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? . Lecture Outline

* Reading: Senturia, Chpt. 3; Jaeger, Chpt. 2, 4, 5

% Semiconductor Doping
* Ton implantation
« Diffusion
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Il u‘ .

Semiconductor Doping
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5 Doping of Semiconductors

U kB|e_
* Semiconductors are not intrinsically conductive

* To make them conductive, replace silicon atoms in the lattice
with dopant atoms that have valence bands with fewer or
more e~'s than the 4 of Si

* If more e's, then the dopant is a donor: P, As
% The extra e is effectively released from the bonded

atoms to join a cloud of free e-'s, free to move like e-'s

in a metal Extra free e-
t Si: Si: Si: ~f-\:5i:p:
.o .o .o __\ e

:Si: Si:Si: Dope : Si

% The larger the # of donor atoms, the larger the # of
free e's — the higher the conductivity
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r«.. Doping of Semiconductors (cont.) o
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* Conductivity Equation: charge magnitude

on an electron

conduc‘rlvn’y hole
elecfrron electron hole density
mobility  density mobility
* If fewer e's, then the dopant is an acceptor: B Ion Implcm'raﬁon
:si:si:si: B :Si:B : Si:

- O-

:Si: Si: Si: Dope : Si Cs._i
o o . *~ —hole

% Lack of an e = hole = h*

% When e-'s move into h*'s, the h*'s effectively move in the
opposite direction — a h* is a mobile (+) charge carrier

T - R .
ia Ion Implantation i Ion Implantation (cont.)
R 1" UCBerkeley
* Method by which dopants can be introduced in silicon to Result of I/I G Damage —s Si layer at
make the silicon conductive, and for transistor devices, to si le/;— top becomes amorphous
form, e.g., pn-junctions, source/drain junctions, ..
g-. pn-J J N_/ % B not in the lattice,
so it's not electrically
The basic process: Charged dopant accelerated si si si active.
B+ B+ B+ B+ Br © high energy by an E-Field Ion collides with atoms and .
l l l (e.g.. 100 keV) interacts with e-'s in the '(’hlgh Tempﬁra;ur‘e Q“‘“CC"’
Control t & lattice—> all of which slow aiso, usually do a crive-in
fl?r?er:o f:l;:l:igl the <— Masking material it down and eventually stop diffusion) (800-1200°C)
dose. B B (could be PR, could be it. Si —— Si ——Si
ide, etc.
\ oxide, etc.) | | | % Now B in the lattice
X Si \Depfh determined b & electrlcalcljy activel
energy & type of do\{mn‘r Si B Si (serves as dopant)
Result of I/I ﬂ |
This is a statistical process — implanted impurity profile can be
approximated by a Gaussian distribution.

Copyright @ 2010 Regents of the University of California
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i Statistical Modeling of I/I o Analytical Modeling for I/I
R, UGBk —————
Mathematically: )
N(x) N(x) =N, exp —7(X_Rp)
Impurity / 1 Unlucky ions ’ Z(AR )2
concentration N b
/e [ w—Avg. ions

Area under the w
One std. dev impurity Implanted Dose = Q =fN(x)dx [ions /cmz]
away —>'0.61'NP\) distribution curve 0

2 std. dev.

For an implant completely contained within the Si:
away — 0,14Np -

Q=+27zN AR,
3 std. dev. 7
away — 0.11N, Ry Distance into Si material, x Assuming the peak is in the silicon: (putting it in one-sided

diffusion form) _ so we can track the dopant front during a
R, A Projected range = avg. distance on ion trends before stopping D, =0Q ~ subsequent diffusion step.

2
AR, A Straggle = std. deviation characterizing the spread of the D,/2 (X_ R ) (AR )Z
P= dis'rr‘?guﬁon. I P N(x) = / EXp|:_ ° . Where (Dt)eff = °
eff

NG P T 2

i I/I Range Graphs 5 I/I Straggle Graphs
Y 1 UG Berke
*R, is a function of the
IR energy of the ion and atomic . . .
ok oy o sty number of the ion and target Resiits for 51 and 5i0
(some nenlineartie) material o identical - so we caZ\ use
o * Lindhand, Scharff and these curves for both
{ Schiott (LSS) Theory: )
# * Assumes implantation into '
¥ — amorphous material, i.e,
] ] atoms of the target material | JE
are randomly positioned
* Yields the curves of Fig. 6.1 o S —
and 6.2 Ai
P , . .+ ...... *For a given energy, lighter 0% rceere ™oy 4t 1000
0 Acateaton caigy (W) " elements strike Si with ®
Figu::a 6.1 higher velocity and penetrate Figure 6.2
more deeply

Copyright @ 2010 Regents of the University of California 3
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& & Diffusion in Silicon
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* Movement of dopants within the
silicon at high temperatures

* Three mechanisms: (in Si)

6 QJ. ® e e
Diffusion “M ‘é@f (&)  Interstitial Diffusion
ity

i

°§® ®
soT@ ®
® ® @

* Impurity atoms
jump from one
@ @ @ @ interstitial site to
another

Subshfuhonal Diffusion In'rer-stmalcy Diffusion , . . rapid diffusion
* Impurity moves along ° Impurity atom % Hard to control
vacancies in the lattice r-eplaces. a Si atom in % Impurity not in
* Substitutes for a Si-  The lattice lattice so not
atom in the lattice * Si atom displaced to electrically
an interstitial site active
& Diffusion in Polysilicon i Basic Process for Selective Doping
i uJ erkele_= "l,], erkele=
* In polysilicon, still get diffusion into the crystals, but get 1. Introduce dopants (introduce a fixed dose Q of dopants)
more and faster diffusion through grain boundaries (i) Ion implantation
* Result: overall faster diffusion than in silicon (ii) Predeposition

2. Drive in dopants to the desired depth
% High temperature > 900°C in N, or N,/O,
* Result:

dopants

Fast diffusion through Regular diffusion //%_J

grain boundaries into crystals Drive-in

* In effect, larger surface area allows much faster volumetric
diffusion

Copyright @ 2010 Regents of the University of California 4
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) Predeposition & Ex: Boron Predeposition
[ UCBertieley m————————————— UGBtk e
* Furnace-tube system using solid, liquid, or gaseous dopant * Basic Procedure:
sources 1. Deposit B,O; glass
* Used to introduce a controlled amount of dopants | | _____ 1 e Fmm——-
% Unfortunately, not very well controlled S0, || ' [5i0, «— Si0, diffusion barrier

% Dose (Q) range: 1013 - 10!¢ + 20% Iliiii (masks out dopants)
% For ref: w/ ion implantation: 10!! - 106 + 1% (larger BBBBBB‘\ 2. B diffuses from B,0, > Si

range & more accurate) Si
* Example: Boron predeposition

Furnace tube
* Difficult to control dose

it i Furnace tube
Jz, B,H, ? be;ause ITs he.a \Illly «” cross-section
! | | | | | «— Wafer ependent on partia ‘

Gases — \ pressure of B,H, gas flow
. - % this is difficult to Less B
0. 335? w N~ boat control itself concentration
dib I : % uniformi
iborane ¢(a .;?T'TNgza(sw A Predeposition Temp: 800-1100°C % get only 10% uniformity
& Ex: Boron Predeposition (cont.) % General Comments on Predeposition
" UGiBerkeley

u UGBerkeley
* Higher doses only: Q = 10!3 - 10!6 cm-2 (I/I is 10!! - 10!9)
* Dose not well controlled: + 20% (I/I can get + 1%)

* Uniformity is not good —

e Furnace tube %+ 10% w/ gas source
—/ %+ 2% w/ solid source
Si Si Si SiSi Si * Max. conc. possible limited by solid solubility, i
/ «— Wafer Y Limited to ~10%° c¢m-3 ﬂ?

% No limit for I/I — you force it in here!
j\_} * For these reasons, I/I is usually the preferred method for
 Boron/Nitride wafer introduction of dopants in transistor devices
> 2% uniformity * 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

For better uniformity, use solid source:

Reactions: stress — warping of structures
B,H, + 30, »3H,0 + B,O; % I/T can do physical damage — problem if annealing is not
Si + 0, » Si0, permitted

* Thus, predeposition is often preferred when doping MEMS

Copyright @ 2010 Regents of the University of California 5
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i Diffusion Modeling i Diffusion Modeling (cont.)
17 1L, By . T U B e —
N(x) = pe'te ivlevarded Br now ih 1 one-dAimensiond Bem
' \—>T = Doponfr from paintr of high corc. meve b INHE) 9T y
infr of lw cwe. & flur T E T 2 Ficks 2% law of
% o ueton Uhebr Nich)? (2201 and ubobde ) in ()} 200 T i»«'fwm in 1D ]
T fen of Hiea
Fick's Law of Diffustan— (12 law) Sohedions: — depender] upam boundory condiflons
Tlx,t) = - ) A A () S wse yarickle rqwamb'b\ or lcplau Xform ~|e:‘tm'qw.r
o
' [#ewt-s] " Diffusim Cocicient Case 1: fredepssibon — cmshnt souce diffusian . surfyve corconttion Shays
Lo 4o sama dun'nj Ho diffusion
Conbmuity Equation for Particle Flux - Surface £ ﬂ'r : e\-—u'mpun")y ame et <t
Genend Poem: aN('K ‘t, - CGIK.-"hYJ‘\ NO hﬁlﬂ' (D,‘f,< bl{z< Dg-(g)
_atl_.=—v-3. Constant 4, ,,erh Concli .
2 N I t \t o Comple vy @ o funcion Pmﬁe
rule of increase  "egative of Ho divergene badgoud — Mg \ N\ N
of conc. &1 time &f particlo flux Come. S“Z&L «, distane £ surface
& Diffusion Modeling (Predeposition) & Diffusion Modeling (Limited Source)
" UciBerkeley " UGBerkeley
= if phtiool om o lineur seale, would lot like Hhlr: N, Case 2: Drive-in —> liviled soure diffusion,, 1.e,, Comslant dose &
N
= Bowrloy Gordlibin.: M 1 N Mol .
) Nlo,t) > Ns v [ L (2 a2 x Nobta) 1\ £,
) oo 417 6 } Mo )-8 [1- [ 2™ Tty | it .
" Ne AN ;
Nt » No erfe (zm) = Ggaln, cm*lenw{myevm fimction X, distanc €/ #o Surfoce
{*—-—J (rewd fubles or grgh)
= &w@ Condifion -
Dore, @ 2 tohottof impunty At per unit area infhe & () Neo,t):0 /_) Ohy? Constont Dose: cndf
= area unde fe cune = Ker) < Iinear Scate &) QH(‘X,‘C)I =0 I? NxA)d= = Q & .
. . 7_.& 2 R Ix 1Keo
@ I;A Noxp ) = | Q)= Mo & N, +-- - ?’Ta:"{:::a as ~ Thir (s equivalert fo caying Hat Heres no flux
z . : uzlor% curve! Ve Poing out of 4o 5, i.2, fE’W‘)
Em 2 characlenstic Affunm Ieag[\j ////|', and Hatsy hat 3‘,:_
= _’\fé—_ > Hhis saye! x
r"r
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;: Diffusion Modeling (Limited Source)
UCBerkeley
iy Usvelly make detts fon. dppox. = Nix,0) = & §6
= e can do s, becase -fov-.:\:mckd‘] v Aiffusion Fiwes, ne wather Lohat
Ho Ongwﬂ -"Icf.z of o dquf dlisleibubon , Yo diftvsed dl:k-r!:ubon will be

l Jame
6et Gaussian Dr.rb-lbuﬁm covesgods oo Aal-F E\
N('X,ﬂ Q‘P (iT“‘ ] Gaussian n 'K)J

Cquition

loghy
M) Dy Lhen 'Ho
(1 Y { rnyB’e is (‘a-\'(ekl\.’ (Ma:@o‘ a 7‘

; in Fo S, e
L 9!- = hel€ Fo implant dose

T

% Successive Diffusions

[ u‘ 8rk8|9_=

* 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:

1. Selective doping
« Implant — effective (D1), = (AR, )2/2 (Gaussian)
* Drive-in/activation — D,t,

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

3. Then, to find the final profile, use

(Dt)tot = z Dit;

in the Gaussian distribution expression.

Copyright @ 2010 Regents of the University of California
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Two-Step Diffusion

llGi B

* Two sfep dlffuswn procedure:
% Step 1: predeposition (i.e., constant source diffusion)
% Step 2: drive-in diffusion (| e., limited source diffusion)
* For processes where there is bo1'h 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 > (Dt)grive-in = impurity profile is complementary
error function

(Odrive-in » (OF)yreqep = impurity profile is Gaussian (which
is usually the case)

T, The Diffusion Coefficient

E
D= D0 exp(—k—{f (as usual, an Arrhenius relationship)

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

Element Do(cm?®/sec) Ea(eV)
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 W Metallurgical Junction Depth, x;
" uC;Berkeley " UCBerkeley
- 100 o O Interstitial Diffusers
ot PR ——— % Note the much higher diffusion
! s utionl coeffs. than for substitutional x; = point at which diffused impurity profile intersects the
%{‘& | 1o+ _]NOIIO[IIDD;H“;;O“IH;O(O‘CI 00 bGCkgr'ound Concentra'ﬁon, NB
10— Diffusers = ‘ L |
i ‘ ’ LogIN(x)] Log[N(x)-Ng]
]
Bl _' e.g., p-type Gaussian o . .
? No- / No-Ns Net impurity conc.
3 - p-type
b e.g.. n-type region
fo T v
s Ne \ N n-type region
' I
o | / x = distance / x = distance
X; f/ surface X; f/ surface
Fig- 71 |
IOI‘I—(JP-;:.“.-H;—_‘- D]'.‘ o ola 085 J 0%
5 Expressions for x; 5 Sheet Resistance
| UCBerkeley "UGBetkeley

* Sheet resistance provides a simple way to determine the
resistance of a given conductive trace by merely counting
the number of effective squares

* Definition: /

B A w/‘ (A’UN],)) d’ﬂc‘{' ’t“(_mi')' Squaves of pakrial

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

esistane n #e regsfor

* For a complementary error function profile: w .
uni-ForlJ\, doyal wirkers{ s > — §0' of malerid
(x;.1) d Sterret| N ety po % © ReRpxs
N(x:,t)=N.rf ——= |=N X; = 24/ Dterfc™| —& . ’ '
iH/= To (2\/ Dt] B 77 [NOJ 0= comdluctiity = (jian 1)

* What if the trace is non-uniform? (e.g., a corner, contains
a contact, etc.)

Copyright @ 2010 Regents of the University of California 8
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w  # Squares From Non-Uniform Traces

" Uc;Berkeley
aw w
e
Iw
A ||
t
W - Cormer (= (.56
— 085 squms
e iw
v KIET "k
=t byt
" 0.4 spazs f—-wm

A Irvin's Curves (for n-type diffusion)

["UGBerkeley

W oo EXOMPlEL g
Btgrond Goconkbin 1 Given: / PivP

1 Ng = 3x1016 cm-3

| N, = 1.1x10% cm-?
i (n-type Gaussian)
1 x; = 2.77 pym

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

p—

Susface Aopure coscemration. N,
2
Z <

H Determine the R..
ing Fig. 2.7:
! U:ms 9

,,,,,,,,,

. R,fJ: 470 s pum
e == L i3 RS. q?o

Shee revsanc et s e s, By, k- N XY
? _

. i [
Shont resisuce -usction depth prodect. K, 1, (obm-m) >
o P el 2
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& Sheet Resistance of a Diffused Junction

" uCBerkeley

For diffused layers: Majority carrier mobility

Sheet Effective Net impurity
resistance ‘/re5|shvrry concentration
\ S -1 / -1
_P | |
R, = x UO o-(x)dx} /_ UO quN (x)dx}
= —=
L_al/ L% [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 Ng (the substrate background conc.)

[

Surface dopast soRcesaion, N [4trmem'|

%  Irvin's Curves (for p-type diffusion)
e

UCBerkeley

Example. n-type
Given:
N; = 3x1016 cm-3

N, = 1.1x10!8 cm-3
(p-type Gaussian)
x; = 2.77 pm

Can determine these
given known predep.
and drive conditions

ol e

“u.u(_

dopant concentration, Ny fatomaicm’)

Surtace

| Determine the R,.

P el

m-'.E— [ 3 u:i'lj F‘f{,ﬂ.’l:
r Fare Rso;= o0 cm

w0 1 ul: Y u-\lI , i ) a0
ma-xwm:nmm;m::.uimml c. 25- Hf z&q_n/u




