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* This presentation covers catalysts and catalysis,
Including catalytic mechanisms, data analysis, and
chemical vapor deposition (CVD).
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Topics to be Addressed
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* - Introduction to Catalysts and Catalysis
» - Catalytic Steps

» - Catalytic Mechanisms

* - Data Analysis

e - Chemical Vapor Deposition (CVD)
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Objectives
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* - Understand the role of catalysts in chemical
reactions

- Analyze catalytic mechanisms and reaction steps

» - Apply data analysis methods for catalytic
Orocesses

* - Explore applications of Chemical Vapor
Deposition (CVD)
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Catalysts and Catalysis

bl ] gl

« A Catalyst is a substance that affects the rate
of chemical reaction but emerges from the
process unchanged.

« Catalysis is the occurrence, study, and use of
catalysts and catalytic processes.

Approximately 1/3 of the GNP of materials
produced in the U.S. involves a catalytic
process.

COLLEGE OF ENGINEERING - dsssiml| a4l&

Tikrit University - cu)$5 asola a



Catalysts and Catalysis

Catalysts affect both selectivity and yield

Gas
m
3 0O,+H H, + O 5
2 -
R b d
| 2H L i \ l'
W Ot ﬁf_“. 0 A ., Catalyst o
. A S
Coxanats Fast

Different reaction paths
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Reaction Coordinate
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Catalysts and Catalysis

Different shapes and sizes of catalyst.
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Catalysts and Catalysis
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Packed catalyst bed Catalyst pellet Catalyst pellet surface

Catalytic packed-bed reactor, schematic.
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Steps in a Catalytic Reaction
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External
diffusion

P S w——— — — —— —

Internal
6 diffusion

Catalytic surface
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 atalh/ticr Roartinn

———————————————————— 7. Diffusion of B
1. Mass transfer of from external
A to surface 1 7\ surface to the bulk
) fluid (external
diffusion)

A 9. Diffusion of A from T -
ore mouth to internal | 2 g O Diffusion of B
catalytic surface from pellet interior
6 to pore mouth

3 5
~ 7 773 AdsorptionofA  / .ﬁg?pﬁoﬁ ‘of product B

onto catalytie’Surface / from surface

Catalytic surface

Assu%tsltﬁﬁéew 5&“7‘ ﬂ%&%’ so only steps 3, 4, and 5 need to '

4

-
A8

4, Reaction on surface



Step 2: .
An instant later, X-rays from the LCLS (green)

inspect the CO molecules, providing .
an ultrafast view of the fransient state in desorption

Step 1:
Carbon monoxide (CO) molecules Step 3:
bond with ruthenium catalyst surface CO takes longer to
until laser pulse (blue) initiates reaction break free of surface
than expected, a surprise

that improves our understanding

of catalyzed processes
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Active Sites

« Reactions are not catalyzed over the entire
surface but only at certain active sites or
centers that result from unsaturated atoms in
the surface.

« An active site Is a point on the surface that
can form strong chemical bonds with an
adsorbed atom or molecule.
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Active Sites — Ethylidyne on Plati
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Pt (111) + ethylidyne

COLLEGE OF E Figure 10-3  Ethylidyne as chemisorbed on platinum. (Adapted from G. A. Somorjai,
Tikrit L Introduction to Surface Chemistry and Catalysis, Wiley, New York, 1994.)
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The Adsorption Step
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A+ S (___E A-S
) 7o
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Vacant and occupied sites

For the system shown, the total concentration of sites is

Ci=C,+Crs*+Cps

COLLEGE OF ENGINEERING - dsssyml| 8414



The adsorption of A (gas phase) on an active site S is represented by: e
A A i
AQ)+S=A-S | ot oo
-5-5-S- -5-5-S-
S: open (vacant) surface site A-S: A bound to a surface site
Rate of adsorption = rate of attachment — rate of detachment
'ap =KaAPACy —K_ACas
partial pressure of A 4 LMolar conc of vacant sites on surface

Using adsorption K _ka re =kal PAC _CA-S Equation |
equilibrium constant (K, ) A AD ALTATY K .

Site Balance

. Vacant active site C,is not measurable, but
. ! y the total # of sites, C, can

T surace IRV

Assume the total # of active sites remains constant (no catalyst deactivation

OCCurs): .. ,
COLLEGEitS m"’k‘ C @Qﬂﬂl% + Cpq.q —Use to express C,in terms of




The Adsorption Step

A+S<>AeS
o = KaPiC, "K nChus =Ks[PACy ~Cous /K, ]
K,=k,/k , [atm™]
@ equilibrium: r,, =0 C. =k,P.C,
/K, =0 C. =k,P,C,

C, =C,+C,..=C,+K,P.C,=C,1+ K,P,)

Cy
COLLEGE OF ENGINEERING - amgs‘{nll_’gl’f"+ K,P,
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Langmuir Adsorption Isotherm

<

euwllewb
Ce
C., =
Y14 K,P,
Ca.s = KaPyCy
KaPg4

A5 1+K 4Py L

CA-S KAPA

C, 1+K,P,
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Langmuir Adsorption Isotherm

Cas
CT
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CA.S _ I<AI:)A

Increasing T Ct B 1+ KAPA

e Langmuir Adsorption
' Isotherm
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The Surface Reaction Step

. Single site. The surface reaction may be a single-site mechanism in

s B
il — ()
D

Single site
Single Site

K, = (dimensionless)

Tikrit University - cu)$i aola
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which only the site on which the reactant is adsorbed is involved in the
reaction. For example, an adsorbed molecule of A may isomerize (or
perhaps decompose) directly on the site to which it is attached, such as

I—N ‘. v""‘.
e .
s rmmetms A 1,

N = n-pentene | = i-pentene

AsSi =2 B-'S

Because in each step the reaction mechanism is elementary, the sur-
face reaction rate law is

where Ky is the surface reaction equilibrium constant Ky = kg/k_g

-



The Surface Reaction Step

COLLEGE
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2. Dual site. The surface reaction may be a dual-site mechanism in
which the adsorbed reactant interacts with another site (either unoccu-
pied or occupied) to form the product.

/A ................. Eg

Dual site

For example, adsorbed A may react with an adjacent vacant site to
yield a vacant site and a site on which the product is adsorbed, such
as the dehydration of butanol.

C,H,OH -

For the generic reaction

AS+S —/—— B'S+S

the corresponding surface reaction rate law is

Cp.4C.
rs = ks (CA,SCU— "KS ) (10-

S pEm—



The Surface Reaction Step

alaal @lf ezigybs
Dual Site the corresponding surface reaction rate law is
r5=( mol ) C..C
\gcat-s) re= kS CA.SCU_ B-S™v
( ) K
ke = | E€AL
® |mol-s ; 4 ; ;
N Another example of a dual-site mechanism is the reaction between
Ks = (dimensionless) two adsorbed species, such as the reaction of CO with O
co o, cO,
INC N NN
Pt Pt Pt Pt

For the generic reaction

'B\Y_....., \{’A‘w = {,.’O\\ {,"D--.\;
s 7 D A-S+B'S —= C:S+D-S

Dual site

the corresponding surface reaction rate law is




The Surface Reaction Step
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A third dual-site mechanism is the reaction of two species adsorbed
on different types of sites S and S’, such as the reaction of CO with O.

CO 0. Cco

{ 1 —_ i

Pt Fe Pt Fe Pt Fe Pt Fe

For the generic reaction

\ ----- ~\-”'A"
Aor D™ ASHES T=2 CS4DS
Dual site ; : :
the corresponding surface reaction rate law is
Ce.sCps
rs = ks [CA-SCBS’_—K_
S
H'L?\nglmuci; Reactions involving either single- or dual-site mechanisms, which
i were described earlier are sometimes referred to as following Lang-

muir—Hinshelwood kinetics.
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The Surface Reaction Step

3. Eley-Rideal. A third mechanism is the reaction between an adsorbed
molecule and a molecule in the gas phase, such as the reaction of pro-
pylene and benzene

bl gl sagla

YOUR WAY TC SUCCESS

He
C3H° :"0". '&
B AN = AN
(A'\' — £ 'C\"
m % For the generic reaction
Eley-Rideal mechanism A-S + B(g) C-S

the corresponding surface reaction rate law is

Ce.
F rs = ks [CA-SPB‘T(:%)
= S
L \atm-s)
; This type of mechanism is referred to as an Eley-Rideal mechanism.
K= LJ
\atm

COLLEGE OF ENGINEERING - dsssyml| 8414



Steps in a Catalytic Reaction

External
diffusion

p o v w——— — ——— —

Internal
6 diffusion

Catalytic surface

———
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Desorption from the Surface for the Reacti%n

<

i s
G
A——>B+C A . M
CeS 5 C+S
P~C
I‘DC :kD|:CCOS — I{C U:|
DC
I'pc = —TADC
1
Kne =—
DC K.

COLLEGE OF ENGINEERING < .
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Steps in a Single-Site Catalytic Tuls’

Reactor ol i
- C
Adsorption A+S <> AeS —r,=r,, =k, {PACV _ kA-S }
A

Cs.
Surface ReactionA®S <> BesS  —ri=r =k {CA‘S - IECS }

Desorption BeS—>B+S - A, =1Ip = kD [CB.S _kBPBCB]

Which step is the Rate Limiting Step (RLS)?

COLLEGE OF ENGINEERING - dsssiml| a4l
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Which step has the largest
resistance?

RaD Rs Rp

abul ] iy

YOUR WAY TC SUCCES!

Adsorption Surface Desorption
reaction

I

Il‘r

Electrical analog to heterogeneous reactions
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R —
Collecting and Analyzing Data

Obtain data from
laboratory reactors
(ch. 5) &
7 N
7 e
/ \
\
ﬁ
Synthesize Develop mechanism b
rate law and rate-limiting step
from data

L Estimate rate Im _

SSIIECE oQg,Ug&Q%@fcm&%{w‘or catalytic reactor design

U e R -l pa -
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Collecting and Analyzing Data
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| Spark Plug K.1.

3TN
i 1

Transducer 1+

]
N —
N

=

=1 Spontaneous
=] Combustion t

Calibration Curve Unknown

Kl \r K.l

100% heptane 100% iso octane 100

Octane Number Octane Number
COLLEG_ _. _ . . _ oo




Catalytic Reformers
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PN

« Normal Pentane Octane Number = 62 )\/
e Iso-Pentane Octane Number = 95

Gasoline
Cs 10%
Ce 10%
G, 20%
Cs 25%
Co 20%
Cio 10%
Chz 3%

COI'I'EGE' Ur :N?!INE.EKINU - Platinum on alumina. (Figure from R.I. Masel, Chemical Kinetics and Catalysis,
Tikrit University - cu<s as Wiley, New York, 2001, p 700)




Catalytic Reformers

sl o) i
0.75 wt% Pt _
n-pentane > i-pentane
AlO,
“H, Al,O, +H,
n-pentane . n-pentene - i-pentene - . i-pentane
Pt TPt
AlO,
n-pentene - i-pentene
N >

COLLEGE OF ENGINEERING - dsssyml| 8414
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Catalytic Reformers ol

Isomerization of n-pentene (N) to i-pentene (I) over alumina

Al,O,

1. Select a mechanism (Mechanism Single Site)

Adsorption on Surface: N+S< NeS
Surface Reaction: NeS<—|eS
Desorption: |eS <= [|+S

Treat each reaction step as an elementary reaction when writing rate laws.
COLLEGE OF ENGINEERING - dsssiml| a4l
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Catalytic Reformers

2. Assume a rate-limiting step.

Choose the surface reaction first, since more than 75%
of all heterogenous reactions that are not diffusion-
limited are surface-reaction-limited. The rate law for the
surface reaction step is:

NeS+S< |eS+S

Cl.S
KS

/

—Iy =1, :rs:ks CN-S_

COLLEGE OF ENGINEERING - dsssiml| a4l
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Catalytic Reformers

abal | ssaps
3. Find the expression for the concentrations of

the adsorbed species
Cy.s and C, 5. Use the other steps that are not limiting to
solve for Cy 5 and C, <. For this reaction:

N+S< NeS
From fap ~0: Cres = PAKLC,
A
|eS <= [|+S
From r—D ~0: CIoS :PI—C:U — K|P|CU
COLLEGE OF EN K | sl &y Ko

36
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Catalytic Reformers

4. \Write a Site Balance.

C,=C +C.+C, ¢

5. Derive the rate law. Combine steps 2, 3 and 4 to
arrive at the rate law :
K

' :ksCtKN(PN_PI/KP)

-1, =T
"% (KPR +K/P)
r =1 = k(PN_PI/KP)
COLLEGE OF ENGINEER | X (]__|_ KNPN + K| P|)

37
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!a!aly!l‘c !onverslon of

Exhaust Gas i s

0.41 0.125 0.10
CO 3.4 3.4 3.4
NO 0.4 0.4 0.14
1
CO+NO — CO, +§N2

COLLEGE OF ENGINEERING - dsssyml| 8414
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Catalytic Conversion of
Exhaust Gas

—> Cpn.

NO "'S(_ NO S Mano = kNO|:PNOCV _%} Cros = KnoProCy
NO
- Ceos

CO 'S(_CO 'S Faco = Keo| PeoCy K Ceos = KeoPeoCy
co

CO+S+NO+*S—CO, +N+S+S 1, =K[CeosCros]
_)
N-S+N+S "N,(g)+25 fo =Ko [Chs ~Ky Pu.C3 ] Crus = Cy fKyPy,

COLLEGE OF ENGINEERING - dsssiml| a4l
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Catalytic Conversion of
Exhaust Gas

rg =Kg [CNO-SCCO-S]
g
15 = ksKnoKcoPrnoPcoCy

Ct =Cy +Cro.s + Ccoes + Cnes

=Cy +CyKnoPro + CyKeoPeo + CyfKn, Py,

COLLEGE OF ENGINEERING - dsssiml| a4l
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Catalytic Conversion of
Exhaust Gas

C, = C
=
1+ Ko Pyo + KeoPeo ++/Ky, Py,
B
_r = = ksKNchoCt2 PNOPCO
NO ~— 'S 2
(1+ K woPro + KeoPeo + /Ky, Py, )
_rr . kI:)NOI:)CO
NO ~—

(1+ K woPro + KcoPeo + /Ko, Pu. )2

COLLEGE OF ENGINEERING - dsssiml| a4l
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Catalytic Conversion of

Exhaust Gas
kPnoPeo

’ —
—INO =

(1 +KnoPro +KcoPeo ++/Kn, Py, )2

Neglect Ky,Px,

kPnoPeo
>
(1+KynoPrno +KcoPeo)

i |

“Twiy !

|

COLLEGE OF ENGINEER : !

Tikrit University - cu$s as.E:E.ﬁ Fro
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Catalytic Conversion of
Exhaust Gas

= kPNO PCO
NO —

(1+KynoPrno +KeoPeo )2

Find optimum partial pressure of CO

“Tno

COLLEGE OF ENGINEERIRNG -

Tikrit University - cu$s aoBun




Catalytic Mechanisms

alsil o s
—>
2A B+C
cat
(a) The initial rate of reaction is shown below
A B
—Tan Pog =Pgg=0 —Tan o0 oo
Fa Fa
(C) Pag=1am
Pag =1 atm
—Tan

COLLEGE OF ENGINEERING - dss=i:
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Catalytic Mechanisms

—>
Az B+C
(A) (B)
kPA kPA
—TA = —T\A =
AT 1+ K \P, + KPPy A7 (14 K 4Py + KPe)
(A) (B)
A+SE ”AeS A+SE ”AeS
AeS——>BeS+(C AeS——>B+CefS
BoSE B+S CoSE C+S

COLLEGE OF ENGINEERING - dsssyml| 8414



Catalytic Mechanisms

2A }B+C

%

()

kPx

(14K APy +K P Y

(9

A+SE ;AﬁS

AeS+A(g)—B+CeS

CeS,_ C+S

COLLEGE OF ENGINEERING - dsssyml| 8414
Tikrit University - cu)$i aola

abal o] esayha

YOUR WAY TC SUCCESS

(D)

kPz

(1+K APy +K P Y

(D)

A+SE EA.S

AeS+AeS—B+S+CeS

CeS, C+S



Catalytic Mechanisms
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2A——B+C

A+SE ”AeS

AeS+ AeS——>B+CeS

CeS, C+S

kPx
(14+ K \Py +KcPc Y

1\ =

COLLEGE OF ENGINEERING - dsssyml| 8414



Catalytic Mechanisms

abal gl ezdggls
K _
Fag ;E-1=KA-4 atm
Lo
R [Jﬁf- {r_‘l_ij ==k= 4m-r.rl‘|'rkg::-:|[ «5®atm”
Py
2
—Tpp = =4
1+4Pp o + KcPcg
, mol
For Prg=2 atm and P,o=1 atm, then —rj)o = 0.0138kgcat os
e 4 —0.0138

(+4+2Ko)
One equation and one unknown

K-=6 atm’ !
COLLEGE OF ENGINEERING PR sim| 41
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Catalytic Mechanisms

—>
2A£ B+C

A—I—SE AeS _r,A:rAO:kA|:PACV_

AeS+ AeS B+S+CeS —I'A:rszkscons

C .S(_C + S —I‘A = rDC = kDC [Cc.s _Pcchc] — Cc.s = KCPCCV

Where K, = 4 atm~! and K. = 6 atm!

1) Atwhat is the ratio of sites with A adsorbed to those sites with C
adsorbed when the conversion is 50%?

2) What is the conversion when the sites with A adsorbed are equal

to those with C adsorbed?
COLLEGE OF ENGINEERING - dsssiml| a4l
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Catalytic Mechanisms

2A——B+C
A—>— 5 + ¢
2 2
Ky=4and Ko =6
Ratio of site concentrations
Cpes _ Ka Py Cy _ Ka Py
Cees KcPcCy  KePe
Py =Puo (1-X)/(1+€X)
X
2(1 + SX)
I-X |P
C Ka Pag . B
AeS _ +eX/)Py 2KA(1 X)
Cees [ X/2 |P Ke X
COLLEGE OF ENGINEERINEC «-&M )P,
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Pc =Py
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Catalytic Mechanisms

1) AtX=05

<

abul ] iy

Chos __ QNAN1-05) .
Cees 6(0.5)

2) At an equal concentrations of A and C sites, the conversion will be

CA,S:1:2KA(1—X)’ then X o 2Ka  _ 2)4) _8
Ceos Ko X Ke+2K, 6+(2)4) 14

X =0.57
COLLEGE OF ENGINEERING - dssaiml| a4l&
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Dimethyl Either

N2

(o] (>_>
> oooo
H_OH
C3 :

SAMPLE

2CH3OH——)CH3 — O—CH3 +H20
2ME ——DME +W

DME
~No

Concentration
H20

ME

tmax Time
Initially water does not exit the reactor the same as DME because
Which of the following best describes the data
A  There is more DME than water.
B  Steady state has been reached.
C  Water reacts with ME.

COLLEGE QF ENGINEERING = dmimll i surface.
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* More than 70% of heterogeneous reaction mechanisms are surface reacti s e
limited TR
* |f a species appears in the numerator of the rate law, it is probably a reactant
* |f a species appears in the denominator of the rate law, it is probably adsorbed
in the surface

COLLEGE OF ENGINEERING - dsssiml| a4l&



The overall reaction for the hydrogenation (H) of et cobalt-

=

molyodenum catalyst to form ethane (A)1s Hy(g) + C,H,(3) — C,H, (g) and fﬁg J }
I . : g&ji’l.l 2

observed rate law Is . _ kPR a%“g(é
= 1+KeR e

Suggest a mechanism and rate-limiting step that is consistent with the rate law

P appears in the denominator of the observed rate eq, so Pg is adsortbed on the

surface. Neither P, or P, are in the denominator, so neither H or A are adsorbed on
the surface.

Adsorption: E+SHUEW E-S  rap =kj [PECV _CE-Sj
AD

We’ll assume that the surface reaction is rate limiting
Surface rxn: E-S+H—>A+S 15 =ksCr Py
No desorption step - P, isn'tin the |

Ce.
denominator. Eliminate conc of P =0=PCy, - —KE — KapPeCy =Cgs
occupied & vacant sites on surface: 2 AD
C
site balance: C, =C\, +Crc —C, =C\, +K.P-C, — =Cy
t V E.S t V AD'"E™V 1+ KADPE

ksK apP=P,C KP-P
fe —keCoe <P _ KK apPEFHYt ) _ (. — <TEMH
> "COLLEGE &?N'EMMW—AWV&LKSKADQ “Rap=Ke =T =71, KePe

Tikrit University - Capss a=oln J




The experimental data for the
gas-phase, catalytic,
irreversible reaction A +
B—C is given in the table.
Suggest a rate law &
mechanism consistent with
the data.

Approach: Use graphs to
show how -r', varies with P,
when P, and P, are held

constant

0.6

We need to use these graphs to determine whether A, B, & C are in the
COLLEGE OF ENGINEERING masstomitiedsminator, or both.

Tikrit University - cu)$5 asola
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mm,

irreversible reaction A + 1 0.073
B—C is given in the table. 0 1 10 0 3.49
Suggest a rate law &
mechanism consistent with 3 10 1 2 0.54
the data. 4 1 20 Q 6.80
Approach: Use graphs to 5 1 20 10 9.88
show how -r', varies with P, 6 50 g o 0EG
when P, and P, are held
constant 7 1 1 % 0.34
8 1 20 5 4.5
0.6 "
-’ , INCreases rapidly at low P, (means its in the
<O'4 numerator), but it levels off at high P, (means its in the
¥ 0.9 denominator)— P, in numerator & denominator of -
0 A
0 10 20
P, (atm)
kPA...

—I'A =
COLLEGE OF ENGINEERING - 4sssiml| 5l
Tikrit University - cu)$s asola
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The experimental data for the ale
gas-phase, catalytic, m Pa (atm) Pc (atm) -r' ,(mol/g-s)

irreversible reaction A + 0.073 !
B—C is given in the table. SR ﬁ .................. Tb' ................. é ...................... o
Suggest arate law & L e S
mechanism consistent with 3 10 1 2 0.54
the data. o F S S ER R 7 8O
Approach: Use graphs to 5 1 20 10 9.88
show how -r', varies with P, 6 00 1 0 0.56
whenPand P areheld L
constant / 11 .................. Q ...................... O 34
8 5 4.5

0.6

0.4 -I’  InCreases linearly as Pg
0o increases — Pg is only in

the numerator

P, (atm) P; (atm)
kP,4... . KPAPs...

_r' — — —
COLLEGE OF ENGINEERING - dwssimll €34 1+ kP, .

Tikrit University - Cuyss a=ola ‘



The experimental data for the ale
gas-phase, catalytic, m Pa (atm) Pc (atm) -r' ,(mol/g-s)

irreversible reaction A + 0.073 !
B—C is given in the table. 0 1 10 0 349
Suggest a rate law &
mechanism consistent with 3 10 1 2 0.54
the data. 4 | 20 % 6.80 |
Approach: Use graphs to 5 | 1 20 10 2.88 |
show how -r', varies with P, 6 00 1 0 0.56
when P, and P, are held
constant 7 L L 2 0.34
8 | 1 20 5 45 |
8
6 | _—r’A ! Wit_h TPc— rnxis
<al Irreversible so P- must
b o | be in the denominator of
) -r' . Therefore, C is
0 . 10 adsorbed on surface
P, (atm) Pc(atm) , kPAPg
AT
o kPAPB 1+ KAPA + KCPC

COLLEGE'OF ENGINEERING - dusimll a4l
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KPAPg
A = alsill olf esiaggis
1+ KAPA + KCPC YOUR WAY T'C SUCCESS

Suggest a mechanism for this rate law.
P, and P are in the denominator. A (reactant) and C (product) must be adsorbed
on the surface, but B is not adsorbed on the surface:

Adsorption of reactant A:

C
A
Desorption of product C: oo
C-SIJ C+5S rDC:kDCC-S_k—DPCCV _)rDcsz(CC-S_ C Vj
D

COLLEGE OF ENGINEERING - dsssyml| 8414



KPAPg

AT 14K APA +KePe
Suggest a mechanism for this rate law.

P, and P are in the denominator. A (reactant) and C (product) must be adsorbed
on the surface, but B is not:

Adsorption of reactant A:
C

A+S0 A-S r1ap =KAPACy —k_aACas —Tap =Ka (PACV - KAS)

A

Desorption of product C:

C-SIl C+S Ipe =kpCes -k pPcC, —Ipc =kp [Cc-s -

PcCy )
Kb

Surface reaction step: B is not adsorbed on the surface, so B must be in the gas
phase when it reacts with A adsorbed on the surface.
The overall reaction is irreversible, so this step is likely irreversible.

COLLEGE OF ENGINEERMIG B GmfBaydss.  's =KsCasPp

b pay -



; ; Cis:

Ly KPAPg :
AT 14K AP +KPe st o) st
Suggest a mechanism for this rate law. c
Adsorption of reactant A: A+Sl A-S 'AD =Ka (PACV - KASJ
A
Surface reaction: A-S+B—>C-S rs =ksCa.sPs
. PcCy
Desorption of product C: C-SJ C+S bc =Kp| Cc.g — K
D

Postulate that the surface reaction is the rate limiting step since that is true the
majority of the time. Check if that is consistent with the observed kinetics

Eliminate C, < & C,

Ci=C,+C,rc+C
from rate eq tm v T EAS TECS

—1'p =I5 =ksCa.sPs

r C C
% =0= PACV — —KA.S —> PACV = KLS —> KAPACV = CA.S
A A A
bc PcCy Pch Insert into site balance
CQH.EGQ OF eﬁéleBiG m:mlg&g and solve for C

Tkeit University - cus ssat ki



catalyuc, Ilrreversiole reaction A + b— U IS _'

—'A =
AT 14K APy +KcP:

abul ] iy

Suggest a mechanism for this rate law. ‘ e
Adsorption of reactant A: Surface reaction: Desorption of product C:
A+S A-S A-S+B—->C-S C-SU C+S
Cha. P-C
"AD =Ka (PACV - —KA Sj 's =KsCa.sPs 'bc =Kp (CC-S - CK V)
A D
Postulated surface reaction, =rg =kgCa cPg =ksK APACy\/Pg Cas =KaPACy
IS rate limiting Ccs =PcCy /Kp
PcCy Ci _
Ct CV + CAS + CCS —> Ct CV + KAPACV + KD 1+ KAPA N PC /KD \Y;
. ksK APAC{Ps
—I A= I’S = kSCA-SPB = kSKAPACVPB —> rS = 1+ KAPA N Ptc /KD
1 KPAP
KCZ— k:kSKAC —)rSZ A'B
COLLEGE OF ENIGINEERING - fuseml] sl 1+KaPA +KcPe
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Chemical Reaction Engineering in the Electronics Industry=ss -
! abal @l ezayys

— o
Polishing

t Pulling Mechanism

r{\ Pad
Wafer Slicing Wafer Cleaning and Polishing
Photoresist '
| Silicon Dioxide il i ‘
Silicon - Silicon TS
Photoresist Application CVD of Silicon Dioxide Clean, Polished Silicon Wafer
UV Irradiation
ez B e S s
__Silicon Dioxide | S I N — |
Silicon | Silicon |
Photoresist Exposure Photoresist Development Etch and then Remove Photoresist

|

CVD (two films) Silicon Dioxide Etching Doping by Phosphorus Diffusion

COLLEGE OF e — =0

1 2 Mask, Etch, then Strip Mask CVD, Mask, Etch, Strip Mask CVD of Final Layer
T' knt Figure 10-34 Microelectronic fabrication steps. _
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» Chemical vapor deposition (CVD)
* Important process in the formation of microcircuits (electrically intercongiecteer
films 1Cs), microprocessors & solar cells
* Used to deposit thin films of material, such as Si, SIO,, & germanium (Ge)
* Mechanism of CVD is similar to those of heterogeneous catalysis exceptthat site
concentration (G, ) is replaced w/ fraction of surface coverage (f,)

N

H

g

silicon hydride H\ /H adsorption
Si >

Surface reaction

N

No desorption occurs, the product,
Si, remains attached to the surface,
forms a new surface

COLLEGE OF ENGI
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OISRy YL
H H

H H . Surface
adsorption e
g~ >

alaal

S| reaction

>

Write out elementary reactions and assume a rate-limiting step

1. Adsorption SiH,(g)+S0 SiH,-S
Rate of adsorption = rate of attachment — rate of detachment

fsin
'AD = Ksin, Psity fv —K_sin, fsit, —Tap =Ksin, | Psin,fy =2
SiH»
f, & fg,o: fraction of the surface covered by vacant sites or SiH,, respectively
9. Surface reaction: SiH, -S[ Si+S+H,(9)

CSiCH2 fV ]

Ks

O v L0 Lo 2 ofsrface ot e gy

's =Ksfsin, —K_sCsiPy,fy =15 =kg [fSin -



Germanium films have applications in microelectronics & solar cell fabrication"

gt s
Gas-phase dissociation GeCl 4(9) @i@@@j GeCIz(g) + Clz(g)
—dis
Adsorption (1) GeCly(g) + SH @ﬁA@@ GeCl, -S
Adsorption (2) Hp(q) +2SH @i@:lﬁ@ 2H-S
Surface reaction GeCl, -S+2H- S—ks—>Ge(s) +2HCI(g)+2S

Surface reaction is believed to be the rate-limiting step
What is the rate of Ge deposition if the surface reaction is rate limiting?
) 1 pep=KaisPaecit K gisPaecioPcro
O) I pep=KaPaeciofy K afgecio
C) pep=KrPrgf,* -k ifiy?
d) r”DepszfGeCleHQ K s CaePhc™,?

COLIEGE OB EKGINEERING - fwsinlliylds
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ermanium films have applications in microelectronics & solar cell fabrication M@;
Gas-phase dissociation GeClyg) 5 @9{@@@ GeClyg) +Clyg)

YOUR WAY TC SUCCESS

Adsorption (1) GeClyq) +SH @i@a@@ GeCl, -S
Adsorption (2) Hy(g) +2SH @i@@@ 2H-S
Surface reaction GeCl, -S+2H- S——)Ge(s) +2HCI(g)+2S

Surface reaction is believed to be the rate-limiting step:
Rate of Ge deposition (nm/s): rlgep _ kaGeCIZfHZ

k.: surface specific reaction rate (nm/s)
fsecio: fraction of the surface covered by Ge(l,

fo: fraction on the surface occupied by H,

*ﬁ%@%@éﬁ@%‘ﬁl@ﬁnsmﬁ%f surfa%
Tikrit University - cu)$s asola



Chemical Vapor Deposition

oo QoD

. * J Ge
Ge |Ge |Ge |Ge |Ge *™ 1Ge |Ge |Ge |Ge |Ge

Figure 10-21 CVD surface reaction step for Germanium.

abul ] iy

YOUR WAY T'C SUCCES
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Chemical Vapor Deposition
s&e@/ / R >,i§/H
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Chemical Vapor Deposition

1) Mechanism

Gas Phase
Homogeneous
Py Psigg
SlH4 : SIH2 ‘|‘H2 —I‘SiH4 :kSII—I4\‘PSIH4 — 2I< 2J
P
Heterogeneous

o s N fo
SIH2 + S SlH2 .S rAD = kA{PSﬂsz_ I<SlH2 J
SiH

SIH2 + g—)g + H2 rDep = rS = kaSin

COLLEGEfQF ENGIHJEERIGO fsustall dsthat is vacant
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Chemical Vapor Deposition

2) Rate Limiting Step
IDep =15 = ksfs]'H2

abal o] esayha

YOUR WAY TC SUCCESS

3) Express f; in terms of P,

'AD ~ 0
kA

fsin, = Ksin, fvPsin,
4) Area Balance
I=ty +1gn, =tv +Kgip, Psip, Ty

COLLEGE OF ENGINEERING - dsssyml| 8414



Chemical Vapor Deposition

4) Area Balance

abal o] esayha

YOUR WAY TC SUCCESS

I=1y + g, =tv + Kgin, Psin, v

1

+Ksin, Psin,

5) Combine
ksKsin, Psin,
1+KS]-HzPSiH2

IDep =

COLLEGE OF ENGINEERING - dsssyml| 8414
Tikrit University - cu)$i aola




Homogeneous Reaction

bl ) sy
Py Pq
B H,TSiH,

SIH4 : SIH2 +H2 —I'S]-H4 _kSiH4\\PSiH4 — KP

—ISiH , KpPgi

~0=Poy =
SiH , H,
 keKpKgin Psin, kP,
I.Dep B

Py, +Kgin KpPsiyy, Py, + K Pgyy,

COLLEGE OF ENGINEERING - dsssyml| 8414



Summary

bl gl sagla

YOUR WAY T'C SUCCES

* This presentation discussed catalysts and catalysis,
catalytic mechanisms, and data analysis, with a
focus on CVD applications.
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