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Most conventional chemical vapor deposition (CVD) systems do not have the spatial
actuation and sensing capabilities necessary to control deposition uniformity, or to
intentionally induce nonuniform deposition patterns for single-wafer combinatorial CVD
experiments. In an effort to address these limitations, a novel CVD reactor system has
been developed that can explicitly control the spatial profile of gas-phase chemical
composition across the wafer surface. This paper discusses the simulation-based design
of a prototype reactor system and the results of preliminary experiments performed to
evaluate the performance of the prototype in depositing tungsten films. Initial experimen-
tal results demonstrate that it is possible to produce spatially patterned wafers using a
CVD process by controlling gas-phase reactant composition, opening the door to a new
class of flexible and highly controllable CVD reactor designs. © 2005 American Institute of
Chemical Engineers AIChE J, 51: 572-584, 2005
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Introduction

Chemical vapor deposition (CVD) is one of the essential unit
operations in semiconductor manufacturing because of its abil-
ity to deposit thin, smooth films conformally onto submicron-
scale features. CVD processes have evolved together with the
semiconductor industry, from early bell-jar CVD reactors to
current cold-wall single-wafer reactors (Xia et al., 2000). The
continuing reduction of device feature size, growing scale of
device integration, expanding number of new electronic mate-
rials, and increasing substrate (wafer) size motivate develop-
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ment of the new CVD processes necessary to sustain the
advancement of microelectronic technology. However, current
equipment designs are aimed at specific deposition processes
and operating conditions (such as pressures, chemical species,
flows, temperatures) with the design goal of producing process
uniformity across large wafers (300 mm diameter, resulting in
hundreds of semiconductor chips) at the nominal design con-
ditions. Optimizing a design to CVD and other manufacturing
equipment for a specific range of design conditions has a
number of fundamental shortcomings:

(1) Semiconductor manufacturing processes change rapidly
in time (relative to typical petrochemical processes). Because
technology improvements must be implemented incrementally
to maintain or improve yields in complex, multistep wafer
production sequences, a new generation of process equipment
technology may emerge only after several of these improve-
ment steps.
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(2) Process conditions for optimal material and device qual-
ity often do not meet the across-wafer uniformity requirements
for manufacturing, forcing a trade-off between product perfor-
mance and manufacturing productivity.

(3) Fundamental chemical and physical mechanisms for
semiconductor processes are often not well known, so that it is
difficult to identify a priori the best design that balances the
demands of product performance and manufacturing unifor-
mity.

(4) Experimentation for process optimization is expensive,
requiring sets of runs to investigate and characterize complex
process behavior.

Equipment design for uniformity

Current CVD reactor designs typically consist of a cooled-
wall reaction (vacuum) chamber in which one to several wafers
are processed. The energy needed to drive the deposition
reactions is provided by an inductively heated susceptor or a
wafer stage heated by external lamps or electrical resistance
heating. Reactant gases enter the reaction chamber through a
gas delivery system, flow over the wafer(s), and the residual
gas is pumped out through the chamber exhaust port. Because
of the importance of spatially uniform (across-wafer) process-
ing capabilities, showerhead designs for gas delivery to the
wafer typically incorporate a high density of uniformly spaced
small holes in an attempt to distribute gas flow as uniformly as
possible across a large-diameter wafer. In addition, reactor
design components including chamber, wafer position (and
rotation), pumping, heating, and gas inlet are commonly struc-
tured to achieve high uniformity with cylindrical symmetry
about the wafer.

Significant research effort has been directed toward improv-
ing growth uniformity of CVD process. Early experimental and
simulation-based process equipment research focused on de-
veloping an understanding of the important transport and re-
action mechanisms of CVD processes and devising optimiza-
tion methods to aid process parameter selection. For example,
Wang et al. (1986) used flow visualization techniques to show
that heated wafers can disturb gas flow patterns; their experi-
ments suggested lowering operation pressures to reduce the
perturbation. Moffat and Jensen (1988) demonstrated the utility
of simulation technology for process optimization in the con-
text of a horizontal Si homoepitaxial deposition reactor. Their
simulation study examined the relationship between the growth
uniformity and tilt angle of the susceptor, giving the optimal
setting for this reactor geometry parameter. Another example
of rigorous modeling and simulation was performed by Kleijn
et al. (1989). Their mathematical model was used to show the
significance of thermal diffusion and its effect on growth
uniformity and gas-phase reactant species distribution.

The evolution of CVD reactor designs also has been moti-
vated by the need to improve growth uniformity. For example,
various showerhead designs have been developed to generate
uniform gas flow patterns over the wafer surface (Gadgil, 1993;
Wang et al., 1986) or to produce uniform film deposition rates
(Kim and Lee, 1997; Kobayashi et al., 1997). Still more ad-
vanced design features are found in the annular, three-zone
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Texas Instruments (TI) showerhead (Moslehi et al., 1995) for
tungsten (W) and other CVD processes, where individual gas
mass flow controllers could be used to set the gas flow rate to
each segment.

In some metal organic chemical vapor deposition (MOCVD)
processes, the separation of gas precursors is critical because
highly reactive gas precursors can cause undesirable gas-phase
reactions. In an effort to reduce gas-phase reactions, Van der
Stricht et al. (1997) developed a vertical reactor with separate
feed ports for each precursor species, and experiments revealed
the relationship between the wafer rotation rate and thickness
uniformity of GaN and InGaN films. Another example of using
separate gas injectors for individual precursors can be found in
the horizontal flow MOCVD reactor introduced by Yang et al.
(1999). Theodoropoulos et al. (2000) described a new MOCVD
reactor design of featuring an annular-ring showerhead config-
uration that allowed the controlled injection of separate pre-
cursors. Several annular ring designs were evaluated in that
study, and as with Van der Stricht and Yang, Theodoropoulos
and coworkers concluded that novel gas delivery designs of-
fered new operational degrees of freedom with which unifor-
mity could be controlled; they also pointed to the importance of
simulation tools in selecting optimized operating conditions.

CVD reactor designs have been developed specifically to
allow or improve active control of wafer processing conditions
during the dynamic processing cycle. For example, work at TI
(Moslehi et al., 1992) exploited multiple (three and four) heat-
ing zones radially across the wafer in single-wafer rapid ther-
mal processing to achieve temperature uniformity. That ap-
proach has been incorporated into commercial rapid thermal
processor (RTP) equipment (such as from CVC Products and
from Applied Materials). The SEMATECH test-bed RTP sys-
tem (Stuber et al., 1998) and the three-zone RTP system at
North Carolina State University (NCSU) (Kiether et al., 1994)
exploit independent lamp zones for edge-cooling compensation
and dynamic uniformity control. Further developments in this
area include reduced-model-based real-time control studies of
the three-zone NCSU RTP system (Christofides, 2001; Theod-
oropoulou et al., 1999) and reduced-model-based order state
estimation and optimal control of a horizontal high-pressure
CVD system (Banks et al., 2002; Kepler et al., 2000, 2001).

The programmable reactor concept

The existing design strategy of semiconductor CVD manu-
facturing equipment faces fundamental barriers limiting the
development of next-generation reactor systems; there is a need
for a new design paradigm to: (1) decouple fundamental ma-
terials and product quality requirements from across-wafer
uniformity in manufacturing, so that both may be achieved
simultaneously; (2) accelerate materials and process learning
and optimization; and (3) develop equipment that is flexible
and scalable to succeeding generations of the technology.

As a response to these perceived CVD reactor design short-
comings, this paper presents the development of a novel CVD
reactor intended to improve across-wafer two-dimensional con-
trollability. This new CVD reactor introduces a segmented
showerhead design featuring individually controllable gas dis-
tribution actuators, a design that reverses the residual gas flow
by directing it up through the showerhead, and sampling ports
for in situ gas sampling (Figure 1). Herein we describe the
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Figure 1. Programmable CVD reactor three-zone proto-
type.

The segmented showerhead structure, segment feed and sam-
pling lines, linear motion device, and notation used in devel-
oping the simulator are shown.

development of this novel design concept by simulation, a
sequence of experiments performed using a prototype reactor,
and the interpretation of preliminary experimental data by
comparison with results of simulation and parameter estimation
methods to demonstrate the validity of the design principles.

We refer to this design as the programmable CVD reactor
concept because of the potential real-time control of gas-phase
composition across the wafer surface has for making possible
novel operating modes. For example, this reactor design will
enable single-wafer combinatorial experiments in which dif-
ferent materials can be created or different process conditions
can be tested in a single experiment, producing the library
wafer illustrated in Figure 2. In subsequent deposition runs, the
reactor then can be reprogrammed to produce uniform films
corresponding to one point on the library wafer without making
any hardware adjustments. This mode of operation is made
possible by the combination of the flexible design of the
programmable reactor and model-based interpretation of the
sensor and metrology data collected during the processing of
the library wafer.

Reactor Design Principles

A common feature of all the CVD systems discussed in the
previous section having the capability of controlling spatial
variations in gas composition leaving the showerhead (for
example, Moslehi et al., 1995; Theodoropoulos et al., 2000) is
that the actuation capabilities are limited to 1-dimensional
control in the radial direction. Furthermore, a characteristic
common to these designs is the segment-to-segment interaction
produced by the net flow of reactant gas across the wafer to the
reactor chamber exhaust. For example, consider the simulation
results presented in Figure 3; this simulation depicts the be-
havior of a showerhead 0.1 m in diameter (100-mm wafer) with
a 0.01-m gap between the showerhead and wafer surface. Gas
flow to each segment is set to 20 sccm (standard cubic centi-
meter per minute) [3.33 X 10~ m?/s at standard temperature
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and pressure (STP)] and consists of H, at 623 K and 5 Torr
(666.4 Pa), representative operating conditions for W CVD
processes. The concentration of tungsten hexafluoride (WF) in
the middle segment is set at 1 wt % in H,. The equations
describing the steady-state gas flow were solved using a global
spectral discretization technique where the basis functions cor-
respond to eigenfunctions of heat equation in cylindrical coor-
dinates. In our solution approach, the discretized momentum
balance equations are solved iteratively for the two velocity
components for a given pressure field; this velocity field is
substituted into the continuity equation to define a residual
function that is minimized in a Galerkin procedure by project-
ing the residual function onto the pressure field basis functions.
The WF species balance equation likewise is discretized and
solved iteratively using a Galerkin projection method and a
Jacobian-free formulation of a Krylov subspace iterative pro-
cedure. Converged solutions were found using fewer than 50
basis functions in each of the directions.

Using this simulation approach, we can observe that when
carrier gas is injected through the center and outer annular
region, and the deposition precursor species are injected
through the middle annular injection port, the net convection
across the wafer shifts the region where the precursor plume
interacts with the wafer surface downstream, relative to the
injection point (Figure 3, top). Therefore, the net flux across the
wafer surface, inherent in the annual segmented showerhead
designs, reduces the ability to accurately control gas-phase
composition at the wafer surface (Figure 3, bottom).

As an alternative to reactor systems based on the annular
segmented showerhead design, the programmable reactor sys-
tem incorporates three new design features to improve the
spatial control of gas-phase composition. The first is the de-
velopment of a showerhead design consisting of an assembly of
hexagonal showerhead subelements (segments) arrayed across
the wafer surface. The reactant gas composition and feed rate
is controllable within each segment, resulting in true two-
dimensional control of gas composition across the wafer. The
spatial resolution with which gas-phase composition can be
controlled is determined by the size of showerhead segments.

The second new design feature is the recirculation of resid-
ual gas up through each segment of the showerhead; exhaust
gases mix in a common exhaust volume above the showerhead
honeycomb structure (Figure 1). When the total volumetric
flow rate and other properties of feed gas to each segment are
equal, the effect of this design feature is to create periodic flow

Uniform deposition

Library wafer:
at specified conditions

programmad nonuniformity

Figure 2. Rapid-process prototyping approach to new
materials and process development.
The spatial patterning capabilities of the Programmable CVD
reactor can be used to produce a “library” wafer (left) con-
taining regions of distinct material properties; the reactor
system then can be reprogrammed to deposit spatially uniform
films of the chosen property (right).
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Figure 3. Gas concentration field computed for a segmented showerhead design.
The mismatch between gas injector location (top) and the resulting gas concentration profile over the wafer surface (bottom) in a

non-reverse-flow design is illustrated.

fields in the gap region between the bottom of the showerhead
assembly and the wafer surface (Figure 4). In this simulation
result it is possible to see that the boundaries of the periodic
flow field match the segment wall locations, indicating that
there will be no convective flux of reactant species between the
segment regions, eliminating the problems generated by draw-
ing exhaust gas across the wafer surface. This simulation
represents three segments in a linear arrangement with 20 sccm
(3.33 X 107 m?/s at STP) flow of H, to each; the simulation
is limited to the gap region and does not take into account
back-diffusion from the common exhaust volume. As in the
simulation of the annular segmented showerhead design, the
center segment also includes 1 wt % WF,. Each segment has a
diameter of 0.05 m, and each feed tube has a radius of 0.005 m.
As in the annular design, T = 623 K and the total pressure was
set to 5 Torr (666.4Pa). The numerical solution procedure for
computing the gas velocity and composition fields, based on a
global spectral projection method, is identical to that described
for the annular geometry reactor.

The third new design feature of the programmable reactor is
the ability to manipulate the shower-head/wafer gap size. Small
gap settings will reduce intersegment diffusion in the gap
region leading to deposition of distinct hexagonal patterns;
increasing the gap size will spread the pattern, ultimately
producing smooth concentration gradients across the wafer
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surface when reactant gas composition varies from segment to
segment. An example of the smooth concentration gradients
across the wafer surface that can be produced in this manner is
shown in the simulation results depicted in Figure 4, where the
across-wafer concentration profile of the WF, reactant species
is shown.

Elimination of intersegment region convective transport
in the gap improves the accuracy with which gas composi-
tion can be controlled across the wafer surface because
across-wafer transport will be governed solely by diffusion.
Likewise, the accuracy of simulators used to interpret dep-
osition data will be enhanced, improving the ability to
correlate process operating conditions with film properties at
all points on the library wafer. Because of the potential for
accurately predicting the continuous variation of gas-phase
concentration across the wafer surface, it may be possible to
generate library wafers with continuously graded character-
istics across the wafer surface, increasing the information
that can be obtained from a single deposition run. The
system then can be run with closer showerhead-wafer spac-
ing to produce a finite number of hexagonal patches of
material selected from the first library wafer, to provide a
more accurate assessment of the process conditions needed
to produce the desired material.

February 2005 Vol. 51, No. 2 575



—
Wi
=
m

o

i

Heated Stage

Figure 4. Periodic flow patterns and gas concentration field generated by a three segment, reverse-flow showerhead
design (top) and resulting concentration profiles across the wafer as a function of gap size (bottom).

Prototype construction

To test the feasibility of the programmable CVD concept, a
prototype reactor was designed and constructed by modifying
one reaction chamber of an Ulvac-ERA1000 CVD cluster tool.
The Ulvac cluster tool (located on the University of Maryland’s
campus) is a commercial CVD system used for selective W
deposition. W CVD, used to form vertical interconnects in very
large scale integration (VLSI) and ultralarge scale integration
(ULSI) circuits, represents a relatively mature, but commer-
cially important, manufacturing process (Ireland, 1997), and so
was chosen for evaluating the engineering design of the pro-
grammable reactor. Although W CVD deposition mechanisms
and reactor systems have been studied extensively (for exam-
ple, Arora and Pollard, 1991; Kleijn, 2000; Kleijn and Werner,
1993; Kleijn et al., 1991), open process development issues
remain. Even in the simplest case of blanket deposition using
H, and WF;, the reactant/reducing gas ratio and WFy gas
concentration result in two operational degrees of freedom that
force a trade-off between film conformality and deposition rate,
where the latter is compounded by reactor design factors that
determine where the transition from reaction rate to mass-
transfer limited operation takes place.

In its original configuration, the hydrogen-reducing gas en-
tered through a quartz showerhead above the wafer; wafer
heating was provided by a ring of heating lamps above the
showerhead. As part of the programmable reactor modifica-
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tions, substrate heating was used in place of lamp heating, and
the quartz showerhead was replaced by the new programmable
reactor showerhead assembly. The primary component of the
assembly is the honeycomb-shaped array of three segments
machined from a single block of stainless steel. Each side of
the hexagonal segments is W = 25.4 mm in length and the
overall length of the honeycomb segment structure is L =
144.08 mm. As designed, the three segments cover most of the
surface area of the 100-mm wafers used in deposition experi-
ments. The segment length was made as long as physically
possible subject to the constraints imposed by clearances nec-
essary to insert the wafer and to prevent obstruction of the
exhaust ports in the showerhead chamber.

Each segment is fitted with two 6.35-mm-ID feed tubes and
one sampling tube (Figure 1). The feed and sampling tube
vertical positions can be adjusted when the reactor is not
operating. The sampling tube of each segment can be used to
transport a small amount of gas to a real-time in situ sensor,
such as a mass spectrometer. From the residual gas analysis of
each segment, approximate film thickness and the composition
of film deposited on each area corresponding to each segment
can be determined (Gougousi et al., 2000).

Individual mass flow controllers with a range of 0—100 sccm
(0-1.667 X 107® m%/s at STP) were used to control the total
flow of H,, Ar, and WF, to the showerhead; a network of
needle valves was used to split these gas flows to each show-
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erhead segment. Showerhead/wafer spacing is controlled with
the linear motion device shown in Figure 1. In addition to
controlling intersegment region diffusion, the linear motion
device is needed to raise the honeycomb structure sufficiently
to allow the cluster tool’s robot arm to insert and withdraw the
wafer from the reactor chamber.

Modeling and Simulation

Because of the programmable CVD reactor’s reverse-flow
design, reactants in the gas mixture in the common exhaust
volume can diffuse back into the segments. Therefore, to
sustain the prespecified gas compositions at the bottom of each
segment, the back-diffusion through the segments should be
suppressed below an acceptable level by the convective upward
flux contribution to species transport in each segment. A
steady-state one-dimensional segment model (for each seg-
ment), combined with a well-mixed common exhaust volume
model and a model of intersegment transport in the gap region
between the wafer and showerhead segments for nonzero gap
size, is developed in this section. The geometry of a single
segment, together with the notation used in the model devel-
opment, is shown in Figure 1.

This model was used to determine feed gas flows to the
individual segments and to interpret preliminary experimental
observations. In particular, the simulator was used to assess the
ability of the segmented structure to maintain significant seg-
ment-to-segment gas composition differences near the wafer
surface when the reactor was operated under the extreme
condition of supplying pure Ar to segment 1, pure WFq to
Segment 2, and pure H, to Segment 3.

Exhaust volume

As the first step in developing a model of reactant transport
through each segment (Figure 1) and between each segment in
the wafer/showerhead gap region, the mole fraction of each
species denoted as

x{(z)  i=H,, WF,, Ar

k=1,2,3 O=z=L

where the subscript i refers to the gas species and k is the
segment number.

For this simulation study, the common exhaust volume was
treated as perfectly mixed. Because of the relatively low de-
pletion rate of the deposition reaction under the chosen oper-
ating conditions (this assumption will be validated later), the
exhaust volume composition x¢** was computed simply as the

average of the feed compositions to each segment.

Intersegment diffusion

The rate of across-wafer chemical species transport is deter-
mined by the gap size h between the honeycomb showerhead
structure and wafer surface and the composition differences
between the reactant gases at the bottom of each segment and
the chamber itself. A simplified model of intersegment trans-
port in this gap region can be derived for the experiment where
pure gases are fed to each segment. For example, the flux of Ar
from segment region 1 (where it is the primary feed gas) to
segment 3 (where H, is the primary feed) can be written as
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Table 1. List of Variables and Parameters

Units (and
Symbol Value) Description
A, 9.5 X 107> m?> Feed + sample tube cross-sectional area
A 0.0016 m* Segment cross-sectional area
C mol/m> Total concentration
D m?/s Diffusivity of Si in W
D, m?/s Gas-phase binary diffusion coefficient
D,-7L kg/(ms) Gas-phase thermal diffusion coefficient
fa Intersegment transport correction factor
h m Wafer/segment-bottom gap size
K* nm/min W deposition rate coefficient
L 0.144 m Segment length
M; kg/mol Species i molecular weight
N¥ mol/(m?s) Species i segment k, total molar flux
Species i segment k, ordinary diffusion
N¥ mol/(m?s) flux
oF m’/s Segment k, feed flow rate of species i
S m W film thickness
t S Time
T K Segment gas temperature
w 0.025 m Segment side length
x¥ Species i segment k, mole fraction
z m 1D segment coordinate
Zr 0.0508 m Feed tube outlet location
p; kg/m? Pure species gas density
N op 0 = 34(0) 1
Ar Ar,Hzfd 2W 005(7/6) ( )

where the length scale of the finite-difference approximation to
the composition gradient is the distance from the center of one
hexagonal segment to the center of the adjacent segment. The
flux correction factor f,; will be estimated from experimental
data later in this paper. Because the chamber gas-phase com-
position could not be measured in the experiments discussed
herein and because of the likelihood of WF, depletion arising
from heated reactor components, transport between segment
regions and the outer chamber is not included in this simulation
study. The binary diffusion coefficients D;; are estimated by the
Chapman-Enskog kinetic theory and Neufield method (Kleijn
and Werner, 1993; Reid et al., 1987). C is the total gas
concentration. A complete summary of the parameters and
variables used is presented in Table 1.

These values of intersegment species flux then are used as
the initial value of the intrasegment flux terms

hW &
Ni(z) = = X NI + Fi(2)
5=t

where F¥ is a function accounting for the change in flux
attributed to fresh feed of species i from the segment feed tubes
and is defined by

Ff=0 z2<z

Fi= Qip/[M(A, — Af)] 1=z

where QF is the volumetric flow rate of gas species i to segment
k.
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Intrasegment transport

Neglecting any effect of pressure and forced diffusion, the
multicomponent gas species transport can be expressed by the
Maxwell-Stefan equation

S|
Vxk = E 7CD7 (xf.‘N}C - x}‘Nf.‘)
/.: 1,

" xlfxl.‘ DT DT
'('—l)VlnT 0<z<L

subject to boundary conditions
xi(L) = xi* 2

The gas temperature profile along the segment length z is
needed to compute the contribution of thermal diffusion; ob-
servation of the W film deposited on the segment structure after
a number of experimental runs indicates that there is significant
gas and segment heating along the bottom-most third of the
honeycomb segments. Given this observation, and the diffi-
culty of obtaining accurate gas temperature measurements at
low pressure, the gas temperature was approximated as a linear
interpolation between the wafer (maintained at 350°C) and the
ambient temperature (30°C) over the bottom third of the seg-
ment, and was set as the ambient temperature for the remainder
of the segment.
The flux arising from ordinary diffusion can be defined as

T

i

M;

Nf=N+ —VInT

giving the simplified form of the Maxwell-Stefan equation
k n 1 katk kak
Vi =2 p, (6N~ N 3)
=1 !

subject to boundary conditions in Eq. 2. The D! are the
multicomponent thermal diffusion coefficients computed using
the correlations given in Kleijn and Werner (1993).

Simulation Results

The nine intersegment flux equations (Eq. 1) are solved
simultaneously with the nine collocation-discretized Maxwell—
Stefan equations (Eq. 3) subject to boundary conditions (Eq. 2)
using a Newton—Raphson method to obtain the gas composi-
tion profiles as a function of position within each segment.
Twenty collocation points located at the zeros of 19th-degree
Chebyshev polynomial, plus the interval endpoints, were used
to define the discretization arrays (Adomaitis, 2002).

Because the modeling equations for each segment are iden-
tical in structure and vary only in terms of parameter values, an
object-oriented approach was taken to setting up the simulator:
a segment model class (in MATLAB) was derived from an
abstract class defining the general structure of a nonlinear
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algebraic equation model. Methods for the nonlinear equation
model class included a Newton—-Raphson-based equation
solver, which is inherited by the segment model class. Because
each segment model is an instance of the latter class, this
approach is an efficient method for setting up models of this
form, and is readily extensible to programmable reactor models
with many more segment elements. More details on the com-
putational approach will be given in a future report.

Representative results of this solution procedure are shown
in Figure 5. In this figure, the wafer surface is located at z = 0
(the left axis limit) and the segment top is to the right; the
vertical line represents the location z, of the bottom of the feed
tube bundle inside each segment. Two sets of simulations were
performed to assess the effect total gas flow to each segment
has on the composition profiles, and the results are discussed
below. In each case, the gap size h was set to 0. Simulations to
evaluate the effect of gap size h are presented later, to interpret
some of the experimental findings.

Low-flow results

Simulator predictions for the gas composition profiles of
Segments 1 to 3 (ordered from the top plot) for a gas feed flow
of Q = 2.5 sccm (4.167 X 10~ ® m¥/s at STP) to each segment
are shown in the left column of plots in Figure 5. The compo-
sition in each segment as z — L approaches the composition of
the gas in the common, well-mixed exhaust chamber. As the
profiles are followed down the segments, the feed gas species
of each segment becomes the primary component. However,
because of the relatively low flow, significant back-diffusion of
the other components occurs, resulting in a significant fraction
of each species being found near the bottom of each segment:
this is particularly true in Segment 3 because of the larger
fraction of H, and the larger values of binary diffusion coef-
ficients when H, is one of the species. It is also interesting to
observe the effect thermal diffusion has in this simulation in
each case: the region near the wafer is enriched in H, relative
to the heavier species because of thermal diffusion. Thus,
because of the large negative effects ordinary and thermal
diffusion have on the ability to control gas composition near
the wafer surface, it is possible to conclude that higher feed
flow rates should be used.

High-flow results

Increasing the gas flow rate to 50 scem (8.333 X 1077 m?/s
at STP) in each segment has a dramatic effect on the gas
composition profiles in each segment. As can be seen in the
right column plots of Figure 5, the feed species to each segment
becomes the dominant gas-phase species near the wafer sur-
face. Thermal diffusion effects still can be observed, but have
a much lower impact on the composition profiles. Under these
operating conditions, the effect of changing the gap size on gas
composition near the wafer surface should be more pro-
nounced, and so initial experiments were conducted at these
conditions. It should be noted that, although the WF concen-
tration at the bottom of Segments 1 and 3 is very small, it is
nontrivial and so can (and does) result in film deposition under
these segments.
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Figure 5. Gas composition profiles in each segment for two different gas flow rates for the Ar-fed segment (top),
WF,-fed segment (middle), and H,-fed segment (bottom).

The vertical line marks the feed tube bundle outlet location.

Prototype Experimental Tests

Initial experiments were performed using the three-zone
prototype to validate two basic programmable reactor design
concepts: (1) that the reverse-flow showerhead design could
maintain significant segment-to-segment gas-phase composi-
tional differences near the wafer surface and (2) that spatially
patterned wafers could be produced by this reactor design and
that some of the characteristics of the pattern can be controlled
by manipulating the showerhead/wafer gap. Typical operating
conditions for the first experiments consisted of a 66.662 Pa
chamber pressure, a wafer temperature of 350°C, and 10- to
20-min deposition times. The film thickness in the region
below each segment was determined by sheet-resistance mea-
surements using a four-point probe.

Segment-to-segment gas composition differences

In the set of experiments discussed herein, pure Ar was fed
to Segment 1 at a flow rate of 8.333 X 1077 m/s at STP;
8.333 X 1077 m?/s at STP of WF, was fed to Segment 2; and
8.333 X 1077 m%s of H, was fed to Segment 3. Sheet-
resistance measurements were made at seven points on the
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Figure 7. Deposition patterns produced using three different values for the showerhead/wafer gap spacing.
In these experiments, pure Ar, WF,, and H, were fed to the individual segments.

wafer surface in each segment region; locations of the data
points are shown in Figure 6. Simulator predictions for these
conditions indicate that the gas composition at the wafer sur-
face is mainly the segment-feed species, with a small amount
of WF¢ present at the bottom of segments even when 7 = 0
(Figure 5). Although W deposition should take place directly
under Segment 2 (where pure WFy is fed) because of the
Si-reduction mechanism, it is interesting to note that some W
deposition takes place under the remaining two segments.
Experimental data and simulator predictions in the remainder
of this paper will validate that the WF responsible for depo-
sition in Segments 1 and 3 is transported to this region through
a combination of back-diffusion and intersegment diffusion.

Control of pattern resolution

In all cases where the showerhead/wafer spacing was small
(such as & = 1 mm), distinct hexagonal film patterns were
produced (Figure 7). As the gap is increased, the contribution
of back-diffusion down the segments from the common ex-
haust remains essentially constant, whereas intersegment dif-
fusion in the gap region increases. Photographs of wafers
processed for three different gap values are shown in Figure 7,
demonstrating that the pattern becomes more diffused with
increasing gap size. This decrease in the sharpness of the
deposition pattern provides visual evidence for the effective-
ness of using gap size to control intersegment diffusion of
reactant species across the wafer surface.

Across-wafer diffusion of WF, from Segment 2 to the Ar-
and H,-fed segments should result in a negative film thickness
gradient along lines drawn through the latter two segments in
the direction away from Segment 2 (as seen in the two sets of
measuring points: 1, 2, and 3 for Ar-fed segment; and 4, 5, and
6 in H,-fed segment in Figure 6). This is clearly evident in the
linear interpolation plots presented in Figure 8, where the film
thickness along these two “cuts” in Segments land 3 is plotted
for three different values of gap size. Furthermore, we observe
the overall thickening of the film in these two segments as the
gap increases, a phenomenon attributable to the increased WFg
concentration resulting from increasing intersegment diffusion
as the gap is increased. Likewise, extrapolating the growth
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rates of Segments 1 and 3 to & = 0 (which is an undesirable
experiment to perform) shows positive growth rates in each
segment for zero gap, indicating the contribution of intraseg-
ment back-diffusion of WF, to the growth rate in each of these
segments. It is interesting to note the greater slope of the
deposition rate line in Segment 1 relative to that of Segment 3;
this may be attributable to the smaller binary diffusion coeffi-
cient in the Ar—WF, mixture compared to that in the H,—WFq
mixture.

Finally, error bars indicating the standard deviation of all
seven sheet-resistance measurements per segment are plotted;
the slightly increasing trend with gap size may indicate addi-
tional effects of intersegment and chamber-segment diffusion
on film thickness variation within each segment region as the
gap increases. For increasing values of very large values of &
(such as <10 mm), the variability should begin to decrease
with & because of the dominance of across-wafer diffusion
under these operating conditions.

Simulation-Based Interpretation of Film
Deposition Results

Thin films of tungsten can be deposited in either a selective
or blanket tungsten deposition mode. The gas-phase reactions
associated with these deposition processes are negligible as a
result of low reactor pressure during the process operation
(Arora and Pollard, 1991; Kleijn et al., 1991); thus the depo-
sition rate is determined only by surface reaction and chemical
species transport rates in the gas/wafer surface interface and
through the deposited film itself. The overall reaction of tung-
sten deposition by hydrogen reduction on a silicon wafer sub-
strate begins with surface reactions by Si reduction during the
film nucleation step; the reaction is

2WF(g) + 3Si(s) — 2W(s) + 3SiF,(g)

in the range of deposition temperature used in our experiments
(Leusink et al., 1992). Numerous studies have focused on the
extent to which this reaction takes place and when the transi-
tion to the H, reduction process
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WF(g) + 3H,(s) — W(s) + 6HF(g)

occurs. Most studies conclude the Si-reduction step is self-
limiting and typically accounts for 10-200 nm of W film
thickness at the Si substrate/W film interface (Groenen et al.,
1994). However, Joshi et al. (1992) presented a counterex-
ample study in which non-self-limited growth was observed
using two different CVD systems, resulting in relatively thick
W films. A mechanism for this deposition process was pro-
posed whereby Si out-diffused from the substrate through the
deposited W film and reacted with WF, on the film surface; this
process was found to be promoted by oxygen impurities in the
W film. The expression for the overall deposition rate was
determined to depend on the product of the film surface Si
concentration and the gas WF, concentration at the film sur-
face, as follows

ds,
N dar R,C;

(after Eq. A5 in Joshi et al., 1992), where Ng; is the number
density associated with the growing film scaled by the number
of Si moles required to produce 1 mole of W film, and s, is the
film thickness. The first term in this product is attributable to
the surface reaction, which is nth order in WF,
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The second term is derived from the assumption that Si trans-
port through the W film is governed by Fick’s Law; a finite-
difference approximation to the diffusion flux, together with
the assumption that the diffusive flux is in equilibrium with the
surface reaction above, gives the term associated with the
surface Si concentration as

Co
T 1+ Kos, [ Cxyp e E*TID

Ci

where C, is the concentration of Si in the W film at the W/Si
interface and D is the diffusion coefficient of Si in W. [See
Joshi et al. (1992) for a more detailed derivation of these rate
expressions.] For short deposition times or thin films (s,, — 0)
produced by low deposition temperature or low WF, concen-
tration, C; — C, and the deposition rate is determined only by
the surface reaction rate R, (in the absence of gas-phase trans-
port limitations); thus

(1suf (jOI(O
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Figure 9. Simulated predictions of the W deposition rate by Si reduction in the Ar- and H,-fed segments compared to

experimental measurements.

Simulated vs. measured deposition rates

Simulation of the deposition process in Segments 1 and 3
can be used as an indirect method to quantify the rate of
intersegment transport in the wafer/showerhead gap region.
This will be carried out by estimating the parameter f, in Eq. 1
and the reaction rate coefficients K“(7) in the simplified rate
expression (Eq. 5) for growth of very thin films by Si reduction
in segments k = 1 and 3

k

SW o
dt = Kk[xl\\VF(.(O)]n
where
CO 0
k — —EJRT n
Ny, e C

Simulations were performed using the three-segment reactor
model for gap values of 4~ = 1, 3, and 5 mm and a fixed value
of f, to obtain the values of xyy, (0) for segments £ = 1 and 3.
Because Si reduction depends on the surface condition of the
silicon wafer, a least-squares fit of the rate coefficients K* to the
experimentally measured rate data was performed for each
segment instead of using a constant value for all segments; the
optimal value of f;, was determined by minimizing the error in
this regression. This approach is not inconsistent with Joshi et
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al. (1992), where parameter fitting was used to determine the
reaction rate preexponential constant K, and the activation
energy E,. The parameter values obtained using this estimation
method are

f.=0.2 K'=1.92 nm/min K* = 0.36 nm/min

Simulator predictions of growth rates as a function of 4 are
compared to experimental data in Figure 9. That a good fit is
obtained for the rate exponent of n = 0.5 (recommended by
Joshi et al., 1992) is significant because an accurate rate de-
scription for rates linear in WF, concentration and that pass
through ds,/dt = 0 for xwg,_ = 0 could not be found for these
data. The different values of K* determined for each segment
can be attributed to the different wafer surface temperatures in
each segment as a result of gas composition differences (Chang
et al., 2001) or film surface condition differences resulting from
the H,/Ar composition differences.

The resulting simulator predictions are consistent, quali-
tatively as well as quantitatively, with the observed reactor
behavior, indicating the importance of intrasegment back-
diffusion and intersegment diffusion across the wafer sur-
face in governing the observed deposition rates, and how
these processes can be controlled by adjusting the gap size
and feed gas flow rate in this reactor design. Finally, in
Table 2, the magnitude of gas species fluxes arising from
bulk flow up the segment, the (gas-phase) diffusion pro-
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Table 2. Comparison of Fluxes Predicted by the Reactor

Simulator
Flux Value, mol/(m?s)
Convective (F¥) ) 0(107%
Intra- and intersegment (N~ %) 0 (107°)
Deposition rate 00"

cesses, and the deposition rate are compared to justify the
original assumption that the deposition rate is low compared
to that of the transport processes and could be neglected in
the original derivation of the reactor segment model.

Conclusions

A new approach to designing spatially controllable chemical
vapor deposition reactors was presented herein. The primary
design innovation of this CVD system was the introduction of
a segmented, reverse-flow gas delivery (showerhead) assem-
bly. A three-segment prototype reactor was constructed to
prove the validity of the design concept and provide engineer-
ing data for simulator development. Preliminary experimental
testing demonstrated the validity of the design by depositing
spatially patterned films using the reactor’s ability to control
across-wafer gas composition. Simulation studies were per-
formed to interpret experimental data and to estimate gas-phase
composition at the wafer surface.

This approach to thin-film manufacturing control opens the
door to a new generation of CVD reactor designs, allowing
single-wafer combinatorial studies and precise across-wafer
uniformity control in a single reactor design. The modular
nature of the showerhead segments offers the possibility of
developing CVD reactors for very large substrates. To reach
these goals, a new reactor is under construction that includes a
more precisely controllable reactant gas delivery system, a
cleaner reaction chamber environment, and better access to the
wafer while the deposition process is taking place. It is antic-
ipated that the additional instrumentation in the next prototype
will allow a demonstration of the programmability capabilities
envisioned for this system. Research in improving the manu-
facturability of the showerhead segment modules, particularly
integrating feed gas flow control into each segment, is also in
progress.
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