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ABSTRACTI'
'The annealing‘behaQiour of 15N implanted,alﬁminuﬁ doped
~ =5iC has been studied'by meaéuring the differential capacitance
as a function of épplied'bias. The samples Qere doubly implanted
“at 450 withlhs KeVv and 25.Kev ions, for a dose of 101§/cm2
at éach'energy,f | | | |
An n-i-p structurevwitﬁ a thick insulator regioﬁ was found
after annealing atFIOOOOC.V The thickness of this i rggién
could bebsubstantially reduce& witﬁ‘additional annealing aﬁ
highef temperatures, énd a fairly good n-p junctionvwas obtained
.after.IUSOOC gnneal.-
About 20—30%iof the implanted»nitrogeﬁ ions were.found
tq be electrically active.

The C-V behaviour was found to have large variations with

the a.c. measuring frequency.
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CHAPTER 1

INTRODUCGTLON

1.1 Why SiC

' §iC is not a new'mateiial,*howevér, not until the fifties
did researchers realize and begin to exploit its potenhialities.
as a semiconductor. In the closing remérks Bf the Third
lﬁtefnafional Conference oﬁ $iC -- 1973, C. E. Ryan summarized
the device potential of SicC as.:(l)ﬁ | |
1. High témper#ture devices
2. High power devices
3. High freduency device5
h.‘High radiation resistant devices
5. High reliability devicés
6. Cold cathode devices
7+ LED devices
‘8; Schottky diode device§
9. Speéialized devices: .

'(é) UV Detectors

(b) Radiation Detectors

(c) High temperature photocells

(d) Heterojunction devices.

The parameters which make SiC such a potentially important
semiconductor material are its exceptionally large band gap (~ 3 eV),
chemical stability and good thermal conductivity. These factors

enable SiC to operate in high temperature environments, at



"high power in normal enQironménts aﬁq at high current densities,
The ability of SicC to opergtebin high temperature environments
whére other m#teriéls‘break‘down is of particular i;térest.

Table 1.1 lists the intrinsic carrier concentrations of SiC
along with Sihand Ge at different temperatures (assumingEEg's are

constaﬁt).

Table 1.1

Intrinsic Concentrations of SiC, Si and Ge

. . Sic 51 Ge
h_;;_:_::_w_..._A__. ——————— R ‘ . - . - . l . - . .. . - arat
Ni-h:;;:f"ﬂ EE 2.9.ev. i 1.2 .ev.~ j0.8 ev
300°K | 2.041075/cm3| 1.7%1010/cm3{1.8x1013/cm3
600" K 8.31107 5.3x1015 1.2¢10%7"
1000°K | 1.3:1013 1.2x10%8 :
1500°K | 6.4x10'5

It can be seen hére that for a doping level of about 1016/cm3,

Gé devices will break down for T <600 K, Si devices will.lose
their extrinsic-prdperties at T~ 600 K. However, devices made
from SiC can function normally at temperaﬁures well over 1600°K.

| Physically, SiC‘exists in the hexagonal (d)'anq cubiao (@)
phases, with theulphése occurring in avvariety of polytypes,
‘The'bénding of Si and C-atomé is basically covalent, with about
»12% ionic bonding. SicC 15 a brittle material, with a hardhess
just below diamond. 1t is not attacked by almost all known |

(2)

etching solutions except orthophosphoric acid at 215° c,



1{2_Why lon Implantation

The progress in SiC technology-has been relatively slow and
painful in coﬁﬁﬁrsion with Si in the past two decades. The
main reasons are: ‘

(i) good quality, feproducible single crystals are
hard to grow,
(ii) fabrication difficuities,‘and
(iii) 1§ck ofbstrong economic incenti?es.

For'fhe‘varioué methods of growing SiC crystals and their
problems involved, readers are referred to the tedhni§a1 papers
. appearéd in the three proceedings. of the lnternational Conference
on SiC.(3) |

To fabrlicate semiconductor deviceé; diffusion method has long
‘ beeﬁ the most common and well developed'techniqué, however,.for
5iC, it requires a process temperature of over 180600 and long
procéss timés. | At such a high temperature, surface of SiC
dissociates, this makes the process extremely hard to performa
In addition, it is not possible to use’passivatihg oxide layerS»af
vthese temperatures to mask‘against diffusion; making pfecisidn
fabrication of SiC planar devices very difficuif. ' P—N.junctions
have been fabricated 6 but the techniqueé'the not.yet been

fully developed.(u)



- Because of the difficulties experienced in controllably

doping SiC by the standard processes, scientists begin to look

1

at ion implantation as an alternative doping technique.

| lon impiantation holds good promises, however, it is not
withouf problemé; After implantation, a badly damaged surface
layer will Be formed, the position and width of the layer depeﬁd
on the dose and energy of the implanted ions. These-radiation
vdamagereffects result in.compensating défect donor and acceptor
levels which must be annealed out. Also the implanted dOpanf
must locate on a 5ubstitutidna1 sité to become electrically active.

(5)

Marsh and Dunlap found a p-i-n device behaViour;for junctions
formed by double nitrogen implant of 1015/cm2 at 84 KeV»and

i1015/cm2 at 25 KeV aftef high temperature annealing (over 1OOOOC)

and observed a normal p-n junétion-when samples are anneaied‘ |

dé to iSOOOC. »HoweQer, when the saime authors tried to imblant

group 111 eleﬁents (E; Al, Ga; In,~T1) into n-type SiC with
'subsequent anneals up to>1700°C, né type conversion was observed.

" The presence of electrically compenéating defects was suggested

to explain this negative results. .

1.3 Objective of present work

| The purpose 6f this work is to investigate the poteﬁ£ialA
of nitrogen impiantation into p-type SiC as a suitable process
for fo¥ming junctions and hence devices; and to determine

problems involved and poténtial solutions.



1.4 The Procedure

Samplgs uséd were Aluminum doped 6H A -SiC, kindly provided by
the Westinghouse Astronuclear_Labpratary.. "The total aluminum
concenfration was found to be about 1019/cm3 by neﬁtron'activation
- analysis. :Ali samples were doubly implanted with 435 KeV and
25 KeV N15'ions at a substrate_temperature of hSOOC. lmplant
Conditiqns chosen are believed to be potentialiy.suitabie conditions
from previous.results of Campbell etal.(G) Double implants. are
required to approximaté.a linear distfibution of implanted ions,
N15-isot0pe was chosen so that tﬁe le(p,$)clg nuclear reaction .
could be Qéed to study the lattice location of the implanted nitrqgen
" atoms using channeling technieques. ' " The samples were

implanted to a dose of 2*1016

ions/cmz. The calculated dopiﬁg
'qoncentratiohs were approximately 1021/cm3 thrqughout the region of
" peak concentration.

- The impianted samples were annealed at stages up to a maximum

available témperature of 1480°%. At each temperature, electrical

properties of the samples were investigated through C-V measurement.

* Value suppliéd by manufacturer was IOla/cmj,’which was pbobably

a chpensatéd value.



CHAPTER - 2

ELECTRLCAL CONTACTS

2.1 General Theory

To inveétigate thé properties of semiconductor devices, in
most cases, the @etai contact.to the.semiponductOr is extremélj
impértant. stually it is desired that the_dohtact be dhmic.*
Inbprinciple, thié'means a coﬁtact which haé a ‘linear 1-V relationship
in both directionsf

. The_basic'principles for ohmic contacts has been tfeated in

detail by Milnes and Feucht(7), Theoretically; theté are three
major approcaches to achieving an qhmip contact: ka) by choosing a
metal with thelproper relative Fermi level so that the barriéf-;s
small for thefmally excitéd current, (b) by heavily doéingfthe
gemiconddctqr'near‘the junction so th#t the current can be carried
by quantum mechanical tunneling through the hérrier, and (3) by
introduqing nuﬁerious recombination cénters in thebinterface region
on the semiconductor side of the junction, |

In préctice, the first approach works godd dnlf for the more
ionic semiconductors, e.g. Zns. For coyalant semiconductors such
as Si, Ge and GaAs, the resUltiﬁg barrier tends to remain COnsfant
for alltmetalgregardless gf thg metal work functiéns, because of
the éxistencé'of'large number of surface states. "Therefore,_the
secqnd appraoch 'is generally used, i.e.'forming a very'heaviiy doped

‘semicohductOr region between the metal and bulk semiconductor.

.

* lﬁ %6me cases, for example, a Schottky diode, rectifying contact
is needed. However, the back contact to the diode is still desired
to be ohmic, '



This mqthod.works quite well for Si, Ge and GaAs, However, for
wide band gap semiboﬂductors such as SiC, it is diffiéulf to obtain
-the required heavy.doping bécaﬁse_of thei; tendency tbicompensate
for the introduced foreign atoms by the formation of-nativé defects

Aof_the.opposite~type.

2.2 Ohimic Contact To SicC

Because the~conventiona1 theoretical approaches to achieving
ohmic contacts do:not work good on SiC crystals, researchers tend
#o solve_the problem by trying different metals and metal'alloys
under varyiﬁg conditions. A search into the literatures has been
made; the metals teported forming ohmic contacts to SicC ?re

'summgriied in Table 2:1.

Table 2.1
‘Various Metals Reported as Ohmic Contacts to SiC

Conductiﬁity o ’
Metal ’ Type ' Process Reference

In-Ag, Al-Si n,p soldered ) - .5
Tungsten - ‘n bonded in vaccum at 8
1900°C '
Tungsten | n,p " fused at 1900°C 9
Si-Al, Si-B p ~ fused at 1700°C 9
_Au-S%Ta ) n,p alloyed'in vaccum 10
Au-Ta v - on ‘ alloyed in vaccum at 11
: 1250°C '

p doped Si . fused at 1432% -1z



Table 2.1 (tContinued)

Metal - Conductivity : Prbcess V Reference
. ’l\y e : > . ) ’
Pt - _’ ‘ . -~ evaporated in vaccum 12

annealed at 1340°C

Cu—Ti, Al;Si p . eutectic. alloy -~ i3

Au | sputtered 14

,Ti | » n ‘evaporgted in vaccum 15
at 250°c

Pt-Sn n,p alloyed at 1800°cC 16

Ni-solution. ‘ . electrolesé plating B 17

From Tablé 2.1, it can be seen that in most'cases,.higﬁ
alloying or fusing temperatures are required. ’Such high temperature
procesées are particularly undesirable forvthe present work,
‘becauée the electrical properties of the implanted junction at
.different annealing‘temperatures are tseinvestigated and'thus,
heating the samples up to-a high temperature in a single §tep is
out of questioh. Thereforé,\it Qas decided.to investigate the
"contact problem ﬁére fully in thé_hope tﬁat ohmic cohtacts could be
madenwithéut high temperature tréatment;

“The proceés uéed was vaccum\depbsition éf metals or metal
.alloys. A set of-blue—black (heavy p-type doping) and green
(n-type doping) OH SiC crystals Were used. fhe sahpie‘WGre
cleaned and then etched in HF soiution for a few hourslbefbre'contacts
were made in high vaccﬁm,(with preséure iess-than 10~ torr). |

Subsequent annealings were performed in. some cases. The contacts

were checked with a curve tracer.
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The results obtained are tabulated in Table 2.2.

Table 2.2

"Metal Cbntacts.to SicC

low voltage

Met;l Conductivity Annealing Contacts Contact+
Type (T€E§T7Tfﬁe)_ "—_———'" Resistance

_Ih-Ag alloy ne,p | | non~ohmic
a ' bBOQC/ZO' non-ohmic
: T1 4+ Au n,p non-ohmic
‘ .1100°C/10'.. non-ohmic
Sn + Nicr n | non;ohmic
800?0/10' ‘non-ohmic
- Sn + Au. n |  non-0hmic
800°C/10'v non-ohmic
In:+ Au n _ nonQOhmic
| 80000/10', Qon;ohmic:
In + Ag. n,p non-ohmiec
5oo°c/1o- non-bhmic
Nicr n,p non-ohmic
BOOOC/lo' non-ohmic
i Mg + Au n | non-ohmic
| ZOOOC/IS' non-ohmic
65000/15' non-ohmic
Bi + Au n | non-ohmic
. ZQQQC/155 non-ohmic

275%c/60" ohmic at ~ 20K
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Table 2.2 (Continue)

"Metal Conductivity . Annealing Contacts' contactt
- - Type | ,(TEEETTTT$8) ' Resistance
Cr.+ Au P : | non-ohmic
| n ' : ohmic at ' 100 fL
: : low voltage
f+A1 o n . , ‘ non-ohmic
700°c/ 151 non-ohmic.
++A1 L P o | non-ohmic
o 500°¢/15° " ﬁon-ohmic.
600°C/ 15" "~ non-ohmic
66000/10' ' ohmic Lo n
700°¢/ 10" ohmic 30
75000/10' " ohmic » 150 L

+ contact resistance depénds strongly on the doping level of
the particular sample, it 1s listed here just for illustrative
purpose. : ‘ -

t+ A1 melts at 660°C, for annealing temperatures higher than
660°C, a layer of gold was evaporated on top of the Al contacts.

It can be §eén that, Al made satisfactory contacts to p-type
SiC with acceptabie low heat‘tfeatment (660°C). .Therefore; it
was chosen to.be the contact mg£a1 in subsequent expériments.

However,'it turned out that the process did not work for
the implanted samples. Instead of forming ohpic contact to the
p-substrate back face, Al contact was found to be ohmiC’tofthe
implanted face instead. The failure to form ohmic cont;ct to
the back face is probébiy because of the higher resistivity of

‘the samples . used. Similar failure has been reported_bvarick.(l )
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The formation of ohmic contact to the implanted face was

(5,6) it was found that

& bit puzeling. ‘From previous studies,
aﬁ:in8u1ating layer was formed under.the surfaée after implantation,
therefore, fhe apparent ohmic‘cbntact formation mﬁst be resulted
from somé surface éffects, which have nothing to dd‘with the
semiconductor bulk properties, This belief ‘was stportedfby
latér éxperimeﬁts, a metal -~ (n)semidonductor junction was observed
aftér fhe implanted nitrogen becomes elecfrically active,valth0ugh

the surface was still ohmic.
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CHAPTER 3

'DLFFERENTLAL CAPACITANCE MEASURING TECHNLEQUE

3.1 C-V Measurements

In the study of 'semiconductor junctions, C-V measurement
teéhniqué is a powerful analyfical tool. From‘the C-V curves,
many properties of the junctions can be dehubed.

| in the capacitance measurement, a d.c.'eleétric field is applied

across the junction. For a given applied field, a definite éharge
distribution in the device will arisé. The diffefential bapacitance
of the resulting semiconductor space—chargé region is then meaéured
by sﬁperimposing a small a.c. voitage bh the d.c. b;as. The
differential capacitance as a functionvof applied biasbis plofted
with an automaticbdisplay apparatus, A detailed description of the
measuring System used can be found in reference 19,

In the present study and studies by earlier investjgﬁtors(s),
‘an implanted sample wa§‘found to show an MLS deyice behaviour
 when anhealed af temperatures less than 1000°c. After 1000°C
’or'highéf temperature anneal, a p-i-n sgructure and then a |
rather gOOd.p—n junction was obsefved.

C-V‘behaviour of an MIS devicq, an n-i-p stfucture, and
an Ms and p-n junction are outlined in the following sections.
PoSsiblé intérpretétions of the C-V curves obtained are also

diﬁcusséd.
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3.2 1deal MLS C-V curves.

- Theory of- the M1S5S structure has been considered in detail

eleewhere(ZQ’ZI); here only a brief description is given.

Consider a p-type MLS diode shown below.

Metal contact . metal back contact

[/x|0x1de[ p substrate pw

Fig. 3.1. An M1S diode

A d.c. bias, Vp 1is aﬁplied 5e£ween the metai electroaes.

For the ideal case, effecﬁs of the work function difference
between ﬁhe'metal and semicdnductor, and surfacég states are
ignored. The resistivity of the insulator is assumed to be
infinite.

When the diode is forward biased with a-negétive Va, the
majority carriers (holes) in the p-substrate will be attracted to
the insulaﬁor interface. Théfe will be ;n accumul#tioh of holes
.ahd therefore a high differential capacitance of.the:semicénductor
substrate, As a result,'£he'tofal capacifanqe,measufgd will be
roughly cohstanﬁ and close to the iﬁsulator~cap§cltdnce alone,

It is independent of Vo and is given by :


http:description.is
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Kj €oA
ty

+

(3.1)

where K is the dielectric constant of insulator

-1l F/cm)

€, is the free space permittlvlty (8.85 % 10
A is the metal contact area

t,  is the insulator thickness

For pOsitivé VA’ the diode is réverse biased, hplgs will Be
rebelled from the.insulator - semiéonductof interface and leave
behind a reglén depleted of ﬁobile cafriers. This depletion region
in effect adds to the’thicknéss of the insulating layer énd hence

" the total bapacitance decréasés. Since the width of the depletion

region depends on V

A? the total capacitance is also a function

of the applied bias and can be shown equal to:

N

2
2K . 3
o (3.2)

‘where C; is given by (3.1)
" q is the electronic charge
» N, is the compénsated substrate impurity concentration

K_ is the dielectric constant of .semiconductor

Upon further increase in the applied voltage, m1nor1ty carriers,

created mostly by thermal generation, will be attracted to the
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vicinity of the insulaﬁor-semiconduchor,interface‘and form a

narrow inversion region. This inversion layer will shield the
semiconductor substrate from effects induced by further increases

in-VA. The-deuletion regioh thus stops increasing and correspondingly,
the capacitance reaches a constant minimum value. This 1is

called the high frequency capacitance.

If the measuring a.c. signal has frequenc1es low enough
in'comparsion with the generation rate of minority carrlers,vthe
electronc in the inversion repion.will be able to follow tﬁe
variation of the signal, the depletion region becomes 'tranSparent'
and the total capacitance will rise again to that of - the insulator
capacitanCe Coe This is the low frequency capacltance.

If the capacitance is measured under,such conditions fhat
’mlnorlty carriers cannot accumulate near the surface in
~ the bias range corresponding to lnver51on, the depletlon capac1tance
will be obtained. This situation may be encountered if the
insulator is very leaky, or if the number of minority carriers
,present.is negligible.

The capacitance;voltage characteristics of an ideal MIS

diode are shown in Fig. 3.2.

,‘Due_to its wide enerpgy gap, SiC has a negligible minority
carrier concentratlon at room temperature. Therefore a
very slow minority carrier‘generation rale would be expected;
ihence,no inversion layer should be formed in the

semiconductor surface at the interface.. Later experiments
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indeed proved this impossibility, depletion capaciténce was

obtained for measuring frequency as low as 200 Hz.

Low freguency capacitance

s

>

/

High ffgqgency capacitance

\\\ ‘.___,__ -

Depletion capacitance
i -~ : :

. S e

e _ o v,

Fig. 3,2 C-V Characteristics of an i1deal MLS DLODE.
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3.3 C-V curve of implanted SiC -- low temperature annéa1

_ ) : . . * R
i A typical,C-V curve of nitrogen implanted p-type SicC obtained

"xf in the present work after low temperature anneal is shown below,

¢ (pf)
! _ SiC-2~006
2,000 ' 800°C Anneal
’ v f=500 Hz
{
l
.
4+ 1,500
|
Lo 5 ¢y |
i . 71,000
e \Y o ) : '
v BD : B . A
E' | | . I""' !"!
: . : ! 4. ! ! “»5091 | 1 : : B v :%1 >

1

Fig. 3.3 C-V curve of nitrogen implanted (p) SiC
-- after 800°C 10' anneal.

From Fig. 3.3, three distinct regions, A,B, and D can be

" identified.
(1) Region A is the reverse biased region, The total
capacitance is seen to follow the depletion capacitance. Eq.(3.2)

* Doubly implanted with 45 Kev and 25 KeV le ions at a substrate
temperature of 450°C, to a total dose of 2 x 1016 ions/cm?.
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is valid in this region. The compensated substrate impurity con-
centration N, can be deduced as follow.

Equation (3.2) can be written as:

2. ' 2
Ci L 2K eq
L = 1 + _1 > VA
C qNAKst1
Since
C _ l\i GoA' .
, t’ .
1 .
2 o2
1 _ 1 N Li VZKieo v
2 - z Z 3 r -
c c kKEeSh gnakgtd A
= 1 2
¢S N K e A° - Va
) i . q A s 0

. 2 . ' | -
By plotting 1/C¢” against va, N,y can be found from the slope

of the plot.

NA = . 2 N (3.3)
q S K €oA? - :

where S is the slope of the'l/cz vs V. plot
’ . : A



(ii) Region B is the forWard'bi;sed region, The total
capacitﬂnce is given by the igsulgtor éapacitance,Eq.(B.l).
Since the insuiétiné layer is‘actually thé damage layer incﬁrréd
by implantatioh, equation (3.1) can béquedvtO'estimate thé

junction depths
L

2 Kg€oh
t =  —_———
i Cy
(1ii) Region D is the breakdown region. When a large

enough forward bias is applied, the insulator will breakdown
énd'become coﬁducting. The‘capacit&nce wiil then rise rhpidly.
Tﬁe maximﬁm voltage that an insulator can withstand’without
breaking~down'depends on how good the insuiator is. | The better

the ihsulator,~the higher the breakdown voltage (V) will be.

Therefore, VBD may be used as a good indicator in c0mparing’thelb

relative degrees of damage left after different annealing

stages.

19
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3.4 C-V Curves of an N-P Junction, an N-1-P Structure and an

" M=S Junction.

Consider the abrupt n-p junction'as~shown‘below.

n ( p
(a)
Ln 14p
‘- ¥y a4 -y
Pt -r i o
n :u)l = : .
:fo\' 1Yy, P
VA o- - :.fn\!(_‘:\ : , o
(+ve) ' AN
'ﬁ':(? :
(b)

‘Fig. 3.4 (a) an abrupt n-p junction
(b) with reverse bias

When. the junction is reverse biased, holes in the p region

‘and electrons in the n region will be. repelled away from the

junction, Depletion repgions will be formed in both sides of the

junction with depletion widths L, and Lp in the n and p regions

respectively. - The capaciltance is thus given by

K€o

Ln + Lp

and this can be expressed in terms of the doping levels, Nb and
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bias (22) :
'NA’ and the applled VA as: \

b=

_ qKséo‘NAND . :
c = ) (3.4)
2{(Vpi- VaA)(Na+Np)

where Va is positive if the bias is in the forward directlon,
nepatlve if reverse.,

Vbl is the built-in voltage of the Junctlon and is given

. by
N N, '
Vb. = ....I.\*l__ In D"A . (3-5)
1
q Ni

N.l is the semiconductor intrinsic carrier concentration.

For an unsymmetrical barrier with one side more heavily doped

than the other,re.g. NDS’NA’ Eq.(3.4) can be reduced to a simpler

form,
qKSeoNA 2 S
¢ = : (3.6)
2(Vyy = Va)
which can also be written as
1 2 : ’
—3 = e (bs - Vp) (3.7)
CZ . qk (0 A A | | _

'Therefore,.by plotting l/CZ vs VA’ a straight line should

be obtained. ‘vﬁi can be deduced from the x-intercept of the

. curve and NA can be found from the slope of the straight line, S
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A ql\seos : »
It should be noted that this is the same as Eq.(3.3) for

the MIS structure.

An h-i—p?struéfure has eSséntia;lf‘the'sgme C—V respdnse
as an MLS diode. When reverse-biased_(Fig; 3.5 b), the total
capacitdnqa of the n-ifp structure is a series combination of
the insulator and\dgpletion regions capacitances, if Ln is
much smaliér than Lp, i.e. thé n region is much more heavilx doped
than-the p‘region, the total capacitance will be the éame as that
of an MlS diode and is given by qu (3.2).

When the structure is forward biased, only the insulator
capacitance wi}l be measured and the total capacitance will have
a constant value untilbthe insulator breaks down.

n i . ‘ P
(B} -

| .
—l e
| [ I |

) o

;
(b)

Fige. 3.5 An n-i-p structure. (a) Forward biased,
' (b) reverse biased.



An MS junction can be considered as a p-n junction with
one,side much more heavily doped than the other. Equations
derived for an n-p junction in the previous pages can be abplied

equally well here.

3.5.C—V Curve of lmplanted SiC -- High>TemEerature Anneal

A typical C-V curve obtained for anAimplanted»samplg* after
1200°C ahnealgi; shown in the following page. A hotébie feature
6f the curve.isithe coming down of the:total caﬁacitanée in regidn
VE. Regions A, B, and D can be readily expiained by an n-i-p
structure®. To accout for the behaviouf iﬁ/reéion E, the |
aluminum cdntaét to the implanted face (which has now been
converted into n-type) hasrto.form ah MS juﬁction with the crystal
ﬁgther a resistive contact, The sample will then have a‘structure

l.
!

as shown in Fig. 3.7.

Metal
Contact

metal back contact

. \‘ .4
- !

>
?
S

'?

N T

]
Cmﬁ- Chi Cy Cip : Cpm

- =

Fig. 3.7 A Possible Model for 1mp1anted S5iC after
Hirzh Temperature Anneal with Individual
Capac1tances Shown in Series,

* See footnote in P, 7 '
+ The presence of an n-region was confirmed by thermal probe test.
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The totai capacitance of”thebstructure will be the series
combinafion of all the capacitancgs_pfesent»ahd is dominated
by théione wiﬁh the lowest vaiue.‘ Cpm is the metal-semicdonductor
jdnétionrcapaCithnce of thé back contact. . 1t is'ihcluded‘here
5ecausevof fhe failure of making good -ohmic contéct‘to the
p-subqtraté {Section 2.2){ ,However, the presence of this
additional céﬁaciﬁance does not seem to affect the C-V behaviour
as will be seen later. |

- In Fig. 3.7, when V. is positive, both the front and the

A
back ‘MS junctions are forward biased. ’ Cmn and Cpm will - thus
have large differential values. The n-i-p structure, on the
other-hand, is reverse biased. - Therefore, the total capacitance

is essentially the same as thé reverse biased n;i-p structure.
This is région A in Fig. 3.6. 1f the nfregLOn is much ﬁore
heafiiy doped than the p-region*, regionvA can be used to>deduce
fhé doping concentration of the p-region as described in
Section- 3.3.

When V, takes a negative value, both MS junctions are reverse

A

‘biased whilelthQ n—i—p structure is.forward biaséd. The
capacitance 6f a forward biased n-i-p structure is just the
insulator capacitance C; @s discussed in the previoﬁs pages.
The total capacitance is therefore a series coﬁbina£ion of

C C ‘However, since the appiied voltage will

mn? and C

i? pm’

fmainly appear across the insulator, the depletion widths of the

* This is true in tbe-presént case, as N) and NA'have values to the
orders of 1019/cmJ and 1018/cm3 respeckively. '
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‘MS junctions are generally small in éomparsion with_the insulator
width. As a‘fesult, ci will dominate until thg insulatoripreaks
down and becomes conducting. This 1is reg?on B in Fig. 3.6.

Ci can be used to estimate the width of thé buried damage region

by using Eq.'(3.1).

When thé:insulatdr breaks down Qnder a large forWard bias;
the fotal capacitance will adjuet itself and risevfapid1y to the
value 1imited.by'cmn.or Cpm of both. Thlg‘is fegion De.

A COmment oﬁ the back MS junction should be made here.

Since aluminum was Tound to form good ohmic contact with the MO\‘
heavily doped p—type SiC crystals (Sectlon 2.2), it is very likely
that the MS Junctlon may actually behave as a high resistive
contact when subjected to large reverse bias.  If this is the
case, the<totgl.capacitanCe will'be.given by Cun 2lone. And
régioﬁ E in Fig. 3.6 isvsimply.the-depletion’capaciﬁance of the
_feverse biased_front Ms‘junction. ,

The above supposition ig-in»fact'suppérted by the'doping
-level deduced from the C-V curve in region E*. .The'impurity
conéentfation was found tb.have the same order of magnitude as
would bé.expected to present in the converted tmpianted region.
Should the back MS junction have to be éonsidcred,ithe doping
concentration deduced would have to be that of the p-éubStfate.
-This is because the p-substrate is much leés heafily doped than
the'ﬁ-regidn,,cpm would'thus.dbminate the total capacitaﬁce and
region E would be the depletion capacitance of the reverse.biased‘
~back MS junction rather fhan the front, This ié obviously not

the case.

* From the slope of the l/CZ vs Vp plot.
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3.6 Ideal_MiS C~V Curves -- A Computér Simulation

In order to'compafevthe experimental results with the ideél
:theAretical.pfédiction; a éoﬁputef program was developed which
generaﬁes the'lowvfrequency, high ffequehcy and depletién capacitances
for ény M1S sfructure.> The prOgram was first prepared ByVH.lB. Lo

(23)

of Canadian Westinghous Company Limited. Tée version used
here has.beén.modified andvimbroved. The program listing and‘
a sample problem can be found in the Appendix. . The program'is
self éxélénatory, equations used are based on referenceé 21 and 22,
| Fig. 3;8 and 3.9 are fhe ideal theoretical'C-Vfcurves

generated by the computer céde for p-type MOS(Si) and M1S(SicC)
diddesvrespectively. The oxide or implanted layer fhickness
"used was 1000 R. |

vFig. 3.10 compares the exéerimenfai.curve ébtained for an
implanted sample after low témpefature anneal with‘the thepretical
Apredictiqng The substrate4COncentrations used in computing the
theoretical curves are fouﬁd from the slopes of the l/C?_vs'VA.
plot of the experimental curve, A detailed analygis on the
expefimental cﬁrve.réveals‘the factvthat after implantation, -there
is a redistribution of impurity concentration in the p-substrate
near the'badlyvdémaged implanted region. This redistribution
" can be readi;y‘séen fromlanienlarged l/C2 vs VA pléb showﬁ in
Fige jili.

Associated with the three slopes in Fig. 3.11 are three

distinctrdoping'conceﬁtrations:

Nyg = 7.3% 1017/gm3,
Naz = 1.2 » 10"%/cm’ | and
N = 1.6x1018/cm’
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’

Therefore, the substrate impurity concentration will have a

profile as shown below.

z
>
W
\

o | | ,
0 ti X1 X . : X

Fig. 3.12 Redistributed substrate impurity conc.
profile. . v

(NA3 is taken to be the bulk substrate conc.)

The distance scale in Fig. 3.12 can be estimated by using
qu (3.1).
X =

where C is the éapacitance correspoﬁds to V3 or Vp
in the experimental C~-V curve,

Thé reducﬁion in impurity concentration near the implanted
region-isAprébablylcauéed by the.defe¢ts introduced by deep
_chgﬁneled implantiﬁg tons. | y
Return to Fig. 3.10, it can.be seén that the experiﬁéntal
~curve is in excéllént agreement with the #heoretical one if the
.substrate impurity_cdncentrationredistribgtion-is taken into

account,
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“For v<£ 2v, the experimental curve agrees perfectly well with

the NAi

of about 1.5V. The horizontal shift is the result of work

theoretical curve except for a constant horizontal shift

function difference between metal and semiconductor and surfaée

state effects,

Between 2Vv<4¢ V< 10V, the_curve followé closely with the NA2

curve as expectéd_but‘é constant horizonﬁal shift;of'abOUt.3.5V.
fof VZriOV, the expériment'curve.is expected to follow more
closely to the NAB‘chve. | | |
It should be observed that for the range of voltage under
considebation,'the experimentallcUrve agréeSApretty well with
the Njyo theoretical curve. Since No2 is-ébbut the averaée con-
centration over the redistribution region, theréfore, in general,
a single average concentration caq_bé used in theoretical’
computabion. The required value ;an be found.ffom the slope
some distance away from iero;v

of the 1/C° vs v, plot with V,
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CHAPTER U

RESULTS AND DISCUSSLON

k.1 Sample Used

Two Westinphouse samples were uséd in the pfesent inVestigation..
$1C-2-006 wasva thin, fairly transparent, well grown single
crystél. 5iC-2-010 was thicker and slightly greénis@ in coiour.
They.were grown and‘ion implanted Lnder identical coﬁditions.
Howevér, the Bulk acceptor concentration in the former sample
was found to be about two times higher than the latter.
c~V béhaviours of both samples were investigated,Aeéch at four

different annealing temperatures.

4.2 Frequency Behaviour

-~

Ffequency dependence of the C-V measurements at roem tem-
perature Qas iﬁvestigated by using SiC-2-006 aftér'BOObc anneal.
The result isrshown‘in Fig. 4.1. Capacitance measurementvwag
found éo'be,sensitive to‘ghe mgasuring-frequency.» in generé},
the capécitance dedreqses with increasing frequency. -1t can be'
seen that when reverse biased, £he general behaviogr Qf the C-V
curves are the same for alllfrequenciés eXcépt that the capacithnCe
is progressively lower with incfeasing frequeﬁcy. - At large
forw&rd bias, however, a deep valley begins to appear at high
frequenciés;

The observed effect is not understood. lt.could be
resulted from a polarizatidn effect Qccuring in Lhe damage

(insulating) layer.
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Dunlap and Marsh, in similar study(S), found that at 30000
the éapacitance of a well annealed nitrogen implanted SicC Junctlon
diode is essentlally Lndependent of" frequency. At 23 c, accprding
to the same;authors, capacitance decreases in valué with increasing
fréquencx.

(24)

L

Gray, in his study of tunneling from metal .to semiconductors
observed instead, a deep valley at low frequencies. (Fig. 4.2)

1 1 : ! ! i
| |
1600 . ' o - -
-y \ 500 Hz |
c 1200 ., K \"-T 1000 .
o A S \,' " 2000

s SN Looo .
g 000y /o \© 8000
s o \L - BT / f
g boo ., = ;x /-~ o
%_ | S , 5

© 0 b ' l | !

Fig. 4.2 pifferential Capacitance
versus bias,
- (after Gray)

:The peak in the low frequency curves, §s exp1ained by Gray 1is
due téna band of interface states in the Si—sioz interface.
At‘the highest frequency, no apbreciable chargihé of the interface
statésAban take place. The capacitance then is that of the oxide

layer and space charge region in series,.
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- Fig._@.j is a plot of Cy agginst frequency taken from.Fig. b.1.
‘Tﬁé insulator region width c#lculatéd by uéing Eq.(3.,1) is also
included. Since‘the insulator width so‘determined is Subject to
“large yari#tibns in fyequéncy, care should be taken when>try to
relate it to the effective'junctionvdepth or buried damage region

widthvasvmentibn in Sections 3.2 and 3.3.

5.3 AnnealingbBehavidur

ResultS'obtaiﬁed f;om C-V measurements at different &nneéling
temperatures &fe listed in Table 4.1 in fhe following pages. |
The C~V cﬁrves were measured at 5 KHz frequenc&( Curves obtained
were genefally conSistent and-reprodﬁcible. " Aluminum contacts
were used in all the measurements shown. |

1n Table 4.1, Ny and Ny are the substrate a?Ceptor concentration
and the éonverted.n-type region.donbr conéentration réspect;vely.
Théy weré'deduced from.regibns A and E in the C-V curves (Fig. 3.6)
uSing Eq;(B.j). Ci and ti are the insuiator capacitance and -
width fQSpectively at the par%iculér measuring frequency. Vi
is the breakdown ;01tage as described iﬁ Section 3.3. Vi is the
vqltdge intercept of the l/C2 vs V, plot. -if the structure is a
good p-n junction, Vi, will be equal @o Vhi’ the buiit-in junbtion
voltage as'd13cussed in Section 3@h; :

A few comments and observations on the table can be made

. here:



(a) sic-2-010

Anneal Structure ¥ i ?i VBD ¥p - Vb
- Temperature (cm=J) (pf) (R) (volts) (cm=J) (volt)
o o 17
660 ¢ MIS 9.9x10 600 720 10 _—— -7
1000°¢ n-i-p 1.1+10°8 715 600 8 8.5x10 ° 6
o 2 18 - ‘ ' 1
1200 C Nei-p . 1.1*10 1050 b1o 5 6.8%10 ? 3
0 ' . 19
1480 ¢ n-i-p ' 1.2*1018 1100 390 1.5 3+10 9 2.6
(n-p)2??
Table 4.1 Results from C-V Measurements at Different Annealing Stages
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Anneal

Temperature

800°¢

1000°¢

1400°%¢

1480°¢

Structure Ma
- | ‘(gmf3)
MIS 1j9 x 1018
uis 1.8 x10'8
 ?? ,:__;
n-i-p o 101°

(pf)

950

- 960

1520

(&

bs52

kso

280

VBD
(volts)

10

3 x lo19

5.5 x 1012

Table 4,1 Results from C-V Measurements at Different Annealing Stages

- {(b) SiCc-2-006

Vb

{volt)
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(a) By aﬁd large, the annealing behaviour‘of the two samp1é5~
used are tﬁe same. They show'MlS‘device characteristic‘at low
femperature anneals, aﬁd change-into n-i-p structurres (and_possibly
n;p junc£ions),when the annealing tempergtures are highvénough.

v (b) The substrate acceptor éoncentrations oﬁtained are close
.to the‘valﬁe provided bj the manufactufer (1018/§m3), The increase
in NA ﬁith annealing tempefature couid be_result of some of the
non electricaliy active Al‘(fhe total Al concentration was found
to be 101?/cm3 bybneutron,activation aﬁalysis) becoming acti&e by
‘combining‘with a lattice vécancy to beéome substibutionai._
Hence the véiue obtained fof low temperature anneal (i.e.:at
660°C orFBOOOC) could be taken as the initial bulk -sqbstfébe.

concentration,

(c) Theré are larée difference in thé measured damage region
widths between the two sahples. Since they were imﬁlanted under
identical C§hditions, this‘difference can only be accounted for
by their individual crystal differenées.- |

The effective junction depths aré found‘t; be 720 R and
hSO,X fdr,SiC-Z;Olo and 5iC-2-006 réspectively; A dam#he:study*
on the fdrmer sample after 66000 anneal shows a damage peak atv
around 500 X beneath surface (fig. u,U)} The junctioh depth 1is
estiﬁated'to be lZOOHX. However, it was found bcforé that the
surfacé'of'thé 1mp1ant§d face was actually co@duCting at all

annealing temperatures, - This conductive effect is not known,

* By He' backscattering method, using McMaster van de Graaf
“accelerator, '
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it can behjust simply surface effects (Section 2.2), or as suggested
by Figf 4.4, resulted from a rapid drop cff in damage near the
surface.‘ In any case, this conductive surface region will extend
a few hundred angstroms into the crystal. If this surface region
is added”to the effective junction.debth measured electrically,
we will have a good agreement w1th the junction depth suggested by
damage study |

;(d)_The effective damage width, together with the breakdown
'voltage,;can be used to compare qualitatively the residual damages
left after different anneaiing-stages;' The decreaées‘in ti and
VBD;with increasing anneal temperature indicate that lattice_disorderh
is being annealed out progressively. Fig.'4.S shows the percentage
damage of another identically implanted sample at aifferent-annealing
_temperatures by backscattering method(zs).' The reverse annealing
behaviour from 1OQOOC to 1200°C obhserved is not foundiin the presedt
electrical study. |

(e) The ex 1stence of ah n-type reqion‘under the surface after

high temperature anneals is evident by the N values obtained.
For comparlson of the measured donor eoncentration with‘the hitrdgenv
concentration, the rahge distribution of nitrogeﬁ iu SiC was
~ constructed USing thelrange moments extracted from the tables ef

Winterbon(za). ' This distribution for nitrogen implaht conditions

2 at 45 KeV is shown in Fig. 4.6.

21

of lﬂls/cm2 at 25 KeV and‘lOlG/cm
The peak,concentrationvcan be seen to.be 3%10 N—atoms/cm3. "The

measured donor concentrationfshould‘be compared to the calculated
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average nitfogen concentration in a surface 1ayer'cor£esponding to
the depletion depth of 100 R into an N—type-layer with a donor
,concentratlon of 8x10 9/Cm3 Therefore assumlng an average nitrogen
concentration in the first 100 R beneath the N-type surface of
2.5x102 /cm3, an electrlcally_actlve donor conversion eff1c1ency of
20—30% is observed. | This is somewhat lower than the measured
"substitutional" percentaqe.andAthe 50% elecﬁrical activity following

(5) .

1400°C. anneallng,vobserved by Marsh and Dunlap Bowever, it
‘'should be noted that Marsh and Dunlapls results were for implant
concentrations an ordef of magnifude lower than in this study,
which would result in lower damage 1evels; hence better annealing.

The reason for the suddeh drop in Ny for sic-2-010
after 1480°C anneal is ndt known. -However,"it‘is believed that this -
is probébly resulted from experimental discrepency rather than a
general annealinglbehaviour as such drop is not.bﬁserved in the
other sample.

(f) The stfﬁctural changes at different annealingvtemoeratures

can be deduced qualltatlvely from the voltage intercepts of the.
l/C v's V plots. Vb will be larqe for MIS structures or n—l P
structures-thh thick lnsulatlng layers. When the thlckness of the
insulator reglon decreases, Vb will decrease correspondlngly, and
approach Vbi' the build-in junctlon voltage when a good n—-p junctlon
is fermea.

In Table 4.2, Values of Vbi at room temperature ére listed
3

Where N_. is assumed to be 2*1018/cm ;

for dlfferent values of ND’ A

. 3 . . .
N, equals 2x10 /cm . Egn. (3.5) is used.
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. Table 4,2 :
Built-in Voltage of.SiC p-n junction
for different ND values at room temperature.
P . e qr:_!,”._fw"i
| - 19, 4 - -
N 1019/cm'3 5 ﬁ1019/cm3‘ 8 %10 g/cm) 1020/ ¢cm3

N e oo,

————— e

2,564y

i
étuusv» 1 2.5u6v 2.559vV

——— b

Comparing with values listed in Table b.2,'it can be seen
that aftér IMBOOC aﬁneal; 5iC-=2-010 resu1t$ in ; preﬁty good n-p
junctidh, although the presence ofvan‘i regiohiis still evident,
This can be compared with Dunlap -and Marsh's result on’rooﬁ

(5)

temperature implant with a lower dose y they also found a rather

good p-n junction after 1500°C anneal. | SiC-2-006, on the other
hand, still behaves as an n-i-p structure. |

(g) After 1400°¢c anneal, SiC-2-006 shbws a strange C-V
behaviour (Fig. 4.7) which can hot be explained by the model
discus§ed in Section 345 ‘Only region E (Fig..3.6) can be

identified and it pgives. a reasonable ND«value.
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CHAPTER 5

CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

5.1 Conclusions

6H, 4 -type, aluminum aoped SiC crystals, doubly implaﬁtéd
with 158 ions at 45 Kev and 25 KeV to a dose of 2 & 10%6/6m? at a
substrate temperature of hSOOC have been investigated bj measuring
ﬁhe'C—V curveé‘at'different annealing temperatures.

The annealing behavidur can best bé summarized by piotting
1/Cz,§s Vp as shown in Figures 5.1 and 5.2 for SiC-Z%OlO and
' $iC~2-006 respectively. - '

The lattice damage of the implanted reégion is persistingly
high up to énbanneal temperature of IOOQOC.’l After 1000°C anneai,
an n-i-p structure is observed. A fairly good n-p junction is
obtained after 1480°¢C anneal. |

Existence of a buried damage regioh is evident . after 1000°c
-anneal. This insulating région decfeases‘in thickness Qith
‘iﬁcre;;iné anheal temperature.

About 20-30% of the implanted nitrogen ions afé found to
bé eléctricaliy.activé. | |

The junction depth deduced from‘fhe C-v chVes is found
.to be in good agreement wifh'theoretical prediction and with the
efperimental value ésﬁimated from damage Stﬁdy. -

Capacitanée is found to be subject to 1é}gevvariationsbin'
méasuring‘frequency. .

| Redistribution of substrate acceptor concentration is:oﬁservedb
near the implanted region. The measured acceptor level agfees Qell

with the manufacturer's supplied value.


http:deduce.ct

10,

Applied: Bias VA in Volt

Fig. 5.1 1/C” vs V., Plot for SiC-2-010 at Different Annealing Temperatures.
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’5.2 Suggestions for Further Work

| lon 1mpiantation has been shown_to‘be apféasiﬁle proce#s for
junction formation. The main problem involved is the residual
.damagqlleft in the cryStal'after implantation.  Most of the.damagé
has'beqn shown>to have ﬁeenfaﬁneaied ouf_#t reasonable high’
temperatures, Howevgr, more work has to be done to fill the
mgﬁy blanks still existing. |

As a éontinuation of the present study, a few suggestions for
future work are listed below..

'(i) A fairl& good p-n junction has beén obtained after:1h86oc
anneal, It is believed that lattice,damagé can be annealed out
‘COmpletely and a good p-n junction c#n-be formed at still higher
annealing temperatufes. ~ Work can bé done to‘prove'this.

(ii) Although the general annealiﬁg behaviours #re found to
be the sﬂme»fof both samples studied here, large differeﬁce
appears in junction depths measured. F.Also a higher annealing
temperature is needed for SiC-2-006 to Qchieve a ﬁeasufablé’type
conversion and a relatively b§tter'p—n junct;on is obtained for |
SiC—ZfOld‘aftef;1u8000 anneal, Work can be done to ciarify these
.differences by repeating the experiment with more samples,

(1ii) As a complement to thevpresent work, the l;V characteristic
can be studied aftér the 1480°C anneal to confirm the conclusion
made here that a pretty good p-n junction has been obtained,
Prior‘to this, method to férm low resistance ohmic contacts to
both faces of the sample has to‘be found. |

(iv) Work can be directed to find the impianting'éohditions

best suited for p-n junction formation. ‘This can be done by
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using samples implanted with dirrérent doses and énergies at
different substrate temperatures, probably higher temperatures

and lower doses,
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29T TET 74776 GPT=1  ROUNDZ+=/ FTN §,2+ REL

PROGRAM TST (INPUT.OUTPUT.TAPES:INPUT:TAPEb=OUTpUT}

xx THIS PROGRAM GEMERATES IDEAL MUS C V CURVES FOR BOTH N=TYPE

x%x AND P~TYPE SEMICONDUCTORS
xx IT WAS FIRST PREPARED BY H,B, LO OF CAMADIAN WESTINGHNUSE
xx HERE IS A MODIFIED VERSION PREPARED BY M,C, CHAN
x*x THIS PROGRAM IS COMPLETELY GENERAL, IT CAN BE USED FOR ANY
. %x EXTRINSIC SLC,, ENTER THE APPROPRIATE NA,ND,KS,KO,TOX,NI,ARKT
*% THIS PROGRAM IS WRITTEN WITH E0=554000Q3/VCM

*%x TOX I[N AMGSTROMS, AR IN SO CM, KT IN EV, MA,ND,NI IN/CURIC CM,,

**x #ATCH FOR. ORDERS QF NA,ND, Nr, CHANGE STATEMENTS 01,02,03 IF
_*xx NECESSARY A
“xx DOT-= LOW FREG, RESPONDS

% PLUS == HIGH FREQ RESPONDS
“ x% STAR == DEPLETION APPROX,

xx FOR P=TYPE SLC,, ENTER CODE=1

‘x% FOR N=TYPE SLC,, ENTER CODE=2

_ %% MODE=1, GENERATES LOW FRER, RESPONDS
x* MODE=2, GENERATES HIGH FREQ, RESPONDS

“x% MODE=3, GENERATES DEPLETION APPROX,

*% MODE=4, GENERATES ALL THREE CURVES

xS PROCRAM STOPS WHEN CODE READS 9

HeEelizsNsEzXeEzEalnEeEeEeRaEslisNeRa NN s Nl g Rl

’4DIMENSION VAP(SOO) cct(s500), CCZ(SOO) CC3(500)pTITL&(80)<
REAL. ND,NA,KDsKS, NI,KT NPO,NNO,LD,AR
INTEGER CODE
J1=5

J2=4

99 READ(J1,51) CODE

51 FORMAT(111)
‘IF(CODE.EG,9) GO TO 340
READ(J1,23) TITLE -

23 _FORMAT (R0AL)

18 READ(J1,20) NA,ND,KO, KS;TOX NI,AR
20 FORMAT(7F10,0)
 READ(J1,19) USMIN, USHAX.KT:MODE
19 FORMAT(3F10,0,11)
kFAD(J1o£31) BLANK,DOT,PLUS,STAR

" 231 FORMAT(4Al)
" 01 NASNAX1 E+1S
02 ND=NDx1,E+15
. 03 NI=NIxl E=6
-on 2554000
g=1,6*1,E-19
c*****coNvERT TOX 7NT0 CM

700 TOX=TOX*}l,E=8
500 COX=KOxAR*(B8, 854« E-B)/TOX
Cxxxx*COX GIVEN [N MICRO F,
GO TO 601 '
600 NA=NA/10,0
COX=COX%xAR -

601 WRITE(JZ2,233)
233 FORMAT(1HL)
wRITE(J2,23) TITLE
#ARITE(J2,250) NALND,KO,KS,KT,NI .
230 FORMAT(SX,4HMNA =,F10,3,/5X,4HND =,E10,3,/5%X,4HK0 =,E10.3,/5X,4HKS
- 1=,E10.3,/5X,4HKT =,E10,3/5X,4HNT =,E10,3/) '
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RAM TST

T0/76  0PT=1  ROUND=p=x/ FIN 4,2+ REL

WRITE(J2,232) TOX,CO0X

232 FORMAT(SX,SHTOX =,E10.3,/5X,S5HCOX =,E10,3//77)
COX=COX/AR
CxxxxxCOX GIVEN IN MICRO F, /sn CM,
MMZ100
KK=1
IF(CONE,EQ,2) GD TO 80
us= usmxu
SUM=0,0
UF=ALOG(NA/NI)
DU=(US=UF)/100,0
oo uUsaro=uF
21 PPO=NI*EXP (UF)
NPO=NI*EXP (=UF)
 LD=SART(2,0*KTAXS»EQ/PPO) /Q
ce= SQRT((EXPCFUS)tUS-l 0)+NPO/PPO*(EXP(US)-USv1 0))
IF(US,GE,0,0) QGS==2. O*KS*EO*KT*CCI(LD*G)
. IF(uS.LE,0,0) @gsS=2, O*KS*EO*KT*CC/(LD*G) o _ o
PHIS:KT*US ~
VAPP=PHIS»Q8/ (s, 25*1 E+12)/cux
VAPcKK)-VAPP
- IF(MODE,EQ,2) GO TO 40}
IF(MODE,EQ,3) GO TO 402
IF(ABS(US) «6T,1,5) CSLF’KS*ED*(i OvExP(~US)+NPO/PPO*(EXP(U3) 1 0%

T 1/7€CC*LD#*B) ,
IFCABS(US) 6T 41,5,AND,US,LE,0,0) CSLF=~CSLF ’
IF(ABS(LUS) LE, 1, 5) CALL CALCAP(CODE usS,NPo,PPO, LD KT KS,EOQ, CSLF)
CSLF=C8LF/(6,25%]1 ,E+12)

"CLF=1,0/(1, 0/c0x+1 0/CSLF)

. CLFN= CLF/COX » B ~

CCL(KK)= CLFN
IF(MUDE EQ,1) GO TO 100

401 COUNT=1,0
D0 22 K=i,MM
U=USOLD (COUNT=0 +5)*DU -

_AA= EXP(UnUF)/SQRT({EXP(wU)+U-1 01+uPUIPPO*(Ex9(U)-u 0))
BB=AA®ABS(DU) A
SUM=SUM+BR
COUNT=COUNT+1,0

22 CONTINUE ]

IF(US,GE,0,0) QN==SUN*NI*LD*3/2,0
IF(US,LE,0,0) QN=SUMANI*LD#0/2,0
Xp= (GS-QN)/(ND-NAJ '

IF(XD,LE,0,0) XD=0,0
CHF:COX/(1.0+K0*XD/(TOX*KS))
CHFN=CHF/COX
CCRCKK)=CHFN :
IF (MODE ,EG,2) GO TO 100

402 IF(VAPP,LE,0,0) CDEP=COX

- IF{VAPP,GE,0,0) CDEP=CQX/S8RT(1,0+2, O*KOx*Z*EO*VADP/(CNA-ND)*Ka*TO

1X*x*2))
CNDEPN=CNREP/COX
CC3C(KK)=CDEPN

100 IF(US,GT,USMAX) 60 TO 200
usaLn=us
UsS=ius+0.,5

pU=0,025
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GRAM.T

74774 oPT=1 ROUND= ==/ . FIN 4,2+ REL

MMz=20
KK=KK+1
Ga vo 21

80

US=USMAX

- SUM=0,0
UF==-ALOG(ND/NI)
DU=(US=UF)/100,0
USQLD=UF

71 NNO=NI*EXP(=UF)
PNO=NT#EXP (UF)
. LD=SART(2,0*KT*KS*EQ/NNO) /G :
i  CC=SQRT(LEXP(US)=US=1,0) +PNO/NNO* (EXP{=US)+US=1, 0)), i
IF(US,GE,0,0) QS==2,0*KS¥EQ*KT*CC/(LD*Q)
- IF(US,LE,0,0) GS=2, O*KS*EO*KT*CC/(LD*Q)
PHIS=KT*US
VAPP=PHI3=33/(6,25*1, E+12)/COX
VAP (KK)=VAPP
... IF(MODE,EG,2) 6O TO 720 e
IF(MODE EQ,3) GO To 721
' IF(ABSCUS) GT,1,.5) CSLF= KS*ED»(EXP(US)-I 0+pwoszore1 O-EXP(-US)))
1/CCCALD*Q)
~ IF(ABS(U3),6GT,1,5,AND,US,LE,0,0) CSLF==CSLF
IF(ABS(US),LE,1,5) CALL CALCAP(CQDE.US PNO,NNG,LD,KT,KS,EQ, CSLF)
< CSLF=CSLF/(6, 25*1 E+12) e
CLF=1,0/(¢1,0/C0%X+1, OICSLF)
LFM'CLF/CDX ; ]
CC1(KKI=CLFN
 IF(MODE,EQ,1) GO TO 800
720 COUNT=1,0
00 B8 K=1,MM
‘UzUSOLD+(COUNT=0,5) DU
AA-EXP(UF-U)/SGRT((EXP(U)~U .1, O)+PNO/NND*(EXP(-U)+U-1 0))
BBz=AA®ABS (DY) ‘
SUM=SUM+BB
- COUNT=COUNT#$1{,0
.88 CONTINUE

CIF(US,GE.0,0) QP==SUMANT*LD*G/2,0

IF(uUs,LE,0,0) GP= SUM*NI*LD*Q/Z 0
XD= fGS-QP)/(ND-NA)

721

IF(XD,LE.0,0) XD=0,0
CHF=COX/ (1. 04K0*XD/ (TOX*KS) )
CHFN=CHF/COX
CC2CKK)=CHFN

IF (MODE,EG,2) GO TO 800

IF (VAPP.GE,0,0) CDEP=COX

IF(VAPP,LE,0,0) CDEP= COX/SQPT(l 0+2, O*KOx#2*EOXVAPP /( (NA=ND)*KS*T0

1X*x%2))

800

COEPN=CDEP/COX
CC3(KK)=CDEPN

IF (US,LT,USMIN) GO TO 200
US01.D=US

Us=tis=0,5
DU==0,025
MMZ=20

T KKSKK4]

200

GO0 TO 71
CSOR=1,414*KS*EQ/ ({,.D*N)
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RAM TST. - T0/7

4 QPT=\

CSDR=CSNB/(6,25%1 ,E+12)

CoBN=1,0/¢(
WRITE(J2.2

COX/CSDR+1,0

01) CDEN

)

ROUND=+m %/

FTN 4,2+ REL

201 FORMAT(///5X, 2THNORMALIZED FLAT BAND CAP = ,E12,3//7)
IF(CONE,EG,2) GO To 98

VMIN~VAP(1
WMAX=VAP (K

)
K)

IF(ABSC(YMIND . GT,20,0) VMINS=20,0

IF(VMAX,GT,30,0) VMAX=30,0

GO 10 220
98 VMIN=VAP(K
VMAX=VAP (1

K)
)

IF(ABS(VMIN) ,67,30,0) VMIN=a30, 0

IF(VMAX, GT,EO 0) VMAX 20,0
220 CALL PLOTCV(CODE,MODE,KK,DOT,STAR, PLUS BLANK,VAP,CC1,CC2,CC3,

TVMIN,VMAX)
GO TO 99
340 STOP

END

-
N
!

C REFERENCE MAP (R=1)

TYPE

~

5N RELLOCATION
- REAL 5226 AR. REAL .-
- REAL. 5236 BLANK REAL
CREAL o 6271 CCyL REAL ~ ARRAY -
REAL ARRAY 10241 CC3 REAL ARRAY
REAL ' 5275 CDEP REAL
REAL 5273 CHF REAL
REAL 5262 CLF REAL
REAL 5227 CODE INTEGER
REAL 5244 COX . - " REAL
REAL 5261 CSLF REAL
REAL 5252 DU : REAL -
REAL 5230 J1 INTEGER
INTEGER 5265 K INTEGER
~ IMTEGER 5217 KO . REAL
REAL 5222 KT REAL -
" REAL 5245 MM ' INTEGER
INTEGER - 5216 NA "REAL
REAL 5221 NI REAL
RFE AL 5223% nNPQ REAL
RF AL 5240 PLUS REAL
REAL 5254 PPO REAL
REAL 5271 @GN REAL
REAL 5256 QS REAL
o PEAL . 5250 Sud "REAL
REAL . ARRAY 5232 710X REAL
RF AL 5251 UF REAL
RE AL 5234 USHAX REAL
REAL 5253  USOLD REAL
REAL ARRAY 5260 VAPP REAL
RmEAL 5303 VMIN REAL

RFE AL



INE CALCAP 74/74  0PT=1  ROUND=+=4/ FTN 4,2+ REL

SUBRQUTINE CALCAPCCODE,US, XY, XX,LD,KT,KS,EQ,CSLF)
C +% THIS SUBROUTINE CALCULATES THE LQOW FREQUENCY MQOS CAPACITANCE
C %% IN THE VICINITY OF ZERQ BURFACE PCTENTIAL

REAL LD,KT,KS
INTEGFR CODE
Q=1,6%1 ,E-19 _
TERM{=ABS(US)/6,0
SUM1=TEQMi
COUNT=4, 0

DO 30 K=1,10
TERMISTERML > (ABS (US)*»2)/ ((COUNT+1,0)*COUNT)
' SUM{=SUML #TERM]
COUMT=COUNT#2,0
30 CONTINUE
TERM2=ARS (US)**2/245,0

SUMa= T:?H2
. COUNT=S5,0
DO 31 K=i.,10
TERM2 TFRNE*(ABS(US)**Z)/((COUNT+1 OJ*COUNT)
SUMA=SUMRHTERM2
COUNT=COUNT+2,0

31 CONTINUE

. IF(US,LE.0,0) SUM1==SUM1 - -
IF(CODELEQ,1) SUMI1=SART(0,5=SUM1+SUM2+XY/XX* (0, s+sun1+suna))““
IF(CONDE,EQ,2) SUMil= SGRT(O 5+SUH1+suma+xY/xx*(o 5=5UN1+3UM2))
TERM3=ARS(US) /12,0
SUM3=TERM3

COUNT=5,0.
DO 32 K=1,10
~ TERM3= TFR“3*A33fUS)**2*(COUNT 1 0)/¢(COUNT =+, 0)*COUNT)
SUM3=SUM3I+TERM3
COUNT=COUNT+2,0
32 CONTINUE

TERMY=ABS(US)**2/40,0

SUMU=TERMY

COUNT=6,0

DO 33 K=31,10

TERMU=TERMY*ABS CUS) #2222 (COUNT =1, o31rccou~r+1 0)*COUNT)
SUMA=SUMUSTERMY

COUNT=COUNT+2,0
33 CONTINUE .
CIF(US,LE,0,0) SUM3==SUM3
IF (CODE.EQ,1) SUM2220,5%US/SUMI1*(~1,0/6, 0+SUM3-SUMQ+XYIXX*(1 0
176,045UM3+3UN4))
IF CCODELER,2) SUM2220, 5*us/suu11*t1 0/6, o+suw3+squ+xv/xx*( 1,0

176, 0+SUW3-SUN4))
SUMT=SUM11+8uM22
CSLF=2,0%xKS*E0/ (LDXR) *SUMT
RETURN

JEND




INE PLOTCV 74/74  OPT={ ROUND=+=x/ FTN 4,2+ REL

SUBROUTINE PLOTCV(COGE,MODE,MPUINT,DOT,STAR,PLUS,BLANK,VAP,CCL,
tCC2,CC3,YMIN,VMAX)

CxxxxxPOINY BY POINT PLOT SUBROUTINE

DIMENSION VAP(500),CC1(500),CC2(500), cc3c5003.vvc150) CAPL(150)
1,CAPH(150), CAPD(150),YAC150)

INTFGER CODE , ‘ ) _ _
J2=h | ’

VV (1) =VHIN - .
VV(101)=VMAY

- VINCRZ(VMAX=VMIN)/100,0

COUNT=1,0

DO 20 K=2,100

VV (K)=VMINSCOUNTAVINCR
COUNT=COUNT+1,0
CONTINUE

WRITE(J2,28)

FORMAT (//5X,21HRESULTS FROM CwV PLOT/)
IF (MONE,EQ,1) WRITECJ2,811)
IF (MODE ,EQ,2) WRITE(J2,412)

IF (MODELEQ,3) WRITE(J2,413)

1F (MODE.EQ,4) WRITE(J2,414)

411 FORMAT (10X, 16HVAPP CLFN/) - —
412 FORMAT(10X,16HVAPP - CHFN/) o
413 FORMAT(10X,17HVAPP  (CDEPN/Y v R
414 FORMAT(IOX 4iHVAPP CLFN TCHFN COEPNZ)
HP-MPOIMT-1 .
IF(CODE, EQ,2) GO TO SO
00 21 K=1i, 101
DO 22 MM=M3,MP
MNz=MM+
~ IF(VV(K),GE, VAP(MM) AND,VV(K).LE,VAP(MN)) GO TO 25
22 CONTINUE
25 FACTORS(VVK)=VAP(MM))/ (VAP (MN)=VAP(MM))

IF (MODE,ER,1,0R,MODE,EQ,4) CAPL(K)= cc1cna>‘ccczcmm)-cc1(n~))*
IFALTOR
IF (MODE|EQ,2,0R,MODE,EQL4) CAPHCK)ZCC2(MH) ~(CL2EMM) CC2(MN) I
1FACTOR

21

1F (MODE,EQ,3,0R . MODE,EQ,4) CAPD(K)= cczcwMJ»cccstnn)-cc3(MN))*
{FACTOR | |

MS=MM

CONTINUE

DO 31 K=1,101

IF (MODELEG,1) GO TO 800
IF (MODE,EQ,2) GO TO 801

800
510

an1

IF (MODE ,EQ,3) GO TO 802
IF(MODE,EQ,4) GO TQ 803
WRITE(J2,510) VV(K),CAPL(K)
FORMAT(S5X,2E12,3)

GO TO 31

WRITE(J2,511) VV(K),CAPH(K)

511

802
512

803

FORMAT (SX,2E12,3)

60 TO 31t ,

WRITE(J2,512) VV(K),CAPD(K)
FORMAT(S5X,2E12,3)

Gn 10 31

WRITECJ2,513) VV(K), CAPI(K) CAPH(K) ,CAPD(K)
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513
31

FORMAT(5X,4F12,3)
CONTIMUF
IF(MODE nﬂ 1) GO TO 420

420

IF(ne, EQ 2) CHIN=CAPH(101)

Ir(VOOE EQ,3.,0R. VODE,FQ 4) CMInN= CAPD(IOI)
GO TO 60

00 421 X= 20100

M= K-l

N= K+1

421

422

. 50

IF(CAPL (K).LT. CAPL(M) AND,CAPL(K),LT, CAPL(N)) GO TO 422
CONTINUE '

CMIN=CAPL(K) -

GO TO 60 '

K=102

DO 81 M=1,101

a2
85

K=K=1

DO B2 MM=M3,MP

__ MNSMM#L , il
IFCVVEK) ,LE, VAP (MM) AND sVV(K),GE VAP(HN)) GO0 To 85
CONTINUE

FACTOR-(VAPCMM)-VV(K)J/(VAP(MM)-VAP(MNJ)

IF (MQDE ,EG,1,0R, MDDE EG.4) CAPL(KI=CCL(MM) =~ (CC!(MM)sCCI(HN))*
1FACTOR
IF(MODE,EQ,2, OR MODF EQ.4) FAPH(KJ‘CCB(NM) (CCZ(”N)-CCZ(NN))*“

" {FACTOR )

1F (MODE EG,3, OR MOOE, EG. 4) CAPD(K)= CC3(MM)-(CC3(MHJ~CC3(HN))*
1FACTOR ' '

al

MS=MM
CONTINUE

D0 9 K 1,101

IF (MODE'.EG,1) 60 TQ 507
IF(MODE.EG,2) GO TO 508
IF (MODE £Q.3) GO TQ 509

507
901

508
_902

IF(MODE,EB,4) GO TQ 600
WRITECJ2,901) VV(K),CAPL(K)
FORMAT(SX,2E12,3)

60 T0 91

WRITE(J2,902) VV(K), CAPH(KJ
FORMAT(S5Xs2E12,3)

509
903

600
904

60 TQ 91

WRITEC(J2,903) VV(K), CAPD(K]
FORMAT(SX,2E12,3)

GO TO 91

WRITE(J2,904) VV(K),CAPL(K),CAPH(K), CAPD(K)
FORMAT(5X,4E12,3)

9

CONTINUE .
'IF(MODE EQ,1) GO TO 449
IF (MODE,EQ,2) CMIN=CAPH(1)

" IF (MQDE. EN,3,0R,MODELEQ,4) CMINSCAPD(2)

4490

GO 10 60
D0 441 K=2,100

441
442
60

-K 1
N=K 1
IF(CAPL(K) LT, CAPL(HJ AND,CAPL(K),LT,CAPL(N)) GO TO 442
COMTINUE
CHMIN=CAPL (K)
COUNT:O;Q




1

N

iE PLOTCV

T 7474

DO 35 K=1, 1

QPT=1

0.

IF(CHIN,GT,COUNT) 60 TQ 36

COUNT= COUNT

Qa1

ROUND = +m*/

FTN 4.2+ REL

22,

35
36
33

CONTINUE

ARITE(J2,33

FORMAT(///S
ARITE(J2,34

)
X, BSHAYIQ
)

GOING FROM LEFT TO RIGHT

FOR‘AT(SX 41HAXTIS GOING DOWN=GATE APPLIED VOLTAGE VAPP//)

IF(K,EQ,1)

WRITE(J2,301)

~NORMALIZED CAP,/)

IF(K,EQ,2)
IF (K,EQ,3)
IF(K,EQ,4)

CIF(X,EQ,S)

IF(K,EQ,6)
IF(K,EQ,7)

WRITE(J2,302)
ARITE(JZ2,303)
WRITE(J2,304)

WRITE(J2,305)

WRITE(J2,306)
WRITE(J2,307)

IF(K,EQ,8)
IF(K,EG,9)

IF(K,EQ,10) hRITE(J2:3103MMD”.

WRITE(J2,308)
WRITE(J2,309)

301 FORMATCIOX 63H0 9

1.9

)

302 FORMAT(IOX 63H(0,8

S 304 FURMAT(lox 63H0,6 o

1,0
1.0
1.0

)

303 FGRMAT(IOX 63H0,7

)
)

305 FDRHAT(lox 63H0,5

1,0

)

306 FORHAT(IOX'bSHOQQ

19 S
307 FORMAT(10X,63H0,3

1,0
1,0

)
)

308 FORMAT (10X,63H0,2

0,7

1.0

)

309 FORMAT(10X,63H0,1 -

1,0

)

310 FORNAT(IOX 63M0 0

1,0

)

DO 100 K=1,561

MO;S,iu_V_m,u

100

101

YA(K)=DOT
CONTINUE

WRITE(J2,101) (YA(K);K-l 61)

FORMAT (11X,

61A1)

D0 102 K=1,61

YA(K)=BLANK

102

CONTINUE
YA{1)=D0OT
10 105 K=1,

101

IF (MODE,EQ,1,0R,MODE,EQ,4)
IF(MODE ENR,2,0R MODE (EQ.4)
IF (MODELEQR,3,0R,MODE ,EQ,4)

JJ=(CAPL(K)=COUNT)/(1,0-COUNT)*60,0+1,0

JK=(CAPH(K)=COUNT)/(1,0~COUNT)*60,0+1,0
JL=(CAPD(K)=COUNT)/(1,0=COUNT) *60,0+1,0

s FORMAT (F 1Y
(IF(MODE,LEQ,

Ir(‘OOE.EQ 1,0R,MODF ,EQ, 4)
IF(MQNELEN,?2 oq,MooE,eq 4)
IF(Mane;aa.z,oﬂ.aoas.sa.aJ
WRITECI2,104) VV(K),(YACI),I=1,61)

,2:H1A1)
MODFE ,EQ,48) YA(JJI)=BLANK

1.OR,

YA(JJ)=00T
YA (JK)=PLUS
YA(JL)=5TAR
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IF (MODE,EQ,2,0R,MODELEF,4) YA(JKI=BLANK
IF(MONELEN,3,0R,MODE,EQ,4) YACJLI=BLANK ;
yA(1)=onT1 ' §
CONTINUF ' - *
RE TURN

END

{0s
402

'C_REFERENCE MAP (R=1)

RELOCATION

SN - TYPE - ;
REAL F.P, 2223 CAPD REAL ARRAY |
TREAL ARRAY 1547 CAPL REAL ARRAY
 REAL ARRAY FoP, 0 cc2 REAL ARRAY
_REAL ~~ ARRAY = F,P, 1312 CMIN O REAL T
INTEGER F.P, 1303 . COUNT REAL
REAL FoP. 1311 FACTOR REAL
IMTEGER 1315 JJ __INTEGER
~ INTEGER 1317 JL INTEGER
- INTEGER 1308 K INTEGER
INTEGER- . 1307 mM - CINTEGER .-
INTEGER o _ . 0 MODE INTEGER
" INTEGER o S 0 MPOINT INTEGER
~_INTEGER - ‘ 1318 N INTEGER
b REAL o FaP, 0 STaR REAL
REAL ARRAY FuP, 1302 VINCR REAL
JREAL . F.P, 0 VMIN REAL - ]
" REAL ARRAY ‘ 2451 YA REAL " ARRAY
LS - o
' 0 21 , _ -0
o 708 28  FMT ' : 221
Lt 5 1060 34 FMT - s 0
' - 256" S0 T 51
.0 82 274
0100 1262
1271 104 FMT T o
FMT 1135 302 FMT - 1146
FMT . ] 1170 305 FMT e M0
FMT : o 1223 308 FMT 1234
FMT B 0 402 INACTIVE 725
FMT - 735 413 FMT 741
0 421 253
0 444 447
' 366 508 375
FMT 763 511 FHT 772
FMT 404 600 163
v 201 802 210
FMT 1021 902 FMT 1030
FMT -
sTH 27368 1502




P=TYPE SILICON CARBIOE

NA = L,730E+18
ND = 0,

KO =  L,100E+02
Ks = L,100E+02
KT =  L,289E=0}
NI = L195E=04
TOX = L540E=05
COX = L798E~03

NORMALIZED FLAT BAND CAP.=:

RESULTS FROM C=v PLOT .

‘my 200E$02

VAPP

.11955*02

,1qu+oa
» 185E902
.180E+02

,175E+02
.17OE+02
», 165E402

= 1B0E+02

=, 155€402.
ISOE+02

145F+02
.140E+02

.1BSE+02
,13OE+02'
» 125E4+02

-;120E+02

= 115E+02

. 110E402

.1OSE+02-

1005+02

9505#01”'

,9oos+01
«850E4+01

=, 800E+01

LB

,750F+01
700E+01
6505+01

,bOOE+01

-,550E4+01
»w ,500E40)

»”y

<U4S0E+01
2 350E+01}

~,300E+01
=, 250E+01

CLFN

»997E+00
2997E+00

2997E+00.

»99TE+00
997E+00

-i997F+00
2997E+00

,997E+00
,997E+00
.997E+00
997E+00
996E+00
996E+00

$995E+00
»996E+00
S996E+00

,996E+00

p 995E+00.
»995E+00

2995E+00
»99SE+00

2 995E+00.

»IPUE+00
«FIUEFOQ

2993E+00

2993E+00
p993E+00
»992E+00
p991E+00
«991E+0Q
»990E+00
«989E+00
p987E+00
»986E+00
#984E+00
»381E+00

920E 400

CHFN

1005*01“'

IOOE+01

”;1005*01ﬂ
p100E$01
100E+01'
,1008+01'
,100E401
_:tOOE+01

100E+01

,IOOE+OI
,1005+01
,IOOE+DI

,100E+01f
p100E+0L:

»100E+01

1oos+01“

IOOE+01
IOOE+01

A100E401 -

,IOOE+01
100E+01

1 100E401

»,100E+01
,IOOE+01
2 100E+01

,100E+04

IOOE+01

100:+01

100€+01
,100E+01

,100E+01’
. 00E$0YL

»1002+01
. 100E%0}

,1OOE+01'

C100E+01

R

CDEPNM :

$100E+01°

»100E+01
100E+01 -

1005#01:

‘:,, 1008408

2 100E+01:
> 100E+01

L100E+01. .
L100E+01

»100E+0L
»100E+01

L 100E+01.
1100E+01

,1ooE+01
»100E+01
100E¢01:

.10oE+01'
L100E+0Y

100E+01

1OOE+01
,1OOE+01
1005+01
,IOOE+01
,IOOE+61
1OOE+01
100E+01
100E+01
.100:"‘01
,1OOE+01
»100E+O}
»100E+01
+100E+01
L1008+01
+100E+08
+100E+01

21008301 o



=, 5005400
0,
L500E400
L100E+01
L150E+01
L200E+01
L250E+01
L300E+01
»350E+01
SU00E+01
,4S0E+01
T LS00E+01
+S50E+01
6OOE+01
6SOE+01

7GOE+01v

7SOE+01

BOOE+015
BSOE+01'“W

L900E401

i;9505+o1'

‘;1ooe+oa
.1 05E302
.110E+02

'*f.lliitoz!“”'
.1205+Oa
’ ,}252+02?
» 130E»02

11356402
| L180E302

.245E+02f
_’1SOE+OEQ-

s 155E+02

"2 160E402

»165E402

p 170E402.
»175E402.

L 180E4+02

,1855+02
-2 190E402.
'19SE+02‘
 #200E402
T 208E402

»210E402

,2!58+02
,2205#02'

2225E%02

Z230E402
-235E402

;2&0E+02
2 245E%02
,250:+02
2 255E402
2608402
W 265E+02
;z7oE+oa
2 275E402
»2B0E$02
L285E402
L290E302

L295E4+02°

T300E$02

TV e

L950E+00
L924E+00
LBTIE+00

»814E+00

~753E+00
s TO3E+00
,662E+00
2b627E+00

pSOTE+00

,371£+00
aDU9E+00
5P8£+00
510£+00
4945+00

.379E*00

,46SE+00

»880E+00

+95TE+00:
297SE+00:
S981E+00.
$985E+00.

$98BE+00.

~9B9E+00

P99LE+00
992E+00
3992E+00
 F993E+00
J994EH00-
2 99UE+00-
- L994E#00
2 995E%00

9955#00

7995E+00-
L99SE+00

2996E+00

T996E+00
"996E+00
19968400

» F9BE+00

2996E+00

»997E+00
P 99TE+00

»997E+00
2997E+00
2997E400:
S997E+00

.997E+00

?997E+00

p997E+00
997E+00
997E+00
,9985+oo

2998E+00
~998E+00

+998E+00
<998E+00

»998E+00 -
»998E+00

»998E+00
9986+00
9°8E+00
“998E+00

i
rd

-

7

K4

"UV\—-i

Fo i A

1303400 T

"100E404 ,100E+01
L100E401 ~100E+0!
;895£+oo 2B891E+00
,815E+00 811£+oo
2 7S2E+00 2 TUIE+00
,702E+00 LT00E+00
LH61E+00 "‘,6sqe+oc.-
R627E+00 ~  ,625E+00
AS97E+00 P595E+co
LSTLE+00 WS70E+00
»SHBE+00 "S47E+00
528E+00 - ,527E+00
LS10E+00.  ,509E+00 ~
2493E+00 u,a925+oo
LUTIE00 SUTBE+00
L 465E+00 S H64E+00
SUSTER00 s452E+00
,4555*00 ",aaoe+oo
»455E%00  ,L429E+00
24548300 pU820E+00
SUSHER00 . pB810E+00
"454E400 SU02E+00
S U4S4ER00- 39aE+00
: ,454E+00v ,386E+00:
»4S3E+00 »379E+00!
4535+oo: , 3T2E400:
assz+oo. 2365E+00
',453£+oo 2359E+00
2453E%00 . 353E+00
SUS3E»00 5 34BE+00
T 453E+00
SUS3E+D0 3375+00
JUSIEH00 ,332E+00»
,453€+oo» #32BE¥00
+453E+00- .32aE+oo
2453E+00 «319E+00
,a535+oo~ ,3155#00
453E%00 s 311E+00
#US3E%00 - ,307E+00
F453E%00°  [303E+00
»HS3ER00 »300E+00
SUS3E+00  L297E+00
LAS3EF00 L 294E+00
,,a535+oo . 2290E+00
453E400. ,287E+00
SUS3E¥00  2B4E+00
Ty53E900 aa1e+oo
,4535+00 S278E+00
<U4B3E+00 J 275E+00
L453E3+00 .a7se+oo-
JUS3EH00 22T0E+00
L453E+00 2 268E+00
,U52€400 26&E+00~
,asas}oo »263E+00
»4S2E%00 ,2515+oo
L US52E400 2 258E+00
u52c+00 ~ ,256E+00~
T4S2E+00 #254E+00
;a525+oo 2251E+00
L452E+00 2250E+00
2 U52E+00 2 2U8E+00
L452E+00 L 2U6E+00



- AXIS GOING DOWN-GATE APPLIED VOLTAGE VAPP

0,2,

~20 00,

219,50,

- =19,00,
-18 50,
‘18 noc
-17 50,
,~17 00.
.-16 00.

wiS SO.M
’”15 nor

-14,50,

Cmild,00, 7

‘13 no.;
-12 50,
.12, 00,

--11 50

,-10 50,

-9 50,

»9 00._
28 50;.
B 00.*7?‘“ o
i 50,
7,00,

. "6’.00_.‘-_

-a,SO;
-} OO.
»3,50,
=3, 00.
T w2 50.

.'aa}oo;m

-1, no,

i

0,6,

r - [ R SN 4

m*;;

0.8

..ll”"’..I.-Q....-.'..'.’..'.'.l...."..O...D..',..'."..

LN

.

o nw e

RLia0

P R R T R I R T I I N T T T T S T S S N S S S S S S

%*l*#“ﬂ:f%*&}*&*M-l'**’**&‘*lil"*l***jlﬁ'*ﬁl!'})t!-!-ﬂ'*"""

(=]




7‘UU.

9,50,
10,00,
10,50,
11,00,
11,50,
12,00,
12,50,

13,00,

13,50,
14,00,
14,50,
15,00,
15,50,

16,00,

16,50,
17,00,

18 00,

18, 50.'

19, OO-
19,50,
20, 00-

290, 50.
21, 00.

'*21 50’

© 22,00,
22,50,
23,00,

23,50,

24,00,
24, 50.
25, 00-’
25,50,
'26 00:
«*27 OO.v
27,50,
28, 00.
28,50,
29, oo,_
-30 00,

x*iii

.¥**iw?i'*

SRS #xg*

vade

7 : : o _ _
+n+v+n+a*’.+ - ‘.|,.,.. ¥ w*l+-+ - -* ..!, ~.“,w,‘._c.!. '*.v"_""" + A S A AT R R R R e
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- ND

N=TYPE SILICON CARBIDE

NA = 0,
ND = L100E+18
KO = ,385E401
RS = ,10054‘02 :
KT =  L259E=01
= L287E~=05
TOX = L,100E=04
cox =

NORMALIZED FLAT BAND CAP =

 RESULTS FROMCev PLOT

VAPP

‘. 300E+02
- 2955}021

» -,29OE+02

=l285E402
,u.2805}02§
'_n 2755*02'

‘- 270E+02
w.ZbSEfOE

A..260E+03
”.2558*02
ma250E+02
.2&3E+02'
- 2405?02:
.EZSSE+02'
-;2305+02
4~.2258002?
=, 220E%02.
w,215E%02.
-,210E+02
w 205E¢02

.u;200E+02

-, 195302

»:190E+02
-n;185C+02
=, 180E+02
.175E+02

~’17OE+02-
-.165E+02

-, 160E+02
n 1556+02
© =, 150E402
.1#SF*02
.1LOE+02
-, 135E402
w.130F40D

W 166E03

CLFN

2998E#00
2 998E+00:
»998E+00
»99BE+00
2998E+00
+998E400"
»998E+00
F99TER00.

997E+00

' 997E+00'

9978#00

\997E+00
2997E+00

2 99TE+00

997E+00:

997E+00

997E+00=
996E+00
99&E+00v
99bE+00«
_,9955+oa:
2996E+00

2 F96E+00

»995E+00"
+995E+00

+995E+00
aFUEF00:
» 9ILEXOO
p993E+00 -
»993E+00
2 992E+00
29LEF00
2 990E+00
»983E+00 -

O/’ EFL00

_ ’

£ 956EH00

CCHEN:
y596E400:
,S96E+00:
A596E400
_s596E00
_'5965+00
- 4596E#00- -
 596E+%00.

»

596E+00

~;:596E¥00-
. p996E»00
s596E300.
.,5965+00
.996E+00.

2396E4+00
.596E#00
596E+00

PS96E400
»597E+00

. O9TES00

2597E+00

2597400

L S9TE+00
"597E300

'5975#00

597E+00“

5800

,596E+00=
2 596E%00-
,5965&00-
2596E+00.
596E+00:
;596E+00-
S596ER00-
S9éE+00f'
“596E+00"

L uu3EL00

SGUTE$00

2

CDEPN:

','A1ze*oox
‘4tsE+00 C

u185+ooé
FH20E900

LS H23E+00
s U26E#00
J829E+400

?4335#00

FUSER00"
,440E+Q0"

LUASIE+00

T 45UE+00.

L458E+00

 TusaEw00.

LUHBE+00
SUTOE#00
sU47SE+00

L479E#00

- pHBAE®00
L B83E+00

L,U93E+00
498E+00
«503E+00
"509E+00
+S1UE+00
pS19E+00
2525E+00
2531E+00
»S38E+00
2 SUHLEYOO
551E+00
558c+00
-§5=E+00


http:i59of.,.OO

», 115t +U2
-~ 110E+02
. =, ,105E+02

~,100E402 "

=, 950E 401
=2 900E+01
~850E+01
n.&OOE*Ol
., 750E+01
-, 700E+01
n,650E+01
- 600E+0}
H;SSOE*OI
»,500E+01

-, 450E4+01

~,400E+01
=, 300E+01
-~ 250E+01
‘=g 200E401
-, 150E401
~,100E4+01

~2500E+00°

o,
«S500E+00
»100E+01

2 15S0E+01

,2005+01”

,2508+01
,300E+01

«350E401

»400E+01

usos+og““"'

..500E+01

L 550E301

7600401

650E+01"
7OOE+01'

7SOE+01

800E+01'

.BSOE+01
- ,900E+01
9SOE+01
100t+02

;1oss+oa:"

»110E+02
L 1158402

L120E402

L 125E402
, 130E+02

.135E+02

s LLO0E+02
L1U45E402
,1SOE+O2
_EISSE+02
<160E+02

L165E402

S170E402
’17SE+02
~130E+02

V18580

»190Z+02
21756402
MO F L0

295TE+00
2880E+00
,612E+00
2616E+00
2626E+00

+B36E500

A6LTE+00
.6585+00
»670E+00
,683£+oo
.697E+00
,711E+00
s 126E+00
,742€+00

2 760E400
.7785+00
s 798E+00
8208+00<

’8&45+00
8698+00

8965#00 '

9215+00

9“25+00f
9565*00"

9665*00
9735+00

}9775+001'“
»I81E200
9838#00
9855+00“

987E+00

. 9885+00

990E+00
9905+00

59915+00
»992E+00-
i 9925+00
f§993E+00 ;
«F93E+00
,99&5*00.
P IFUEFO0
»994E+00. -

9955+00
.995€+00
.9QSE+OO

T,9955+00*'
2 996E+00-
' 9965+00ﬂx
W996E+00
a996E+00-
2996E+00
2996E+00

«996E+00

L997E+00 |
2997E400

»997E+00
+9ITE+00
L997E+00

L997E4+00

;997E+oo
«997E+00
2997E+00

997E+00
oavTann

P

r

11’

+599E+00
LHE00E+00
606t+00
6165+00
626E+00
636E+00
JHUATE+QOQ

;asaz+oo

»6T0E+00
683E+00
T 696E+00
s T11E+00
,726E+00
s TU2E+GD

T 759E+00
S TTBE#00 -
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