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o Diffusion in Silicon
I"UCBetkeley
* Movement of dopants within the
silicon at high temperatures
* Three mechanisms: (in Si) . l”

o@)Jo °©0 0 -

Nmeancy

......__F,,.-'/ u_’ (5) ()  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
R

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 EEELE!I—.
. 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,

* Result:
dopants
) /&l_/
Drive-in
i Predeposition
T UG B e e

* 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/
+ B,H, m N boat
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 BerKe 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
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Diffusion Modeling

N(x)
T \—93' = Dopqn/:r fom psr'h‘h’ of ln'@la Covc. mdee B
R Pamh of low ce. of fuy T
x => Queshm: Whets Nxt)2
T fn dF Fina

Fick's law of Diffusion— (124 lacw)

7(-x,f) = - p Mt (n

N\

-Hux (#ew-s] Diffusia, Coetficient

Continutly Equation o Parficle Flux-
Tt 33

X
(ade ZF increase  egative of Ho divergene
of conc. o +Hime &F parficle flux
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Diffusion Modeling (cont.)
rll_(.@!.ﬂv—
we're ilevasted B nore th o ore- dimonsiond form :

MNug)  oT .

ot T T fiek’s 2% low of
G

2.0) and kst G i (s 2008, 1y ZHH) infFu.ﬂ'm i l-n]

S‘o’uﬁw' — a‘epena'on" Upom I>O\mo!0 CondliHins
O yse yarichle qumﬂa\ or lcplcq Xform quw;

Case 1: Predeposiion — emstint souree diffucian = surfue corcontation Sty
Ho same dun'hj Ho diffusion

i Diffusion Modeling (Predeposition)

llﬂ erkeley

Plu'ﬁaol o a lingur scalle, ould look like 4blr: 1
= Bourplory Gorelibin. <

R e G N

l Nl t) = No ef’ﬁ:(zm)i =a5dn, cm?(em-[z»?eﬂn frchion

(read fubles or graf%)
Dose, @ & €obd % of impunty almms per unit avea in Ho G
= area under fe cune d__ Ko Iinear Scale
Q@ PNV = | QW)= No == g undon i
L T K ",2‘/ Square is Samo as

\ undor ¥o cucve'!

\2\[&: 2 chamcknihe dfusion lovgty
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P Diffusion Modeling (Limited Source)

1 U B .
Case2: Drive-in — lim/led soure diffusion, i.e, Constant dose Q

 Nbg

Noé‘a),l {l

Mobta) P\ £,

Nolfz) t;

Ne T VS

x, dld'aw; £/ Yo surfoce

= Bb\l% Ca:di"h\ H

(i) Neo,t):o Why? Conshoet Dose:
i) amx,ﬂ’ /—) I Mexyobe = Q €~ cnst.
ax e
¥-> Ths s eq’uNaled' 1o mymj Yat Here's no ‘ﬂux

( going out of Ho 5, e, N
G'IJ MJ’ ‘Ohlf} 0-’0
this says! L
¥ x

ﬁ-w Diffusion Modeling (Limited Source)

T UG;Berkeley

Sy vl weke dehs . Gppon. . N0+ @ )
= e cando Hhis, becouse -E:r-.MBclPdly lvg Aiffsion Fimas, ne matter Lot
o ovigind J“zf.z of o Jb?wll' JIJ'A'IMM Ho dibsecd dl.erwbtn will be

Same N
Get Gaussian stribudion . conesp s 4o o hakf
4// Gavmao- In Hls —

N('x,tl x
Coguein \ (g
Dy Lhen Yo J‘Im’\ o< a
.'l/ 2 wBle is ca..,lekfv Covthaineo
-; m ¥o Si, Hen >
L7 Q- 2" = hat€ Ho implant dose
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Two-Step Diffusion
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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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B The Diffusion Coefficient
(as usual, an Arrhenius relationship)

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

Te-;mpemuxe *Cy
109 1400 1300 1200 1100 100
T T I T T

Substitutional &

Interstitialcy
00— Diffusers
i
_E. 10—
Q
]
]
4
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-
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Element Da(cmz/sec) EA{CV)
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
i Diffusion Coefficient Graphs

Interstitial Diffusers
% Note the much higher diffusion

06 0.65 o7 0.7% 0.8 0.85
Temperature, 1000/T (K-')

coeffs. than for substitutional

Temperature (*C)
120011001000 900 800 700
[a—

.
e B A B B S

2
|
i

Diffusion coefficient. [} jom?/sec)

0.6 0.7 08 09 Lo 1
Temperature, 1000T (K1)
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& 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 UG)Berkeley

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

IR

* For a complementary error function profile:

X
N(Xj 7t): Noerfc[zdjt)_tJ =Ng - Xx;= zﬁerfc‘l(%)
0
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* Sheet resistance provides a simple way to determine the

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

the number of effective squares

* Definition:
(B

¢ K
o wi ud
A ‘/ (aetwl”  cheet Unit squares of parkviad
wsishing  1n e resistor
— § 0% of majerdsf

—L:) a/p

\
w
niforily dopel makerie] P s
wl rerﬁ*hvi47 Fi‘;‘- , 2> o ReRsx§

a corner, contains

o Com(vdivi-h? e Q(/Jnn h p)

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

a contact, etc.)

w  # Squares From Non-Uniform Traces
" UsBetkeley
¥
] I"'
W | }v‘( I
=] W = = 056 squares
— 0.65 squares
W
S S g
=< Im I,
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* This expression neglects depletion of carriers near the

* Above expression was evaluated by Irvin and is plotted in

Sheet Resistance of a Diffused Junction

For diffused layers: Majority carrier mobility

Net impurity
concentration

_[ K a(x)dx}l/‘— U:j q yNé()dx}l

Effective

Sheet
e resistivity

resistance

\R :EZ[

S
X

0

[extrinsic material]

Junction, x. — thus, this gives a slightly lower value of
resistance than actual

“Irvin's curves” on next few slides
% Illuminates the dependence of R; on x;, N, (the surface
concentration), and Ny (the substrate background conc.)

{atomsiem’)

Surface dopant concestration, Ny

=

s

=

s

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

7 Can determine these

given known predep.
] and drive conditions

Surface dopass conce

Determine the R..
Using Fig.21:

3

R,-'KJ: 470 S0 pam

S L L
R¢ 327" /o

0 ot o+
Sheet resiswance ~junction depth product, K,z (chm-um)
ia)
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Sarface dopant concemtration, Ay (sMomslom’]

Fia 72

i 10!
Sheet resistance-junction depeh product, Rur; (ohoepen)
&

e vl sl FERRTI
n

Suslace dopant concentration, Ny fasicm’)

o Irvin's Curves (for p-type diffusion)
Y

1 (p-type Gaussian)

]

w0

P
%
;

2
£
g

10!

Sheet fesistance - junctn depth profsot, Rz, i

i

Example. n-type
Given:

Ng = 3x10%6 cm-3
N, = 1.1x10!8 cm-3

x; = 2.77 pm
Can determine these

given known predep.
and drive conditions

Determine the R.
Using Fig.7.:
Ro; 2 £000-com

s < @
~ Ry s 2% /0

Copyright @ 2010 Regents of the University of California at Berkeley

2/11/10



