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& Diffusion in Silicon
["UC;Berkeley
* Movement of dopants within the
silicon at high temperatures
* Three mechanisms: (in Si) . l”

o@)Jo o006 -

Nmeancy

......__F,,.-'/ u_’ s) ()  Interstitial Diffusion
* Impurity atoms
Jump from one

@ @ @ ® interstitial site to

another
Subsﬂfu‘honal Diffusion Irrrersfmalcy Diffusion . Get rapid diffusion

* Impurity moves along ° Impurity atom
vacancies in the lattice replaces a Si atom in

®
®
®

E

% Hard to control
% Impurity not in

* Substitutes for a Si- ﬂ?e Iaﬁic? lattice so not
atom in the lattice * Si atom displaced to electrically
an interstitial site active
i Diffusion in Polysilicon
T UG BT e e

In polysilicon, still get diffusion into the crystals, but get
more and faster diffusion through grain boundaries

* Result: overall faster diffusion than in silicon

Fast diffusion through

Regular diffusion
grain boundaries

into crystals

* In effect, larger surface area allows much faster volumetric
diffusion
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Basic Process for Selective Doping
CB rll_(glgu—.
. Introduce dopants (introduce a fixed dose Q of dopants)
(i) Ton implantation
(ii) Predeposition
2. Drive in dopants to the desired depth
% High temperature > 900°C in N, or N,/0O,

- t=EE§, -

* Result:
dopants
) /&l_/
Drive-in
i Predeposition
R}

* Furnace-tube system using solid, liquid, or gaseous dopant
sources

* Used to introduced a controlled amount of dopants
% Unfortunately, not very well controlled
% Dose (Q) range: 1013 - 1016 + 20%
% For ref: w/ ion implantation: 10!! - 106 + 1% (larger
range & more accurate)

* Example: Boron predeposition

Furnace tube

o
——ﬁ 2 Pl f
wafer
Gases —> | | | | | |T/
dlbomne (Iner'r gas:
e.g., N, or Ar) Predeposition Temp: 800-1100°C
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_____ | 1/ r|____- 0O, diff b
sio, | ! I ['Si0, «— SiO, diffusion barrier
? I I I I I I : (masks out dopants)
BBBBBB T

si 2. B diffuses from B,0; — Si

* Difficult to control dose

Q. because it's heavily Furnace tube

cross-section

dependent on partial

pressure of B,H, gas flow

% this is difficult to @ Less B
control itself concentration

% get only 10% uniformity

Ex: Boron Predeposition (cont.)

= -
o /5

$=)

r

CiBerkeley

For better uniformity, use solid source:

Furnace tube

«

_/Si Si Si SisSi Si
— wafer

Reactions:
B,H, + 30, »3H,0 + B,O;
Si + 0, > SiO,

" Boron/Nitride wafer
— 2% uniformity
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& General Comments on Predeposition
[ UG BerHe e .
* Higher doses only: Q = 10!3 - 106 cm-2 (I/I is 10! - 10!¢)
* Dose not well controlled: + 20% (I/I can get + 1%)
* Uniformity is not good
% + 10% w/ gas source
% + 2% w/ solid source
* Max. conc. possible limited by solid solubility
% Limited to ~1020 cm-3
% No limit for I/T — you force it in herel
* For these reasons, I/I is usually the preferred method for
introduction of dopants in transistor devices
* But I/I is not necessarily the best choice for MEMS
% I/I cannot dope the underside of a suspended beam
% I/I yields one-sided doping — introduces unbalanced
stress — warping of structures
% I/I can do physical damage — problem if annealing is not
permitted

* Thus, predeposition is often preferred when doping MEMS

|4

Diffusion Modeling

U HEEEESE=

N(x)
T \—>T = Dopqn/:r £rom Par‘h‘h’ of ln'@la Cove. mdve b
R Pamh of low o, o fuy T
% = Queshm: What's Nixt)?
1 fn d'F "'nm
Fick's law of Diffuusion— (12 laws)
'J('x, 4= baw""“ ()
N\
-Hux (#lew-s] ~ Diffusion Coetiicient

Confinutly Equationfor Parficle Flux-
Geﬂenl Fol‘m: N N

d a(:'ﬂ -3

X
(ade ZF increase  egative of Ho divergene
of conc. 3 time sf parfice flux
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Diffusion Modeling (cont.)
ﬁl_(ﬁl.liv—.
we're interacted Br non in o ove- dimapsiond Bem :

INEE) 9T o
R Ficks 2¥ lag of
N(K:
U) and substhde () in (1)]=> Q—L'N(X-L) D92 ibl‘f&s:‘m in 1-D :‘

U. k=EE§, ]

SMWI - depew’on" Upon {)Mmo!a Conditns:
O yse yariokle Jq:amﬂh or laplnc, Xorm 'lét‘lmqw.r

Case 1: Predeposition — emstint souree diffucian - surfue corcontation Shys
Ho Same dun‘hj Ho diffusion

lbg(NMJtL {1, <t
sera 1 urr)y amC A1
o<ty 1,2 T hghT  (04,< Dty Dyty)
& N\t X2 Comlenrbry ¢ uncion prole
badgzud — Ng T \ \ N\ N
Conc. A
7 3
N «, distane £ surface

i Diffusion Modeling (Predeposition)

T UC;Berkeley

= Plu'ﬁo«:l o a lingur scalle, ould look like 4blr. 1
= Bowrdory Guelitin. -

R L G N

l N t) = No ef’ﬁ:(z@j ='a3dn, WM:VM fimction

(recd fubles oc gl'nf*)
Dore, @ & €cbd 2 of impunty cilims per unit avea in Ho S
= area unde fe cune r Nox) Iinear Scale
@ PNl = | Q) o B2 g undon i
) T X 1 Square is Sawo as

| undor Yo cueve

|210¢ £ charmcknistic dffusion fovhy
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& Diffusion Modeling (Limited Source)
1 U B .
Case 2: Drive-in — li/lod soure diffusion, i, cmstant dose &
N
N °6“)1 \J
Mobta) 1\ £,
No{‘fg) f_‘f

N T VS

x, diffaw; £/ Hho surfoce

= BNI% Cmd;h\ :

(i) Neo,t):o Why? Constout Dose:
) IN(xt) ’ /_) I°° Nxt)d< = Q i onsh
ax 1o
\——’ Thir o5 e,tu}valed' to saying Yat Hores o flux

( 9ping out of #o & (e, Nix)
a'ld MJ’ CO‘W)' 0-’0
His says! L
¥ x

ﬁ-w Diffusion Modeling (Limited Source)

T UGBerkeley

Sy rvaly ke det e s, N+ @ 660
= te cando this, becouse -Forwmclo-ﬁ] lovg Aiffision Fimas, ne watter Lot
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Two-Step Diffusion

pEEEEss e

Two step diffusion procedure:
% Step 1: predeposition (i.e., constant source diffusion)
% Step 2: drive-in diffusion (i.e., limited source diffusion)

* For processes where there is both a predeposition and a
drive-in diffusion, the final profile type (i.e.,
complementary error function or Gaussian) is determined by
which has the much greater Dt product:

(Ot)predep » (DF)grive-in = impurity profile is complementary
error function

(Ot)drive-in » (D)preqep = impurity profile is Gaussian (which
is usually the case)

|4
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Successive Diffusions

* For actual processes, the junction/diffusion formation is only
one of many high temperature steps, each of which
contributes to the final junction profile

* Typical overall process:

. Selective doping
* Implant — effective (Dt), = (AR,)?/2 (Gaussian)
* Drive-in/activation —» D,t,

2. Other high temperature steps
* (eg., oxidation, reflow, deposition) - Dst;, Dst,, ..
* Each has their own Dt product

3. Then, to find the final profile, use

(Dt)tot = Z Dit;

in the Gaussian distribution expression.
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The Diffusion Coefficient
Gdﬂ@nﬂgl.@v—

(as usual, an Arrhenius relationship)

Table 4.1 Typical Diffusion Coefficient Values for a Number of Impurities.

Element Do(cm?/sec) EAeV)
B 10.5 3.69
Al 8.00 3.47
Ga 3.60 3.51
In 16.5 3.90
P 10.5 3.69
As 0.32 3.56
Sb 5.60 3.95
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Diffusion Coefficient Graphs

Interstitial Diffusers

L ] % Note the much higher diffusion
o coeffs. than for substitutional
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P Metallurgical Junction Depth, x;
ucBerkeley
= point at which diffused impurity profile intersects the
background concentration, Ng
Log[N(x)] Log[N(x)-Ng]
No: ‘/e -9, p-type Gaussian Ngp-Ng1 "~ Net impurity conc.
\ ca.. netye i
N \ R Ne T n-type region _
/ x = distance / x = distance
X; f/ surface X; f/ surface
i Expressions for x;
T UC;Berkeley

* Assuming a Gaussian dopant profile: (the most common case)

2
N(x;.t)= Ngexp| | —2—| |=Ng - x;=2./Dtin| e
" ° 2./Dt ° J Ng

* For a complementary error function profile:

X
N(Xj’t): Noerfc[2J::)_tJ: Ng - Xx;= Zﬁerfc_l(%)
(]
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Sheet Resistance

uJ etheley

* Sheet resistance provides a simple way to determine the

resistance of a given conductive trace by merely counting
Ohims per Square

the number of effective squares

* Definition:
ﬁ L..
( w*© R W)
“‘llhl')’ .S‘ti!lQ'e.l' of th-kn'a‘e

<
s 7R
twl”  cheet
A e/ U wesisane 1n e regdsfor
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w
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a corner, contains

o Com(vclivi-h? e "1(/1.,'\ h p)

* What if the trace is non-uniform? (e.g

a contact, etc.)

@  # Squares From Non-Uniform Traces
" UsBerkeley
¥
] I"'
W | }v‘( I
=] W = = 056 squares
— 0.65 squares
W
S S g
=< Im I,
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= Sheet Resistance of a Diffused Junction
["UCiBerkeley

* For diffused layers:

Majority carrier mobility

Sheet Effective Net impurity
resistance resistivity concentration

\ _[ K a(x)dx}l/‘— U:j qué()dx}l

R =%

e
: x-:[

]

0

[extrinsic material]

* This expression neglects depletion of carriers near the
Junction, x. — thus, this gives a slightly lower value of
resistance than actual

* Above expression was evaluated by Irvin and is plotted in
“Irvin's curves” on next few slides
% Illuminates the dependence of R; on x;, N, (the surface
concentration), and Ny (the substrate background conc.)

Irvin's Curves (for n-type diffusion)

. E>.<ample. p-type
i Given:

1 Ng = 3x10%6 cm-3

2 N, = 1.1x108 cm-3
1 (n-type Gaussian)

; x; = 2.77 pm

Z Can determine these
given known predep.
] and drive conditions

aomsicm 'y

=

s

Surface dopant concestration, Ny

Surface dopast concentr

Determine the R..

3

ot 107 ; us,'"e F“ﬁ. 7.7:
F Fig.77 s = .
1o ul - 4, I "Il__J J__L.T_L_._- L el . ~ 720
' Sheet resistance -;::ﬁon deph m:: R, (obm-ym) o r.\nm resistanee - :urx\mn depsl w-.\:lluucl. Rz, tohm- um) o RS- L B l7°n/u
P i) 2.77 —_
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Example. n-type
Given:

Ng = 3x10%6 cm-3
N, = 1.1x1018 cm-3
1 (p-type Gaussian)
x; = 2.77 pm

Can determine these

given known predep.
and drive conditions

Susface dopant concentration, Ny fatoms/cm’)

Sarfsce dopant concemtration, Ay (Momslom’)

Determine the R.
Using Fig.7.2:
R, = £80 00 pam

2
k]
X
g

Fig 7 {

P
%
;

e vl il FERRTI
i 10! [ TH
Shect resistance-junction depeh product, Ky#; (ohn-pm) Sheet nesistance - junctinn depeh pe R
&
)

e

s < @
~ Ry 5" 281/
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