6.5.13 S/SIO, Interface charges

» The bulk of the oxide consists mainly of rings of SIO4
tetrahedra, each with six Si atomsin thering
« =S correspondingto Q; arelocated physically further
away from theinterface and thusare unableto trap
carriers
The ener gy levels corresponding to Q, are located outside
the bandgap



Wet O or HO

Qpx 10licm2
o
I
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Temperature °C

Q () = (Q0)- QYexp® 12%+q.
e tg

 Ar isa better choicethan N, for annealing
* Q. isessentially independent of temperature
* Q, states can be passivated through hydrogen annealing at
fairly low temper atures whereas Q; is unaffected
H,? 2H followed by =S+ H ? =SiH
_ Q«(0)
Q= (1+kt)’
 In large area structures such as MOS capacitors, the diffusion
of H, can involve significant diffusion times
 Polysilicon gates have the advantage of preventing outdiffusion
of H, ? annealing processis more tolerant of high-T exposure

6.5.14 Complete Oxidation M odule Simulation
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6.6 Limitsand Future Trendsin Technologies and Models

eLow T

 Low T + high P (10-25 Atm)

» Theideal properties of the S/SIO, interface can be preserved
with deposited oxides either by first growing a thin thermal
oxide and then depositing SO, on top of it or by annealing
the deposited oxide

o “Composite’ dielectric layers

» Oxynitride dielectrics by exposing thermally grown SiO2
filmsto N,O or NO ambients, or nitrogen implants and
subsequent oxidation

Stronger Si-N bonds? resistant to hot carrier stressing
Resistant to dopant penetration
Larger K

» Change density © 10%%m=2? onecharge/ 0.1x0.1um



Chap 7. Dopant Diffusion

7.1 Introduction
» Thediffusion cyclesrequired to electrically activate the
Implanted dopant atoms ar e often the limiting factor on

Sidewall

Spacers

* May berequirementsthat the polysilicon gateis doped at
the sametimethat the S/D are formed

a)
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7.2 Historical Development and Basic Concepts
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constant dose




TED (Transient Enhanced Diffusion)

lon Implantation and Solid/Gas Phase Diffusion
Annealing
Advantages | Room temperature mask Mo damage created by doping
Precise dose control Batch fabrication

107 - 10™ atoms cm™ doses
Accurate depth control

Problems Implant damage enhances Usually limited to solid
diffusion solubility
Dislocations caused by Low surface concentration
damage may cause junction hard to achieve without a
leakage long drive-in
Implant channeling may Low dose predeps very
affect profile difficult

7.2.1 Dopant Solid Solubility

e

M aximum concentration that can be dissolved in Sl under
equilibrium conditions, without forming a separ ate phase

1022 -
._--',-‘ As i
= P
L]
= 1021 +
E -~ :
o, B n
z ;
% sh
= 1020 o _\i
Z : Sn
= 3 G4 :
'J‘-': f i |
1019 "1!-!"""

800 900 1000 1100 1200 1300

Temperature ('C)



Electrical solubility limit may be considerably lower than
The maximum solid solubility (  neutral cluster formation
With point defectsin the Si lattice)

7.2.2 Diffusion from a Macroscopic Viewpoint

A

F=-DdC/dx

Concentration

-

Distance



e Fick’sfirgt law: F=-pJC

X

* In adiamond lattice (S, GaAs) which has cubic symmetry,
D hasthe samevaluein all directions

e ——
B AC

AX

» Fick’s second law
DC _ DF _ Fin‘ Fout

Dt Dx  Dx
iC_1 C§
1€ Vg lco
Mt xe o
e |f D isaconstant
‘HC:D‘HZC
qt X2
1C_ g

-N-F=N- (DNC)
qt

Fout

7.2.3 Analytic Solutions of the Diffusion Equation

» Steady-state
DﬂC:O

ix*

C=a+bx




7.2.4 Gaussian Solution in an Infinite Medium

Dase )

Diffused Gaussian

C®0ast® 0 for x>0
C® ¥ ast® O for x=0

o, C(x,t)dt =Q

_Q e X 0_ & X 0
C(x,t) = expc- ==C(0,t)expc- =
) 2~/ pDt pg 4Dt g (01) pg 4Dt g

The peak concentration decreases as L and is given by C(0,t)

Jt
. 1
When x =2+/Dt, the surface concentration has fallen by =
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7.2.5 Gaussian Solution near a Surface

Imaginary Delta Function
Delta Functon Dose ()
Dose () \ {Intial Profile)
Virtual P Diffased
[)“I';'“;m -~ Cansdan
7
\,,.r
{
{
/
- >

0

Assumption : no dopant islost through evaporation
or segregation during the anneal
Effectively a dose of 2Q isintroduced into an infinite

medium 0 .
X O X O
C(x,t) = —=— - ex
(X,1) 7oDt pg oty COY p 1Dt g
Q
CO,t) = ——
(0,t) oDt
7.2.6 Error-Function Solution in an Infinite Medium
Dose CAx

Initial
- Profie
AX
Diffused
Profie
X




C=0att=0for x>0

C=Catt=0 for x<O
The problem ismade up by a sum of the previous Gaussian
solutions

C(x,t) = ZJ%%Dxiexp- (X4D):)

C 0 (X'a.)2
Cixt)=—= S exp- X2 4
() 270t & 7P an

X-a _

2Dt
Cix.t) :%p(‘;%exp(- h*)dh

ef(z)= %p@zexp(- h?)dh

Cé e X o
C(x,t)=—3al- ef =
= e-ete m
—Eéerfcae X 9“
2§ &2/Dt
! I-..‘:— —
‘I. : _t=qét ; ]
0.8 -+ L — =t |1
| e alnitial | ]
| =——f=t
= 0.6 = 1
=
%{I.nl -.-
0.2 =m
0 e
-5 4 3 - oA 0 | 2 3 4 5

X (Units of 2Dt )



7.2.7 Error-Function Solution near a Surface
e Constant surface concentration at all times
 Themidpoint in Fig.7-12 must remain stationary

Concentration

0.9
0.8
0.7
0.6
0.5
04
03
0.2
0.1

e X U
C(x,t) =Csqorfc———
& 2DtH
RN ER S S T 1
— ~ 0.1
- — 0.01
= - 0.001
| - 0.0001
[ R R N 10-5 | L ] ]
05 1 15 2 25 3 35 4 45 5 0 1 2 3 4 5 6
x — units of VDt x — units of VDt

* The error-function solution is (very approximately)
triangular on alinear scale ® Q = Cs/Dt
More accur ately,
B A

X 2Cs
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Table 7-3  Intrinsic diffusivity in cm?sec =" for silicon self-diffusion and of
common dopants in single-crystal silicon, fitted to an Arrhenius

expression
Si B In As sb P Units
D% 560 1.0 12 917 . 458 470  cmPsec ' |

B, 47 {35 35| 399 38 368 eV

o “ Slow” diffusers: As, Sb
“ Fast” diffusers: P, B, In
» Under extrinsic conditions, all dopants show much higher D



7.2.9 Effect of Successive Diffusion Steps
o |If all the diffusion stepsoccurred at a constant temperature

(Dt)eff = Dl(tl +t2 + "') = D1t1+ D1t2+ oo

(Dt)eff =Ditl+ Dltzé%g = Dt + Dat»

oo =g, 2t

2

7.2.10 Design and Evaluation of Diffused Layers
» Sheet resistance, surface concentration, junction depth
 Invin'scurves

1020 4

1019+

1018

Surface Concentration (cm= )

1017
1 10 100

Effective Conductivity (ohm-cm )-1

7.2.11 Summary of Basic Diffusion Concepts



7.3 Manufacturing M ethods and Equipment

« Important to have some oxide or other capping layer to
prevent evapor ation of the dopant

* Anneals are often performed in a low partial pressure of
oxygen sufficient to grow athin oxide layer or are performed
with a reasonable thickness of oxide present

o |dle at atemperature between 750-800°C

e Ramps dowly (5-10°C mint) to thefinal anneal T

o After adiffusion step, ramp down totheidling T

e Oxidation can alter D through OED

o If the dopantsareintroduced by ion implantation, the can end
up diffusing more at lower T because the ion-implantation-
induced defects last longer and continue to enhance D

* Modern devices often use a thermal cycle ssimply to electrically
activate implanted dopant atoms and process designerswould
often be very happy if no diffusion took place during this
step
? RTA (Rapid Thermal Annealing)

Lamp Heating Elements

OO0OO0O0OOOOO0O

Quartz Chamber Surface /Edge
\ 4 Radial Heat Loss

o USiliconss
e

Support
Pins ——=

)
OO0O0OOOO0O

\




 Ramp rates ~ 100°C/sec

Table 7-4  Summary of furnace and RTA diffusion and annealing system characteristics

~ Excellent temperature control .

Furnace . RTA -
- Batch b hek © Single wafer
Long time Short time’
E Slow ramp Fastramp
- Long stabilization Short steady state

Accurate t_cmperatl_lre control difficult -

A silicon wafer subject to incident radiation will achieve
a uniform temperature across and through thewafer in a

few msecs

» Even if thereisa perfectly uniform incident radiation flux,

the wafer edgeswill becolor ( heat loss)

? may causedlip

suppressed by surrounding the wafer a polysilicon slip

ring

multiple circular zones of lamps

« Monitoring temperature

Ther mocouple
Optical pyrometry




7.4 M easur ement M ethods

7.4.1SIMS ( = Secondary lon Mass Spectrometry)

Incident Ion Beam Sputtered Neutrals
and Ions

» Special SIM Stest areas, which are large squar es(200x
200um), are often incor porated

* Thislargeareaisphysically sputtered, and theionsare
collected from a smaller, central probe areato minimize
edge effects

» Accelerated ? massanalyzed ? counted

* Theincident ion beam is chosen to produce a high yield
and a small massinterference dueto unintentional ion
complexing

e n-typedopants: Csi high yield
p - type dopants: O

e Sensitivity : 1016-10%/cm3



. I:CSZ heavy ? “knock on” ? degradetheresolution
O : light ? minimize*“knock on” problem
but, a higher background floor
« May beunreliablein ultrashallow
e O : theinitial rate may be higher
? low energy (200eV to 5 keV)
o “Matrix effect” ( each different layer in the matrix has
itsown uniqueion yield)
* Cs: can lead to “mixing” of layerswhen puttering through
ultrathin layers
» Mixing effects can be minimized by using a low energy and
shallow angle of incidence
« Sputter neutral mass spectrometry

7.4.2 Spreading Resistance

 Electrical measurement using a pair of fine metal probes

* By measuring theresistivity and comparing it against
resistivity standards? N can be obtained

Osmium

Probes

Original Surface

DR 0 O 0

Lot R ¢ B R

Ax=Ssin @




* Beveling : gluing a small sampleto a precision-machined
holder
? polished using a diamond dlurry and a rotating
wheel
* Important : the probes make good electrical contact yet not
penetrate too deeply into the bulk
« SMS: chemical

_ _ _ differnece correspond sto
Spreading resistance: electrical
dopants which arenot

electrically active

7.4.3 Sheet Resistance

* Provide an integrated electrical conductivity over the whole
profile

e 4 probes I: outer 2: forceacurrent

Inner 2. measur e a voltage

 For shallow junctions, the mechanical probes penetrate too
deeply
? Van der Pauw

7.4.4 Capacitance Voltage
C? xp? N



7.45TEM Cross Section
 TEM, electrical inverse methods, direct CV, Kelvin probe

Diffused junction

e HE : HNO,: CH,COOH (1: 40: 20)

\ T ilutant

Vv oxidizesthe S

dissolvesthe oxide

» The etch rates depend on N and appear to similar for n-type
and p-type

7.4.6 2D Electrical M easurements Using Scanning Probe
Microscopy

i =13nm at 10°cm”
» Averagedistance : =6.2nm at 10°cm
1 =28.8nm at 10“°cm™



« Scanning probe method ? STM (Scanning Tunneling
Microscope)
« Scanning capacitance and scanning resistance probes

Laser Source

Dicde Detector MOS Device

Source/Drain

AFM Cantilever
&

Capacitance

Measurement
S

Beveled
Surface

Backside Contact

» Cross-sectional samples must be prepared
» The surface of the S cross section or metal probe must be
coated with an oxide layer




e SRP
 Workfunction measurement ? N

7.4.7 Inverse Electrical M easurements

Vo CVE€ > simulation results
compared

e The doping profilesarevaried until they match

7.5 Models and Simulation

7.5.1 Numerical Solutions of the Diffusion Equation

2
ARYARYAR
Ny N; N, Ny
0 1 2 3 4
Ci=Ni?x/cm3

 Theatomsremain relatively fixed in the lattice but vibrate
at the Debye frequency (103sec?)



» The frequency of hopping

Debye frequency
E%QN jumping right
€29

gel_ng jumping left
€29

F=- Y (Na- N =- LDx(Ca- C) =- L X

2 2 2 Dx
__pbC
Dx

o At plain i
N’ = N&%Dt(Ni - 2N+ N )

o :Ci+%Dt(ci.1- 2C. +C..)

c=c+22¢c sac+c.y)
Dt?
» A ssmplification of thisequation ;
DDt 1
Dx* 2

C|+ :%(Ci- 1+Ci+1)



o |If %>0.5 ® the solution becomes unstable

, bbt
Dx?

=0.5 represents the maximum value

7.5.2 Modification to Fick’sLawsto Account for Electric
Field Effects
* When N>n,, e-fields set up by the dopants can affect the
diffusion process
? Additional flux or flow of species F'=Cv

'’

velocity of particles

Ftotal :F+F':' DE+CV

X
 If F' and v areindependent of X,
fCc_ 1&9Co 1C
Mt Ixé xg
* Theorigin of thefield comes from the higher mobility of

electrons and hoes compar ed to dopants
“ AsT

Concentration

Depth



_ly
X
KT, n
y=-"—In—
qg n
:iD
kT
F=-DI_pcljph
X ™ n
:-Dclmé?:ﬂ?
X & ng

» The flux can be expressed in termsof N only, if charge
neutrality and Boltzmann statistics apply

N, +P=N, +n
np =n’
If N; @No and N’ @N. the flux can be written as
F=-hp
fix
where C=|No- N4

h =dectric fidd enhancement factor

C

JC +4n;

h has an upper bound of 2

01+
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7.5.3 Modificationsto Fick’sLawsto Account for
Concentration-Dependent Diffusion

C oncentration (cm ‘3}

Depth (pm)

» The diffusivity varies with concentration, with the
higher-concentration regions diffusing faster

E:l%mEQ

Tt xé " xo
* Experiment ally, Dagﬂg or Da%’l}?
enig enig

DS =D° + D-8319+ ngelg for Ntype dopants

eng enig
D' =D° + D*ad39+ D**&Eg for Ptype dopants
Nig gni (%]



e [ntrindc Conditions
D,=D°+D +D°

D:D.Oexp?f EQ
é kT g
20
91+b—+g8819 -
Deff — D* (; ni nlﬂ -
"¢ 1+b+g T
9 -
e (%]
D
where b=— and g=—
D
Si B In As Sh P
Dn.l] cm!sec" 5601 0.05| 0.6 | 0.011]0.214] 3.85
D"E eV 4.76| 3.5 3.5 3.44 3.65 | 3.66
D'.0 cm®sec™ 0.95] 0.6
D".E eV 3.5 3.5
D.0 cm*sec’ 31.0 [ 15.0 | 4.44
D.E eV 4.15 4.08 4.0
D~.0 cm‘sec”’ 44.2
D™.E eV 4.37
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7.5.4 Segregation
» Dopants have different solubilitiesin different materials
? redistribute at an interface until the chemical potential
Isthe same
« Segregation coefficient = ratio of the equilibrium doping
concentration on each side of the

interface
Ky
X, €=> X,
K,
Fag = K.Cy - KCq
CB kl
In steady state, F.: =0 b C——k——ko—segregatlon coefficient
\ F= kl%A' ———h(; A= EQ
koﬂ e koﬂ
Cs. | 0.3for B

0=

Cgo | 10for As,Sh, P

Microns

-2 -1.5 -1 -0.5 0 0.5

Microns
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» Asprofileisstegper than the P profile because of smaller
diffusivity

7.5.5 Interfacial Dopant Pileup

Oxade |
i ]

Dose lost in imter [acial layer

Mormal R
sepregation Arsene

e




* Theinterfacial layer may be asthin asa monolayer and
can act asa sink for dopant atomsand isabletotrap on
the order of an atomic layer of dopant

114

~ 1020

1ole
J

Concentration { cm-?
Fa

Ln1E=g

=T Slsec, 10S0CRTA
=8 ~As implanicd

I"J_I L} L} L} L} L} L}
[} m 40 Gl L] (fi1] 120k
Ikepih (mm)

e |t occurson the sametime scale astherapid thermal
cycles

7.5.6 Summary of the M acr oscopic Diffusion Approach

7.5.7 The Physical Basic for Diffusion at an Atomic Scale

<
XK

Vacancy-assisted diffusion
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| nter stitial-assisted kick-out
Inter stitialcy

7.5.8 Oxidation-Enhanced or —Retarded Diffusion
* P, B : Oxidation-enhanced diffusion (OED)
« Sb : Oxidation-retarded diffusion (ORD)

1020 @ 100
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~ 10 10 5
T 2
g 2
2 2
g o
2 qq18 1, &
£ 2
: Rd
g 3
Q : o
S : A
R Ho1 2
| &
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 Perturbed point-defect concentrations caused by the
surface oxidation

« Growth of oxidation stacking faults { :
v same underlying phenomena
OED b

» Stacking faults = nonequilibrium defect structures composed
of an extra partial plane of interstitilas

Stacking I'"m It

Dislocation Precipitate



Surface
Recombination

Bulk
Recombination

Inert
]}iff“simi Buried Dopant Marker Layer ' Iﬂﬁl}

Stacking Faults Grow

 When S isoxidized ? expansion of 30% ? compressive
stress? injection of interstitial to make space at the S
surface
- largesize
« Sb prefersto diffuse with vacancies. Theintertitials

recombine with vacancies? vacancy concentration?
? D?



1000

100

10

Interstitial supersaturation CyCr*

1 I | | | l
600 700 800 900 1000 1100 1200

Temp (°C)

* Theinterstitial level depends on the balance between G
and R C a d—X
dt

e Interstitial supersaturation islarger at lower oxidation T
? enhancement in D

7.5.9 Dopant Diffusion Occursby Both | and V

1020 : : ' ' '

- 1019 As (inert)

As {O7)
Sh {inert)
1018

Concentration {cm

Depth (pm)



» Thediffusion of [~ Asisenhanced
Sbisretarded

 Nitridation of the silicon surface in an ammonia has exactly

the opposite effects

B & P : retarded diffusion
Sb : enhanced

 Nitridation injects vacancies
 Dopantsdiffuse with a fraction f, inter stitial-type diffusion

and with a fraction f,=1-f, vacancy-type mechanism

D =D, 2 1, =2
§'cCo
®I_ 0, O
eD g C, C,
= (- 1)+
C C,
A very conservative assumption : 8829 3 (1- ff)g*I
gD %) C

An even more conservative assumption : f*>1- ¢—=



Chap 8 lon Implantation

8.1 Introduction
 Create a cascade of damage that may displace a thousand
silicon atoms for each implanted ion

8.2 Historical Development and Basic Concepts

* Providesa very precise meansto introduce a specific dose
( theelectrical charge on theion allowsthem to be
counted by collection in a Faraday cup)

* |/l isarandom process

~ Range
R
/\/L/T
Projected Range ,
Rp o
Vacuum

Silicon

» Large numbersof ions areimplanted so an average depth
for the implanted dopants can be calculated
» Heavy ionsdo not travel asfar aslight ions



