Adsorption and Desorption
Physical adsorption
1. Weak force, e.g., van der Waals force
2. Reversible
3. Equilibrium attained rapidly
4. Q=1~10 kcal/mol
5
6

Accommodation coefficient (a) =1
Residence time on surface ( 7 ) =10-12~10-7 sec
vs. 1013 sec molecular vibration time
Taking place at low temperatures
Not limited to monolayer

hemical adsorption

Q=20~40 kcal/mol

Bonding force ~ valence bond
7=102~10Y7 sec

Taking place at all temperatures
Monolayer adsorption

Not always reversible

SOk wh =R N

Adsorption Isotherms: Describing the equilibrium course of surface adsorption as a

function of pressure at a given temperature. Mono-layer
adsorption

Multilayer
" adsorption

Adsorption




Langmuir Evaporation and Condensation
Dynamic equilibrium between adsorption and desorption

Assumptions: 1. The adsorbed molecule or atom is held at definite, localized sites
2. Each site can accommodate only one molecule or atom
3.The energy of adsorption is constant over all sites, and there is
ho interaction between neighboring adsorption.

(I) Adsorption without dissociation

Let N surface sites all with same power for adsorption if n of N sites are occupied and

the fraction of surface sites occupied is n A+ B — Products
=N r=-9Ca G e
l K GI N Aodt dt MR
G +—S-<T> —Sk- J, =K. P(1-0)=av(1-0)
Dangling bond Surface atom where v is the collision frequency of gas molecules

striking the surface, and «a is an accommodation
or sticking coefficient

V= CgasV+
Vapor Cyos = n (moles) _ P vapor phase
T T V (volume) KT
* ] v, : velocity of gas atom onto surface
KT

= ,|—— (Gas kinetics) (M:molecular weight)
2zM



P KT a
Adsorptionrate: ], =« 1-0)= P1-6)=K P(1-6
P : kT'\/Zsz( ) 27MKT (1-6)=K.PU-6)

y S
Desorption rate: J_ = K_6 = ﬁé’ = 2|<7TMkT %
€q

€q

N _aP(1-60) af .« [P(l—@)—i]
T T 22MKT K N22MKT  V22MKT Keg
. KegP 1
At equilibriumJ , =0=>0=—-— or 1-6=
1+K,,P 1+ K, P

P<«<l->0~K,P

P



(IT) Adsorption with dissociation

Assuming monolayer adsorption and a molecule will adsorb and occupy two adjacent
sites on surface

. G
6, +-é-é-K: -'s-5-

Adsorption Rate:J =K P(1-6)* =—2  P(1-6)>
P =K, P( )\/27z|\/|kT()
Desorption Rate:J_ =K_§°
€2
] =3 -3 =—2% [Pa-0)*-"~
net + \/272'MkT[ ( ) Keq]
K. P K




(III) Evaporation with constant concentration at surface
e.g., evaporation of metals

aP

J, = T2k (maximum adsorption rate assuming 6 = 0 )
Jet =J, —J_
_ aP 3
N2ZMKT
At equilibrium  J_, =0—J =— %"
J27MKT
Nonequilibrium J_ =J —J = %" aP”
s J272MKT  22MKT
_a(P-P*)
 27MKT

Special case: =1 and evaporation in the vacuum (P=0)
_pe

J =
J272MKT

net



Example: The accommodation coefficient for the deposition atoms or molecules is
the ratio of the number of atoms that stick to the surface to number that strike it. It
is zero if none stick; it is one (unity) if all that hit stick. If the accommodation
coefficient is one, then at a pressure of 10-1°0 atm, a monolayer will be formed in about
37 sec. If we require the surface to be kept clean for one hour, the pressure required
would be about 10-12 atm.

JUN*_ aP _ P(atm)-1013x10° 10 (em? /m’)
Az [27Mk,T \/2;;M'10233-1.38x1023-T
6x10
_ #particles
 cm’sec

M: g/mol=32g/mol for O,

%k
Assuming monolayer adsorption=10"/cm* = e

* 15
N =2.72x10" -P = 10
At T
If =1

P=10"atm = r =37 sec
P=10"atm = 7 = 3600 sec



Example: Vapor Pressure Measurement

When liquid aluminum is held in a stable, inert container suspended in a vacuum
furnace (P=0), the mass loss through a hole with a cross-sectional area of 2x10-3
cm? is 1.7x10-2 g/s at a temperature of 1250 K. The molecular weight of aluminum

is 27 g/mol, and the vapor is monatomic.

T=1250K ‘ A=2X10_3 sz
Pe=? —4 P=0 M =27 g/mol

%

N 9
m ‘ 7—1.7}(10 g/sec

N
P° =— . 27MK.T
Ar\/ °

*

9
N__17xI0 .6x107 - 1 —m™sec”
Az 27 2x10

* -3
po = N (0, 27X10 7 4 38510 .1250) 2
Az 6x10

=1.32x107° N/m?

=1.3x10""atm



aP

J =
J2aMK T
MKS CGS
P N/m? dyne/cm?
M kg/molecule g/molecule
K 1.38x10-23 1.38x10-16
J/molecule.K erg/molecule.K

J molecule/m2sec molecule/cm?2sec

Fe:

0=7.8 g/cm3

M=56/(6x1023)=9.3x10-23 g/molecule
0/M=7.8/(9.3x10-23)=8.35x1022 molecule/cm3
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Model of Mass-transfer Coefficient

I / c1 1 N 1II Approximation
A

N - Unmixed layer or film in the fluid next to
N> C the actual interface

/ ; A - Devoid of any fluid motion and offer

/ ¥ A resistance to the transfer of component A
el from the interface into the bulk solution

/ — c - Transfer takes place purely by atomic or

S molecular diffusion through the film
eff - Assuming a steady-state diffusion manner

Boundary Layer . .
Ja=Ku(Cy—Cy)

6CA::D(
OX Ot

C.-C7

c.f. J,=-D A)

D

K _—
v 5eff



Mass Transfer with Vaporization

- Vacuum annealing without melting
- Elements (e.g. Zn, Pb) evaporate during annealing
-Several steps might take place
1.Transport of volatile species to the surface of the condensed phase
2. Formation of volatile compounds at the surface
3. Evaporation from the surface into the gas or vacuum
4. Transport away from the surface into the gas or vacuum

Alloy (s)

C,5

* If no boundary layer exists, evaporation
takes place at the surface

oC,
J D — (_)(_)DW |x:0

_ a(PAExternal . PAs)

27MKT o

Pa =7 XaPa

P, : the vapor pressure of the pure component
at a given temperature

7, =1—ideal gas

X, _Cu (o molar density of the alloy)
yo,



_—ab™
" 22MKT
B apext
~ 272MKT
Jet =Jd,+J_

_ a(Pext . Pseq)
L272MKT

J =—D@ :Positive
OX

(—):from high to low concentration

(Desorption)

(Adsorption)

_|_

_(v_pC..
J_=(-)( D&X)' Flux out



In vacuum P> =0

D oC , ~ —aC,P,

ox 0 o272 MKT

If we consnder' the alloy as a semi-infinite solid
oC , 0°C,

=D

ot ox’

1.C.:C,(x,0)=C,

B.C.:C,(w0,t)=C,

D 0C,(0,t) —aP,C,(0,t)

OX o277 MKT

0C4(0,t) _ —aP;CL(0.1) _ o

OX D o272 MKT

C,
C— =erf( \/_

X=0= CA =exp(Y *Dt)-erfc(Y vDt)
A

)+exp(Yx+Y 2Dt)erfc[ \/D_ +Y/Dt]

Ref: Carslaw and Jaeger p.71 Note: C,(0,t)=C,



Ca”

o=B.L.

melt

CASI

10
Boundary
Layer

Alloy Vaporization during Melting
Steps:

(1) Mass transfer to the free surface

(2) Mass transfer in the boundary layer (B.L.)

(3) Vaporization from the B.L. into the vacuum

** No fluid motion is assumed.

t=0=C?=C;

Mass transfer coefficient

/D
S2 Ku, =2./— (cm/sec
Ca ML 0 ( )

Where 6 is the "lifetime” of a surface element which is
equal to the average distance from the center of the melt to
the edge of the crucible divided by the average velocity of
the melt at the surface. In the induction melting case, " 6" is
of the order of 1 sec or less.

Flux to the surface from the Bulk
Ja :;KM.L(CZO -C)

Flux out



Mass Transfer Coefficient in the Melt

KML—sz

\/_\/ \/D \/72'\/D(9

JE5L

6 ,: Diffusion layer or mass transfer
layer thickness in the melt



g
Mass transfer coefficient inthe BL. K, = % (cm/ sec)

o 3=B.L. Flux in the BL.  J5=—Ky,(C3 —C2)
P.C:’
Vaporization at the BL, J2=——%a"A ___K ,-C
P Y paamkT MR

Steady State: J,=J, =J:

40

Boundary —C;O —C;O
Layer J A 1 1 1 — 1
+ + —
KI\/I.L KM.g KM.e Ktotal
1 1 1 1
— + +

KM.L KM.g KM.e

- total kinetic resistance



Kinetic Processes in Series
1/K,

1/Ky

1/K,y,

J, = Ch _ K

%( total -

Ca




(1) Ky >> Ky and Ky, Comelt 0-B.L.
% CSI — CSZ N é
A A CASI \
o _ 1 . 1 C.,S2
Ktotal KM .L KM e ]
* Flux in the B.L. is not accessible mathematically 0
(2) Kye Kyg <Ky, Kw.g << Ky and Ky,
B.L. B.L.
—J Cua —~
Reversible Irreversible C.=0
- B.L. control

- Fluxes of diffusion in the melt and vaporization are not
accessible mathematically (Irreversible)
- Reversible: ;o aP;CZq

" pJ22MKT




Rate of decrease of solute A in melt
= mass flow of A from surface

dCoo -
_A‘s‘] A‘sKtotaICA

where A_ and V are the surface area of melt exposed to the vacuum and
volume of the melt, respectively.

»dC, A — Products
CAdCA :ASK Itdt (t:O’Coo:CO)
oo Coo total 0 A A dCA
'rA = = kCA
In( A) A% K dt
n o total
(c.f.- the 1st order chemical reaction) =9 e
*Overall evaporation constants for Fe-base melts at 1600C _1n(_A) — kt
Kista(m/s) Ao
Mn 8.4*10-5
Cu 4 8*10-°
Sn 2.3*10-5
Cr 2.1*10-6

S 7.0*10-¢
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5.3 Decrease in concantration of alloying element as a function of mass trans
iant and A,/V ratio. Units of K are cm s™. and units of A,/V are ft™'.



L 11
Ktotal KM.g

% -1
KM.g a I:)(total pressure)

(Ky L and K ., are relatively independent of external pressure)

10
102
103
104 -

N’ 10-5

10

cm/sec)

K

| | | | | |
10 102 103 104 10° 1096
Pressure (psi)

Mn vaporization from 0.25%C steel at 1580°C as a function of Ar pressure over the melt

* As Ar pressure increases, K decreases — minimize the
vaporization of Mn
* Laser welding to reduce the vaporization



Epitaxial Growth

* Deposition of a layer on a substrate which has a similar crystalline
order to that of deposited layer

* Homoepitaxy - Si/Si

* Heteroepitaxy - GaAs/Si

MAIN GAS FLOW REGION

gas phase
reactions

8 —0+00

¢ length
transport to grrace lengt

surface

L
adsorption
af film precursors

desorption of
adsorbed species

surface diffusion surface reaction

thselrtr'un fomaltion
in Kinks of clusters
(island growth)
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In(Growth Rate)

Arrhenius Analysis
)

Rate = K_exp(———
o €XP( —

In(Rate) = —% +1n(K,)

Mass Transfer

Surface Reaction

>

1/T T

o

Q‘I’oTaI: S%Qs + (1-5%)QM



oG =] A+B<C
r  _—a eg.,SI+2H, <> SIH,

AG; =-RT In(K,,)
AG; > 0= In(K, ) <0— C is unstable
AG; <0=In(K,)>0—C is stable

AG [kcal/mole]

-

1 ] 1
\ X

I O

o s O

L
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I
e
0
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T
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K
Figure 4-4. Free energies of formation of important gaseous species in the Si-Cl-H
system in the temperature range 800-1600 K. (Reprinted by permission of the

publisher, The Electrochemical Sbciety, Inc. from Ref. 14). .
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Fig. 6.10 Temperature -:!ependencc of the silicon epitaxial growth process for four different
sources. The g{'owth_ra!e is surface-reaction-limited in region A and is mass-transfer-limited in
region B. Reprinted with permission from Philips Journal of Research from ref. [3].



Vapor-phase Epitaxy

Silicon epitaxial layers are commonly grown with silicon deposited from the gas phase

Gas
C

Si
S 5
@ rsnnnannnnnnannns >
o t
Boundary

Layer

D
Jg = FQ(CQ —CS) (B.L. Mass transfer)

Js = KsCs (1st order chemical reaction)
:flux at the surface

K: surface reaction rate constant
at X =0 JS = Jg (Assuming Steady State)

D -
K.C,=—%(C, ~C.) (Kmg=Dy/ 6)
D
e
C,= D
K+
o
D
5 &
=5 G )
K, +—2
o
Cy
=5 = Koot Cg (in-series kinetic processes)
— 4
K

(1/K o= 1 /K #1/K)



In(Growth Rate)

B/ A
/
/
/
/\

1 1 1 1 1 1

Ktotal KS D% Ktotal KS K Mg

J g — Vgrowth rate (Cr%ec) -N (# %m3)

(1) SiH, «%% 5Si+2H,

(2) SiH,Cl,

/ \
/
/ (3) SiHCI,

/ (4) SiCl, +2H, «2°C , Sj+4HC]

1/T

- At low temp (A regime), chemical reaction on surface tends to follow
Arrhenius relation with an activation energy of 1.5eV/mol.
Ref: Si-Si (1.83 eV/mol)

- At high temp (B regime), the reaction becomes rapid and controlling
step shifts to mass transfer. The growth rate shows relatively
independent of temperature, and that is the area of interest from
manufacturing viewpoint.



- , 1200C | Qj
SIC|4(9) +2H, 4, < > Slioniay T4HC

- Reversible

- T~1200°C

- HCl could etch the surface of Si
—cleaning before epitaxy

SiCl, +Si,, —>2SiCl,

—also etch the surface
- Etching and growing Si layer take place competitively

g

Film Growth Rate

too rapid
T=1270C
olysiic
Growth
p 1
e N W
typical industrial use b _
Etching

[SiCl4] —>



Deposited SiO, Properties

(1) Excellent electrical insulator
* Resistivity >102° ohm-cm
* Energy Gap ~ 9eV

(2) High breakdown strength
* >10%V/cm

(3) Stable and reproducible Si/SiO, interface

(4) Conformal oxide growth on exposed Si
surface

. Thermal ‘ - T
| Si0, | ) | Si0, |
Substrate Substrate

Sio,




(5) Excellent diffusion mask for common dopants
* Diffusivity of B,P,As and Sb in SiO,<<Si
* Exceptions including Ga, Cu and Au

P P

SiO, Si0;

(6) Excellent etching selectivity between SiO,
and Si

-




Thickness of Si Consumed during Oxidation

Original SiO,
Sur'face tSlOZ . ' 2.17
—————— - — = — == Oxidation| gy m
fsi 1 m[SSN
Oxidation . ]
Si SiO,
(=t densityg;,_
Si — 'Sio :
2 density,
2.3x10** molecules/cm’
= 1gi0 22 ;— =0.461;,
2 5x10°° atoms/cm 2



Example of mixed control

Thermal oxidation of Silicon

Ref:(1)"Introduction to Microelectronic Fabrication” vol.4. R.C. Jaeger, 1988, Chap.3
(2)"Transport Phenomena in Materials Processing”. D.R. Poirier and G.H. Geiger, 1994, Chap. 15

O.54Xo% s ennnsaa Original
0.46 Xox Interface

Si Dry Oxidation:
Si +0, «201200C_, §iQ,
Wet Oxidation:

Diffusivity in SiO, Sj +2H20< 900-1200C >Sio2 +2H2

S O2 E=1.18ev
~ £
o 2z
< N
= 3
S | H:0 g,—0.790% _

1/T



Temperature {"C)

(200 1100 1000 900 200 T00 aog 550
=TT 1 | | |

_—
=219

104

Si+0, = SiO,

Ll

= O, . A
E,mﬁ —
é E DH20<<DH2

7| =>Controlling step: Diffusion of H,O

12

H,0
E,=0.79 eV

T TTTI]
R

E, = 0.79 &V ]

| 1 | I |
0.7 0.3 0.9 1.0 i.1 1.2
1000 T (K1)

1

Fig. 3.1 Diffusivities of hydrogen, oxygen, sodium, and water vapor in silicon glass. Copynight
John Wiley & Sons, Ine, Reprinted with permission from ref. [2].



Thermal Oxidation of Si

~N

100 = ;Hm}] T imm] RERERENY ’ﬁ:zlzli! T T
- Parabolic Growth
X2=kt
10— =
X, [ -
A2 L ]
LE H,0 0, E
- ® 1300°C .
- o 1200 ~
' A A1100 -
O m1000 B
. i O 4 920
Linear Growth : 288
0.1 —
X=Kt E) E
0.05 | Hmu[ | ;mud ] smmi o [EEEREN
2 3 4
0.1 1.0 10 4_g 10 10 10
A’/4B

Figure shows general thermal oxidation behavior of Si. The solid line represents the
general relationship, and the dashed and chain lines, two limiting forms. The values of t
correspond to X =0 and 200 A for wet and dry O respectively. (From Deal and Grove.®®)



Modeling - Oxidation The overall mass transfer of oxygen includes
(1) Mass transfer in the gas
Gas SiO2 Si (2) Diffusion through the SiO,
(3) Reaction at the SiO,-Si interface

If the oxidation rate is low enough, the fluxes through
the above steps are equal. Assuming that the
concentration of the diffusion species in the oxide
layer is linear

J=J.=J,=1,
Jo =Ky (C,-C,)

Jy=2(C.~C) =Ky (C, ~C)
Jr = KgC

Since the chemical reaction at x=0 is fast enough to establish equilibrium
(oxidation rate is low), no interfacial resistance exists.

c
— =K (constant
c ( )

S



The concentration of O, in the gas

C, =%
* T KgT
S

C, = i
KT

At the gas-oxide interface, C;and C,' are
at equilibrium

C'S = KF)OS2 (K:equilibrium constant)
The same to the oxide-Si interface where

C = Kl:)ci)2 (K:equilibrium constant)



S Ku(C,-Cy) = KD(C; —C) = KgC,

Jo, = 0 Cloo 1 (1) m: mass per molecular 0,  (J=CV)
- -
kK kK, Ky
Psio d55io 32 Psio d55i0 Psio dé‘SiO
J — 2 2 2 J — 2 2 J — 2 p)
o= m dat P YoTem a = m dt
Eq.(1) =(2), Kp D and 0 =0; at t=0 (Initial thickness of oxide layer)

3
5°-67 .1 . k ,,6-6, mkC,

et 1<) - =0
2Dt 'K, K, ot p
-5 1 k _6-5_ 2mkC_
( [t () - =0)
2Dt K, K, ot p
Case (A) K, >0 C_,=C, butC,=C,
Gas SiO: Si '
c s # K
- C
C, S
¢’ C, is not equal to equilibrium value. Interfacial
\ resistance exists at x=0 and flux equals to h(C,-C;)
L C;

0 X=0



J=h(C —C')=B(C' —C)=K,C

Gas SiO: Si A, S | rRYi (Ky=D/6)
- ‘Cs J _ Cs (: COO)
C,' 1 1 1
v Ci D R
0% =57 1 1
| + | B _
0 X=0 2Dt [K h]( )

R
Case B) K, »© h—»wo=C,_ =C =C.

*No interfacial resistance exists at x=0

Gas SiO: Si |
“ C=C'=C. *J = Kp (G, _Ci),: KrCi
*) = CS(: Coo :Cs)
1 1
_|_
C KD KR
6°=o&) 1 .6-5, mC
- +[-—I( ) © — ()
0 X=0 2Dt KR " P

_g{(l 4B(t+2'))/2 1



where AZQ, BzzDCSm
Kg P
S5 +AS
B
Case (C) Ky, >0 h—owo K,—>wx©

T =

*Interfacial resistance exists at x= 6

Gas SiO: Si
C. c. c. J,=h(C,-C)
O o S
*Jp = KRG,
J = Cy
T¢ 1.+1
0 X=0 h KR
Case (D) K,, >0 h—o>wo K, >ox, h - o
Coo - CS = C; = Ci
Coo Cs Cs' Ci
— J=K,C =K,C,
giniuinink Snint Auin «_y 4%, _ AK.C.
e ey S e jrgp— dt
() me—— A: Area of interface at x=6



Ko(C,—C)=K.,C.  assuming K,, =o0; k=1

Jo. = Co P 4050, where K _Db and o;=0 att =0
b m dt %)
KR I<D
C, _ PFsio, d5s|o _)mCOO:( 1 +5)d53i02
11 m dt Psio, K D’ dt
Ke D
9]
mC 5.1 & mC o 52
odt=| (—+D)doy,, —»>—=t=
j010502 J R C o Psio,  Kg 2D
0’ 25—2Dmcoot—>52+A§ Bt

+ — x ‘Qi;
Kr Psio,

4Bt
> A+ A 1+—
5:—A+\/A +4Bt _ A 2(\/14_423,[ o

2 2



Case (E) K, > h—> o K,—>w©, h—>w

Gas Si0: Si

C |’ J :KD(C'S_Ci)
= K, (C,—0) (Irreversible)
J =K, (C,-C*) (Reversible)
Ci
0 X=0

Case (F) K, >0 K, —>wo K,—>w h—>o

Gas Si0: Si J =h(C, _C;)

(Interfacial resistance exists at x=0)

C.=0 for irreversible reaction
C.=Ce4 for reversible reaction




Case (B) K, >0 h—>w h oo

.= the initial thickness of oxide on the surface

-10 20A due to atmospheric oxidation
2

Short Time t+7<< A
4B

-
<

S(t) =E(t+7)

B 2DC/ C.mK,

A

2|7 P
K
5:é{(1+48(t2+2'))y2_1}
* Linear growth period and the rate-controlling 2 A
step is the reaction at the silicon surface [l MLl ]% - 1+lt+r
A2 2 = 7 A2
Long Time t+r>>E (t>17) 1B 1B
5(t)=+/Bt \
! A 4B(t+17),!
5 _2DCm §=SHI+=4 )2 -1y
P A 4Bt
. . ~SE) (B
- Parabolic growth period 2 A

- Diffusion controlling process




Short time

Long time

Oxidation Rate
Wet >> Dry

Pressure effect

linear rate const
B/A

parabolic rate
const. B

Oxide thickness

(1) (111)si
(1) o H:0(640 torr) - (2) (100)si

Ea=2.05ev B/A(l 1 1) ~
B/A100)

E,=2~2.05 eV close to
the bonding energy of
Si-Si (1.83 eV/mol)

1/T
H:0
\EA=0.783V C'S (H,0) >> C'S (O,)
Dl‘y 0O:
Ea=1.23ev
B DC.m
10atm °
S5atm Cs=C.
1 atm a Pressure of reacting gas

Low temp. oxidation process
for VLSI fabrication requires
high pressure
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Si+0, = SiO,

Ll

= O, . A
E,mﬁ —
- 1 Dr2o<<Dy

7| =>Controlling step: Diffusion of H,O

12

H,0
E,=0.79 eV

T TTTI]
R

E, = 0.79 &V ]

| 1 | I |
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1

Fig. 3.1 Diffusivities of hydrogen, oxygen, sodium, and water vapor in silicon glass. Copynight
John Wiley & Sons, Ine, Reprinted with permission from ref. [2].



Si + 2H,0 = Si0, + 2H,

*Since DHZ in SiOZ - IOOODHZO in SiOZ
>H,0 diffusion control

*T=1273K
C:'(H,0) = 3x10%° molecule/cm3
C:'(0,) = 5x10'¢ molecule/cm3

Cé ~ KF)OS2
Ki,o >> Ko,

~>Oxidation rate in H,O>>Dry O,

Note: * Wet oxidation results in poor quality silica film with more dangling
bonds, larger leakage currents and lower dielectric strength.
* Thick oxide film prepared by a dry-wet-dry cycle, i.e., a long
wet oxidation bracketed by short dry oxidation.



Diffusion-controlling process

Reversible J :—D%—Cz Joep at x=0and x =1
X
_ a(Pl_Pz)

J

" 2aMKT
If P, =0 in vacuum

_ —aP® —aCYP
V22MKT  p272MKT

P : pressure of pure component 2

J

evap

o : density of alloy

Irreversible

oC
Co J, =—-D—
OX
J.vap 1S T0O large to calculate directly.
‘ Flowing C2° surface)=0-> removed forcefully.
| Air J has to be calculated directly.

0 L



Reaction or Evaporation Controlling Process

Reversible J, =k (C28 —C)
|
Time [¢2° :driving force for degassing
a(0-P ,
l |Cz"-q evap — \/2(7Z V k2T) (in vacuum)
0 L _ —aCj;P?
Irreversible o271 MKT
. C.5
1Tlme 2 Jr=k(C28—O)
I —aC; Py
d ..................... |._O evap D \/272. MkT
Mixed Controlling P
ixed Controlling r'oces?J S °C
P p = V=
Time }C.,° OX
A' T —aC;P;
evap —
............................. Iczeq ,0\/27Z'MkT
L ‘]D:Jevapatxzoand X = |



