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Integrated Dynamic Simulation of Rapid Thermal
Chemical Vapor Deposition of Polysilicon
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Abstract—A physically-based dynamic simulator has been con- effort in this paper is focused on coherently investigating
structed to investigate the time-dependent behavior of equipment, system-level dynamimehavior of process, equipment, sensors,
process, sensor, and control systems for rapid thermal chem- oy congtrols of a rapid thermal chemical vapor deposition

ical vapor deposition (RTCVD) of polysilicon from SiH4. The . .
simulator captures the essential physics and chemistry of mass (RTCVD) system. Polysilicon RTCVD is used as an example

transport, heat transfer, and chemical kinetics of the RTCvD to illustrate the potential of this simulation technique in design,
process as embodied in equipment. In order to complete the optimization [2], and control of processes and equipment for

system-level description, reduced-order models are also employedthe development of environmentally-conscious manufacturing
to represent processes involving high complexity of physics. Inte- technologies

gration of individual simulator elements for equipment, process, . . .
sensors, and control systems enables the evaluation of notonly the 1€ mathematical models for equipment and materials pro-

deposition rate and film thickness, but also of a broad range of dy- cesses are based on the underlying physics and chemistry
namic system properties such as equipment performance, gas flowwhenever such insight is available. This approach enables
conditions, wafer temperature variation, wafer optical properties prgad applicability and extrapolation of equipment and process

(absorptivity/emissivity), reaction gas composition, total process . : . . ]
cycle time, consumables volume, and reactant utilization. This parameters for the system. For issues involving high complex

makes the simulator directly applicable to the optimization of ity (€.9., three-dimensional (3-D) flow dynamics), a reduced-
process recipes and equipment design, to process control strategy,order model is constructed and incorporated in order to com-
and to fault classification. This case study of polysilicon RTCVD plete the system-level description. Where neither is available,
demonstrates 1) that integrated dynamic simulation is a versatile empirical models may be used (e.g., response surfaces or look-

tool for representing system-level dynamics and 2) that such . . .
representation is pivotal in successful applications of modeling up tables). But in all cases the emphasis is on completing a

and simulation for manufacturing optimization and control. system-lgvel dynamidescription. _
The simulator elements corresponding to each aspect of

the system are constructed using a Windows-based program.
They are integrated through a process recipe simulator which
defines overall process conditions and a sequence of actions
. INTRODUCTION as a function of time for the equipment to achieve these

OMPUTER simulation has played a pivotal role irconditions. Process and equipment parameters are evaluated at
some crucial aspects of the semiconductor manufs@ach iteration step based on the gas flow and heat flow status,
turing industry. Recently, interest has been growing to ewhich in turn is determined by the process recipe simulator.
ploit simulation for understanding process dynamics and fdhe time dependent response of the equipment and process
process control applications [1]-[3]. The simulation researgi@rameters are then a direct output of the simulation, allowing
4 Aol 4o . ) dynamic analysis of the overall process. The simulation results
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can focus on the physics rather than the software of the
simulation. o

IIl. MODEL ARCHITECTURE AND INTEGRATION o YOO ROEN G ;

2nd stage

:: 1st stage

A. Equipment Description

o =k QMS§

]

pumps pumps

The rapid thermal chemical vapor deposition (RTCVD)
system investigated by simulation in this paper is part of a
multi-chamber cluster tool which integrates a rapid thermal [==
processing module (RTCVD), a remote plasma processing Wm i
module, and a wafer cleaning and surface analysis module [4]. ”ﬂ ' RTPreactor
The RTCVD module consists of a gas handling system [gas
cylinder and mass flow controller (MFC)], the RTCVD reactor: #as cylinder
(including reactor chamber, heating lamps, and pyrometry 1.0 ram sampling
sensor), reactor pumping station, equipment control system, aperture

and a two-stage differentially-pumped quadrupole mass spec-
trometry (QMS) sampling system. Fig. 1 presents a schematig;,, Handling  RTP Reactor and Pumps Mass Spec Sampling
representation of the RTCVD system. The reaction source gas

HH ; ; 0 T ; Fig. 1. Schematic representation of RTCVD module including gas handling,
for polysilicon RTCVD is a mixture of 10% Sikiin Ar carrier RTCVD reactor and pumping, and two-stage differentially pumped mass

gas. The pressure in the reactor chamber is measured Usfgirometer system. The wafer is shown at the center of the reactor, where
a capacitance manometer. The pressure during depositiothéssilane decomposition reaction leads to Si film deposition.

controlled using a feedback loop to continuously adjust the
throttle valve position on the reactor pumping station whilge constructed to represent a physical model without having
maintaining constant gas flow into the reactor. The wafg§ \yrite computer program codes.
temperature is measured with a pyrometer operating at Stpe various computational functions are grouped into a hi-
pm wavelength and is controlled using a feedback 100p {gGarchical array of compound blocks, shown as shaded blocks
regulate the power supply to the heating lamps. The designiQfrig. 2 according to the layout of the physical equipment
the QMS sampling system permits active chemical sensifighs handling, RTP reactor and pumps, and mass spectrometer
of the downstream gas composition (partial pressures) [3hmpling system). Each compound block calculates a specific
The consumption of reactants and the production of gaseqQySiem parameter such as partial pressure, wafer temperature,
reaction products can be quantitatively monitored throughogirface reaction rate, and film thickness, etc. Hierarchical
the entire deposition process with a temporal resolution gfrycture is achieved through multilevel compound block struc-
approximately 1 s. Using this QMS system, process metrologytes so that one can immediately identify the role of each
(for film thickness) and equipment status diagnostics have begBup of calculations. Fig. 2 illustrates the structure of a multi-
performed successfully for polysilicon RTCVD from Siff].  |eve| compound block for the “RTP Reactor.” In the first level,
The RTCVD equipment is modeled in three sections: thfe simulator is structured to compute the Sppurtial pressure
gas handling system, the RTCVD reactor, and QMS samplig taking into account the “Sidintroduced” into the reactor,
system. For each equipment section, three aspects are conifly, pumpedout” of the reactor, and “Sirireacted” due to
ered: the gas flow, the heat transfer, and the chemical reactiqyosition on the wafer. The second level compound blocks
kinetics. The individual model elements for equipment anflen calculate the value for each of the above contributions.
process are integrated through the mass balance and engid¥ig. 2, only the compound block for “SiHreacted” is
conservation equations for the entire system. The system-leyekirated. There are eight levels of compound structure and

dynamic simulation is accomplished through implementatiqfer 1200 functional blocks in the RTCVD simulator presented
of a process recipe, which defines the process conditions gpge.

a sequence of actions for the equipment to establish these
conditions. Details of the models will be presented in the Geaneral Model Structure
subsequent sections.

sy

metering valve

The dynamic simulator for polysilicon RTCVD is composed
of five simulator elements: Process Recipe, Equipment Sim-
ulator, Sensors and Control System, Process Simulator, and

To illustrate the special features of our dynamic simulatioManufacturing Figures-of-Merit (FoM) Simulator. The role of
technique, we present in Fig. 2 an overview of the equipmesch simulator and their correlation are presented below.
system simulator as constructed using a PC Windows-based'he Process Recipe simulator defines the status of the
simulation program [3]. The software uses a graphical user walves, the mass flow controllers (MFC’s), the power input
terface (GUI) to represent mathematical transformations. Thes the heating lamps as a function of time, and the overall
allows the user to wire a block-diagram that connects variopsocess conditions (such as process pressure and temperature)
mathematical functionalities. One or more such diagrams cand process timing. These parameters are used as input in the

B. Simulation Software
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Fig. 2. Structure of Windows-based simulator for polySi RTCVD. The top panel is the top level Window of the RTCVD equipment simulator. In the
middle expansion panel is a compound block for calculating,Sildrtial pressure within the RTCVD reactor. The bottom expansion panel illustrates a
second level compound block for calculating the Siphrtial pressure change induced by surface reactions. The complete RTCVD simulator consists of
8 levels of compound structure and about 1200 functional blocks.

Equipment Simulator, which then compute the status of the gdmth absorptivity and emissivity change continuously during
flow and heat flow, and as input in the Sensors and Contldeposition process due to the continuous variation of film
System to regulate the equipment status. structure), temperature control system, etc. The output of the
The Equipment Simulator uses the status of the valves, theat flow calculation is the wafer temperature (and the wafer
MFC'’s, and the lamps defined in the process recipe to calculatesorptivity and emissivity).
the gas and heat flow conditions. The gas flow condition isThe Sensors and Control System simulator reads in the
determined by the chamber geometry, the mass flow rate, firessures and temperatures calculated in the Equipment Sim-
pump and valve throughputs, etc. The output of the gas flavator and compares these values with the process pressure
calculation is the total pressure and partial pressures in eactd process temperature as preset in the Process Recipe.
section of the equipment (i.e., gas cylinder, reactor chamb@&he differences are input to PID (proportional, integral, and
and QMS chambers). The heat flow condition is determinekrivative) controllers to vary the throttle valve position for
by the lamp radiation power, the wafer optical propertigegressure regulation and to vary the lamp power for wafer
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temperature control. The Control System also initiates andThe gas pressure calculations do not include flow dynamics
terminates gas flow and lamp power according to the overadbdeling, and they assume perfect mixing between all gas
process timing as defined in the Process Recipe. Therefore,tidecules. This reduced-order model significantly simplifies
role of the Sensors and Control System simulator is to detélce computation, and proves to be a good approximation to
and regulate the gas flow and heat flow conditions so thithe gas flow behavior as will be shown in Section III-B.
the desired nominal process pressure and temperature catdbeever, further improvement to include more complex gas
established. Note, however, that the overall simulator captufessv dynamics will be necessary where more subtle aspects of
the time-dependent changes in physical parameters throughbejosition kinetics and equipment state are to be elucidated.
the entire process cycle, including those transients required to
establish and remove nominal conditions.

The Process Simulator calculates the surface reaction ki- Heat Flow Conditions

netics and the resulting film deposition rates based on the, rTcVD modeling studies, the calculation of wafer tem-
reactant partial pressure and the wafer surface temperaiyiearyre has attracted most of the research effort. Various
as computed in the Equipment Simulator. Depending on thgysical, semi-empirical, and empirical models have been de-

reaction temperature and pressure, the reaction and deposifigiyned for computing heat transfer processes that may affect
rates can be limited either by the gas-phase transport/diffusigia \yafer temperature [7]. In our simulator, a considerably
or by the surface reaction. Integration of reaction rates ovgler heat flow representation is adopted in order to enable
time will give the values for total film thickness, the totalis jntegration with the numerous other elements required to
reactant consumption, and the total gas product formation. yescrine manufacturing and environmental metrics. The energy
The Manufacturing FoM Simulator computes variouggjance for the wafer consists of the lamp radiation absorbed
manufacturing an_d enwronmenta! metrics fr_om _the outht), the wafer, the power radiated by the wafer, the power
of the Process Simulator. Some issues of significance frqgy; through conductive and convective heat transfer, and
a manufacturing point of view are process cycle tiMgne energy transfers associated with dynamic power changes

consumables volume, product quality and reliability, anghough the process cycle. This can also be expressed (in
process yield, etc. Related environmental metrics are gaseQiisits) as the following:

emission (gas phase products and un-reacted reactants),

reactant utilization efficiency, and solid waste generation. aQA — 2eAcTE — W, = mC,,
Therefore, the complete dynamic simulator gives an overal
assessment of the RTCVD process, from equipment sta
and control to manufacturability.

T,

dt
here the first term in the equation corresponds to the power
absorbed by the wafer, the second term is the power radiated
by the wafer, the third term is the power lost through other
channels, and the fourth term is the power consumed for heat-
D. Gas Flow Conditions ing the wafer;a is the wafer absorptivity() is the incoming
: . . lamp radiation flux on the wafer is the wafer surface area;
The calculation of gas flow conditions is based on théais the wafer emissivityy is the Stefan—Boltzmann constant;

mass balance in each piece of equipment. The total numlier is the wafer temperaturéy’.. is the total conductive and

of molecules input to each chamber must equal the sum c@nvective heat lossy is the mass of the wafer?, is the

molecules remaining in the chamber, reacted on the surfag acific heat of the wafer materi ﬁg“’ is the heating rate of
t

and pumped out through all pumping ports. The matheman({ e wafer; the wafer temperature is computed by integrating

expression for the total pressure is the wafer heating rate over timé&;,, = Tl + f %}dt'

'O 0 0 + Qrencnt whereT,;; is the initial wafer temperaturdy’... is modeled
P + / MFC aperture gatervalve reaction . jn our simulator as a linear function of the difference between
0

Venamber the wafer temperature and the ambient temperature, i.e.,

ch = f(irwafer - Tambient)-

where P,;; is the base pressure of the reactor in Torr; The absorptivity of the wafer is strongly dependent on
Owrc is the total throughput in Torr-liter/s from the masghe film thickness and structure (single or multiple layers of
flow controller into the RTCVD reactorfl. ecure iS the different films) on the wafer, the spectral distribution of the
throughput in Torr-liter/s through the sampling aperture frofneating lamp [8], and the wafer temperature at any point in the
the RTCVD reactor out to the first stage QMS samplingrocess cycle. The total wafer emissivity is dependent on the
chamber;Qqate-valve 1S the throughput in Torr-liter/s throughwafer temperature and the film structure and thickness. During
the gate valve and throttle valve from the RTCVD reactor oat RTCVD process, the wafer temperature varies continuously
to the pumping station?,...ction iS the throughput change duewith time. The film on the wafer surface increases in thickness
to surface and gas phase chemical reactidfg;....e: IS the during deposition. The spectral distribution of the lamp radia-
chamber volume in liters; and,.., is the total pressure in tion also changes dramatically because of the lamp temperature
RTCVD reactor. In this calculation, the number of moleculegariation caused by lamp power regulations. Reduced-order
for reactant, carrier gas, and product are all included; amibdel was used in the computation of “wafer absorptivity”
therefore, the resulting pressure is the total pressure in ted “wafer emissivity” based on physical models developed
reactor. by Y. Sorrell and coworkers [9].

= Ptotal
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Model reduction was accomplished by first running a pralecompositionk, is the rate constant, arti;;;, is the surface
gram written by Y. Sorrelet al. [9] to establish a database forcoverage of Sikl groups. Since the decomposition of the
wafer absorptivity and emissivity. This database was curvsdrface SiH is not rate-limiting, details of this step are not cru-
fitted for three variable parameters: film thickness, wafer teroial, and we assume SiH-2* — SiH + 2H for convenience.
perature, and lamp temperature. The resulting mathematical'he desorption of eachdHnolecule consumes two adsorbed
expression was then used to construct a block-diagram whidhatoms, and creates two surface active sites. In the first-order
uses film thickness, wafer temperature, and lamp temperatdessorption rate expression [12]js the pre-exponential factor,
as input. All three parameters vary continuously during B, is the activation energy is the Boltzmann constant;
RTCVD process, and therefore the wafer absorptivity ans the surface temperature, afig is the surface coverage of
emissivity were computed at each iteration time step. adsorbed atomic H. The surface H coverage can be calculated

by integrating over time the rates of all the reaction steps
that produce or consume H, as illustrated in Fig. 7. Similarly,
F. Chemical Kinetics the surface coverage of SiHand active surface sites were

While the gas flow model establishes partial pressuré8@mputed at each iteration step.
in the RTCVD reactor, the heat flow model computes the
temperature of the wafer. These two parameters comprise the
base for evaluating the chemical kinetics of surface reactioffs
which lead to polysilicon film deposition. Due to the cold For the adsorption and surface decomposition of each SiH
wall configuration of the RTCVD reactor and the relativelynolecule, a Si atom is deposited on the surface and two H
low temperatures (550-750C) for polysilicon deposition, molecules are released to the gas phase. Therefore, the net
the contribution of gas phase reaction is neglected in odeposition ratef,,.wtn, iS €qual to the Sildadsorption rate,
simulator. The film growth rate and total film thickness ca®,,s. Because the surface temperature and the, Siattial
be calculated from the kinetics of three surface reactioressure change continuously over a deposition process,
SiH, adsorption, SiH decomposition (where = 1-3), and the film growth rate(Rg.owtn) iS also time-dependent. The
hydrogen desorption. The surface rate expressions and filotal film thickness deposited is the time integration of
growth rate are shown at the bottom of the page. the growth rate, and subsequently depends on the history

The adsorption of each SiHnolecule requires two surfaceof the deposition process.
active sites (surface dangling bondg, and results in one  The overall deposition kinetics can be transport-limited or
adsorbed Sikl group and one adsorbed H atom. A surfacdesorption-limited, depending on the temperature and pressure
site is considered active for adsorption and reaction if it is nof the deposition [13]. At sufficiently high surface temperature,
occupied by a Sii group or H atom. In the adsorption ratethe H, desorption rate is high enough to efficiently remove
expressionR,s is the rate for SiH adsorption,So(7) is the adsorbed H from the surface so that the coverage of active sites
effective initial (i.e., on clean Si surface) sticking probabilityé..) is approaching unity. Then, the growth ras{owi, =
and is temperature-dependent [1¥;y, is the SiH flux R.qs) is limited by how fast SiH molecules diffuse through
reaching the surface, antl is the coverage (fractions of athe boundary layer and impinge onto the surfdde;n,).
monolayer) of surface active sites. The surface flux of SiHProcesses in this regime are therefore transport-limited. If the
may be different from that in the bulk gas phase if the surfackeposition occurs at a relatively lower surface temperature,
reaction rate is high enough to induce a concentration gradiéht desorption is slow, resulting in surface H accumulation.
near the surface. A boundary layer model was thereforgh surface H coverage reduces the number of reactive sites
constructed to account for the thermal diffusion rate from thavailable for further Sikd adsorption, and limits the subsequent
gas bulk to the near-surface region. Si deposition rate. In this case, the deposition kinetics is

The decomposition of an adsorbed gikpecies requires hydrogen desorption-limited. The dynamic simulation provides
two active sites, and produces three adsorbed H atoms.time-dependent results for surface concentrations throughout
the decomposition rate expressidil;;;, is the rate of Silj the process cycle.

Growth Rate and Total Film Thickness

SiH, Adsorption: SiH +2* = SiH3;+H Raas = So(T) Fsin, 67
SiH, Decomposition: _$il; 4+ 2* = SiH +2H Rgiy, = kobsin, 67
H, Desorption: 2H = Hy + 2 Ry, = (ye Ea/* oy

Surface H Coverage: 6y = f (Rads + 3R§iH3 + 2Rpy,) dt
Si Film Growth Rate: Rgowth = Rads

Film Thickness= [ Rgrowtn dt
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Fig. 3. Windows view of the RTCVD simulator. From top to bottom on the left-hand side of the window are the equipment simulator, the process recipe
and control simulator, the deposition kinetics simulator, and a display panel for overall process status. The three plots on the right-hanidnsidécare s
outputs for film thickness (top), QMS partial pressure signals (middle), and wafer temperature and growth rate (bottom).

H. Model Integration and Dynamic Simulation ing. Once the simulation is initiated, the Control System

In order to achieve a system-level description for the overaimulator will implement a series of actions for the MFC,

RTCVD process, the various model elements for gas flofl® throttle valve, and the lamp power supply in order to

heat transfer, and chemical reactions must be incorporalje)dbrlng the total f:)ressure "; gc])% react(?rzto S'leTOLr usmhg
into one integrated simulator. This allows for a coheref constant mass flow rate o sccm; 2) rapidly heat the

investigation of all system parameters as a function of tim%afer fo 650°C; 3) maintain the reactor at 5.0 Torr and

We used globally defined variable parameters in each simula ¥ wafer at 650°C for 3.’0 s; and .4) finally terminate both
; : as flow and wafer heating, and simultaneously evacuate the
element so that only one value is computed and assigned Yor . ' S

i : reactor. PID (proportional, integral, and derivative) controls
each parameter at each iteration step. For example, the wafer

temperature is computed in the heat transfer model, and t$r§ used to regulate the total pressure and wafer temperature.

value is passed elsewhere in the simulator for use in othere dn‘fergnpe between the measured pressure and th_e preset
elements to further calculate the surface reaction rate 6 ooure 18 input to the PID pressure 'S|mulator to define the

: ; » Wact position of the throttle valve. Similarly, the actual wafer
conductive and co_nv_eqnve heat loss, the wqfer abso_rpnvw ‘mperature is compared to the preset process temperature for
and the wafer emissivity. Fig. 3 shows a Windows view

h I ol ; Wil RTCVD. In the lef ID control on the power supply to the heating lamp.
the complete simulator for polysilicon - Inthe left - At each iteration step, the SiHpartial pressure and the

half of the window, from top to bottom are the equipmenf afer temperature are evaluated, and their values are used to
simulator (as seen in Fig. 2), the process recipe and procggnute the surface reaction and film growth rates. During a

control simulator, the deposition kinetics models, and a displgjyy,jation, all system parameters can be tabulated or plotted
panel for the system status. On the right side of the windoy, dynamic analysis of equipment, process, materials conse-

are plots for the film thickness (top panel), the QMS partig} ences, sensor response, and the control system behavior.
pressure signals for Ar, Siland H (middle panel), and the

wafer temperature and the growth rate (bottom panel). I1l. EXPERIMENTAL VALIDATION
To simulate a deposition process, a number of process ] o
parameters must be entered from the Process Recipe pafelCVD Reaction Kinetics
Numerical values can be defined for the mass flow rate, proces&xtensive effort has been devoted to independently validate
pressure, process time, process temperature, and processttim-various model elements in the RTCVD simulator. The
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Fig. 4. Arrhenius plots of simulated polysilicon growth rate (as a functiod /& (K')) at various SiH partial pressures. The transition from the surface
reaction limited regime to the transport-limited regime is clearly observed from our simulation and is consistent with experimental results [13].

simulation results for chemical kinetics, equipment dynamicB, Equipment Dynamics: Partial Pressures
and overall process dynamics have been compared to availy, order to evaluate the accuracy of our equipment model,

able experimental data, as demonstrated in this section gRd partial pressures of reactant (SjHcarrier gas (Ar), and

Sections 1ll-B and 1II-C. product (H) in the reactor as well as in the mass spectrometer

RTIZCII%S dpresgr_lts S|mulat|0r} res_ults ffor fthe I:’Olys'l'Co'ahambers were simulated as a function of time throughout the
eposition rate as a function of surface temperatu&pt::position process cycle. In Fig. 5, the simulation results for

at various SiH partial pressures. For the 0.3 mTorr, . :
. - - Ar and solid lines) are compared to our experimentall
SiH, deposition process, the growth rate exhibits a stro H ( ) b P y

n . : .
temperature dependence under 500 with an activation Heasured mass spectrometer signals (solid or open circles).

energy of ~45 kcalimole, very close to that for hyolrogenThe Ar signal provides evidence of when the gas flow was

I gciated (at ~15 s), process pressure was reached~(4b

desorption at 46 kcal/mole; here, the deposition process d f . d (afl00 Th anal
rate-limited by surface hydrogen desorption. With increasing’ and gas flow was terminated (& s). The H signa

temperature above 550C, the deposition rate is less! dicates when surface reaction was initiated to produge H

temperature-dependent; in this regime, the transport of, Signd when the system pump-down began at the end of the
molecules to the wafer surface becomes a rate-limiting factg€pPosition process. The trends in Fig. 5 clearly show that
With increase of Sikj partial pressure, the deposition ratdhe simulation result is in good agreement with experimental
in the transport-limited regime becomes higher due to tfBéasurements.

larger SiH, flux. The transition from the reaction-limited The effect of gas flow rate on the partial pressures can
regime to the transport-limited regime also shifts to highé@lso be quantitatively predicted using our dynamic simulator.
temperatures because of the increasing surface H coverkife 6 compares simulation (solid line) and experimental data
at higher SiH partial pressures. This behavior has begfpoints) for the QMS signal of Hduring a deposition process
experimentally observed, and our simulation results are ising 750°C, 5 Torr (10% SiH/Ar), for 40 s. An increase
relatively good agreement with the experimentally measuredflow rate (200, 500, and 1000 sccm) caused theskdnal
deposition rates under various conditions [13]. measured by QMS to decrease significantly. The simulation
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PolySi RTCVD at 750 °C, 5.0 Torr 10% SiH,/Ar for 40 sec.
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Fig. 5. QMS signals (ion current) for Ar andsHhroughout the whole process cycle for polysilicon RTCVD at P&D and 5.0 Torr 10% Sil/Ar for
40 s. The circle data points are from actual experimental measurements, and the solid lines are from simulation.

accurately predicts this change in, Hbartial pressure. For chemistry of the system well to first order over a broad
each flow rate, the line-shape of the simulateg signal dynamic range, but that some systematic subtleties are not
as a function of time is in excellent agreement with thatet represented.

from the experimental measurement. The small deviation of

experimental data from simulation for the 1000 sccm process Opportunities for Simulator Improvement

was due to a malfunction in the temperature control system _. . . .
during that particular experimental run. The above results:G'Ven the high complexity of a process cycle, dynamic

suggest that the physical models in our simulator correcty ulations offer supstanhal advgntage for rapid learning O.f
the process and equipment behavior. Complex system behavior

describe the equipment behavior. The strong dependence an be described and predicted with reasonable accuracy over

QMS H, signal on flow rate can be understood (with th& broad dvnamic range for vari . rameters. In som
help of the simulator) as arising from changing residence tinfe>r0ad dynamic range for various process parameters. in some

for the H, reaction product generated within the reactor ascgsvtas, more stop?lstlcatetd pfh)(;swal r_”oger'f may be needed to
function of flow rate. capture important aspects of dynamic behavior.

For instance, the gas flow model in our simulator assumed
i perfect mixing of all gases, so that no partial pressure gradient
C. Overall Process Dynamics exists between the various locations in the reactor. This

The accuracy of the simulation in describing the overatlbviously does not reflect the actual gas flow pattern, and
system behavior can be evaluated through the predictithrerefore may have contributed to the errors in predicting the
of total film thickness for the implementation of a procesiim thickness presented in Fig. 7. A more accurate model
recipe. Fig. 7 presents a correlation plot of the deposited filshould account for the SiHdepletion downstream from the
thickness from simulation and experiment. The experimentahfer due to fast reactions at the wafer surface. Similarly,
thickness was determined by averaging five points across thmrovement of simulation results could also benefit from
wafer radius based on ellipsometry measurements after eaobre detailed models for conductive and convective heat loss,
polysilicon deposition [6] on 27 wafers, using varying procesontrol system mechanisms, equipment components (MFC's,
time and temperature (600-85C). The simulated thicknessvalves, pumps), and sensors. In addition, the materials quality
assumes perfect uniformity across the entire wafer. If th&sue and equipment aging effect have not been directly
simulation precisely predicted the deposited film thickness faddressed in the current version of our simulator. We are in
these experiments, all data points would fall on the diagorthle process of incorporating into our simulator such factors as
line. The data distribution indicates that the overall agreemangterials quality, conformality, across-wafer uniformity, and
is reasonably good. The simulation slightly overestimat@soduct yield.
the deposition thickness in the low temperature regime, andNormally, it is expected that more complex models re-
underestimates the thickness in the higher temperature regiopgre higher computational power, bounding the value of
This suggests that the simulator captures the physics auth simulators. However, salient elements of more complex
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QMS H, Signal During PolySi RTCVD
25x10"° at 750 °C, 5.0 Torr SiH,/Ar for 40 Sec.
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Fig. 6. Comparison of Bl QMS signal during a deposition process for three different gas flow rates (200 sccm, 500 sccm, and 1000 sccm). The solid
lines are from simulation and the data points are experimental measurements.

physical/chemical behavior may be captured through far moreWithin a well established process regime, an experimentally
comprehensive and sophisticated modeling studies and tadidated simulator can predict with reasonable accuracy the
generation of reduced-order (compact) models from them fdeposited film thickness for a given process recipe. Con-
direct incorporation into the simulator. An example of thisersely, the exact values for process parameters (such as
was given for the case of reduced-order absorptivity/emissivityocess time, temperature, and pressure) can be determined
models in Section II-E. The use of reduced-order modefi®m a simulation to achieve a specific film thickness. The
(compatible with dynamic system-level simulators) incurs tHeTCVD simulator described in this paper has been frequently
higher cost of sophisticated computational studies and coamnd successfully used to define process conditions for film
pact model generation, but benefits from greater insight addpositions of desired thickness [14].
accuracy of the reduced-order models.
B. Process/Equipment Diagnostics and Fault Detection
A dynamic simulation can directly generate the time-
IV. APPLICATIONS AND EXTENDIBILITY dependence of all process and equipment parameters through-
OF DYNAMIC SIMULATORS out the entire process cycle, and can therefore be used as a
benchmark for evaluating the performance of a system, i.e.,
the values for a “perfect” run when the equipment and the
process perform normally. If the experimental sensor signals
An immediate application of an experimentally validatedeviate from that of the simulation, fault detection has be
simulator is to generate improved process recipes or equipmeaatomplished.
designs. Physically-based models are generally valid over arhe H, QMS signal for the 1000 sccm deposition process
broad dynamic range, providing descriptions of the process Fig. 6 presents an excellent example for this type of
and equipment behavior in new, uncharted parameter reginadgésgnostics and fault detection. In that case, the experimental
where sufficient sets of experiments may be tedious. In sudlh signal did not rise to the level as expected from the
situations, simulation may be effectively employed to sampgmulation. The wafer temperature was not increased t6Z50
and understand new parameter regimes and thereby defisgprogrammed, but stalled at 726 for 10 s before further
much smaller, better focused sets of experiments. This whieating to 750°C. This deviation was later determined to be
certainly decrease process learning time by reducing the nuraused by a malfunction in the temperature control system.
ber of experiments required to qualify new process/equipmentFurthermore, dynamic simulation could significantly aid in
designs. classifying as well as detecting system faults. Various possible

A. Process and Equipment Design
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Fig. 7. Correlation plot of simulated and experimental film thickness for 27 deposition processes of polySi from SiH

work. In the example below, a process for growing 2000
polysilicon is optimized for process cycle time and reactant
utilization efficiency by varying the process temperature and
the event timing.

The virtual experiment is designed to grow a 200Gilm
in a 5 Torr process gas which contains 10% SilH an
Ar carrier. The conventional process sequence includes the
establishment of process pressure (5.0 Torr) with a constant
gas flow rate (e.g., 300 sccm), followed by a heating ramp
to the process temperature. The wafer temperature is kept
constant at the process temperature (650-°150n the range
Fig. 8. Virtl;al experiment ?jestign fortpm;ess OptimizatiOE- Tht{e tlilmewhere acceptable material quality is achieved) until 2000
Seauence of PIESSUE!) and lsmoerara(l) rames 1= Schematcal of polysilicon is deposited on the surface. Gas flow and lamp
advancing the heating initiation to positions indicated by the dotted lines. heating are terminated at the end of the deposition. Fig. 8
illustrates the time sequence of the pressure and temperature
ramps. In the following discussions, process cycle time is

system faults can be simulated using dynamic simulation, aﬂaﬂned as the time from the initial gas flow until the deposition

their characteristics can be documented for diagnosing procks&erminated by turning off heating and gas flow. The SiH

and equipment status. This may provide the basis for effectiUBlization efficiency_(or process conversion yield) is defined_ as
process control, either through advisory information coupl¢d® Percentage of SiHmolecules that are converted to polysil-

with operator/engineer intervention, or through run-to-run dron film with respect to the total number o_f Sitnolecules
real-time control. input to the RTCVD reactor over the entire process cycle.

Shorter process cycle times are preferred for increased man-
ufacturing throughput (and therefore productivity). A higher
conversion yield is preferred to reduce both the manufacturing
consumables cost and the environmental penalty associated
Dynamic simulation exercises can be performed to evaluatith waste of reactants.
numerous manufacturing and environmental metrics such adf the wafer heating is initiated at an earlier time (e.g.,
process cycle time, reactant utilization efficiency, consumabl&s = 3.0 Torr or 1.5 Torr), as illustrated schematically in
volume, and product quality, thereby achieving manufacturingig. 8, both the overall Sildutilization efficiency and process
relevant process optimization. Dynamic simulations providgycle time are changed. In Fig. 9, the top and bottom panels
better controls on all the parameters that may affect these m&tow the SiH utilization efficiency and the process cycle time,
rics and minimize time- and resource-consuming experimentakpectively, for three process temperatures as a function of the

A

3 Time

C. Process Optimization for Manufacturing
and Environmental Metrics
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As shown in Fig. 9 for the 650C process, the process cycle
time is reduced from 95 s to 71 s if the heating is initiated
at O Torr instead of at 5 Torr, while the materials utilization
efficiency is increased from 14.2% to 18.8%. As the process
temperature is increased, the effect of this particular event
timing becomes more significant. For the 75Q process,
both the process cycle time and the materials utilization
efficiency are improved by over 50% by initiating heating
and gas flow simultaneously (i.e., at 0 Torr). Regardless of
the event timing, the temperature increase itself has an even
greater effect: the temperature increase from85@o0 750°C
shortens the cycle time by a factor of two and enhances
the utilization efficiency by two times of baseline. When
event timing and wafer temperature are optimized, a total of
three times improvement can be realized for each of the two
manufacturing and environmental metrics.

An optimal process point impacts multiple manufacturing
figures-of-merit as shown in Table I. Each one of those may
be affected by any one or a combination of multiple equip-
ment and process parameters. Experimental optimization of
equipment and process parameters is typically costly and
time-consuming, and requires a coherent analysis of multiple
manufacturing and environmental figures-of-merit from a large
number of combinations of parameters, each defining a single
manufacturing process. Dynamic simulation provides a pow-
erful tool to facilitate optimization of individual and multiple
manufacturing metrics for complex time-dependent behavior.
It may also provide a convenient vehicle to combine individual
figures-of-merit for identifying an optimal design point from
an overall cost function when tradeoffs must be made.

Fig. 9. Effect of process timing and process temperature on materials

utilization efficiency (top panel) and process cycle time (bottom panel).

TABLE |
MULTIVARIABLE AND COMPLEX CORRELATION BETWEEN SYSTEM
PARAMETERS AND MANUFACTURING FIGURES-OF-MERIT

Equipment and Process Parameters and Design:

Equipment design

Gas flow

Pressure

Temperature

Ramp rate (for temperature and pressure)
Process timing

Control parameters

Manufacturing Figures-of-Merit (FOM’s):

Product quality

Product Reliability
Throughput and cycle time
Consumables cost
Equipment cost of ownership
Environmental compliance

V. SUMMARY

We have demonstrated the formulation and construction of
a physically-based dynamic simulator for the rapid thermal
deposition of polysilicon from Sill Experimental validation
indicates that the simulator captures the essential physics
and chemistry of mass transport, heat transfer, and chemical
kinetics of the RTCVD process as executed by equipment,
sensor, and control systems. Reduced-order models are also
employed to represent processes involving high complexity
or poorly understood physics. Integration of individual simu-
lator elements for equipment, process, sensors, and controls
enables analysis of not only the deposition kinetics, but
also a broad range of system properties including equipment
performance, gas flow conditions, wafer temperature vari-
ation, wafer optical properties (absorptivity/emissivity), and
gas composition in the reactor. The experimentally validated
simulator can be used to optimize a process with respect
to the total process cycle time, consumables volume, and
reactant utilization. Dynamic simulation also aids significantly
in equipment design, optimization, and fault detection and
classification. This study clearly demonstrates that integrated,

pressure at which heating is initiated. A pressure of 5.0 Tasystem-level simulation is a powerful tool for investigating the

in the plots corresponds to wafer heating initiated after the 5d§namic behavior of process and equipment parameters, for
Torr process pressure is established, while a lower pressigentifying optimal process points, and for assessing gains and
corresponds to an earlier initiation of heating. At O Torr, wafdradeoffs between various manufacturing and environmental

heating and gas flow are initiated simultaneously.

metrics.
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