Basic Concepts

* Si0, and the Si/Si0, interface are the principal
reasons for silicon’s dominance in the IC industry.
 Si0,:
* Easily selectively etched using lithography.
* Masks most common impurities (B, P, As, Sb).

* Excellent insulator (p > 10'° Qcm, Eg >9 eV).
« High breakdown field (10" Vem™)

* Excellent junction passivation.

* Stable bulk electrical properties.

* Stable and reproducible interface with Si.
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* Si0, is amorphous even though it grows on a
crystalline substrate.



C-V Measurements

* There are a number of measurement techniques used
to characterize Si0O, and the Si/SiO, interface.

* The most powerful of these is the C-V method which is
described in the text in detail.
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1) TMayideg diempdvelag SiO2/Si (Qit) o1 omoieg Exouv eVEPYEINKES KATOGTACELS LEGQ
610 evepyelokd yaopa Tov Si. H cuykévipmon tovg stvon g tééng tov 101° cm™
v Si <100> ko copPoArileton (& ), (Snhadn| avé 10° dropa mov Ppickovrat ot

olemipaveta SiO2/Si avaroyet pa woryida). Ot woyideg pmwopovv vo poptilovtor Kot
vo, eKQopTiovTol LETAPAAALOVTAC TO OVVAULKO GTNV ETOPT] TOV UETAAAOV.

2) e amdotacn 30-40 A and T SlempAvELo KoL 6TO EGOTEPIKO TOV 0EEISIOV VITAPYEL
Oetikd Qoptio T0 omoio ival otabepd (0ev poptileton — amo@optileTal) amd ™
téion ot TOAN Kot Sev petoxveitar. H mokvotntd tov sivon e téaéng tov 1010 cm-
2 (opeireton o€ 16vta Si).

3) Kuwnto poptio evioc tov 0gidiov opeilopevo o€ 10vto Na 1 dAla olkoAtkd vt
10 omoio €ivar ovvatdv va amogevyfel pe KaTtAAANAO YMUIKO KoBopiGUO TNG
empdvelog kot mopovoio HCI katd tnv o&eidmon).

2uvnlomc Ta Topamdve PopTio TOLV OPEIAOVTAL GE OLPOPETIKES OLTIES TOL
avteTomilovpe oav évo cuvolikd eoptio (C/cm?) kot Stepevvode TV enidpact) TOVC
ot téon emmedov (owvav flat-band voltage yio tnv omoio piAncoue TponyovUEVOC.



Si0, Growth Kinetics Models
‘A. Deal Grove Model
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* The basic model for oxidation was developed in 1965
by Deal and Grove.

Si+0, — Si0, 2)

Si+2H,0 — Si0, + 2H, 3)



* Three first order flux equations describe the three
series parts of the process.

F; =hg(Cg —Cs) (4) F,.=h(C*-C)
) Co—C
F, _pN_p|Lo=G (5)
- ox X0
F; = kyCy (6)

C* : solubility of O, or H,0 in SiO,



 Under steady state conditions, F, =F, =F;, so
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* Note that the simplifications are made by neglecting F,
which is a very good approximation.

LIMIT CASES

K,x,/D<<1,C =C*
K,x,/D>>1,C, =0*



* Combining (6) and (7), we have
Number of O, in

W

dx F ksC o unit oxide volume:
— — - 22 -3
at N, K Ksvo ®) N =2.2102cm
h D

* Integrating this equation (see text), results in the
linear parabolic model.

2 2
0% (FO TR g (10)
B B/A
2DC’
where B-= N (parabolic rate constant) (11)
1
B ¢’ Ckg

= = (linear rate constant) (12)
i ( 1 1} N,
Ny —+—



* (10) can also be written with oxide thickness as a
function of time.

xozi{;n o 1} (13)
2 [\ A°/4B

x? +Ax
where T=—1 - L (14)

* The rate constants B and B/A have physical meaning
(oxidant diffusion and interface reaction rate
respectively).

B=C, exp(~E, /kT) (15)

% = C, exp(—E, /KT) (16)
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Ambient B B/A
Dry O, C,=772x10° &’ hr’ C,=6.23x10°p b
E, =123eV E,=2.0eV
Wet O, C,=214x10° o’ hr' C,=8.95x10" p hr'
E,=0.71eV E, =2.05eV
H,0 C,=3.86x 10° o’ hr” C,=1.63x10°p b
E, =078 eV E, = 2.05 eV
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Extraction of B and B/A from experimental data
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. Th:]e_hms . * Calculated H,O oxidation rates using Deal Grove.
* Calculated dry O, oxidation rates using Deal Grove. )



6.7. Why is steam oxidation more rapid than dry O, oxidation?
Answer:

Th;1 effective diffusivities of both O; and H;O are on the same order (about 5 x 10°
wm” he! at 1100°C).

At 1100°C. typical values for C* are = 5 x 10" em™ for diy Oy and = 3 x 10" em™

for HO. As a result. both rate constants. B and B/A are much larger for H;O than
for Os.

Thus, the main reason that steam oxidation 1s faster than dry oxidation is because
the solubility of the oxidant species is higher by three orders of magnitude.

2DC
B= ~. (parabolic rate constant)
1

C’ C'k
= S (linear rate constant)
i [ 1 1] N,
Ny




6.8. Under what conditions is the thermal growth rate of S10, linearly proportional
to time?

Answer:

The oxide growth 1s in the linear regime for small values of the oxide thickness. or
more precisely, when kgxg/D<<1. The thickness at which kgxg/D=~1 varies

with temperature since both kg and D change with temperature but 1s generally m

the range of 50-200nm. The oxide growth will stay in the linear regime for a longer
time at low temperatures and for dry rather than wet oxidations.

X0 T Xi _
B B/A

X, N,/C* (X,/2D + 1/k) = t, linear for x /2D << 1/k



6.12 A silicon wafer is covered by an 5i0: film 0.3 pm thick.
a. What is the time required to increase the thickness by 0.5 pm by oxidation
in H;O at 1200°C?
b. Repeat for oxidation in dry O at 1200°C.,

Answer:

We will perform the calculation for <111 silicon wafers. For <100> wafers, the
linear rate constant should be divided by 1.68.

a. At 1200°C, in HyO

0.78
B=386x10" e';p{—

) 0.829 pmj hr

E—lﬁi 10° (205
A P E‘il}lll\—

-

] =15.86 um /hr

A=0052pm



The 1mitial oxide. if grown at 1200°C would have taken this long to grow

Cxp +Ax; (0.3) +(0.052)(0.3)

T= =0.127 hr
B 0.829 i
X0 X X0~ % _
The time required to grow 0.8 pm at 1200°C 1s B B/A

) |
e XA (0.8)% +(0.052)(0.8)
B 0.829

=0.822 hr

Thus. the time required to add 0.5 pm to an existing 0.3 pm film 1s
0.822 —0.127 =0.695 hr or 41.7 minutes.

b. At 1200°C. in dry oxygen

1.23 3

= (.048 p.1112 hr
k(1200 +273)/

B=7.72x10" e:{p(—



[ 2.0

!\_E] =0.899 um/ hr

B 6
—=06.23x10 exp
A

A =0.033 pm

The initial oxide would have taken 2.206 hours to grow in dry oxygen. it would
require 14.217 hours to grow 0.8 pm. thus would require an additional 12 hours to

add 0.5 pm to an existing 0.3 pm film.
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What is the approximate oxide thickness after a 100 minute dry
02 oxidation followed by a 35 minute H20 oxidation at 900°C?

We will perform the calculation for <111> silicon wafers. For <100> wafers, the linear rate
constant should be divided by 1.68.

At 900°C, 1n dry oxygen
1.23 )
k(900 + **3)) -

B=7.72x10" e:-;pL— = (.004 p,m hr

B (2.0
—=6.13:-c:1{] Exl:'k‘ J 0.016 nm/ hr
A

A=0.251 um

At 900°C. in H,O

[ 0.78)
B =3.86 x10° exp| — —
VKT

- 2
172 pm™ /hr

B [ 2.05
—=1.63x10° vi"ipl —
kT

FS

] 0.255 um/ hr

A =0.674 pm



X0 ~Xj X0~ X _
B B/A

The thickness after 100 minutes in dry oxygen at 900°C 1s

A Tt 1 0251/ 100/ 60 ]
x{j:—wn — —1}= 1+ S _1t=0.024 pm
2|V T a/4B 2 (0.251)% / 4(0.004)

This thickness corresponds to a time of

x2 +Ax;  (0.024) +(0.674)0.024)
T = =
B 0.172

=0.097 hr

in H,O at 900°C. This corresponds to the “imitial time™ that should be used for the
wet oxidation step, giving the thickness after an additional 35 minutes in wet oxide

A t+ 1 0674 35,60+ 0.097
xg=—{J1+ — —1}= s[ 1+ : —1]?=D.143u111
2 A% /4B 2 (Y (0.674)/4(0.172) |




The structure shown below is formed by oxidizing a silicon wafer (x0 =200 nm), and
then using standard masking and etching techniques to remove the SiO2 in the
center region. An N+ doping step is then used to produce the structure shown. The
structure is next placed in an oxidation furnace and oxidized at 900°C in H20. The
oxide will grow faster over the N+ region than it will over the lightly doped substrate.
Assume that B/A is enhanced by 4X over the N+ region. Will the growing oxide over
the N+ region ever catch up in thickness to the other oxide? If so, when and at what
thickness.

N




Using the Deal Grove model for oxidation. the growth 1s described by

x%—x§+xﬂ—xi
B B/A

=1

If the oxide over the N region catches up with the oxide over the P region at some
time t. then at that time we will have

Xo-X! Xo-Xi X5 Xo
B B/A B 4B/A

where x; =0.2 pm. This gives

At900°C. mn H;O

0.78
kT

B=3.86x10° e:-;p{— )= 0.172 umz hr



{ 2.05

B g 2.
—=1.63x10 ex ——J =0.255um/ hr
A Pl7 kT H

A=0.0674 pm

These values apply to (111) silicon. For (100) silicon. B/A 15 1.68 times smaller.
Thus we have,

A{ll]) =0.674 L1
A{lﬂ'l]} =1.13 M

Finally. the N oxide catches up with the P oxide at an oxide thickness of

X{lll] =(.346 LLIT
X{].'D‘D} :[]314 j.ll'll

This occurs at a time given by

(0.346 ) — (0.2)? ,0346-02
172 0.255

(0.314) —(0.2)° ,0314-02
172 0.152

’[{111} = = 1.04 hrs

=1.09 hrs

100y =



Silicon on Insulator or SOl is a new substrate material that is being considered for future
integrated circuits. The structure, shown below, consists of a thin single crystal silicon
layer on an insulating (SiO2) substrate. The silicon below the SiO2 provides mechanical
support for the structure. One of the reasons this type of material is being considered, is
because junctions can be diffused completely through the thin silicon layer to the
underlying SiO2. This reduces junction capacitances and produces faster circuits. Isolation
is also easy to achieve in this material, because the thin Si layer can be completely
oxidized, resulting in devices completely surrounded by SiO2. A LOCOS process is used to
locally oxidize through the silicon as shown on the right below. Assuming the LOCOS
oxidation is done in H20 at 1000°C, how long will it take to oxidize through the 0.3 um
silicon layer? Calculate a numerical answer using the Deal Grove model.

'

0.3 pm Silicon device layer

Wl Si0y

(100) Silicon Substrate (100) Silicon Substrate

Starting Material After LOCOS Isolation



To oxidize completely through a 0.3 pm silicon layer, we will need to grow

(2.2)(0.3 um) = 0.66 pm ot S107. At 1000°C 1n H>O. the Deal Grove rate constants

are given by (Table 6-2):

0.78eV _

B = 3.86x10° e:{p[— = ) = 0.316um hr !
kT
B 1.63x10° ool 2.':]5:1?) 0747 e
A 168 T\ kT '
t= [{]_55)2 + J.00 = 2.25 hours
0316  0.747
2
Yo~ ¥ (Yo7 ¥i_¢ L Yo - original surface _
B B/A Xg = 0.462 X,,




Local Oxidation of Silicon (LOCOS) - 2

« LOCOS process steps:

50 nm pad oxide

150 nm CVD mitride layer
Pattern and etch nitride
Channel stop implant

Wet oxidation of field oxide

+ Twp. 1000°C for 4-10 hours.

+ HIPOX often used for this.
Strip nitride
Strip pad oxide

Deposited Polysilicon

Volume

Locau'on °f8t2§{ £
Original Si Surface = 4 Mask

Si Substrate

150 nm Si;N4 oxidation mask

20 nm SiO, pad oxide

silicon wafer (p)

channel stop implant (B)

"bird’s beak” ; ’
.Iy oxidized silicon

~1-2 pm field oxide




A uniform oxide layer of 0.4um thickness is selectively etched to expose the silicon surface
in some locations on a wafer surface. A second oxidation at 1000°C in H20 grows 0.2um on
the bare silicon. Sketch a cross-section of the SiO2 in all locations on the wafer and the
position of the Si/SiO2 interface.

We will perform the calculation for <111> silicon wafers. For <100> wafers, the
linear rate constant should be divided by 1.68.

2 2 3
Xo~X  Xo~X _

- e 17 : + =t
The time to grow 0.2 um 1s then B B/A
2 2
X+ As 0.2 0.252)0.2
¢=orAxe (02 +(0232X02) 556
B 0.316
The time to grow the nitial 0.4 pm was
2 . 1) I5IY () 2
X +AX; (04)y +(0.252)0.4) _ 0.825 he

B 0.316

The extra time to grow 0.2 pm 1in the bare areas will grow some extra oxide where
the mitial 0.4 um oxide existed

Al [T 1+ 0252 0286+0825 |
ED=—{‘I1+ 3 - —11'= 1+ = —1r=0.480 LT
) 7 2 |Y 02527 /40316) |




The growth of the extra 0.080 pm will consume 0.46 x 0.080 =0.037 pum of silicon
under the thick oxide.

The growth of 0.2 pm of oxide will consume 0.46 x 0.2 =0.092 um of silicon.

Thus. a sketch of the old and new oxide-silicon interface 1s shown below:

0.48 nm

Original interface

0.2 nm

0.11 pm

0.037 nm

0.09 nm




As part of an IC process flow, a CVD SiO2 layer 1.0 um thick is deposited on a <100>
silicon substrate. This structure is then oxidized at 900°C for 60 minutes in an H20

ambient. What is the final SiO2 thickness after this oxidation? Calculate an answer, do

not use the oxidation charts in the text. ) ,
At 900°C in HyO. the oxidation rate constants are given by: X0 " ¥ + o 7% _

=t
B B/A

B =3.86x10 { Sk |
=3.86x10" expl —= —
L (8.62x107)1173))

|Lm:12 hrt =017 p,m':'r b

r .
2 108 |

B 1.63x10 2.05 ] _

—= —xexp| —— = | um hr L_0.152 um hr :

A 168 L (8625107 )1173))

The mnitial oxide on the wafer 1s 1.0 pm thick. This corresponds to a T of

2 ([ 0.17)
(1) +{1]\01qu Xi2+AXi
T = = 12.46 hours T=
0.17 B
Thus the final oxide thickness 1s given by |
A t+7T
[- ] X0 =—_ 1 +27—1
2 |} A~ /4B
0.17 | 13.46 |
=T | l+——— —1¢ =1.064 pm
(2 ID.ISE}l (1.11) |
J

| (4X0.17)



Onwc daivetal 0To MOPAKATW OXNHO XEL oxnHatloBel dvolypa Baboucg 0.1 pum evtog
ToU Ttupttiou. H umtoAounn emudpavela mpootateveTal He VITpidlo mupLtiov (YKpL Xpwua).

0.1 um

Si t

YrioBetovtag otL N opl{ovtia dldotacn Tou avolypatog eival moAv peyaivtepn amo 0.1 um
va Bpeite to maxog tou oeldiov mou anatteital v oxnuatioBel pe Beppuikn osibwon
WOTE TO AVOlyHa Vo YEULoEL e 0&eldLlo pEXPL TNV apXLK ETLPAVELQ TOU TTUPLTIOU.

'

____:fﬂ.'(_ _________________ original surface _ 0.1 um = 0.54 Xox

I Xg, = 0.462 X,

new surface Xox =0.185 um

T

silicon wafer




Mupltio eyxapdoostal og PAOOC apKETWYV SEKASWV UIKPOUETPWVY KOl TTAATOC 1 um
OTWC¢ O0TO oXAMa. Bpeite Tov XpOvo TOU amalteital WoTe va KAELOEL TO KEVO TOU 1 um
oelbwvovtag otouc 1100 2C ko vypo meptfailov. To otpwpa Tou vitpldiou (He
OKOUPO XPWHQ) TTPOOTATEVEL TO TtUpiTLo armo ofeidwon otnv entdavela.

—P lpm [

0.5 um = 0.54 Xox

Xox =0.9 um



