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o 5 Doping of Semiconductors
L} TUCBetkel

* 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

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

in a metal Extra free e-
:Sit it Si: -f-\:': :
.. .. .. —\ ; .

:Si: Si:Si: Dope

% The larger the # of donor atoms, the larger the # of
free e~'s » the higher the conductivity

& Doping of Semiconductors (cont.) &
" UGCBerkeley T UG B 1.
* Conductivity Equation: charge magnitude
on an electron
O =qun+qi,p.
conductivity 7 '\ hole
elecTr_‘on electron hole density
mobility  density mobility
* If fewer e's, then the dopant is an acceptor: B Diffusion
:Si: Si:Sic . B. :Sit B :Si:

. O.

:Si: Si:Si: Dope . Si G;._’s./
Dle ot o G

% 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
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i Diffusion in Silicon
G B
N\ yony N
* Movement of dopants within the NN
silicon at high temperatures
* Three mechanisms: (in Si)

Interstitial Diffusion
* Impurity atoms
jump from one
interstitial site to
@ L another
Substitutional Diffusion Infersh.halcy Diffusion . . . rapid diffusion
* Impurity moves along ° Impurity atom ) % Hard to control
vacancies in the lattice replaces a Si atom in % Impurity not in
* Substitutes for a Si-  the lattice lattice so not

CTN 2/6/18

o Diffusion in Polysilicon
UG B 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

atom in the lattice * Si atom displaced to electrically
an interstitial site active
o Basic Process for Selective Doping

UG .
1. Introduce dopants (introduce a fixed dose Q of dopants)

(i) Ion implantation

(ii) Predeposition
2. Drive in dopants to the desired depth

% High temperature > 900°C in N, or N,/O,

* Result:
dopants
Dr‘ive{/x—/
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o Predeposition
UG B 1
* 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: 10'3 - 1016 + 20%
% For ref: w/ ion implantation: 10!! - 106 + 1% (larger
range & more accurate)
* Example: Boron predeposition

Furnace tube

_—/ 0O, BH,
— wafer

Gases —»

dnbomne (Iner"r gas:
e.g., N, or Ar) Predeposition Temp: 800-1100°C
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& Ex: Boron Predeposition & Ex: Boron Predeposition (cont.)
UG Bt e g ""UGBerkelsy

* Basic Procedure:
1. Deposit B,O; glass

For better uniformity, use solid source:

\

----- k reo— Furnace tube
' [5i0, «— SiO, diffusion barrier e

1

ITTTITT

TI33Y (masks out dopants) _/ .....

eseese \ 2. B diffuses from B,0; — Si /SI S S 5'4/ wafer
s W —\ -;I

Furnace tube " Boron/Nitride wafer
cross-section — 2% uniformity

* Difficult to control dose
Q, because it's heavily
dependent on partial
pressure of B,H, gas flow

% this is difficult to Less B . Reactions:
control itself concentration B,H, + 30, -»3H,0 + B,0;
% get only 10% uniformity Si + 0, > SiO,
6 General Comments on Predeposition 5 Diffusion Modeling
["UCBerkeley L] Y
* Higher doses only: Q = 10'3 - 1016 cm-2 (I/I is 101! - 1016) NGx)
* Dose not well controlled: + 20% (I/I can get + 1%) Sttt mam \—’T ébof:oolr fom paintr of high conc. move b
* Uniformity is not good v fJ\,W o dlgpart- x poiaty of lew core. & flur T
%+ 10% w/ gas source ’/% s = Quedio: Lhets M)z
%+ 2% w/ solid source — ~ ' o ko stale T fen of Hiva
* Max. conc. possible limited by solid solubility Fick's law of Diffuston- (1% law)
% Limited to ~102° c¢m-3 Tl t) = - ) ON(x,#) )
% No limit for I/I — you force it in herel 2 ax
* For these reasons, I/I is usually the preferred method for Hux [#lent-s] ~ Diffusia Coeticient
introduction of dopants in transistor devices
* But I/I is not necessarily the best choice for MEMS Continuthy Equartion €or Parkicle Flux -
% I/I cannot dope the underside of a suspended beam Geneod Porm: ey o
% I/I yields one-sided doping — introduces unbalanced T :-V-3
stress — warping of structures 2 X .
% I/I can do physical damage — problem if annealing is not rule of increase  egative of Ho divergone
permitted of come. ol +ime &f parficle flux -
* Thus, predeposition is often preferred when doping MEMS
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& Diffusion Modeling (cont.) & Diffusion Modeling (Predeposition)
UG B ""UGBerkelsy
we'te intevarted B nos in Yo ong- dimansiondd Brm : = i phtlool om a linear scae, would losk like 44ir: N
QN@‘;ﬂ _oT (2) ; o Lo of o Gt o
e ek’s 2¥ low & = Bow. P
Mhet) FWect) | x4 SN
201) and subshkde GJin ()] =30== D55 0 [Mﬁmm in 1-p ] ) Nlot) > Ns on (1o L (205t -a2 x
ks o (=) Moo, £)> 6 } K)o e ]
S'o’u/wnr' - a‘epew‘evtf Upon BO\mo'o CondiHons %
> wse yarickle separatiy or lsplm Yform {echniquas ' Wxst) > No erfe (,_m) = Galn, Camplemorrary emm. Fimction
(read fables or gagh)
Case 1: Predeposihion — emstnt souce diffucian - surfuce comontatiin Sheys
l %(ij Ho Same dun‘ng Ho diffusion Dore, @ & toho# of impunty atoms per unit areq Infhe &
S"‘f"; ~ ﬂ“ ""r“"*y am¢ teta <t = atea undey e cune Nor) <« Iinear Scale
WM'MYI ° < heh T (0, < 0t,< 05y) Q- j’: NoxtVdee = | Q)> N,’—'%i an’? N, L., over undenhis
4\t \2 — Complementrry & e funchion Pm%le &y Squar is 5""‘(“-'
backgwd — Y8 T AN ., m % Chroracorite Mg b"&"\j , Under Ko curve!
ame- 7 %, distare £ surface } >
Surfucg_ e x
o
& Diffusion Modeling (Limited Source) 5 Diffusion Modeling (Limited Source)
UCBerkeley UCBerkeley
Case2: Drive-in—> limilod soure dffusion, i.e, comstant dose & ot} Usvally make debs Fon. dppoy. - Nix,0) = & §6)
. Nl = we can do this, becawse for sefBcledty lowy diffusion fimes, ne watter Lohat
Nott R, Ho ovigind e oF o dopdt dishibufio, Yo difuscd dld»)buﬁm wil be
No{f;J ‘6:. Jame
Nott) 1N ¢,
Ne [T VN A Get Gaussian istribufin: nesgovds b o /w"\‘
x, distane €/ o Surfoce N(x'“g Am g;::;;: in %Lt -
= Boundany Gonditin " &
(i) Neo,£)=0 /—-> Why? Constout Dose: ondf te) Dy Lhon Ho Shorting ave a
) aﬂ(z,ﬂ’ [P Ny = Q & N proble is comlely Covtained
ax 'x'o < th o S, e *
\—"Wdeiwva’etf'ivmym\g‘ﬁd Fare's no Flux e, QsQL hcf(%fmphq*’o{w(
( 30’09 o«-}b\:-ﬂe& 2y Nix) x >
a',J Mf M 0‘,0
Hhis says! :B—-, x
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5 Two-Step Diffusion o Successive Diffusions

TG B K (UG B

* 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 (Dt); = (AR,)?/2 (Gaussian)
* Drive-in/activation — D,t,

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

3. Then, to find the final profile, use

(Dt)tot = ZDiti

in the Gaussian distribution expression.

* 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:

(O1)predep » (Dt)yrive-in > impurity profile is complementary
error function

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

i The Diffusion Coefficient a

1400 1300 lZO(;rgmp:::)‘;u (GCI)DQO M Diffusers
L I B T % Note the much higher diffusion
coeffs. than for substitutional

E A . . .
D= DO exp —E (as usual, an Arrhenius relationship) Substitutional &

Copyright @ 2018 Regents of the University of California

ul | 1 |

|
0.6 0.65 0.7 0.75 0.8 0.85
Temperature, 1000/ (K-!)

In‘l'ers‘l'i‘l'ialcx 01100 Tmneumm(;go
ol Diffuser‘s i 104 120 IO IO'OU 90] 8’ 7?0 —;
Table 4.1 Typical Diffusion Coefficient Values for a Number of Impurities. 3 {
E lonl _ 102
Element Dq{cm?/sec) EAleV) s ' i
B 10.5 3.69 % E
Al 8.00 3.47 g ool H _
Ga 3.60 3.51 E :
In 16.5 3.90
P 10.5 3.69 oo 7= N .
As 0.32 3.56
Sb 5.60 3.95 Fg 71 Fo.72
AN 0 ! L N
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& Metallurgical Junction Depth, x; & Expressions for x;
["UGBerkeley UGBerkeley
= point at which diffused impurity profile intersects the * Assuming a Gaussian dopant profile: (the most common case)
background concentration, Ng
x. Y N
Log[N(x)] Log[N(x)-Ns] N(xj,t)z N, exp —( / ) =Ny > x,=2 /Dt h{ )
Ny /e .g.. p-type Gaussian No-Ng Net impurity conc. 2+/Dt Np
, n-type p-type . . .
region For a complementary error function profile:
Na \ Ne n-type region
I . 4 Np
/ x = distance / x = distance N ( ) N erfc| —— - x; =2+ Drerfc”| —
X; f/ surface X; f/ surface 2\/ N,
i Sheet Resistance & # Squares From Non-Uniform Traces
‘UCBerkeley L] Y
* Sheet resistance provides a simple way to determine the \ | Combiet
resistance of a given conductive trace by merely counting - Gahd|
the number of effective squares ohins e S T
g per Square g
Definition: / 5 =
e L~ = = W
i ( )’171 ‘: W) a/p .«Too& —
Cuk -
‘ (Astw']’» dhect N Bunit squares of makriad e
A L ":b l%"‘d VeﬁJ’lﬂf‘ Hﬁ 0.65 squares
w
Uniforiby deed waferisf U S §0 of maledd i .
ol vesifyiby o 23 . i ‘ S p—
1f ) ~ ReRyx§ %V w & w ]J;w
0= Contotity » jan Y1) G (N 5 N I B el A
* What if the trace is non-uniform? (e.g., a corner, contains - H—%V "7‘
a CO"TOC"', e‘l'c.) |—> 0.14 squares }—~ 0.35 squares
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.+ Sheet Resistance of a Diffused Junction o Irvin's Curves (for n-type diffusion)
" UgBerkeley " UGBerkeley

* For diffused layers:

Majority carrier mobility Example. /P_fype

1 Given:

Sheet Effective Net impurity | = .

resistance resistivity concentration 1 Ng = 3x101¢ cm-3
_/ s : N, = 1.1x10'8 cm-3

redacivg \l Yol x; -1 X / -1 3 1 (n-type Gaussian)

dpA o R = = Ug G(x)dx} = [L quN(x)dx} | X, =2.77 pm
m— Xj / £ 2 Can determine these
) f | given known predep.
» [extrinsic material] ;1 and drive conditions
§

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

1 Determine the R;.
3 U.n'ns Fig. 27:

3
|| e I

* Above expression was evaluated by Irvin and is plotted in _ . Rs¥j =2 47052 pam
“Irvin's curves” on next few slides T L e s pmein A X ‘2’—-77"7 = 5/g

% Illuminates the dependence of R, on x;, N, (the surface
concentration), and Ny (the substrate background conc.)

E>.<amgle. n-type
1 Given:

Np = 3x1016 cm-3

2 N, = 1.1x1018 cm-3
| (p-type Gaussian)
x; = 2.77 pm

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

1 Determine the R,.
3 u:inj Fig.7.4:
Rex;: £oo00: cm

.. E:= %:._- 2895 /n
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