CgV¥

v &y C

5 o
A SR V4 and = -1
av o &y c

[a)
3.1.8
Iategratbing the Firvgt egustion from v, to v, yvislds
» ‘5‘{
wlv) - w(v)=[ [ 1-¢C/CTdaVv

v, . e 3.1.7

Thig equation indicates that the surfuce poteﬁtial
at any appliod voltege osan be determined by

integreting a cuxve of [1-—-%%w]. Hote that thie

o oc

egnation is valld only when the' interface trapped
charges are in eauilibrium at 8ll Limes during the

aeasnrenent of C(v); i.e the meaguremsnt frequency




wust be low eucugh so that all interface traps csn

follow both the gnte bilas and the ac signal. The

energy X, oi Lhe interfaece trap is then given by

E, -~ B, = (B~ B, 5 + ay

N < F a 3.1.48

where bhe subsgeript b indicates that the difference
ig ko bs taken in the neutral redgion of the bulk of
the egemiconductor. The requirement of charge
neuntrality in the HOS ayatem gives us the folloging
relation. In addition to the space charge density
in the semiconductor (QS), H& now have

D Ca¥,) = Djtaw) + B (aw,), where DY, snd D°
are the donor and acceptor interface trap densities

roapectively. The charge nenbterality regquirement

givos
i
oxVo ) ¢ a ..
ol ;:qj [Q;tso(ﬁ)mn ¥ (E)dE » q

EV
R 0 I

Differontinting Ha. 3.1.8 w.v.§ v gives

vy A . 8.1.10

i o e i B

3Vu l[ d§3 } ' szit(qw$}

From the second yelation in Fa. a.1.8 and
. th ’
Bg. 3.1.7, a vurve of ﬁ@ﬁ’ versug v ocan be

obtainad dirvectly v g the loy frequency
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gapacibanee rneasuresment of g KOS streuacture. 1§
doping densibty of the sgesiconductor and the
tomperatuerae are known, comparing this curve to the

ognt given by Ey. 3.1.18 nconrvately determined Du'

3.1.1 HO8 Diggnogtic by the HQuagisgtatic Technigue

A) Boping dengity

-

The mogt popular wnesihod for the firat
ingspectien of the doping dangity is the so called
C i/ G, eethod. In inversion the space charge
capacibance is 2 unigque fooetion of the doping
congeabration. in ovder Lo obtain the space chapge
gapacitance one only nesd Lo deternine the oxide

capneitanes (C
MoK

)| and tho highwfraquency

capueitance in  inwvergion, GWN{G Y. Simple wavy

min
for the detersination of the surface charge is

16

dencribagd by Uholen' uging biag ts  obtain  {lak

baand conditio. The voltage AGroRs the KOS

struetere iz VY = V. o+ oy
< s

and chargur are

=8 + 8 , vhere G is surface eharge and 8

9 a

i space charge, Tohtsl charge of gurface state is
Q = OV according to the  discussion in

[ =1 o Fb

chapter 2, zection Z.
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Procedurs to debhernine the density of surface
atnbtos!
g) Fiest to sespucve high freguency ocurve and  to

daternine qux S 1.6, Caiaxide canpacitancs).

This oxite ecapscitancs is determined either by

the average capacitance in the scoumulation yegion

or using the meobihod developed by HeHutt and SahE?”

Toranln te appliy thig weethod was  dorvived as

{242

followus Farmzia for S” applicable in

aocuniilation.

Sgn(ﬂﬁ}egl 1~ exp(ﬂg}]

Cp{ﬁ.ﬁ. gappeibnes) s - o o

=,

et

2
4 B by, {!}ﬁ: -1 exp(wﬁs)]
co. 3.1.13m

e & 4 ‘ :
US & {3*,5:_ o ,,.w,-i < - par  peBi

f .
the approxisution 4 < ~Bg << exp(-U_ ) ocan be used in

Ba(3.1.3iia) te give

- Ty s ,d“u:'_i:,‘__ 3
CD = aS/ 4 iy aangsf 5 u_J . 3.1.11b
Sinilur approwiaation used in the hiagd{voliage}
axpreRgsion

v :'?FB + oy, + UQ(KTKQ)(Cn“ﬁzb}F(ﬁwS,npﬁppel

Siaplify i teo

- S o . i
V=Y - V2 (xTleXs dle b jenp(- i U)

QH D



whora Cm im intrinsgic Debyve capucitoncs.

o .:55: E ) ) _
R .-~..--‘::‘-.'~"‘—'*_"'*“ i"}ﬁi’!}( e "-;""ﬂ“ {jﬁ:. ) LY :3 » 14 » '3. «1d
Wy 2073 L Ao
av YT W e 1 .
Wb LELLTL T aup (e e U) ... 3B.1.1le
d(lEi 2 ALhLo 2 8
So thub o dG, - L,
ay B 7' e d.1.11F
¢, C »
From € =g-ia. ... 8.1.114
ve @datl
g _ Yoy ac,
dv ” cD+ ?” } zi‘i’?* e v 3.1:1.1!1

Using Bqg, 3.1.1317

[.'"ggw }bﬁ

Thia relmtion providos 8 o id and nocurale

& 1-2
[ ""2‘&‘{?“6"’{‘:}] (('t_) -~ (3> L 3»1.111

grnphia&} or numericnl method of obtaining Co from
tha mﬁaénrsd C-V data.

h} To deternine Gmu‘ from high freguency ourve,
with the help of this one can deterging the minimun
capncitance of the spuce charge reglion. It iz given

by

MR M ,
¢ = o min
se 0O -~ 0
©

L
£) Pron the bheorvetical ourve determine the spacs

charge capacitmnee C for £lat band condition.
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dravainate the total Flat bousnd eapucibance CFB of

the HOS structure for V

g
4
o . Lcac::-zczrt'!:!
e S FETTEESTTN
(ca + GSCFE)

¢) For this qguantity Cen daeternine on the measured

curve the corrvesponding Flat band bias VFE.

£) Bffeetive surfacs chavge dengity '13
Eﬁﬁw " ?2253 = ol
& T A AT ,
g) It follows thot the density of surfece stetes is
egual to
y . .BE
gsﬁ Y

where A is mebal plate aresn and e iz electronic
charge.

B) Dopiang profiles
Doping nrofiles an Lyg detsrained by

evnluating the SpRae charge capacitance in

depletion:
o | a1l
ﬁ(i‘f;) = __agé_sz ma'];r;;m“- P 3.1o 12
¥ = r.;w:s/ (fb

¥ ie the space charge width and gisultanaocusly the
pogition where the doping is deteemined. This
method was first publishaed by Schobtky 1842. The

gtretoch-out of the G-V curve by interface stales
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give rvise to Factitioue profiles., This affect osn
- * v .l
be elisinaited by taking thn low .. f[reguency

. . . . 144)
capacitance too into . congideration .

J.B Brawgiba was shown that  thes  appnrent  doping

z

profile obbtained fres 1/C

vg V pleot oan be
gorrected For interface-ghuate effect to obtain a
pora acourats doping profila. This apore soourats
doping density  8(¥), at  distance U from
seniconductor-oxide interface is related Lo the
uncorrected density, Ha(ﬁ), obtained by noeglecting

interface states, i given byuq}

newy = s 1 - o /0, |

... 3.1.13
L‘l = CaefCy ]

. .
T B LS VAL
B (W) = iés m“ﬁ?”gﬁ;'}

USE OF BRUARIOH 3.1.13 (N IRVERSION

Bu. 3.1.12 is epuivslent to Bg. 3.1.13. ‘They
vield the true doping dongity only ghen the
quiatinn approximnation ia vulidi$m, i.e, only
when a change in chuardge in the semiconductor, df, is

relbited to a change in Lhe depleéien width, dw, by

dg = qH(w)dH and a8 = Cndws 3.1.14
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then, the standerd result of Rg. S.l.iﬂ‘fmﬁults at
aitce. ¥a obther wowrds, the steadard forpsulas  of
Hg. 3.1.13 snd ¥Hg. 3.1.12 are valid so long as  any
ohange in  voltuge ALTOEN the gappcitor in
compensated by s inerease in depletion width. This
#iil not he ths eess with ioversion, wheve the
change i volbags is partly vompesnsstad Ly minority
carvier piling up ad  ithe interfrcee. However, &o
long an bthe ¢hange iy the denlation-layer chﬁrge,‘
fg. 3.1.14 remsing approxieately valid, and hanee
does flq. 3.1.12.
3.2 Conduotance Hethod

In the oconductance teshnique, the full
froquoney dispergion of the HOE ecapacitance is
analyzed, rather than Just Lhe high and
lowp-Frosuency evapscitsnce. fo the osus oanaer g
for the quasiatatie tschnigque, the Perai cnergy i

usedi to probe one enoergy position of the interface

nintas.
Bazgic measurewnent
pripeiple of the guasi-
P n, (%) stetic gnd the conduntsnce
'F”W%Tﬁw‘ %ﬁiwwwm&umﬁn tochnioues.  The Forai
ST "wt{:’ T & onergy at the interfaee is
p o A aused o probe the energy
RJ - pagition of the interfacs

slate.
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Tue acouracy in  the guamistetis capaclitance
technioue reliss on two Deagured guantibies (CLF
g GHF), whoreas o the conduchones berbunigue much
snore wessnrsasnt dats wre avsilshle so  thet  snore
advanced data procesning sthesas riong with data
averaging and snoothing mwmay be employed. The
conduetunee fLeohnigue canr ®ive =more avconrate
ragulie, espeeially for wos sbragture with
relatively low interface -~ trap density ( '16“’
a?‘ﬁnfﬁ Y am in (hne thermally oxidizged 8¢ - Sﬂ%
syeton.

The simplificd sgquivalont civeunit ¢ ¥ig.3, chapter
2) “llnabtrates Lthe principls of the {38 conductanes
tocanigue., Ar sugragtbed by Hicolliszn and
Gﬁﬁtzbargarmz (lends %o eanother refervence), Lho
ataittance of tha HOS astreeture iz moagured by
bridge neross the tsvwinalis. Ths oxide capacitance
L moasured In the region of sirong secumulation.
Mhe advschudes of the cirewnit ie then converted in
to impsdsnce. Thes renchancs of tha oxide
capacitamnee io sebiractad from this ispsdence and
the vesaluing inpedance oopverited back in to
admiteanca. Th;ﬁ leavus Gy in pernlliel the werien
Rscﬂ not work of the interiaos Lenps, The

i



uag&ﬁitaﬁe@ aind oguivaleont parallel agudgﬂtéaﬁa are
givan by Ba, 2.1.58¢(ohapter 2}.,GP does not  contain
Cn and deponds only  on the interface Lrng
heanch of Lhe cguivalent cireunilt. At a glven biag,

Gp/w given by

5
wT
\iS a

G fw = s ca. 3.2.1
P 14+

-caﬂ he soeaaured as a2 funotion of f%eéueney. & plot
of G /o versus o7 goes through o aaxinum  whon
wr = 1, apd gives T directly. The value of G, /e at
i maximum  is ﬁgfﬁ, Thna, egolvalent parallel
contnctance tarrected For € gives C_ and 7 (=R C_)

dixactly from the measured conduckancs. Once Cg isg

kpown, the interface treapy density is  obtmined

. \ . s
using Sne velation D = “GE" wheye A 13 the

ackal sisle aves.

9.3 The BLTS nmeshod

DLTS method ide aluooe uwsgseful Lo deternine
interfaecs traps in HOS capacitors., Ths acthoed wag
firat deviawdt by Lang in 1674, It wam Lirst
intendod Yor abudying bulk treps in Schottky diodesn
or pn junctions. The method turned out to bhe very

efficient. Tt was soon after modified w©o that it

B4



was Tit Lo the lnvestigation nf interface astabes in
HO8 stotures, Loo,
The measuremsint principle procegds as follows: Thsa
gample is repetitively pulged botween accumuiation
and depletion (Fig. Z, Chapltor 2) During tﬂﬁﬁﬁﬁ’af
the accupnlation period the interface teapw .are
filled with electrons. Bhen the wsample is pulsed
into depletion, the oapacitance folloms the go
called “pulsecurve” (ox rather n CV curve clese to
the pulse ocurve). The pulze curve i s CV  curve
which is swept so {ast that interface aetatel are
unable Lo respond. In the depletion period all
trupgs above the PFermil level wlll releage their
elootrons by thermal eanisnlon. The esission ocourps
gianlteacously from ull 4raps, however , with
different &time conghapts (Bge., 1 and 2). The
variation ofcharge Iin the depletion laver thus
Jeads to s varlation of the junotion espacitance.
The panigsion begornes manifost in the
trangition of the pulze ourve in to the normal
stohkdy state hf cspacitance eurvé (Fig. 3). It is=
nanifested In the following way. In this nmethod the
emission Ix recorded as s cepscitance transient at

a fixzed hiss voltage. When the smisslon in finishad
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for the wost purd, the HOL capacitor g rosel to the

the initial point in acocumulation, md the ovele

repeat mgsln. # _gﬂ@ﬂ
A oA
A
] 1%11 'j-
v " Y Ve
9 Y !'V ool
£ e g, e +*
d ‘h"‘i‘:' -(:_f
ot AN
Y consiant p
g voltesge “”“}Yl .
g DLTS ’
¥ partsed . p—_—
eV curve e o
Fig. 2 e B R

The eniggion gigoal {(capacitance trpnsiend)
catisinty of & mulbtibtude of decayindg oxponentinls,
gnch of thes iz aggocinted with one of the interface

Lrapa., These sxponenbtisls ser be  meprrated az to

b

time constants by the "rate window tachniqns"m
This teochnicue ean be inplemented in different
a&gﬁd{ The approach esging & box  cor averagsy im
the most transperent bo illustrate’ :
the capaoitance fropasiont leg saspled at w0
pre~ppeignaed tine ﬁi and tz aftor sach piavt of the
depletion period, and the differsace gmignal is
formad

AC = CLE )y ~ CCL) : e 3.3.1

This signal is- termed the DLPS  mignal  or

corraliation gignal. Hoermalized DTS signal, 8(1) ig

daefinad sy
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- Fede, > - Gt )] -
S(T) © et - ... @.3.2

where AC(#} iz the capacitanse cheugs due ©o the

pulse abt t = #., Then for exponentinl transientn we

have
8(TY = [axp(“Ltfr) = em("t:«e/r)i 32.3.3
temparature dopendenee of * im given by
- 1 AR »
T = m‘ ﬁﬁp(-!{'*‘rr- :) “ e 343-4

AB = m(EQ ~ B

The DLTS mignel can be writton as

..Q_ : .
s{T) = exp(w;im}[ 1- exg{wzgéw?] “a. 3.8.9
At = tz- ta
The relation betwsen rote window L { T oen tha

vi've of v st the nayisun of %(ki} - C(t?) ve T for
g yaprhionlier trap) end the pogitions of twe pgates,
t, and &, %o dsternined hy differentiating  S(T)

w.0.t v and sotting the result sogunl fo zZero.

. w g
ti
Tan (ti - i‘,z}[ fi (m‘;é“:)] .. 3.3.¢
Thus Uhn sulesion rabe corregponding to the nayvimum
of & treép peak choorved in a DLYS ‘thermal soan  ig

precitaly definsd guantity aend may be uwsed slong

G
-t



with the fLenperature corrvesponding to tho pexinus in
constrecting n asiailog ﬁetivatién energy plot. The
pagnitude of the peak maxisug can ba related to
AC(H)Y vie Bos, 3.3.9 snd 3.3.68., And it can be used
to detersine trap conesntrarbtion. This ean‘ ha seaen

froyw the following relation thab

M Al _
c - zia ] . 5w 3 - 34 ?
{ For abhrupt gsepiconducior)
o o8 . C Junetion
2 AG(E)

where 0 is {reap concenteation, AG ia | the
capacitance change 8% & = dwe o a gaturating
injestion pulss, € iz sepmeltance of the HOS  under
quicegeent roverss blaged conditions, and AF ie
eithar tho net seceptor o donor on Lue gide of

the junetion wheve the treps are obsarved., On  tha
other hand from By, 3.3.4 the trap leavsl osan  be

deternined uveing « .
“ maos
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CHAPTER 4

In thils chaplter sample 3pecificatianshand apparatus
uged in ouvuy experiment ave cLearly dascribad,
sxperimental proceduve ead techilgues usad are described,
too. Exparimantal resulis arve presented and their ”

discussion lsg made,

Sample gpeuification

We did our work on three gamples, sample number 6,8

and 12, Samples 6 and 8 were prepaved by Solomon Tibebe,

Sea Rel. 19 {or their details (originally thery were

stated ¢ M8 contact, later they were Found to he MOS

gtructure) « Seaple %2 wag prepsred by Dr, P.8. Rashinje,

a

stals mambar of plysice depaviment of University of

Dar-eg -Balawn. According to his iaformation contact ip

O
Ag(éODJa thick), metal plate ~ ALY (LOOA thick) and

ingulator 18 findlum ~ Pin = Oxride (Stuchiometric

speci figatlion is not known) with thickoess l?OOA, not

annealed., Cibor necessazxy spacifleations are glven

halow Trhile 2
Ny Ty Registivity (Ovient ation Shape of
: {Qem) metal plate
X {upper contact
5 A£ &iOo 31 oo , <LC0> Circular
{ P mask

& AR m‘, B 100 <100 > Cress grid

12 | Ag~IndSni~ Hi 103 <10 » Crosgs grid
AR A A Rk W B pes o L or Rk e a g e e o ok, R R ey el




»2  Apparatus usgad

a)

b)

HP Model 4275 A Multi-Frequency LCR meter

The HP Modal 42755 multi-fraduency LCR meter is fully
automatic ingtrument capable to measure various
components of a given impedance in a relatively high
frequency reglon. We used it to measure high 7
frequency capacitance of our samples, Meastrement
can he done at ten different tegt frequenciea'_
selectable from 10kHz upto 10MHZ in a 1<2~4~10
sequences. Its test gignal level ranges from lmv to
lv,. Tt has basic accuracy of 0.1%. It can be controls
lad alther using the front buttons or through computer

(under remote controle).

HF Model 3478A Multl Meter.

BP Model 347BA Multl Meter ig capable of de and ac
voltage, current and reslstance (both 2 wire - ohms
and 4mﬁireuohms) maasurement. Wa used 1t for sample
biags measurement. It offers deo voltage performance
from 100 nane volt gengitivity upto 300 volt (full
geale); true mms cepabllity up to 3C0KHz It has
bagic aceuracy of about 0.2% for 3% digit mode

{our vorking mode) . One can co?municate using front
button or through computer. When under remote control),
the 3478A has SR (wervice-reguest) interrupt capabi-

lity that lets one to know precigely when the data is

ready.
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d)

HP Model 41408 gA METER/DC VOLTAGH SOURCE

The HP Model 4140B pA Mater/DC valtage source
comprises a high stabililty pA meter with 10m15A
(Max} resclution coupled with two programuable DC
voltage source. The pA has a hagile accuracy of 0.5%

Yep a4 1,990%1072A)

ovar wide measurement vanges (+ 10
One of the wo programmable DC voltage source (Vy)
can cperate not only as programuable DC voltagg‘
source, but also as a unique stalre case

and accurate ramp({ / , /| Jyenerator. It does

quasigtatic C-V characteristic measurements upto

_2nF when the fuﬁction is get to C-V, using precise

ramp(dfphfp\” ) ‘waves. The capaclitance value is

caloulated from the following formula.

T {measured currxent value)

c = A
dv/ﬁt {ramp rate) ' (4.2.1)
Its acvcluracy depends on the accuracy of 1 & %%

H? Hodel 9000 series 310 computer

HP Model 92000 series 310 computer is used to control

all instruments mentioned above., 1% gends necessary

megsage throuwgh HP-IB (interface~bus) to the instrument

and the instrument listens to the instruqtion and talks

in reéﬁanéé to it.-Xt has memory capacity of 2 mega Eyts.

Diagram of system arrangement interfaced with computer

is shown bhalow.
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4 e Ak b ¥ e

(.Orn,ni'f:tif‘

b ]

L

I R

PRINTERfhnter |pA meter ;f:‘! 'f‘fﬂ ABFEA

£ - (fi LCR

#1347 41408 J :jm?ffe-r meter
Fig. 1

Programs:

The programs for instrument control were
vwritten 4in BASIC 4.03., The description of each

program 18 given in appendix A.

) Sample holder.

Ve usaed

diagyram

MOS Sample

locally prepared sample holder. It schematic

iz shown below

Machanical contach

- —

73, To measuring Ingtrume

_1£//Fig. 2,
\.

72



4.3

Table of residual capacitance of the holder at five

different freguencies,

N Table 3 ey
} Fregquencey Capacitance
I 10 xH §6.60 pb
[ z , —
P, F
| 20 KH, 64.04 p
*!,..,..m s s s —~ I

200 KH 56.86 p- .

[ %

: . F
‘ l I'iH z o ] 3 * 05 p
ot aetmnr e vt e n st worasimre s v disim
| P
Lﬁ 4 M, 50.43 p

gwitable contact between the holder and MOS sample was
located using reverse bias of ~5 volts., In the c¢ase there
was no contact, capacitance reading wag of the order of
the value given in the above table.
Measuremnent technique used.

We focused our attention mainly on capacitance
measuremaent, High grequency capacitance combined with
low freguency capacitance weasuvrement was used in addition
to only high freguency cépacitance meagurement., The
measurenents were performed at room temperature. We wers
not able to apply conductance and DLPS measurement
techniqﬁe. For conductance measurement technigue we nsed
lower frequency values helow 10 KHZ to coveritha full
dispersion range. For DLTS technique we need liguid
nitrogen facility, which regulates the temperature of

the sample, But we don't have necessary equipment for it.
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Experimental procedure.

Samples with cross grid (6,8) were of large area.
It was necessaiy to break them into pieces to minimize
the capacitance, Breaking into pleces was done to obtain
capacitance below ~ 2nf. The caéaﬂitanue of 2n¥ 1s the

A

upper limit of the p‘ meter/Dc voltage source, Accorxdingly,

the gsample ve used in our experiment after breaking into
pleces are named 6§, 8a and 1l2¢. -

The samples were measured with the help of computer
using programs descfibed in Appendix A. The high

frequency o-v were measured with in bilas range -5v to

5v for all gamples. Oxide capacitance was determined
using procedure given in section 3.1.1A. The value of
oxide capacitance was compared with the corresponding

value obtained from the accumulation reglon(high

ravers bias). Flat-band voltage shift introduced in
gection 2,3,.1 was determined by comparing with theoretical

jdeal MOS capacitance value, Eg. 1.3,12. Surface charge

density Qss, was determined accoxrding to the step a,c,d,
¢ and P as gilven in section 3.1.1A. From the value of

Qss, the density of gurface states Nss was found, step

g, section 3.1.17. Enexgy distribution of density of

states Dit,Eq.vB.l.S,was determined by using combined

high and low frequency capacitance values, Doping proflls,
N{w) was determined usging equation 3,).13, For the first

four measurements oxdide capacitance, flat-band voltage
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shift , surface charge density and density of surface

state we used a prograwn "Osth-8" see appendix A.

Subprogram for C.V measurement is "Meas-C", sub-
program for oxide capacitance determination is “"Bval®.
The flatmband'voltage shift, auﬁface charge density and
dengity of stateg are evaluated in the main program
body. Energy distribution of density of states and
doping proflle are measured using program "DLCLh,
Error analysig

All experimental data are loaded with errors. In
our maagurement the pogsible sourxces of errorg are

i) Instrumental errors

ii) Systematic errors

1ii) Random errors

i} According to HP company cataloques, the instru-
nental erxroxr for LCR meter 1s 0.1%, for digital multl~
matar 0.2% and for pﬂ meter 0.5%. They are small compared

to random exrors and they ars negleotad.

11} Great care was paid to eliminate the systematic
axror.
" 111} Random error.
Rendom enproy de aadd g ge shown when repeated
measguremosnt ~Ff the same guantity give rige to different
valusg., It reguires statistical analysis. The equation

we ars usling for oxide capacitance determination is



Eg. 3.1.111 Tt is a linear equation and can be written

as
y I (1974 ) }‘) ) (4‘511}
where .
v o= | “éc/dV3i ¢ M {slope) = - (e/szCO)%r
X = C
3 Y
b = Co (% 2Kk1c0e)?

Por this we used straight line filtting (Lsast sqﬁéres)
[21] i.e. linear vegression analysis. We are interested
on capacitance obtained from intercept (Coi) and linear
relation between y and x. As such error in Coi is the
same as standard errvor in ¥ when y = 0, The standard

error is given by the relation |21]

w"'"'"i?"-"(mnx by 2 . Y
A RN VAN L
glope n-=2 8 lope Z(ximx)
{4.5.2)
aty:s‘ (mgﬁ)%::o
dxr
where n is numbeyr of mesurement
" ¢confidence interval = t.Ax (4.5.3)

vhere t i the corresponding value of Student's
distribution., Linearity between y and x is checked by
avaluating pearson's correlation coefficient r., It is

given by the relation |21}
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n
f’: k4 “u{) (Yj “Y }

X - —— T {4.5.3)
f??(? - X) g >(yi o y)‘}

r 1ies in the raunge + 1 (perfect direct linear
coryelation), through zero (no linear corxelation), to
=] (perfect lnverse linear correlation). ¥From its value
one can determine the approximate probability of r
ocouring by chance, )

Oxide capacitance we used for caloulation of
necesgary quantities is thalaverage of oxide capacitance
obtained from accumulation fegion and intercept, BError
analysgis for capaéitance from accumulation region is

done agsuning Gausgian distribution. Confidence

interval is given by the relation |22 |

Confidence interval = QP (4.5.4)

&y

/i

where t is the corresponding value of student distribu-

tion, & mtandard deviation and n number of feading‘
Finally the error in each quantity is analysed using

. standared r elationg for errvors.

Experimentai result and discussion

Expegimgpt was done on twelve samples.  Only two of them

show typical MOS high frequency c-v curves (sample 8a and

6F}). One of the gampler, with InSn0 insulator 1ayér

(sample 12¢) shows a ¢-v characteristic, simllar to

typleal curves, but with two peaks on it. Description of
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the curves and discussion of the result followss-
Bample Ba
High fregquency c~v curve for five different freguen-
cles, wader 1llunination and in the dark measurement are
displayed in vig. 3. Yrom thig a curve at 200 KHz which
shows to some extent the theoretically expected charact-
erfstics i ¢heaesen for experimental analysis. Meashrement

is taken under illumination,

Regults
Flat~bund voltage shift is VBF = 1,84y
Difference Iin work functions is ¢ms =, 35v

Peargon's correlation coefficient s v = -0.88

Oxrlde: cépaai&ance from intercept, Coi = 3,03E-10F

Conéidering the confidence interval {85%), we have:
Coi = (3.03 + 0.22) BE~10 ¥

Line uged in fitting y = ~{(6,89B+4)C + 2,08E~5

where v = (mdc/dv)% ¢ O 1 capacitance given in table 4.

Mean oxide capacitance fxom accumulation region
Col = 2,748 - 10V
Congidering the confidence interval (95%)
Cos = (2.74 + 0.02) E~1OF
Mazn oxndda capagitance, Co = 2.8§E~10F
Considering the confidence interval {95%)
Co = (2.89 + 0.11) E-LOF
Oxide charge densgity (o = 2,358 -~ 8 Coul/cmz
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Table 4
I Uoliage Capatitance
1 -4.81 2 68%E-10
z -4.52 2700510
2 -4.12 2.739E-10
4 -3.73 2 PR2E-1D
il ~3.34 2.7681E-10
3 -2 a5 2.787E-10
? -2.5¢ 2.772E-10
3 w2017 2.712u-1¢
a ~1.77 2 .56€E-10
ta -1 2, 188E~10
1 - .48 I 442E-10
12 -, 58 1.249E-1¢0
12 -. 1% 1.082E-10
i .23 2. 405E-11
1% 22 8.914E-11
1% 103 9.6938-11
17 142 g.471E-11
18 1.84 8.322€-11
1a .24 g.198E-11
2 2 . by g, 0a5w.4
21 3.04 7979E-11
22 1.43 ?.892E-11
22 3.84 7.828E-11
24 4.24 T 775E-11
2% 4.6% ?.P20E-11
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congldoring confidence intecrval (95%),

Qo = 2,358 - 8 C:::ul/ﬁm2

Surface charge density, Osg = L9 - & Goul/cmz
Considaring confldence intevval (95%),

gss > (1.97 + 0.22) BE~8 Coul/cm”

Surface state dengity, Mss = ),Z0E + 1l por cm2

Considering confidencae intarval (85%).

2

Nsg = {1L.204 + ©..4) E + L1 ger om
Oxide thickness, d = 3,27E-5¢m

Consideoring confidence inteival |

L5

%3
&9
P
-

D= ( 3,27 + 0.36) H~Som,

(ombined hiqh and lowy Ixeguoncy cagpacltanca
meastrenent tachntque vigldy denuifiy of states as a
funciion of voleags ard doving profile. The graph

{(Fig. 5) and nomerical reszulis ore given in table 5.

Dig.vasion.

Necative f1lat~band yoltage shift wiﬂhout including
eflect of vork funchion difference (-2.1%v) shows the
praegencs oF net posltive chavge, with in the oxide and
~with in the interfoace veooion explalned in gection 2.2,
Wle can mot Cofipzre our result with snother data, since
we have fooed ro valnss of O3 fn #he litaraturs.  The
vdlué of Pearson'g ﬂovrelatian coafficlent (~C.88)
,Shbwg vary gﬂcd lnvorss linear corselation, with
probsbility of r cveuring by chance less than 0.1%

for 20 degree of frasoin {we did 22 neasurenent) | 221
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Dengity of states ve applied blas
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Table 5

Pans ., of stats

00T D0
299¢+09
FIQE 400
918400
PE+LD
£0LE+NE
SHNE+0R
2GEE+09
Rl A
a5 Es 08
023F+09
L040E+1N9
197F+08
20RE+09
(SBAE+0E
L430E+08
179E+10
4ASE+09

DagEn?

GE3E+07

CDagE+p”

JR22ESG2?
LBI3ELR7
B16E+Q7
FRAED7
BIE+07Y

LPREE4QT

CPRRELD7
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EPRE+07
ESAE DT
(G49E+07
E2TEADT
LB16E«07
GRGE.07
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SEEE+D7
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290F 19 € . 123E- 15
H04E+10 6. 0S8E- 09
E02E+10 5 QU5E- 0%
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BEL 5 . B37E- 05
L222E+18 T TGOE. 0%
L295F+18 g T5AE. 0%
234F 18 S P65E-05
240E+ 1P 5. 308E- 05
214E+17 5. B11E-05
117E+1? 5 693E-0%
GEEE+17 S 631E-05
E16E+1? & . 088E- 05
. 445E+14 2 417E-05
PRl 2.099E-04
£24E+14 ?.247€-04
PESES1S 2 214E- 04
493E+15 2 384E-04
646E+15 % 479E- 04
B23E18 2 .484E-04
PREALG 2 .518E-04
463E+15 2 542E-04
429E+15 2 .591F-04
205E+15 5 SR7E-04
105E+15 2 .606E-04
L433E+15 2 .636E-04
ZUIE 1S 2 667E-04
B14E+14 2.670E-14
LAB1E+1S 2 704E- 04
111E€15 o 712E-04
P2EE+1S 7 .739E-04
104E+15 2 7508-04
214F+18 2 755E-04
303E+15 2 .P97E-04



Numerical results for surface charge dengilty and surface

8

ptate denmity are of the order of 10 _qul/c’m2 and

loll/cm2

regpactively. On a clean gurface (obtained by
cleaving in ultra<hlgh vacuum) the density of surface
states was determined by Schockley et.al |6}, who
obtained Nas of the order of 1015/cm2‘ Thermal annealing
- in the presence of hydrogen can decrease thieg value to
lolofcm3 [6]. 1t indicates that our sample, was annealed.
From the doping profile measurement we can ¢onclude
that the gurface layer of the sémicanductar is highly

017 o 1018 impurity atoms per cmg, while in the

14 15

doped 1

o 10 atoma

bulk the impurity concentration is 10
‘ 14

per o, Comparision with table in | 1 |gives 10
Boron atomg pex cm?'(value corresponding to resistivity
100 Qo) |

Sanple GF

- High freguency c=v curve for five éiffarent
fraquenciea undey illumination and in the éark neagure-
ment are digplayed in Fig.6. From thiz a 20KHZ c=v
curve (Fig. 7) is choosen for exparimental analysis.
Regults

Flat-band wltage shift is V., = 1.03v

¥
Difference in work functions is djg = =0.35v
Peargon's corvelation coefficient ig ¥ = ~0,64
'Oxide capacitance from intercvept, Wi = 2,18E-10F
Considering confidence interval (95%)Coi =

B4
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Line used in fitting y = ~(3,688 + 5)C + 8,03 - 5
Whare € 1s capacitance given in table 6.
Meanh oxide capacitance from acoumulation region

Col = 2,24E -~ 10F

B

Congildering confidence interval (95%), Col

Col = (2.23 + 0.00) B - 10OF
Mean cxidefcapacitance, Co = 2,21E -« LOF
Considering confidence interval (95%),

Co = (2.21 + 0.01) E~lOF
Oxlide charge densgity o = = 4,258 - 10 Coul/cm2
Surface charge density, Qss = -6,50E-~9 Coul/cfm2
Congidering confiéence interval (95%),

Qss = (6.50 i 0.18) E=9 Ooul/cm2
Surface state dengity, Nes = 4,10F 4 10 perx cm2
Congidering confidence interval (95%)

Nss = (.10 + 0,11)E+10 per om
Oxide thickness, 4 = 5,54E~5 cm
Conaidering confidence intaerval (95%)

d = (5.54 + 0.15) E-5cm

We also tried to apply combined high and low
frequency capacitance to thig sample but the results
were not physically acceptahle.
Digcusedon . -

Pogitive flai-=band voltage shift without including
effect of work function difference (0,68v) shows the
prasence of net negative charge, with in the oxiée and

interface region, Again it iz not possible to compare

89



our result with another data, since we have found no
values of Qo in the literature. The value nf Peérson'a
correlation coefficient (-0.64) shows fairly good
inverse linear corvelation with probability of r
occuring By chance 1s between 0.1% and 1% for 20 degree

j21].

of freedom Numerical results for surface state

density and surface charge density are of the order of
1010 and 10~9 respectively. The result shows the
annealing of the sample.

Sample l2c

High frequency c=v curxve for five different frequen-
cies under illumination and dark measurement are displayed
froﬁ lg. 8 upto Fig. 12, Capacitance - voltage values
for 10XHz and 4MHz under illumination and dark measurement
are given in table 7 upto 10.

As one can gee, it shows great deviation from
theoretical high frequency c~v curve. We have two peaks.
One major péak near by accumulation reglon and-the other
minor peak in the depletion region. RBoth doesﬂ't show
shift in position. The peak decreases with frequency. We
tried to interprete it in the following way.

We were informed that the oxide thickness is 12003-
No infgrmgtion about dielectric conatant is available.

We tried to evaluate dlelectric constant as follows.
Eroﬁ accumulation reglon capacitance, capacitance of
In&n0 (insulator) ,

o = SO KIA @ cid

g

i i

88°
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At 4MHz

C/Co

- R S -
| i
i
B P
P —
;
;
| i
I T A v S R E- S A T
Hpp Viwd voltaga in Veit T '
Fig, 1.2

3 Usltnge Capaciinnce
1 -4, 4% 4.038E-10
2 -4.2% 4. 051E-10
E: -%.89 4.198E-10
4 -3.53 4.212E-19
£ -3.18 4. 47%E-10
A ~2.80 4. 694E-10
- -2.44 4 985E-10
3 -2.07 5. 255E-10
¢ -1.70 G.974E-10
) -1.22 % .934E-19
1l - .95 7. 459E-1¢
i - 56 5. 7%2E-10
12 .12 5.191E-10
L C2 4. 776E-10
133 B2 4.11%E-10
16 - 1.42 3.827E-10
v 1.41 3.649E-10
18 1.8%2 3.514E-10
1@ 2.21 3. 423E-10
29 2.61 3.339E-10
21 2.92 3.268E-10
22 3.3 3.216E-10
22 3.7¢ 3. 148E-1¢
24 4.14 3.095E-10
2% q.52 3.044E-10

WA TR M Er M A8 me o RR e st A PR A b TR L AT B ik kb 4T e WB ki e o7 o o R MR A AR e e oy Rk e ;W AR AR AR T mE AT Ar Em N E A mr e P e WS
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Table 8 At 1OKHz illuninated

- et S o e ek S e g s e g e Ah A% BB v A b a3 Al ma Se BN R ST SR TR Ea da Jf AL P e S . LS T) M AR OB AR A Se Al AL AN R £33 RM LR ARk A w e s on

I Uoltage Capacitence
! -4.17 4 327E-10
2 -4.2% 4.027E-10
2 -3.89 4.1}17E-10
4 -3.53 4.298E-190
& -3.18 4.477E-10
5 -2.80 4 .762E-10
7 -2.44 4.952E-10
B -2.97 G .220E-10
2 -1.70 5.91¢E-10
ig -1.32 5.834E-10
1 -, 9% ?.210E-10
12 ~.57 9. 829E-1¢
12 -.18 5._448E-10 o
4 2 5.506E-110
1% .82 4.447E-10
16 1.0 4 114E-1¢
He 1.41 3.810E-10
12 1.81 3.867%9E-10
19 2.28 3.535E-10
20 2,60 3.426E-110
21 2.8¢ 3.430E-1¢
a2 3.3 3.478E-10
2% 3.7% 3.231E-10
24 4.13 3.183E-10
. 2% 4. 52 3.207E-10

B Rl e o R T e P L Lk L T P
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Teble 9 At 4MHz illuminated

B e o Ao om e s EE Be e wy en e Rd b s s ke £ G W ey U £ We bk e AR A S mL R O O] vk A% AR L R S R A b e e ma R U b

1 Upltage Capacitance
1 -4.43 3. 501E-10
2 -4.20 2.482E-10
2 ~3.84 3.974E- 11
4 -3.49 3.677E-10
< -3.12 3, RA%E-10
6 -2.75 2.624E-10
2 ~2.40 4.867E~-10
3 ~2.03 4. 228E-10
9 -1.68 4.393E-18
L0 -1.29 4.943E-10
11 ~.92 4.971E-10
i2 -.55 3,849E-190
13 ~ 13 3.857E-10
14 .23 3.37FE-10
1% 62 2.3722-10
ie 1.0% 2 .829E-10
7 1.4 Z.743E-10
2 1.8% ¢L.EREE-1D
12 2.20 2 652E-10
5 2.59 2.623E-10
21 2.98 2.597E-10
27 2.3% 2.573E-10
P 3.74 2. 547E-10
24 4.12 2,923E-190
2= 4.51 2.,498E-10
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Table 10 At 4MHz in dark

Ll T I R e e e e e R R R T

I Uoltage CapsCilancs

1 4.2% 3.723E~10
2 -4.20 3.478E-10
E; -3.84 3.571E-1C
3 3.49 3.6730-10
5 -3.12 3.7908-10
A ~2.76 3.918E-10
? -2.40 4.060E-10 ..
8 -2.03 4. 220E-10
@ ~1.68 4.383E-10
ig 1.29 4.533E-10
i1 -. 42 4.9586-10
12 - 5% 2.822E-10
13 -.17 2.549QE-10
14 .22 3.139E-10
1% 632 2.887E-10
16 1.03 2.771E-10
17 1.42 2.703E-10
i8 1.62 2.65%E~10
19 2.2 2.627E-10
29 2.68 2 .804E~18
1 2.98 2.592E~10
22 3.35 2.5598-10
23 3.4 2.93688-10
24 o 4.12 2.5136-10
28 4.91 2.488f-10

L L T R T Ll T Y 1 P P e

94



whaeye ki is dielectric constant of the insulator, d
thickness. A crossectional area and eo‘"permiiivity
of free apace. The xésult chtained 1z not physically
acceptable. If we consider three of them, they are
0,797, 0.806 and 0.816. We also tried toc evaluate

from maximum peak it was arcund 1,1 in most measurement.

Remarks: In the accumulation region the capacitance

slightly decreases with increase of reverse bias, ' To
obtain its asymtotle valus wa would have applied high
negative biag. It resulted in sample distruction. Our

maximum.bias was «15.

Digcusgion:

Pogsible gources of discrepancy: the maximum measur-
ing ezror in A iz 10% this yields also ki less than 1.
~What we can say about this is elther the thickness ox
our measuremant technigue Fails for this mample.

The objective of determination of dieleqtfic
congtant was to calculate surface potential that
corregponds to the peaks so as to analyse the traps.

What we can gay about left peak is that there may
exlat paralléi}capacitance effect across the oxide that
contr ihutes to the total capacitanﬁe of the gtructure.

It may be due to ;harges whose gaeneration or recombina-
tion is enhanced for voltage bias near by -1lv. {the I
peak ls around -lv), To explain the phenoménon sufficien-

tly it is necessary to perform further investigation.



-New exparimental techniques to studyﬁMOS gtructure
are,estahlish&& in our laboratcry; Using the technigues
weé can determine the following gquantities: Flat- band
voltage shift, oxide charge denglty, surfacs charge-
density, surface state density, enargy distribution of
denglty of statea, doping profile and oxide capacitance.
The determination of the quantities is based on high
frequency and combined high and low frequency c-v
. measuremnent..

The experiment found that samples 8a and 6f are
MOS structures witﬁ,oxi&e layer thickness of 3,27E-5cm
and 5,534E~5¢m, Nuﬁerical value of surface gtate density
determined in gaumple 8a and 6£f (n 1011 and 1016
respactively) indicates that the samples were thermally
“annealed,

 Effect of illumination was detected as a shift of
c=v ¢urves Iin depletion and inversion regions{ There
wvag no effect of illumination in accumulation region.
And also effect of value of high fréquency was ohserved.
fhis effect has not been quotad in literature,

Sample 1l2c¢ (with InSn0O insulator layer) displayes
speci¥ic ‘¢-v characteristic curvasfwith one major and
one minor peaks. The peaks are at a fixed bilas values
vow 1y oand v Q. 12v, respectively. These values are

independent of frequency. Effect of illumination

similar to that of samples 8a and 6f, was observed.
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Appendiux A

Five main progroms are ased theough omf thie
théaiﬁ. Thrae of them are used for thsoroticsl
forpule snalysis and for domongtration purpose
("Sad_. 8p”, "Sp_Ap V" and "C_Y_HO8"). Tec of them .
are used in experinents fez‘ the instrusents
control ("Osth _f" end "DiCIh"). A brief disoussion
of the programs and subprograss iz given below. The
prograns are written in BASIC 4.63 and have béen

prepared hy ounrselives,

Programa for denonstration purpomo:

Prograp "8S8ed-9p"

This program computes Spaee-Charde density as
2 FPunotion of surfaee peotential with varying
concentration or temperstore., The roesults ocan be
displayed in the sonitor sctreen or plotted by the
printar!élotter. Pletting is done in difforent
ealoera For diffevent conecentrabtion or temﬁeratura.
Taking Permi-level ag the origin it draweg vertical
lines corveogpeonding to velence band K,: corduetion
band F ond §treng invergion energy (wee Fig.d
9.;5 }1 Basie funciion ocomputptien is done in
subprogten $ig. Hain program containg 18 lines and
ubprogras Cig containg 88 lines, totally the

progrog oonbaing 99 lines.

u?



Progran "Hp-fip-¥

This progren ecé&utss surface poteintiel ag s
function of applied voltege. It eveluntes applied
voltage as 2 function of sarface potential with
oxide thichness tuken ns & parameter. It perforas’
plotting with 1lsbeling in different oolors for
differant  oxide thichness. Basio function
oonputation and plotting is done in the =ain

progesn. The progran containg 78 linss.

Program "(O-V-Hs"

This yrcgi&m coppuaten low fraguency
capacitance of idenl KGOS atructure normalized with
regpact to oxide capaeitsnos voreug applied bias in
volta. It evelustes appliscd voltage  and HOS8
eapaeitance as & funotion of surface potentisl
{oxide ?hiehnsﬁa e takon as @ parameker).
Plotting 1= doms with labelling and different
colors for different oxide thicitness. All
evaluation and plotbting is done in  the rain

progran., The progran containg 76 lines.

Progiruns for measuresent purpose:

Progras “Ogth-g"

This prograg wmehes  high  freavency O~V
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' peasuremont, dats saalysiz and plotbing of C-Y
au£VB. It ig =slsov suitoble for  exverimental
lecetion of o convenient contack. The prograg
containg 4 subprogrons; Sob Mese-c, Sub EBval sand
Sub Print. ’

In the #ain body of the progran we have
branching, after taking messured dete and G-V
plotting. It setm two options, either to print but
the evaluated quentity or 4o go back to new
measnropent. The main body of the program contsins
114 lines. Total. number of lines in the progran is

BT .

Sub Heag-¢ (collecting data)

This subprogran sets digital ssltimeter (DHH)
and LCR meter in to remete control. It enables
salectiah of bias interval and frequency. After
thig it =zots Dete Ready SR® wmask in ovder to
interupt the cvontreller unless the date is resady.
Dato Resedy SR8 pert of the program in the
Pollowing.

14?@ ‘ QUTPUT 723 ; "EHO1 - K" lCLEéRﬁ THE
| SERYIAL POLL REGISTER,
“HO1" SETS HASE 10 Ot

ag



1498 Datal: 08 INTR 7 GOTO Data?

1466 EHARLE INTR 7 ; 2 - 7-HBIB IWTERFACE,
2-BIY 1 OF HBIB
_ IHTERUPT EHABLE

RBGISTER.
1486 GOTO Datal
15828 Datad: Sp « SPOLL (732) RETURRSE SERIAL POLL
BESPORBE AS 8
(ROT USED) CLEARS SRg
1518 ST&TUSl7, 4; Ba RERYURAS CORTERT OF

INTERFACE STATUS
RHGISTER Bo. 4 AWD
CLEARS TIT.
Then date s brensfered to the computer’s HoRORY.
After completing oessurenent, line Ho. 1588 gots
bips zerg to avoid wsample darege. The subprograsn

oontaing 47 linan.

Sub C-V-plot (graph - plobiting)

The nggrngram geiscts VIREPORT, mois HIEDOY,
secales the AXHS and take the avavege of the f{first
ten .cepaciianes reading - (copacitsnce in
acounulation raéicﬂ). Then 1. plots capaecitanco

normalizod @ith rospect %o the asbove averasge versus
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applied voltege. Plotting in dope gith lsbelling
and different color for different messuremnent. The

subprogrém containg 44 lines.

Sub Bval (eveluntion of mome guantities snd error

analysis).

Transfeoring the néasured cspeseitence and .éhe
eorremponding applicd bins wvalues the subprogron
perforns numnericsl differentiation of ocapscitance
with respect e dpplied bias. Thon it taskes the
negrtive square voot of it (mse Bg. 3.1.11i, p.§Y).
aftar this, Pearson’'s eorrelation cosffioient,
glope, oxide capacitenve From intercept and thoilr
standard orzor is crloulated. The  subprogran

contains 742 lines.

Sub Print (printing of the evaluated guantities and

neagured data).

The subprogran prints the evalunted gusntities
and meaaureﬁ,éat&. Printing is done either in the
sSOEEAN OF on a paper using PRINTER IS ststewont,
Data iz printed ;aaording to the foraat given. The

subprogran contains 34 lines.
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Program “DiG1HY

Thig program pecfores cowbipsd high and  low
féaqueney GC-¥ measgteensnt. e doesn data
evalustionand plotting of the gquantities determined
from evaluation. The 9ragraé goenteins five
pubprogeans; SBub Hear, Bub Hval, Sub Di- plet, 3ub
Kb ~ plot and Sub printer. The wmain body of ths
progran oontaing 21 . lines. Totel nomber of lines Yn

the program ig J368.

Sub Hess (cnllaeﬁing duta)

The ﬁubpregﬁﬁ@ aote UM and LCK mster in  to
remote contvol. It takes the high Creguency G-V
measurenent in Lhe same way =6 explsined in  Sub
Hone-e (0.98). After cosplieting high fregusney C-V
poazuretionst, Ghe subprogran advices ffor the sample
to be nasn@ateﬁ the mpsoinl pfh meter terminals.
Thar % =s~ta 0f neter in to remofe control “and  to
e zeadyr Foy Boews ten3nt . It enableos welsotion of
bias intesrval and rgmﬁnﬁate. Then low frsguency C-V
mensursnoal Gabn is taken. Sub Heas conteins 87

lings.‘

;
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Sub Bval (evslution)

Firat the wmetal plate -~ area and  oxide
capacitance values sre [HPUTed. Then the subprogran
evaluntes snerdy distribution of density of states -
and doping profils (according to Xge.3.1.5 and
3.1.12 rewpectively). Depth is evaluated using the

followng ralation.

X{(depth) = egﬁ , A retel plate areé
dhf ch high fraquanc#
{ capucitance,

Sub Bval eonsiata_uf a6 lines.

Sub Di- plot (plotting of Dit versus voltage)

The subprogram plots energy distribution of
dongity of whates versus applied voltizsge.
Appropriate goealing is done using SBLECT ... CASE,
which provides conditionsl oexeoution of one of
geveral program seguente. Plotting is done with
labsling and cross sign (RPLOT). This subprogran

contains 114 lines.

Sub Hb-plot (plotting daping profile)

- This aubprqgrum plotr dopiné profile. Plotting
iz dons 1in +the asuse way as dimoussed in Sub

Di-plot. This gubprogran contsine 114 lines.
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" gub Printer (printieg of evaluanted values with

o e G i s e e A

This subprogran prints applisyd bisz and the
evaluated guantities. scoording to the format given.
The printing is done either in fhe poreen or on the

paper. Thig subprogras containg 17 liass.
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