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Introducao

Historicamente, necessidade de introduzir
impurezas por difusao para obter regioes do

tipo n (P, As) ou p (B) no silicio.

Gas dopante

2L

Dopagem ¢ a exposi¢ao da lamina de Si 3i0, S0,
em uma fonte contendo P, As ou B S/
(deposicado) e

Difusao do dopante
e a sua difusdo em alta temperatura NTe X STeR Si0),

Si




V

« Ate 1970, uso de deposicao em elevadas
temperaturas em fase gasosa.

— Perfil da deposigao:

GAS OF: - & .
DOPANT . .~ .
ATOMS ‘

Inc
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* A partir de 1970, o processo de dopagem
passou a ser via implantacao 10nica com o
seguinte aspecto:

HIGH-VELOCITY

DORPANT
IONS MASK
fnC

i
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Processo de Difusao Térmica

Acontece com altas temperaturas: 600-1200 °C;
Obedece a Equacao de Fick;

Apresenta um perfil de Difusao caracteristico;

Mascaras para a Difusao

dopantes

alta concentracio baixa concentracao
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(a) | (b)
Models of atomic diffusion mechanisms for a two-dimensional lattice, where a is the
lattice constant. (a) Vacancy mechanism. (b) Interstitial mechanism.!




A Balanco de Massa

{Fica acumulado} = {entrada} — {saida}
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N/ Modelo para 1 D

dC(x.,1 dJ(x,1 1C(x,t
( )= _ (x.,1) e J De (x,1)

(S*f {21‘ ' C?'L
G, =R, =0
; SO o : 1C(x, 1 12C(x.1
Fick’s diffusion equation =20 _ pZ <D
dl ox~
i _Ea ~

diffusion coefficients D = D, exp

kT

Necessita de 1 condi¢ao 1nicial e 2 condi¢coes de contorno




Pertil de difusao

Cx, 00)=0 C@O t)=¢C, C(o0, 1) =0

2 x 2
fx) = —= ¥
C(x, 1) = Cs erfc - e V2 .rﬂ = eE
2V Dt erfc (x) = |—erf(x)
erf(0) = O
erf (0) = |1
erf (x) = -\/i_* x forx << |
Table 1 Error Function Aigebra Iﬂ o=
erfc (x) =~ 7 forx >> 1
W x
—d— eff(x) = —2 e"“‘z
dx  Va
d’ erf (x) = - : xe~ ¥’
dx? Y/
X | 3
erfc (VMY = xerfex) + — (1—e™ %)
S erfe () 7

f: erfc (x)dx = .5
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Fig. 4 Diffusion profiles. (a) Normalized complementary error function (erfc) versus dis-
tance for successive diffusion times. (b) Normalized Gaussian function versus distance for
.guccessive times.
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N/

Distribuicao Gaussiana x erfc
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Mormalized concentration versus normalized distance for the erfc and
the Gaussian function.

Distribuigao erfc para
0 processo de
dopagem por difusao
com fonte infinita

Distribuicao
gaussiana para o
processo de dopagem
com fonte finita
(Drive-in)
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\/ Donors (Electron-increasing Dopants) Acceptors (Hole-increasing Dopants)

P+ B
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Intersticial Vacancia

O, Cu, Au, Fe, Ni P, B, As, Al, Ge, In

E,~05-1eV  E,~3-4eV
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Diffusion of B in Si:
T | D

Difusﬁo no SIHCIO 800 °C | 1016 cm2/s

1200°C | 102cmi/s

Temperamre {°C) Temperature (°C)
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Solubilidade solida

1020

Solid Solubility (atoms cm™3 )

1019 4 !
800 900

| | |
1000 1100 1200 1300

Temperature ( C)

A Solubilidade Solida € a concentragdao maxima possivel para cada dopante em
cada temperatura de difusao.



Difusao (diffusion)

dC(x.1) UL:?' Cix,1)

Si

i ax” Y
C -
c  C(x.0)=0 °
BCs C(0,H)=Cq¢ Dopant source
’ 3 (constantly
C{m:t) =0 replenished)
Solution: _ x
A
C(x,1) = (_EE-“'}L[‘[I / 2L Dt |
Py Nl

complimentary error function

~ Diffusion length

concentration

profiles

time
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N/ Penetracao (Drive-in)

6C(x.1) ”aﬁc(r,:]

——
it dx -
Dirac delta
function
S concentration
IC C(x,0)=0,6(x) N profiles
; ~H.SI
9C(0.1) s
BCs = U‘ _ g3 :
e Thin surface layer with
: total impurity present
C(o0,t)=0 of Q, [atoms/cm?]
Solution: /
Clx.1) = [ 49’}

;TD
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Donor impurity diffusion coefficient versus electron concentration showing regions
of intrinsic and extrinsic diffusion.
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Extrinsic diffusivities of arsenic and phosphorus in silicon as a function of dcrpaﬂt
concentration.




Metodo para medida do perfil de dopagem

Medida de Profundidade de Juncao

Cg LOG C(X)
Xj n* or -
T % %/
b |
T

P

(Q) {b)

Junction depth measurement by grooving and staining.
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M¢etodo para
medida do pertil
de dopagem

Spread
Resistance
Probe

SPREADING RESISTANCE ({)

109

E 1 1 I T 1T 3
104 =
o ]
| Xeb
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E ; BEVELED =
- SAMPLE ]
| L )
102=— | —_
— 3
195 1 6

X {gm)

The spreading resistance profile of an n-p-n transistor structure.
X, = the emitter-base junction
depth = 1.7 pum; x , = the collector-base junction depth = 3.2 pum.
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Calcuiated and measured boron and phosphorus n—p-n transistor profile showing
the emitter push effect. Emitter diffusion is at 1000" C, for 1hr, followed by a 900" C,
45-min steam oxidation.
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1G 1 ] I I LIS

Ox1do como
Mascara

=

Este grafico ¢
utilizado para
1dentificar a
espessura minima de
S10, necessaria para
ser utilizada como
mascara numa
Difusao Térmica

OXIDE MASK THICKNESS d { pem}

403 1 [ R T B N 1 I [ T |

10 102 103
1 (min}

Minimum thickness of dry-oxygen-grown 5i0; required to mask against phos-
phorus and boron as a function of diffusion time with diffusion temperature as a
para meter.
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Difusao Lateral

DIFFUSION MASK

o) A S ///[//7///"
Ny ‘ c/c,m08
03 |
Q 10} o4
N st 003 |
. 0.0
20 0003 |
. [oXoLe
2.5 00003
0.66011
| | | | | ]
30—t 0 1.0 5.0

y/2./0}
Diffusion contours at the edge of an oxide window,
‘where r; is the radius of curva lure.
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\/ Problema a ser resolvido:

Conforme evolul uma tecnologia ...

As dimensoes superficiais ficam menores €

E as regioes dopadas devem ser cada vez mais dopadas e rasas;

10°
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N/ Implantacao Ionica

Elettrodi
. di
IMagnete ‘ scansione
di
selezione
000000000
|1 |j 0000000
L —
‘ Linea
di
accelerazione
Sorgente
ionica —t
Bersaglio

Dose depende do da corrente 16nica e tempo de implantacao

Profundidade depende da energia do ion
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o Equipamento de Implantacao Ionica

(3as source

1) lon Source

2) Extractor

3) Analyzer

4) Acceleration Column

2) Resolving Unit
Qutside view

lon Beam = &) Process Chamber

Load Lock ~|----
lUser Interface _

(Computer) © AR
L ociee 3
O

Cperator
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N/ O Implantador Ionico

. Repeller Plate

» The filament is heated. (1)

. Electrons are “boiled” off the heated Gas ‘ Slotfor
filament. (2) Inlet extracting ions
+ The electrons are
o attracted to the positive (3) N e
: ) wall. (3) *+) | ;{‘|3'
ik\ = On their way to the wall (2) T e
they hit neutrals and ik | HJ Filament
jonize them. (4) (4) .
U Electron from N -4 :
Ao Tk eutral atom Positive 1on
P el i (B) (B*)
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Implantacao Ionica

(S) ACCELERATION

(4) ANALYZER TUBE
MAGNET fs}g Sf%_ﬂN (7)
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APERTURE (TARGET
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SOURCE
DIFF
PUMP
et /g
(3) ION :
SOURCE BEAM LINE 8 (?}Eégggﬁ
(2)ION SOURCE END STATION
POWER DIFFUSION PUMPS
SUPPLY (1) GAS
SOURCE

Schematic diagram of a typical commercial ion implant system.
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\/ Implantacao Ionica

Como o Implantador seleciona o ion a ser implantado

| i
| —
1 ) L

As ions enter the analyzer magnet,

]
_—




N/

Implantagao I0nica

Como o Implantador seleciona o ion a ser implantado
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Some possible ions from BF,
are shown here.

Electron from

filament C%)

@

@
MNeutral Molecule g_‘)o BF,*

@

BF,

Beam of 1ons

v

Si1 Wafter

» Silicon is doped with boron,
phosphorous and arsenic by
ion implantation

* |lons from the ion beam
damage the lattice.

-
Laboratdrio de
MCrosletronicay
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Projected range for B, P, and As in Si and Si0O, at various energies.’
The results pertain to amorphous silicon target and thermal Si0,.
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V4 Distribuicao da dopagem por Implantacao
Ionica de Boro
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Fig. 5§ Boron implanted atom distributions, with measured data points, and four-moment (Pearson-IV) and
symmetric Gaussian curves. The boron was implanted into amorphous silicon without annealing. (After -

Hofker, Ref. 21.)




Danos na Estrutura Cristalina
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Fig. 12 Calculated damage density profiles of (a) boron and (b) arsenic. (After Brice, Ref. 30.) The va.lue;j
of deposited energy Qp are obtained by multiplying the normalized damage density by E;/R, (eV/A)’;j
Some values of E; /R, for B are 12.9 (10 keV) and 6.1 (100 keV); for As they are 91.4 (10 keV) and 9.3
(100 keV). 3



\/ Recozimento Térmico (Annealing)

=1
L S—

Heating Lamp [ 7\ : ‘— ‘

Si1 Walfer @

 Annealing is a process where the
wafer is heated to repair the
damage to the lattice @ »

 The dopant ions become part of
the crystal lattice (Activation) »

 The ions also spread out during
anneal (Diffusion)




N/ Recozimento Térmico (Annealing)

'rﬂm T T | e A i RS Eay ¥ | T &
ANNEALING TEMPERATURE

& NO ANNEALING :]
v T00°*C

m 800°C
ik

+

O

=

200°C
1000"C
Ho0*C

CONCENTRATION (cm=3)
=
s -

TOkeV BORON
10" BORON ATOMS/cm?

0 T SN N —
0 0.2 0.4 06

DEPTH (wm)
Boron atom concentrations as a function of annealing at various temperatures.

The anneal time is 35 minutes. (After Hofker, Ref. 21.)




Y Protecao da dopagem por Implantacao Ionica

1.0
SI02
e S Si3Ni4
£ 2
3 Espessura de
7 SiO, e Si;N, para
E ~/
T protecao da
- 01 I
& dopagem por
-:t i 3
- Implantacao
: Ionica
E g |
i —» i
P (Zn,Se,Cd,Sn, Te) o Ry d -X
0.01 1 1 L o aaal 1 | [ T W
10 100 1000
E (kev)

Minimum thickness of SiO, and Si;N, for a masking effectiveness of 99.99%.
@ Insert shows ion penetration beyond a depth d.
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Usos

- Ajuste na  tensao
limiar Vth de um
transistor MOS

- Dopagem nos contatos
de Gate de um
MOSFET

ACCELERATED BORON I0ONS

RN

GATE
0¥ IDE

W

n-5i (ol

‘ ‘ S0
p (b}

(a} Predenosition using ion implantation, (b} After drive-in diffusion.

POLYSILICON
GATE

p-TYPE SILICONY M THICK
OXIDE
(a) {b}

Threshold voltage adjustment using boron ion implantation.™



Equipamento:

Tempo
Corrente

Parametros de Implantacao

Resultado:

Dose

Angulo de incidéncia
Na lamina

Uniformidade
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Cargas no processo de Implantacao

Py

I .
s p
Target (Z2)  Electrons
from (3)
target |
. d
— >
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Electrons | '/
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Comparacao

Difusdo Térmica Implantacao Ionica

\/

Alta Temperatura, Baixa Temperatura,
Miscara densa (S10,) Mascara de Fotoresiste (FR)
Perfil de dopagem ISOtrépico Perfil de dopagem ANISOtropico
NAO consegue controlar CONSEGUE controlar
INDEPENDENTEMENTE INDEPENDENTEMENTE
a congentrac;ﬁo. Ca a concentracao € a
profundidade da jungao profundidade da juncao

regiao dopada
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N/ Contaminantes

e Podem vir de:

» « Metalicos — impactos nas paredes....
— Fe, Cr, N1.

® ¢ residuos — varias espéecies de dopantes (P, As, B...)

e *Na, Ca, Mg,

* ¢ (Oleo da Bomba difusora, carbono, oxigénio,nitrogénio...




