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Chemical Vapor Deposition (CVD)?Chemical Vapor Deposition (CVD)?

! CVD process uses 
chemically reacting gaseschemically reacting gases
to form a thin solid film 
with controllable 
properties (e.g., film 
composition and 
thickness)

! Reactions occur in both 
the gas phase and in the 
region on top of the film 
(SRL)

! Deposition process is 
driven thermallythermally by 
heating the substrate (500-
1000oC)
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Applications of CVDApplications of CVD
! Widely used in the microelectronics industrymicroelectronics industry for the 

fabrication of
– High-speed IC (GaAs), transistors, memory chips (DRAM)

! Also used in the manufacturing of 
electrostatic loudspeakerselectrostatic loudspeakers (ESL)
– Martin-Logan ESL

! Used in UV detectorsUV detectors and green and blue LEDsLEDs



Why a HighWhy a High--Pressure CVD Reactor?Pressure CVD Reactor?

!! High partial pressureHigh partial pressure of the group V precursors is desirable 
for controlcontrol of native point defect chemistry and dopingdoping of 
III-V materials

!! High throughput High throughput as a result of high pressure is an essential 
requirement of competitive single-wafer semiconductor 
processing

Trade-off between these benefits and the

difficulty of realdifficulty of real--time process controltime process control

!! High pressureHigh pressure is necessary for the production of some 
materials (such as InN) in a desirable temperature rangedesirable temperature range
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Computer Aided Modeling, Computer Aided Modeling, andand
Reactor Design HistoryReactor Design History



ObjectivesObjectives

Design reactors with

!! Implementable realImplementable real--time sensingtime sensing

!! RealReal--time controllabilitytime controllability



First Generation Reactor DesignFirst Generation Reactor Design

!! Recirculation Recirculation 
cells develop at cells develop at 
the outer edges the outer edges 
of the substrateof the substrate



Second Generation Reactor DesignSecond Generation Reactor Design

!! Substrate is Substrate is moved away moved away 
from the impinging jetfrom the impinging jet

!! Horizontal flowHorizontal flow across the across the 
substratesubstrate

!! Multiple wafers capabilityMultiple wafers capability



Third Generation Reactor DesignThird Generation Reactor Design
•• Differentially Pressure Differentially Pressure 

ControlledControlled (DPC) 
reactor system (55 atmatm)

•• Fused silicaFused silica reactor 
with tubular 
connections to load 
lock, windows for PRS, 
gas injection and 
exhaust

• Stainless steel second 
confinement shell

•• RR = fused silica reactor  
1&21&2 = win. connectors 
CC = confinement shell 
3&53&5 = gas inlet & outlet 
44 = tube on R for  

substrate wafer 
exchange 



Fourth Generation Reactor DesignFourth Generation Reactor Design
• Pressure range 

(up to 100100 atmatm)

• Constant cross 
section

•• Small channel Small channel 
heightheight (1mm)

• Symmetric 
substrate 
arrangement

• Elimination of 
competitive 
polycrystalline 
deposition

• Improved 
reactor 
efficiency



RealReal--Time Film Growth Time Film Growth SensoringSensoring

Gas phase Gas phase 
monitoringmonitoring
–– Absorption Absorption 

SpectroscopySpectroscopy
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Nucleation Nucleation 
kinetics and kinetics and 
heteroepitaxial heteroepitaxial 
overgrowth overgrowth 
monitoringmonitoring
–– Principle Angle Principle Angle 

Spectroscopy Spectroscopy 
(PAR)(PAR)



Fourth Generation Reactor Fourth Generation Reactor 



Fourth Generation ReactorFourth Generation Reactor



Fourth Generation ReactorFourth Generation Reactor



RealReal--Time Feedback Control of CVD ReactorTime Feedback Control of CVD Reactor

INPUTINPUT
•Flow rates
•Source       
vapor pulse 
profiles

TRACKINGTRACKING
CONTROLCONTROL

•Nonlinear 
Feedback 
Control
•Compensator

DEPOSITIONDEPOSITION
PROCESSPROCESS

•Reduced order 
surface kinetics 
model 
(ROSKM)

REALREAL--TIME PROCESS TIME PROCESS 
SENSORINGSENSORING

CHAMBERCHAMBER
•Continuity
•Momentum
•Energy
•Species
•Eqn. Of State

Linear Linear 
DynamicsDynamics

Nonlinear Nonlinear 
DynamicsDynamics

Nonlinear MeasurementsNonlinear Measurements



Challenges & ApproachesChallenges & Approaches

•Infinite Dimensional System 
(Nonlinear Dynamics)

•Dirichlet Boundary Control

•Nonlinear Tracking Control

•Nonlinear Partial State  
Observation

•Reduced Order Model
(POD)

•Penalty Boundary Formulation
(Neumann Boundary Control)

•Nonlinear State Estimator

•SDRE

CHALLENGESCHALLENGES APPROACHESAPPROACHES



Problem FormulationProblem Formulation

NN22
TMGaTMGa

! All fluid and mass transport parameters are temperature     temperature     
dependentdependent

! Only a trace amount of reactant compounds mixed with 
carrier gas is used

! Gas flow is steadysteady (but mass transport equation is time mass transport equation is time 
dependentdependent)

Source Pulses
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50 mm
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QuasiQuasi--Transient FlowTransient Flow

( ) 0uρ∇ ⋅ =!Continuity:Continuity:

( )0 01 T T Tρ ρ β 
 = − −Eqn. Of State:Eqn. Of State:

( )0u u P gρ σ ρ ρ⋅∇ = −∇ + ∇ ⋅ + −! ! !
Momentum:Momentum:

( )p Tc u T k Tρ ⋅∇ = ∇ ⋅ ∇!
Energy:Energy:
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NN22

GasGas--Phase ReactionPhase Reaction

TMGa:  Ga(CHTMGa:  Ga(CH33))3  3  (N(N22 carrier gas, 1000carrier gas, 1000oo K substrate temp, K substrate temp, 10 atm10 atm))

Reaction rates (Arrhenius’ law):

3 species:3 species: Ga(CHGa(CH33))33 , , Ga(CHGa(CH33))2 2 ,, and and GaCHGaCH33

Ga(CHGa(CH33))33 Ga(CHGa(CH33))22 ++ CHCH33

/ TMGa, DMGa, MMGa,    =niE RT
i ni ni nr e cγ −=

Ga(CHGa(CH33))22 GaCHGaCH33 ++ CHCH33

TMGaTMGa



Real Time MonitoringReal Time Monitoring
by                                     by                                      

PP--Polarized Reflectance Spectroscopy Polarized Reflectance Spectroscopy 
(PRS)(PRS)



Pulsed Chemical Beam Epitaxy (PCBE)Pulsed Chemical Beam Epitaxy (PCBE)
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Experimental ArrangementExperimental Arrangement
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PRS: Fine Structure ModelingPRS: Fine Structure Modeling
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Reduced Order Surface Kinetics (ROSK) Reduced Order Surface Kinetics (ROSK) 
Model for GaModel for Ga11--xxInInxxP GrowthP Growth

TBP

pr
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t 0

time (sec)

TEG

t1 t2 t4t 3

 Ga1-xInxP Precursor Cycle Sequence 

t 6 t 5 t 7 t 8 

TBP TMI

We assume one dominant 
reaction for the first 
precursor (TBP) and two 
dominant reactions for the 
second  and third precursors 
TEG and TMI). The SRL is 
treated as an homogenous 
ideal solution and the surface 
area is simplified to be 
constant.

TEG pyrolysis:
• Ga(C2H5)3 → Ga(C2H2)2 + C2H5, (4)
• Ga(C2H5)2 → GaC2H5 +  C2H5, (5) 
• GaC2H5 → Ga + C2H5, (6)

TMI pyrolysis:
• In(CH3)3 → In(CH3)2 + CH3, (7)
• In(CH3)2    → InCH3 + CH3, (8)
• InCH3 → In + CH3, (9) 

Thermal decomposition
of TBP: for Si(001)

•C4H9PH2 → PH2 + C4H9 (1)

•C4H9 + C4H9PH2 → C4H9H + C4H10 (2)

•C4H9H → H + C4H9 (3) 



ROSK ModelROSK Model

 d
d t

n 2 (t) =  nTEG -  ˜ a 2   n2 (t)

 d
d t

n3 (t) =  ˜ a 2 n 2 (t) -  ˜ a 3 n3 (t) -  ˜ a 4  n3(t) n1 (t)

Approximate second precursor Approximate second precursor 
(TEG) reactions:(TEG) reactions:

 d
d t

n 5(t) =  nTMI  -  ˜ a 5  n5 (t ) 

 d
d t

n 6 (t) =  ˜ a 5 n 5 (t) -  ˜ a 6 n 6 (t) -  ˜ a 7 n6 (t ) n1(t)

Simplified third precursor Simplified third precursor 
(TMI) reactions approximation:(TMI) reactions approximation:

Two incorporation reactions:Two incorporation reactions:
(for GaP and InP, respectively)(for GaP and InP, respectively)  

d
d t

nGaP (t) =  ˜ a 4   n3 (t)  n1(t)   and  
d
d t

n InP (t) =  ˜ a 7  n6 (t)  n1(t )

Note: Surface structure, number of reaction sides and  inhomogeneous reactions
are approximated at this point in the reaction parameters ã4 and ã7.

Simplified first precursor Simplified first precursor 
(TBP) approximation:(TBP) approximation:  

d
d t

n1(t) =   nTBP -   ˜ a 1 n1(t) -   ˜ a 4 n3 (t) n1(t) -   ˜ a 7 n6(t)  n1(t)



ROSK ModelROSK Model

Composition, x, for GaComposition, x, for Ga11--xxInInxxP:P: InP

GaP InP
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Film growth rate:Film growth rate:  gr = 1
A

 ˜ V GaP 
d
d t

 nGaP + ˜ V InP 
d
d t

 nInP
 
  




Effective dielectric Effective dielectric 
function function εεεεεεεεii of the SRL: of the SRL: 

εi(ω) = ε∞ + xi (t) Fi (ω)
x≠4,7
∑     and  xi(t)=  ni(t)

nk(t)k∑

Thickness of the SRL Thickness of the SRL 
(as an ideal solution)(as an ideal solution)   

 d1(t) =
1
A

 n1 V 1  + n2 V 2  +  n3 V 3  +  n5 V 5  +  n6 V 6[ ]

 molar volumes of the constituents in the SRLiV −



ROSK Model Link to PRS ResponseROSK Model Link to PRS Response

Molar concentration Molar concentration 
of SRL constituentsof SRL constituents

Thickness of the SRLThickness of the SRL

Effective dielectric Effective dielectric 
function of the SRLfunction of the SRL

Experiment & Experiment & simulatedsimulated
reflectance signalsreflectance signals


