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Chapter 1

The Concept of Spatially Controllable Chemical Vapor

Deposition System

1.1 Introduction

Chemical Vapor Deposition (CVD) is one of the essential unit operations in semi-

conductor manufacturing because of its ability to deposit thin smooth films con-

formally 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 [1]. The continuing reduction of device feature size, growing

scale of device integration, expanding number of new electronic materials, and in-

creasing substrate (wafer) size motivate development of the new CVD processes

necessary to sustain the advancement of microelectronic technology. However, cur-

rent equipment designs are aimed at specific deposition processes and operating

conditions (e.g., 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 conditions. 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 (e.g., relative

to typical petrochemical processes). Because technology improvements must

be implemented incrementally to maintain or improve yields in complex, multi-

step wafer production sequences, a new generation of process equipment tech-
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nology may only emerge after several of these improvement steps.

2. Process conditions for optimal material and device quality often do not meet

the across-wafer uniformity requirements for manufacturing, forcing a tradeoff

between product performance 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 which balances the demands of product performance and manufacturing

uniformity.

4. Experimentation for process optimization is expensive, requiring sets of runs

to investigate and characterize complex process behavior.

1.2 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. 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 en-

ter 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) processing capabilities, show-

erhead 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 in-
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cluding chamber, wafer position (and rotation), pumping, heating, and gas inlet are

commonly structured to achieve high uniformity with cylindrical symmetry about

the wafer.

Significant research effort has been directed towards improving growth unifor-

mity of CVD process. Early experimental and simulation-based process equipment

research focused on developing an understanding of the important transport and

reaction mechanisms of CVD processes and devising optimization methods to aid

process parameter selection. For example, Wang, Gorves, Palmateer, Weyburne and

Brown [2] used flow visualization techniques to show that heated wafers can disturb

gas flow patterns; their experiments suggested lowering operation pressures to re-

duce the perturbation. Moffat and Jensen [3] demonstrated the utility of simulation

technology for process optimization in the context 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, van der Meer and Hoogendoorn [4]. 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 motivated 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 [5] [2] or to

produce uniform film deposition rates [6] [7]. Still more advanced design features

are found in the annular, three-zone Texas Instruments showerhead [8] for tungsten

3



and other CVD processes, where individual gas mass flow controllers could be used

to set the gas flow rate to each segment.

In some MOCVD processes, the separation of gas precursors is critical because

highly reactive gas precursors can cause undesirable gas phase reactions. In an ef-

fort to reduce gas phase reactions, Van der Stricht, Moerman, Demeester, Crawley

and Thush [9] developed a vertical reactor with separate feed ports for each precur-

sor 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, Huang, Chi and Wu [10]. Theodoropoulos,

Mountziaris, Moffat and Han [11] described a new MOCVD reactor design of featur-

ing an annular-ring showerhead configuration that allowed the controlled injection of

separate precursors. Several annular ring designs were evaluated in that study, and

as with Van der Stricht and Yang, Theodoropoulos and co-workers concluded that

novel gas delivery designs offered new operational degrees of freedom with which

uniformity 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 [12] exploited multiple (3 and 4) heating zones radially

across the wafer in single-wafer rapid thermal processing to achieve temperature

uniformity. That approach has been incorporated into commercial RTP equipment,

e.g., from CVC Products, Inc., and from Applied Materials. The SEMATECH
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testbed RTP system [13] and the three-zone RTP system at North Carolina State

University [14] 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 [15] [16]

and reduced-model-based order state estimation and optimal control of a horizontal

high-pressure CVD system [17] [18] [19].

1.3 The Programmable Reactor Concept

The existing design strategy of semiconductor CVD manufacturing 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 materials

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 shortcomings, this thesis

presents the development of a novel CVD reactor intended to improve across-wafer

2-dimensional controllability. This new CVD reactor introduces a segmented show-

erhead design featuring individually controllable gas distribution 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 1.1). This thesis describes the de-

velopment of this novel design concept by simulation, a sequence of experiments

performed using a prototype reactor, and the interpretation of preliminary exper-
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imental data by comparison with results of simulation and parameter estimation

methods to demonstrate the validity of the design principles.

This design is referred to 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 different materials can

be created or different process conditions can be tested in a single experiment,

producing the library wafer illustrated in Figure 1.2. 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.

1.4 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 show-

erhead (e.g.,[8] [11]) is that the actuation capabilities are limited to 1-dimensional

control in the radial direction. Furthermore, a characteristic common to these de-

signs 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 1.3; this simulation depicts the behavior of a

showerhead 0.1 m in diameter (100mm wafer) with a 0.01m gap between the shower-
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rial properties; the reactor system then can be reprogrammed to deposit spatially

uniform films of the chosen property (right).
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head and wafer surface. Gas flow to each segment is set to 20sccm and consists of H2

at 623K and 5torr, representative operating conditions for W CVD processes. The

concentration of WF6 in the middle segment is set at 1wt % in H2. The equations

describing the steady-state gas flow were solved using a global spectral discretization

technique where the basis functions correspond to eigenfunctions of heat equation

in cylindrical coordinates. In this 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 which is minimized in a Galerkin procedure by projecting the

residual function onto the pressure field basis functions. The WF6 species balance

equation likewise is discretized and solved iteratively using a Galerkin projection

method and a Jacobian-free formulation of a Krylov-subspace iterative procedure.

Converged solutions were found using fewer than 50 basis functions in each of the

directions.

Using this simulation approach, one can observe that when carrier gas is in-

jected 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 1.3, top). Therefore, the

net flux across the wafer surface, inherent in the annual segmented showerhead de-

signs, reduces the ability to accurately control gas phase composition at the wafer

surface (Figure 1.3, bottom).

As an alternative to reactor systems based on the annular segmented show-
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erhead design, the Programmable Reactor system incorporates three new design

features to improve the spatial control of gas phase composition. The first is the

development of a showerhead design consisting of an assembly of hexagonal show-

erhead sub-elements (segments) arrayed across the wafer surface. The reactant gas

composition and feed rate is controllable within each segment, resulting in true

2-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 residual gas up through

each segment of the showerhead; exhaust gases mix in a common exhaust volume

above the showerhead honeycomb structure (Figure 1.1). 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 fields in the gap region between the bottom

of the showerhead assembly and the wafer surface (Figure 1.4). 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 drawing

exhaust gas across the wafer surface.

This simulation represents three segments in a linear arrangement with 20sccm

flow of H2 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 1wt%

WF6. Each segment has a diameter of 0.05m, and each feed tube has a radius of

11
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across the wafer as a function of gap size (bottom).
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0.005m. As in the annular design, T = 623K and the total pressure was set to 5torr.

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 ma-

nipulate the showerhead/wafer gap size. Small gap settings will reduce inter-segment

diffusion in the gap region leading to deposition of distinct hexagonal patterns; in-

creasing the gap size will spread the pattern, ultimately producing smooth concen-

tration gradients across the wafer 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 re-

sults depicted in Figure 1.4, where the across-wafer concentration profile of the WF6

reactant species is shown.

Elimination of inter-segment region convective transport in the gap improves

the accuracy with which gas composition 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 deposition 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 continu-

ous variation of gas phase concentration across the wafer surface, it may be possible

to generate library wafers with continuously graded characteristics 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 spacing to produce a

13



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.
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Chapter 2

Preliminary Experiments and Simulations with Prototype

System P1

2.1 Introduction : 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 tungsten (W) deposition.

W CVD, used to form vertical interconnects in VLSI and ULSI circuits, represents

a relatively mature, but commercially important, manufacturing process [20], and

so was chosen for evaluating the engineering design of the programmable reactor.

While W CVD deposition mechanisms and reactor systems have been studied ex-

tensively (e.g., [21] [22] [23] [24], open process development issues remain. Even in

the simplest case of blanket deposition using H2 and WF6, the reactant/reducing

gas ratio and WF6 gas concentration result in two operational degrees of freedom

that force a tradeoff 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 entered 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 modifications,

substrate heating was used in place of lamp heating, and the quartz showerhead was
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replaced by the new Programmable Reactor showerhead assembly. The photo image

of this hexagonal segmented block is shown in Figure 2.1. 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 = 25.4mm in

length and the overall length of the honeycomb segment structure is L = 144.08mm.

As designed, the three segments cover most of the surface area of the 100mm wafers

used in deposition experiments. The segment length was made as long as physically

possible subject to the constraints imposed by clearances necessary to insert the

wafer and to prevent obstruction of the exhaust ports in the showerhead chamber.

Each segment is fitted with two 6.35mm ID feed tubes and one sampling

tube (Figure 1.1). 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 [25].

Individual mass flow controllers with a range of 0−100sccm were used to con-

trol the total flow of H2, Ar, and WF6 to the showerhead; a network of needle valves

was used to split these gas flows to each showerhead segment. Showerhead/wafer

spacing is controlled with the linear motion device shown in Figure 1.1. In addition

to controlling inter-segment 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.
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2.2 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. There-

fore, to sustain the pre-specified 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 1-dimensional segment model (for each segment) combined with a

well-mixed common exhaust volume model and a model of inter-segment 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 development, is shown in Figure 1.1.

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

segment-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 WF6 to segment 2, and pure H2 to segment 3.

2.2.1 Exhaust volume

As the first step in developing a model of reactant transport through each segment

(Figure 1.1) and between each segment in the wafer/showerhead gap region, the
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mole fraction of each species denoted as

xk
i (z) : i = H2, WF6, Ar k=1,2,3 0 ≤ z ≤ L

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

For this simulation study, the common exhaust volume was treated as perfectly

mixed. Because of the relatively low depletion rate of the deposition reaction under

the chosen operating conditions (this assumption will be validated at the end of this

chapter), the exhaust volume composition xexh
i was computed simply as the average

of the feed compositions to each segment.

2.2.2 Inter-segment diffusion

The rate of across-wafer chemical species transport is determined by the gap size h

between the honeycomb showerhead structure and wafer surface and the composi-

tion differences between the reactant gases at the bottom of each segment and the

chamber itself. A simplified model of inter-segment transport 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 H2 is the primary feed) can be written as

N1−3
Ar = CDAr,H2fd

x3
Ar(0)− x1

Ar(0)

2W cos(π/6)
(2.1)

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 fd will be estimated from experimental
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data later in this chapter. Because the chamber gas phase composition could not be

measured in the experiments discussed in this chapter and because of the likelihood

of WF6 depletion due to heated reactor components, transport between segment

regions and the outer chamber are not included in this simulation study. The binary

diffusion coefficients Dij are estimated by the Chapman-Enskog kinetic theory and

Neufield method [24] [26] C is the total gas concentration. A complete summary of

the parameters and variables used is presented in Table C.1 at the end of this thesis.

These values of inter-segment species flux then are used as the initial value of

the intra-segment flux terms:

Nk
i (z) =

hW

As

3∑

n=1

Nk−n
i + F k

i (z)

where F k
i is a function accounting for the change in flux due to fresh feed of species

i from the segment feed tubes and is defined by

F k
i = 0 z < zf

F k
i = Qk

i ρi/(Mi(As − Af )) z ≥ zf

where Qk
i is the volumetric flowrate of gas species i to segment k.

2.2.3 Intra-segment transport

Neglecting any effect of pressure and forced diffusion, the multicomponent gas

species transport can be expressed by the Maxwell-Stefan equation

∇xk
i =

n∑

j=1

1

CDij

(
xk

i N
k
j − xk

j N
k
i

)
+

n∑

j=1

xk
i x

k
j

Dij

(
DT

j

ρj

− DT
i

ρi

)
∇ ln T 0 < z < L
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subject to boundary conditions

xk
i (L) = xexh

i . (2.2)

The gas temperature profile along the segment length z is needed to compute

the contribution of thermal diffusion; observation of the W film deposited on the

segment structure after a number of experimental runs indicates that there is sig-

nificant gas and segment heating along the bottom-most third of the honeycomb

segments. Given this observation, and the difficulty of obtaining accurate gas tem-

perature measurements at low pressure, the gas temperature was approximated as a

linear interpolation between the wafer (maintained at 350oC) and the ambient tem-

perature (30oC) over the bottom third of the segment, and was set as the ambient

temperature for the remainder of the segment.

The flux due to ordinary diffusion can be defined as

N̄k
i = Nk

i +
DT

i

Mi

∇ ln T

giving the simplified form of the Maxwell-Stefan equation

∇xk
i =

n∑

j=1

1

CDij

(
xk

i N̄
k
j − xk

j N̄
k
i

)
(2.3)

subject to boundary conditions (2.2). The DT
i are the multicomponent thermal

diffusion coefficients computed using the correlations given in [24].

2.3 Simulation Results

The nine inter-segment flux equations (2.1) are solved simultaneously with the nine

collocation-discretized Maxwell-Stefan equations (2.3) subject to boundary condi-
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tions (2.2) using a Newton-Raphson method to obtain the gas composition profiles

as a function of position within each segment. 20 collocation points located at the

zeros of 19th-degree Chebyshev polynomial, plus the interval endpoints, were used

to define the discretization arrays [27].

Because the modeling equations for each segment are identical 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 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 computational

approach are in [28].

Representative results of this solution procedure are shown in Figure 2.2. 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 zf 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 will be performed later in this chapter to interpret

some of the experimental findings.
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(bottom); the vertical line marks the feed tube bundle outlet location.
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2.3.1 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 = 2.5sccm to each segment are shown

in the left column of plots in Figure 2.2. The composition 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 H2 and the

larger values of binary diffusion coefficients when H2 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 H2 relative to the heavier species due to

thermal diffusion. Thus, because of the large negative effect 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.

2.3.2 High-flow results

Increasing the gas flowrate to 50sccm 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 2.2, the feed species to each segment becomes the dominant gas phase species

near the wafer surface. Thermal diffusion effects still can be observed, but have a
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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 pronounced, and so initial experiments were conducted at these conditions.

It should be noted that the while the WF6 concentration 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.

2.4 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 compositional dif-

ferences 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 350oC, and 10-20 minute deposition times. The film thickness

in the region below each segment was determined by sheet resistance measurements

using a four-point probe.

2.4.1 Segment-to-segment gas composition differences

In one set of representative experiments, pure Ar was fed to Segment 1 at a flowrate

of 50sccm; 50sccm of WF6 was fed to segment 2, and 50sccm of H2 was fed to

segment 3. Sheet resistance measurements were made at seven points on the wafer
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surface in each segment region; the location of the data points are shown in Fig-

ure 2.3. Simulator predictions for these conditions indicate that the gas composition

at the wafer surface is mainly the segment feed species, with a small amount of WF6

present at the bottom of segments even when h = 0 (Figure 2.2). While W depo-

sition should take place directly under Segment 2 (where pure WF6 is fed) due to

the Si reduction mechanism, it is interesting to note that some W deposition takes

place under the remaining two segments. Experimental data and simulator predic-

tions in the remainder of this chapter will validate that the WF6 responsible for

deposition in segments 1 and 3 is transported to this region through a combination

in back-diffusion and inter-segment diffusion.

2.4.2 Control of pattern resolution

In all cases where the showerhead/wafer spacing was small (e.g., h = 1mm), distinct

hexagonal film patterns were produced (Figure 2.4). As the gap is increased, the

contribution of back-diffusion down the segments from the common exhaust remains

essentially constant while inter-segment diffusion in the gap region increases. Pho-

tographs of wafers processed for three different gap values are shown in Figure 2.4

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 effectiveness of using gap size to control inter-segment diffusion of reactant

species across the wafer surface.

Across-wafer diffusion of WF6 from Segment 2 to the Ar- and H2-fed segments

should result in a negative film thickness gradient along lines drawn through the
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Figure 2.3: Film thickness measurements point locations (determined by sheet resis-
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in each segment region.
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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 H2 fed segment

in Figure 2.3). This is clearly evident in the linear interpolation plots presented in

Figure 2.5, where the film thickness along these two “cuts” in Segments 1 and 3

is plotted for three different values of gap size. Furthermore, one can observe the

overall thickening of the film in these two segments as the gap increases, a phe-

nomenon attributable to the increased WF6 concentration resulting from increasing

inter-segment diffusion as the gap is increased. Likewise, extrapolating the growth

rates of Segments 1 and 3 to h = 0 (which is an undesirable experiment to perform)

shows positive growth rates in each segment for zero gap, indicating the contri-

bution of intra-segment back-diffusion of WF6 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 Segment 3; this may be attributable to the smaller binary

diffusion coefficient in an Ar-WF6 mixture compared to a H2-WF6 mixture.

Finally, error bars indicating the standard deviation of all seven sheet resis-

tance measurements per segment are plotted; the slightly increasing trend with gap

size may indicate additional effects of inter-segment and chamber-segment diffusion

on film thickness variation within each segment region as the gap increases. For

increasing values of very large values of h (e.g., < 10mm), the variability should

begin to decrease with h due to the dominance of across-wafer diffusion under these

operating conditions.
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showing how film thickness decreases in the Ar and H2 fed segments with distance
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region as the spacing is increased (right)
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2.5 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 due to low reactor pressure during the process operation [21] [23],

therefore, the deposition 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 tungsten deposition by hydrogen reduction on a sili-

con wafer substrate begins with surface reactions by Si reduction during the film

nucleation step; the reaction is

2 WF6(g) + 3Si(s) −→ 2W(s) + 3SiF4(g)

in the range of deposition temperature used in our experiments [29]. Numerous

studies have focused on the extent to which this reaction takes place and when the

transition to the H2 reduction process

WF6(g) + 3H2(s) −→ W(s) + 6HF(g)

occurs (see Appendix A for more information on W film growth kinetics). Most

studies conclude the Si reduction step is self limiting and typically accounts for 10-

200nm of W film thickness at the Si substrate/W film interface [30]. However, Joshi,

Prasad, Yu and Scilla presented a counterexample study in which non-self-limited

growth was observed using two different CVD systems, resulting in relatively thick

W films [31]. A mechanism for this deposition process was proposed whereby Si out-

diffused from the substrate through the deposited W film and reacted with WF6 on
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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 WF6 concentration

at the film surface:

NSi
dsw

dt
= RkCi

(after eq. A5 [31]) where NSi 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

sw is the film thickness. The first term in this product is attributable to the surface

reaction which is n-th order in WF6:

Rk = K0e
−Ea/RT [CxWF6 ]

n. (2.4)

The second term is derived from the assumption that Si transport 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:

Ci =
C0

1 + K0sw[CxWF6 ]
ne−Ea/RT /D

.

where C0 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 [31] for a more detailed derivation of these

rate expressions. For short deposition times or thin films (sw → 0) produced by

low deposition temperature or low WF6 concentration, Ci → C0 and the deposition

rate is determined only by the surface reaction rate Rk (in the absence of gas-phase

transport limitations), thus
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dsw

dt
=

C0K0

NSi

e−Ea/RT Cn[xWF6 ]
n. (2.5)

2.5.1 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 inter-segment transport in the wafer/showerhead

gap region. This will be carried out by estimating the parameter fd in (2.1) and the

reaction rate coefficients Kk(T ) in the simplified rate expression (2.5) for growth of

very thin films by Si reduction in segments k = 1, 3:

dsk
w

dt
= Kk

[
xk

WF6
(0)

]n

where

Kk =
C0K0

NSi

e−Ea/RT Cn.

Simulations were performed using the three-segment reactor model for gap

values of h = 1, 3, 5mm and a fixed value of fd to obtain the values of xk
WF6

(0) for

segments k = 1, 3. Because Si reduction depends on the surface condition of the

silicon wafer, a least-squares fit of the rate coefficients Kk to the experimentally

measured rate data was performed for each segment instead of using a constant

value for all segments; the optimal value of fd was determined by minimizing the

error in this regression. This approach is not inconsistent with Joshi, Prasad, Yu

and Scilla [31], where parameter fitting was used to determine the reaction rate

pre-exponential constant K0 and the activation energy EA. The parameter values
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obtained using this estimation method are:

fd = 0.2 K1 = 1.92 nm/min K3 = 0.36 nm/min

Simulator predictions of growth rates as a function of h are compared to experimen-

tal data in Figure 2.6.

That a good fit is obtained for the rate exponent of n = 0.5 (recommended by

Joshi, Prasad, Yu and Scilla [31]) is significant because an accurate rate description

for rates linear in WF6 concentration and that pass through dsw/dt = 0 for xWF6 =

0 could not be found for these data. The different values of Kk determined for

each segment can be attributed to the different wafer surface temperatures in each

segment due to gas composition differences [32] or film surface condition differences

resulting from the H2/Ar composition differences.

The resulting simulator predictions are consistent, qualitatively as well as

quantitatively, with the observed reactor behavior, indicating the importance of

intra-segment back-diffusion and inter-segment diffusion across the wafer surface 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 2.1, the magnitude of gas species fluxes due to bulk flow up the segment,

the (gas phase) diffusion processes, and the deposition rate are compared to justify

the original assumption that the deposition rate is low compared to the transport

processes and could be neglected in the original derivation of the reactor segment

model.
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Figure 2.6: Simulated predictions of the W deposition rate by Si reduction in the

Ar and H2 fed segments compared to experimental measurements.

Flux Value, mol/(m2s)

convective (F k
i ) O(10−2)

intra- and inter-segment (N j−k
i ) O(10−5)

deposition rate O(10−7)

Table 2.1: A comparison of fluxes predicted by the reactor simulator.
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2.6 Chapter Summary

A new approach to designing spatially controllable chemical vapor deposition re-

actors was presented in this chapter. The primary design innovation of this CVD

system was the introduction of a segmented, reverse-flow gas delivery (showerhead)

assembly. A three segment prototype reactor was constructed to prove the validity

of the design concept and provide engineering data for simulator development. Pre-

liminary experimental testing demonstrated the validity of the design by depositing

spatially patterned films using the reactor’s ability to control across wafer gas com-

position. Simulation studies were performed 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 was constructed 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. Details regards construction of testing the second prototype will be

discussed in the next chapter; the additional instrumentation in the next prototype

will allow a demonstration of the programmability capabilities envisioned for this

system.
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Chapter 3

Construction of Prototype System P2 and Evaluation of its

Combinatorial Processing Capabilities

Rigorous simulation and a sequence of experiments performed on a prototype reac-

tor to prove the feasibility of the spatially controllable CVD reactor concept were

discussed in chapters 1 and 2. This first prototype reactor (P1) consisted of a mod-

ified commercial Ulvac ERA-1000 CVD cluster tool. Preliminary simulations and

experiments with this modified reactor system were used to quantify segment back

diffusion and inter-segment diffusion contributions to film growth, and to demon-

strate intentional spatially non-uniform film deposition.

While preliminary experiments with prototype P1 successfully demonstrated

the feasibility of this new approach to controllable CVD, the experiments uncovered

limitations in the prototype system. For example, in the first prototype, only one

feed line of each segment was connected to a mass flow controller, limiting the

range of process recipes that could be tested. As a result, this feed gas supply

configuration did not allow W deposition by H2 reduction and prevented a true

test of programmability. Also, the first prototype system could only reach 10−4

torr as a base pressure because the original Ulvac system was designed for low

pressure chemical vapor deposition (LPCVD). This relatively high base pressure

caused several contamination problems including particle generation, high partial

pressures of H2O, CO2, and O2 in gas phase, and unusual deposition patterns. The

reactor system also required a significant amount of conditioning time to lower the

partial pressure of undesirable gas species, such as H2O, CO2, and O2 that would
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consume the reactive WF6 during processing. The non-flexible design of the original

Ulvac system also was a serious limitation of first prototype system in terms of lack

of ability to add new sensors and gas lines, and to repair chamber components,

such as the segmented showerhead assembly and substrate heater. To overcome

this limitation and demonstrate the true capability of spatially controllable reactor

system, new prototype reactor was needed. This new flexible reactor system is highly

flexible enough in changing process condition to be capable for CVD combinatorial

research as library wafer producing tool.

In this chapter, the design and construction of a new prototype reactor with

combinatorial capabilities will be discussed as well as the experimental results demon-

strating W CVD by H2 reduction performed with this reactor. In the chapter sum-

mary section, future research for improving the performance of this reactor system

is discussed.

3.1 Combinatorial CVD

Most film deposition in combinatorial research is performed in physical vapor de-

position process because the ability to control gas transport to directly affect film

composition is limited in conventional CVD reactor systems. Limited success in

developing CVD systems for combinatorial research has been reported [33] [34].

Because the Programmable CVD reactor system was designed to have sig-

nificantly greater sensing and actuation capabilities relative to conventional CVD

reactor designs, the Programmable Reactor takes its name from the ability to rapidly

alter reactor geometrical characteristics as well as the reactant gas conditions, all in
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software. With its fast reprogramming capabilities, this new CVD reactor design is

an ideal tool for combinatorial materials development research because of its ability

to produce films with properties that change (smoothly or sharply) across the wafer

by varying the operational parameters of the system, which include wafer/segment

gap size, gas flow rates, and the gas composition in each segment [35]. In Figure 1.2

a rapid process prototyping approach to new materials and process development

was illustrated. Carrying out the processing concept shown in Figure 1.2 requires

an accurate simulator to extrapolate the measurements available from the segment

sampling to the wafer surface.

3.2 The Prototype P2 Reactor System

To demonstrate the true performance capability of this spatially controllable CVD

system effectively, it was necessary to construct more flexible prototype CVD system

that could be operated as a clean ultra high vacuum (UHV) capable system (see

Figure 3.1, Figure 3.2 and Figure 3.4). The prototype reactor system P2 consists of

four major components: the 1) loadlock and reaction chambers, 2) gas distribution

box, 3) two sets of exhaust gas pump systems, and 4) a gas composition sensing

system consisting a mass spectrometer and sampling lines. The process equipment

layout is shown in Figure 3.3. The differences of prototype system P1 and P2 are

briefly described in Table 3.1.
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Prototype system P1 P2

Reaction chamber base Pressure [torr] 10−4 < 10−8

Loadlock chamber base Pressure [torr] 10−3 < 10−8

Pressure gauges on reaction chamber 1 [b] and 1 [c] 1 [b], 1 [c] and 1 [i]

Pressure gauges on loadlock chamber 1 [c] 1 [c] and 1 [i]

Feed tubes per segment 1 3

Gas sampling capability No Yes

Gas source monitoring capability No Yes

Chamber baking capability No Yes

Process control semi-automatic automatic

Table 3.1: Differences of prototype system P1 and P2 ([b]-Baratron type pressure

gauge, [c]-Convectron type pressure gauge, [i]-ion gauge).
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3.2.1 Chambers and pumps systems

Two standard stainless-steel 8 inch 6-way CF crosses are used for the loadlock

and reaction chambers. The diagrams and detailed mechanical drawing of the new

reactor chamber with programmable showerhead and heater are shown in 3.1 and

3.2. The loadlock chamber is used to minimize air exposure to the reactor chamber

and is pumped with one set of turbo-molecular and mechanical pumps resulting in

a loadlock chamber base pressure of 10−8 torr. This UHV condition was achieved

after He leak checking using the mass spectrometer on this system, normally used

for residual gas analysis (RGA). The reaction chamber is pumped by a similar

arrangement resulting in a base pressure lower than 10−8 torr. Because of these low

base pressures, the contamination sources from chamber wall are eliminated. The

chamber and pump diagram is shown in Figure 3.4, along with the gas distribution

box and mass-spectrometer sampling system.

As shown in Figure 3.4, the reaction chamber is isolated by two gate valves,

minimizing the air exposure when pumps or gauges are repaired. During a CVD

process, residual gas is pumped through the top of each segment into the common

exhaust volume and then through valve (2) to the 4-way cross. This 4-way cross

allows the gas pumped through the turbo-molecular pump and valve (3) flow to

the mechanical pump. During chamber cleaning, gas evolving from chamber walls

is pumped through valve (1) and the 6 inch 4-way cross, then is exhausted to the

turbo-molecular pump and backing mechanical pump.

Each chamber has a set of pressure gauges consisting of an ion gauge measuring
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chamber pressure from 10−8 to 10−4 torr and a convectron gauge for the 10−3 torr to

atmospheric pressure range. These ion and convectron gauges are easily damaged by

corrosive gases such as WF6. A Baratron diaphragm type gauge is used for pressure

control sensor in the reaction chamber with throttle valve (4).

Gas sampling lines are built into the gas exhaust line to facilitate mass-

spectrometer based leak checking, a necessary procedure to maintain a UHV cham-

ber. During the process, a 50 micron orifice is inserted into the sampling tube

to reduce the process pressure down to the required mass-spectrometer pressure.

However, during cleaning, the 0.25 inch (OD) standard stainless tube is used di-

rectly. The sampling lines and mass-spectrometer are shown in Figure 3.4. This

mass-spectrometer also will be used for segment-to-segment multiplexed process

monitoring through the individual gas sampling tubes in each segment.

3.2.2 Gas distribution box

To control gas flow rate and composition to each segment, a gas distribution system

was developed to provide control to 9 sets of gas feed lines; 3 gas lines distribute

gas to each segment and each is connected to a Ar, H2 and WF6 gas source. A gas

line assembly consists a mass flow controller (MFC), one manual and two pneumatic

valves, a pressure gauge, and a pressure regulator. A schematic diagram of the gas

distribution box and gas delivery lines are shown in Figure 3.5

The setpoints of the pneumatic valves and mass flow controllers are sent from a

Brooks automation system master controller. The one set of pneumatic on/off valves

is installed in each gas line near to the reactor, instead of in the gas distribution
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box, to minimize exposing gas feed lines to air during maintenance.

If air or water vapor are introduced to the WF6 gas line, WF6 will be con-

sumed to produce WOF4, HF and W particles; the corrosive HF and W particles

can damage or clog on the WF6 MFCs. To minimize contamination and achieve

reproducible experimental results, gas source monitoring is necessary. An orifice in

each sampling tube restricts the flow of sampled gas to protect the mass spectrom-

eter from excessive pressure damage. For safety, the corrosive and toxic WF6 gas

source is contained in gas cabinet and is connected to a dry scrubber for venting.

3.2.3 Gas composition sensing

A novel approach to gas composition sampling also is implemented in prototype

P2. Quadruple mass spectrometry (QMS) is one of the most widely used methods

for in-situ real-time process monitoring. QMS instruments are compact and cost

effective, as well as selective and sensitive, metrology tools [36]. Also, because the

mass spectrometer can directly sense gas composition at specific point of reactor

system without disturbance to process performance, it is a candidate sensor for

real-time control, such as deposition time adjustment based on end-point detection

during processing. Recently, mass spectrometry has been shown to be successful for

end-point detection and run-to-run control [37] [38].

The sampling tube of each segment can be used to transport a small amount

of gas to a QMS (an Inficon transpector CIS2 mass spectrometer is used). From the

residual gas analysis of each segment, approximate film thickness and the compo-

sition of film deposited on each area corresponding to each segment can be deter-
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mined. Coupled with the reactor segment model described earlier in this thesis and

in [35], this capability of individual segment sampling and monitoring allows fast

reprogramming of the recipe across the wafer surface using model based, real-time

control or after a batch in a run-to-run control mode.

To monitor gas composition in each of the three segments pseudo-simultaneously

during operation, the single mass spectrometer must have time-sharing capabilities.

Three sampling tubes and on/off valves connect the segments to the mass spectrom-

eter. The three on/off valves are sequentially opened and closed by a control signal

sent from a Techware Brooks control platform to perform the mass spectrometer

multiplexing. The schematic diagram of this setup is shown in Figure 3.6.

3.3 Wafer Temperature Distribution

Wafer temperature is the other key factor affecting film growth uniformity in most

CVD processes. To reveal the heat transfer mechanisms primarily responsible for af-

fecting wafer temperature and its uniformity, temperature measurement experiments

were performed with an instrumented wafer over a range of operating conditions and

reactor geometries. With a thermocouple instrumented wafer, temperatures of 13

specific points are measured. In Figure 3.7, the positions of 13 thermocouples and

their relationship to the segment positions are shown.

To assess gas composition and wafer/segment gap size on wafer temperature,

the wafer temperatures were measured when the chamber was filled with typical

reactant gases (Ar, N2, H2) at 1 torr and a high vacuum for a range of gap sizes.

Results are summarized in Figures 3.8 and 3.9, illustrating the significant effect gas
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composition has on wafer temperature, and the much more minor effect gap size has

on temperature in all cases except in vacuum. The role of temperature distribution

in interpreting deposition results will be discussed later in this chapter.

It is believed that thermal conductivity differences between different mixture

gases of each recipe may play a role in non-uniformity of wafer temperature. To

assess this gas composition effect, the wafer temperatures were measured when the

chamber was filled with typical reactant gases (Ar, N2, H2) at 1 torr and a high

vacuum condition at 400oC heater setpoint. To minimize the other effects such as

segment position, the segment assembly was lifted up to the highest position (32

mm from wafer surface). The temperature measurement results of this experiment

are shown in Figure 3.8.

As can be seen in Figure 3.8 this figure, significant temperature differences are

observed for different operating conditions. Among the cases in which the chamber

is filled with each gas, the largest average temperature difference was found to be ap-

proximately 20oC between H2 and Ar filled cases. The heat conduction through the

gas phase between the heater surface and wafer bottom results in different average

temperatures and the average temperature of the wafer increased with increasing

gas heat conductivity. Thus, the H2 filled case has the highest average temperature.

However, when the reactor is filled with H2, temperature uniformity is much worse

than the other cases (Left in Figure 3.8). Considering the non-uniform tempera-

ture distribution of the heater surface, the non-uniform wafer temperature is due to

the closer thermal coupling between the wafer and heater elements because of the

higher thermal conductivity of H2. The physical geometry of the reactor compo-
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nents also relates to wafer temperature because radiation and heat conduction to

the showerhead constitutes a major heat loss from the wafer surface.

To assess these effects, the wafer temperature measurement experiments were

performed with varying wafer/segment gap size. For this second experiment, the

heater temperature was set at 400 oC and the gap size was adjusted to measure wafer

temperature corresponding the gap range of 5 mm to 32 mm under high vacuum

conditions and at 1 torr pressure for three different gases (Ar, H2, N2). As shown in

Figure 3.9, average wafer temperature is affected by wafer/segment gap size. Under

high vacuum conditions, temperature decreases with increasing gap size and the

gradient of wafer temperature is larger than the cases where the reactor is filled

with gas. The reason for the decreasing temperature in the high vacuum case is

that higher positions of the segment assembly allow the wafer to face an increasing

area of cool reactor wall, resulting in additional wafer heat loss.

3.4 W Deposition Experiments: H2 Reduction

The programmable CVD reactor is designed to produce intentional spatial patterns

of W films on the wafer surface as well as uniform W films. In the new prototype

reactor P2, H2 reduction is performed to test this concept of spatial controllabil-

ity. Intentional non-uniform deposition ability is important for demonstrating true

programmability of deposition and for combinatorial materials discovery research.
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3.4.1 Experiment conditions

The recipes used for the experiments are shown in Table 3.2. The recipes EXP1

and EXP2 are designed for uniform and intentional non-uniform W film deposition,

respectively. In each recipe, the ratio of H2 and WF6 in each segment is fixed at the

4:1 ratio used for a typical blanket W deposition because the ratio of the reactant

gases also affects the growth rate of W film as well as pressure, temperature and

contamination on the wafer surface [39] [23] [40]. To minimize convective interaction

between segments, the total flow rate to each segment was held constant set at 60

sccm for both EXP1 and EXP2.

The heater temperature was set at 400 oC and total reactor pressure was

set at 1 torr, a typical LPCVD (low pressure chemical vapor deposition) condition

for W deposition. According to the temperature measurement experiments, the

actual wafer temperature is approximately 355oC at the 400oC setpoint of heater

temperature.

When W deposition by H2 reduction is performed on a Si wafer without an

adhesion or barrier layer, WF6 reacts first with Si rather than H2. This Si reduction

is sometimes self-limited (compare to the discussion in chapter 2) because Si supply

from the substrate to the film’s surface in contact with the reactant gas is limited

by the W film growing by Si reduction. This Si reduction is not desirable for

micro-electrical device fabrication because of the well-known encroachment and W

migration through Si which can damage devices [41] [42] [1]. However, in this

experiment, seed layer formation by Si reduction is not avoidable and is necessary
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to grow W film by H2 reduction. Considering the seed layer formation, deposition

time should be sufficiently long to allow neglecting the W deposited by Si reduction.

By the QMS RGA of byproduct gas SiF4 from Si reduction, the deposition time was

chosen to be 10 minutes during which Si reduction occurs for the first 10-20 seconds

producing a several-nanometer thick W film.

Proper cleaning of the Si wafer surface is necessary because the W film growth

is significantly affected by the surface condition of the Si wafer. For example, H2

reduction cannot produce W films on native oxide (SiO2), a film which usually

exists on the surface of a Si wafer. Also, other organic and non-organic particles

and molecules cause catalytic reactions consuming WF6. To minimize these effects,

each Si wafer (100) is cleaned with acetone and rinsed with de-ionized water to

remove organic contaminants. Then, the wafer is dipped into a 10% HF solution for

5 minutes to remove native oxide and metal contamination completely.

3.4.2 Uniform deposition experiments

To establish a baseline to which intentional non-uniformity control will be compared,

recipe EXP1 was fed to the segments to measure the segment-to-segment uniformity.

Using the experimental conditions described in the previous section, W deposition

by H2 reduction was performed. The resistance of the W film produced in this

experiment was measured to generate a 2-dimensional thickness contour map using

an automatic high resolution 4 point probe which was developed for the analysis of

deposition by the programmable reactor. The automatic 4 point probe station and

its principle of resistance measurements are described in Appendix B.
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Figure 3.6: Schematic diagram of the time-sharing RGA.

Feed Gas EXP1 EXP2

Segment

Ar

H2

WF6

total [sccm]

SEG1 SEG2 SEG3

30 30 30

24 24 24

6 6 6

60 60 60

SEG1 SEG2 SEG3

60 30 0

0 24 48

0 6 12

60 60 60

Table 3.2: Experimental feed gas recipes for uniform and non-uniform W deposition.
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The resistance measurements are converted to film thickness based on the

assumption that the resistivity of W film is same as bulk W resistivity - it is noted

that this assumption is not strictly valid because W films produced by CVD have

1.5 to 2 times higher resistivity than bulk W. However, this measurement is still

acceptable for comparing deposition performance of each segment and to evaluate

uniform deposition ability because the conditions of each segment are sufficiently

similar to produce W films having a similar range of resistivity in this experiment.

The map of thickness measured by the 4 point probe is shown in Figure 3.10.

According to the measurements, sharp hexagonal W deposition patterns reflecting

the segment locations were observed on the wafer surface, demonstrating clearly the

ability of the segments to maintain gas concentrations that differ from that outside

the segments.

To assess the uniformity of W film deposited by the prototype P2 reactor,

each segment region is measured individually. In Table 3.3 and Figure 3.11, the

average thickness and standard deviation of W films based on the 4 point probe

measurements are summarized. According to these measurements, the average of

W film thickness in each segment is approximately 159 nm. The standard deviation

of the overall measurements is approximately 20 nm and this is close to the individual

segment’s standard deviation of W film thickness. Uniformity of segment-to-segment

thickness can be represented by the average and standard deviation of these average

thickness values, which are 158.65 nm and 4.06 nm, respectively. Based on this

analysis, prototype P2 is able to produce W films which have 2.6 % segment-to-

segment and 12.6 % intra-segment uniformity. Segment-to-segment uniformity is an
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Figure 3.10: Contour map of tungsten film thickness deposited by H2 reduction

(top); 3 dimensional thickness profile of tungsten film (bottom) for EXP1.
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index showing performance differences of the segments. Because the performance

of each segment is similar, the intra-segment uniformity remains a key index to be

improved.

In Figure 3.12, the temperature profile (top) produced using a 5 mm gap

and the thickness profile of W films (bottom) are shown. The temperature profiles

in Figure 3.12 are measured at the points 1 to 5 in each segment as shown in

Figure 3.7. The W film thickness profiles in Figure 3.12 are interpolated values

along the line segments intersecting the 5 temperature measurement points in each

segment region. The temperature profiles shown in this figure are measured at 1

torr H2 without gas flowing and a 5 mm wafer/segment gap size and conditions

otherwise similar to that of the deposition experiment. Comparing the temperature

and thickness profiles, similar patterns were observed. One can immediately infer

that intra-segment uniformity depends on the temperature distribution across the

wafer as well as the gas composition at the wafer surface. Further experiments are

underway, as well as the investigation of design modifications, to improve intra-

segment uniformity.

In the comparison of average film thickness of each segment, overall uniformity

of W film strongly depends on the intra-segment uniformity. Thus, research focused

on improving intra-segment uniformity is necessary to improve overall uniformity of

film deposition.
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SEG1 SEG2 SEG3 Overall

number of measured points 544 550 550 1644

average thickness [nm] 154.5 162.6 158.8 158.6

standard deviation[nm] 21.97 17.74 19.64 20.12

Table 3.3: Average and standard deviation of W film thickness measurement by 4

point probe resistance measurements.
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3.4.3 Non-uniform deposition experiment

To test the concept of programmability of the prototype P2, the intentional non-

uniformity producing deposition experiments were performed using the recipe EXP2

in Table 3.2. The experiments results are shown in Figure 3.13. As shown in this

figure, the W film grown in segment 1 is thinner than that of the other segment

regions but thicker than that found outside of the segment region on the wafer

surface. The reactive gases, H2 and WF6 are introduced to segment 1 by back by

diffusion from the common exhaust volume and diffusion through the wafer/segment

gap between segment 2 and 3. The thickness difference between the W film in

segment 1 and the outside region can be used as evidence to conclude that the

contribution of the precursor gas species by back diffusion from the common exhaust

volume is significant.

In the Figure 3.13, it is observed that the gradient (denoted by arrows) of the

film thickness in segment 1 is distinctly different from the other segments. This

gradient is a partial indicator of the diffusion in which reactant gases diffuse across

the wafer surface. From the directions of the gradient, it can be concluded that more

reactive gases in segment 1 diffuse from segment 3 than segment 2 because segment

3 has a higher concentration of reactive gases, H2 and WF6 compared to segment

2. It is expected that by varying the wafer/segment gap size and concentration

of reactive gases in segment 2 and 3, the diffusion pattern, film growth rate, and

thickness gradient can be controlled.
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3.4.4 W film properties produced by the prototype system P2 using EXP2 recipe

The electrical and physical properties of W film deposited by CVD methods usually

depend on the thickness of W film, growth rate, and species of gas used in the

process [43] [40]. Particulary, the resistivity of W film deposited by CVD is usually

higher than that of bulk W because of impurities (such as the remaining F atoms

from precursor gas, WF6) and small grain size. The faster grown W film has larger

grains and fewer F atoms in the films, and thinner W films have smaller grain

size. This leads to the general observation that faster grown thick W films have

lower resistivity than slow grown W films [42] [40] [43]. In this EXP2 experimental

condition, because the W films have significantly different thicknesses, growth rates

and processing recipes in each segment, the W film thickness measured by a 4

point probe cannot be used directly to assess segment-to-segment and intra-segment

uniformity.

To compare W film thickness measured by the 4 point probe with true thick-

ness measurements, a SEM (scanning electron microscope) is used to take cross

sectional pictures of the W film and the Si wafer. SEM allows relatively accurate di-

rect measurement of W film thickness on a Si wafer; however, to take cross sectional

pictures, the wafer must be cut into pieces, and so SEM cannot produce a thickness

map of W film. However, cross section SEM is still one of the most well known

and reliable methods for measuring film thickness. In the discussion to follow, the

samples for the SEM are taken from the center of each segment.

The W film thickness measured by SEM and 4 point probe resistance measure-
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ments are summarized in Table 3.4. The true W film resistivity of each segment is

calculated from a comparison of the 4 point probe and SEM measurements and is

shown in third column of Table 3.4. According to the calculated results, W films

in segment 2 and 3 regions exhibit a lower resistivity relative to that of segment

1. The faster growing W films in segment 2 and 3 have larger grains. As shown in

Figure 3.15, grain size of W film in segment 1 is much smaller compared to the two

other segments. This is a demonstration that programmable CVD system can pro-

duce thin films having different electrical and physical properties in a single batch

process.

3.5 Chapter Summary

In this chapter, an overview of the design and operation of a highly controllable

CVD reactor system was presented. By the control of gas phase composition in a

representative deposition process, the potential of this system for performing com-

binatorial CVD investigations was demonstrated. In particular, an experiment in

which inert gas was fed to one of the three showerhead segments resulted in a gra-

dient of film thickness inside this segment region as a result of precursor diffusion

from adjacent segments. While this gradient was limited to the one segment region

in this experiment because of the small gap size used, future experiments will be

performed where larger gap sizes will be used to diffuse this gradient across multiple

segment regions. It is from combinatorial experiments such as these that a desirable

film quantity will be identified; the process conditions at this spatial point on the

wafer will be determined from the reactor simulator and the reactor system then
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will be reprogrammed to deposit this desired film uniformly over the wafer surface.

In the uniform and non-uniform thin W film deposition experiments with this

new P2 system, the spatial controllability of this reactor system was demonstrated

with segment-to-segment and intra-segment uniformity assessment. However, ac-

curate thickness measurements and further investigation of W film properties are

necessary to ultimately enhance the programmable capabilities of this new CVD

reactor system.

The new prototype P2 system has the capability to deposit W films using

spatially nonuniform recipes such as EXP2 in Table 3.2. With this intentional non-

uniform deposition capability, programmable CVD system can be a candidate tool

for combinatorial material discovery research tool.
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Segment 4 Point Probe [nm] SEM [nm] Resistivity [µΩ cm]

SEG1 56.2 270 26.88

SEG2 146.1 420 16.10

SEG3 180.7 580 17.97

Bulk W - - 5.6

Table 3.4: Thickness and resistivity measured by 4 point probe resistance measure-

ment and scanning electron microscopy.
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Chapter 4

Conclusions

In chapter 1, the limitations of conventional CVD reactors due to inflexible de-

signs and lack of control actuators were discussed, and new reactor system concepts

endowing spatial controllability as a means of overcoming these limitations were in-

troduced. The feasibility of these design concepts were tested with simulation, and

the key design factors and operation parameter values were identified, such as the

wafer/segment gap, feed tube position, and total feed rate.

In chapter 2, the first prototype reactor was designed based on the simulation

results discussed in chapter 1, and was constructed for performing preliminary depo-

sition experiments. In chapter 2, the results of preliminary deposition experiments

demonstrated that spatially patterned wafers can be produced by the Programmable

CVD reactor. These experimental results were compared to the simulation results of

a rigorous model. By this comparison, the contribution of back diffusion and inter-

segment diffusion through wafer/segment gap was estimated. By these preliminary

experimental and simulation study, it is revealed that back diffusion can contribute

more to interaction between segments than inter-segment diffusion especially when

segment is at low position.

For the modeling and simulation, Maxwell-Stefan equation was used to de-

scribe behaviors of feed gas mixture. The inter-segment flux equations (three

equation for each segment) are solved simultaneously with the same number of

collocation-discretized Maxwell-Stefan equation subjected on to the boundary con-

ditions by using a Newton-Raphson method. In this model, thermal diffusion ex-
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pression is also included as well as ordinary diffusion equation. This Maxwell-Stefan

equation is considered very rigorous and accurate method to model complex gas mix-

ture. But this Maxwell-Stefan equation is not often used in commercial simulation

package because this Maxwell-Stefan equation is often solve after significant number

of iteration. To avoid significant number of iteration calculation without losing its

rigorousness and accuracy, the 1-dimensional model for the programmable reactor

segment used for the simulation is suitably simplified.

To set up the simulator, object oriented approach was taken. This object ori-

ented approach was efficient for the simulation because the modeling equations for

each segment are identical in structure. Also the simulator set up by this object

oriented approach is extensible to reactor model with many more segments as men-

tioned in chapter 2. The successful simulation results of this work showed that this

object oriented approach is efficient and applicable for the systems having repeated

elements in structure.

In chapter 3, a second prototype reactor system design described that included

a gas delivery system allowing the programmability of gas composition control,

a UHV grade chamber and pump system minimizing contamination, and a gas

sampling system allowing multiple 2-dimensional sensing across the wafer. Uniform

and intentionally non-uniform W films deposition by H2 reduction were performed

to demonstrate true 2-dimensional controllability. The programmability introduced

and demonstrated in this chapter is the necessary capability to find efficiently the

proper material and the process conditions corresponding with the properties of that

material. Also this programmability allow quick reprogramming to achieve uniform
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film deposition of that material only with parameters changing.

This research work motivated for lessening the cost to improve thin film depo-

sition uniformity was successfully accomplished by suggesting new control actuator

concept which can directly control uniformity of thin film. To maximize the benefit

to use these new actuator concepts, the programmability was devised and demon-

strated in chapter 3. This programmable CVD reactor system concept is unique

and successful in terms of its direct spatial controllability, and has potential to be

applied for any system controlling the gas delivery on solid or liquid surface.
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Chapter 5

Future work

In this chapter, future work for achieving the ultimate goal of this research is dis-

cussed. First, necessary tests and experiments for improving intra-segment film

deposition uniformity will be discussed. Second, a control strategy maximizing uti-

lization of programmability will be presented.

5.1 Improving Intra-segment Uniformity

In the programmable CVD reactor, overall film uniformity reflects segment-to-

segment uniformity and intra-segment uniformity. As shown in chapter 3, intra-

segment uniformity appears more strongly related to the overall uniformity of W

film thickness across the wafer rather than segment-to-segment uniformity in second

prototype programmable CVD reactor, P2. In Figure 5.1, two cases demonstrating

improved intra-segment uniformity and segment-to-segment uniformity are shown.

Also, it is shown that the overall uniformity improvement can be achieved by im-

proving both intra-segment and segment-to-segment uniformity.

Temperature distribution and gas concentration across the wafer inside a seg-

ment region directly relate to intra-segment film uniformity. Thus, the parameters

affecting these two factors should be tested in various ranges of experimental con-

ditions as a first step towards improving intra-segment uniformity.

Because the wafer/segment gap size is an important factor affecting gas com-

position in the segment-to-segment boundary area [35] as well as temperature dis-

tribution, deposition experiments with varying gap size must be investigated for
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improving intra-segment uniformity. With the larger gap size, a more uniform W

film can be produced (note Figure 1.4).

Because the simulator described in chapter 2 was based on the 1-dimensional

model, it is limited in accuracy to compare the thickness of W film predicted by

this simulation with average W film thickness of experiments in each segment. To

properly use this model and simulation for improving intra-segment film uniformity,

2 or 3-dimensional model is necessary. To develop a 2 or 3-dimensional model and

simulation, validating the model and its parameters for describing W film growth

rate, diffusion, and convection transport should be performed. Once the model’s

parameters are decided, then a simulator capable of predicting 2 or 3-dimensional

gas composition distribution across the wafer surface can be available. Also this new

simulator based on 2 or 3-dimensional model can be used to reveal the relationship

between film composition and gas composition on wafer surface for combinatorial

CVD research.

5.2 Control Strategy for the Programmable CVD System

As discussed in chapter 1, in a conventional CVD reactor, the uniform film depo-

sition across larger wafers is more difficult because of non-flexible designs that lack

spatial controllability. With the programmable CVD reactor, the effect of wafer

size on across wafer uniformity can be minimized, because the programmable reac-

tor divides the wafer surface area into smaller areas in which film deposition can

be controlled individually, minimizing the interaction with other areas. Thus, in

the Programmable reactor concept, more segments are needed to achieve uniform
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deposition across larger wafers.

The multiple sensing capability of the programmable CVD reactor allows di-

rect uniformity monitoring with mass-spectrometer RGA which is impossible in a

conventional CVD reactor system. As a result, two different control strategies can

be applied to decouple deposition uniformity with wafer size to improve uniformity

from the control of other material characteristics. This control concept is discussed

next.

5.2.1 Measurement based optimal control

In the programmable reactor, performance of a segment is related to that of other

segments surrounding the segment. Also, the important indices representing film

qualities, such as uniformity and the physical properties of the film, are related and

conflict with each other. Finding a operating condition satisfying all desirable index

values often is not achieved. Thus, an optimal control approach, in which finding a

condition minimizing the deviations from a target value, is necessary. For example,

in W film deposition, uniformity and resistivity are two indexes of film quality. The

objective function to be minimized is represented by following equation:

O(C) = Wu(Ut − Uf (C))2 + WR(Rt −Rf (C))2 (5.1)

where Wu and WR are weights, Ut and Rt are target values of uniformity and re-

sistivity, respectively, and Uf and Rf are measured film values of uniformity and

resistivity, respectively. C is the vector of manipulated variables (control inputs).

Thus, the goal of the control is to minimize the objective function
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min{O(C)} = min{Wu(Ut − Uf (C))2 + WR(Rt −Rf (C))2} (5.2)

Because the indexes representing film quality relate to each other in compli-

cated and often nonlinear relationships of the operation parameters, developing a

proper mathematical model is very challenging. Also, uncertainties such as wafer

surface condition, unmeasurable wafer temperature distributions, and gas feed rate

variations can cause model mismatch in model-based optimal control. Thus, instead

of developing a physical model for model-based optimal control, a measurement-

based optimal control approach may be more effective.

5.2.2 Multiple endpoint detection

Endpoint detection is one of the rising methods in advanced process control of

semiconductor manufacturing and is used for deciding the termination point of etch

and deposition processes. Research on endpoint detection applied to W CVD is

reported in [25] [37] [38] [44]. In endpoint detection, the status of the film thickness

and film growth rate is detected using the integrated RGA signal sampled from

the process chamber or gas exhaust line. Stoichiometric and statistical analysis

tools convert the integrated signal of reaction byproduct gases into film thickness.

Thus, when this integrated signal reaches the desire thickness level, the process is

terminated.

RGA sampling tubes installed in each segment of the programmable CVD reac-

tor and timesharing manifold allow the multiple sampling. From the integrated RGA

signal of each segment, multiple endpoint detection allows monitoring of growth rate
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and average W film thickness deposited in each segment region. Based on endpoint

detection in each segment, termination of recipe gas feed for each segment is decided

instead of termination of the entire process. If a recipe gas feed is terminated, the

same amount of inert gas is fed to minimize convective interaction caused by flow

rate differences between segments. The conceptional diagram of multiple end-point

control is shown in Figure 5.2.

5.2.3 Combined measurement based optimal control and multiple endpoint detec-

tion

The two different control strategies described previous sections can be combined

to decouple the film property control and uniformity control. Usually, the control

parameters for film quality, such as feed gas recipe, wafer temperature and reactor

pressure also affect uniformity. Because of this complicated interaction, it is hard

to decouple film quality control and uniformity control. However, in the program-

mable CVD reactor, uniformity can be controlled without affecting film property

using multiple endpoint detection. Similarly, film property also can be controlled

by measurement based optimal control without affecting uniformity. The schematic

diagram of combined control strategy is shown in Figure 5.3.
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Figure 5.2: Scheme for the multiple endpoint detection for the programmable CVD

system.
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Appendix A

W Chemical Vapor Deposition

Tungsten is widely used for interconnects in the semiconductor device fabrication

because of its high melting point, low electrical resistivity, and a thermal expansion

factor that is close to that of Si. W is mainly deposited as a contact plug and

first-level metal by chemical vapor deposition because W films deposited by CVD

have very good step coverage [41].

A.1 W CVD chemistry

W CVD is the most successfully established metal CVD process in semiconductor

fabrication because the WF6 precursor is relatively stable and easily reacts with

various gas and solid species such as Si, SiH4, H2, Al, and Ti, etc. Among these

chemical species, SiH4 and H2 are commercially important reducing agents as well

as solid Si. The chemistry of WF6 with these species are listed below [42]:

WF6(g) + SiH4(s) −→ W(s) + SiF4(g) + 2HF(g)+H2(g)

2WF6(g) + 3SiH4(s) −→ 2W(s) + 3SiF4(g) + 6H2(g)

WF6(g) + 3H2(s) −→ W(s) + 6HF(g)

2 WF6(g) + 3Si(s) −→ 2W(s) + 3SiF4(g)

The reactivity of WF6 with a reducing agent is determined by the Gibbs free

energy changes in the reaction. The free energy changes of these reactions are shown

in Table A.1 [42]. The most preferred chemical reaction of WF6 is with SiH4. Thus

the reaction rate with SiH4 is faster than the other reactions listed.

By SiH4 reduction, thin films of W can be deposited on Si, SiO2, and metal
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surfaces. Also, W film growth rates are greater for SiH4 reduction compared to

other reduction mechanism. The W film produced by SiH4 reduction is usually less

conformal than W film by H2 reduction, has higher resistivity, and tends to delam-

inate spontaneously from the Si surface. Usually resistivity of W film deposited by

SiH4 reduction is more than 3 times higher than that of bulk W [40]. Because of

this drawback, SiH4 reduction is mostly used only for W seed layer deposition on

an adhesion layer such as Ti/TiN films. H2 is used as the primary filling process for

narrow features such as trenches and vias.

The higher resistivity of W films deposited by CVD is due to the existence

of impurity fluorine and the small grain size of W poly-crystal. Bulk W does not

have distinguishable grain structure, but CVD W usually exhibits α and β phases

of grain structure. Usually, faster reaction processes produce β structure W films

which have lower resistivity.

Thus, W plug or via filling normally has several steps in sequence: 1) Hole

patterning, 2) Glue(adhesion)/barrier layer deposition, 3) Seed layer deposition, 4)

Blanket W deposition, 5) W etchback. The typical W plugging diagram is shown in

Figure A.1. As shown in diagram, small sub-micron features, such as a W plug, are

mainly filled by blanket W deposition by H2 reduction. If growth rates of W film

in small features across the wafer are significantly different, in faster growing areas,

the plugs will be filled inside of feature before others are filled. Often, this feature

captures voids which can cause serious damage to the device performance. Thus,

uniform film deposition is critical in H2 reduction W deposition for improving yield

of production of micro-electric devices, shown in Figure A.2.
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Figure A.1: Typical 5 steps of W filling into narrow features in micro-electrical

device fabrication.
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Slow growing W films Fast growing W films

voidW film
Si

Figure A.2: The void formation in the small feature such as W plug by difference

of W film growth rate across wafer.

Reaction ∆G at 500oK (KJ/g-atom W)

WF6 + 3H2 −→ W + 6HF -113

WF6 + 1.5Si −→ W + 1.5SiF4 -478

WF6 + 1.5SiH4 −→ W + 1.5SiF4 + 3H2 -870

Table A.1: Free energy changes for CVD W deposition.
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A.2 Overall growth rate expressions for H2 reduced W on a wafer surface

Under low pressure and low gas phase temperature conditions, the gas phase reac-

tions between WF6 and H2 are negligible [23] [45]. The W growth mechanisms by

surface reaction of WF6 and H6 consists of five steps. First, reactive gas species

diffuse onto the Si surface through the gas phase. Second, these gas molecules are

absorbed on the surface and become active. Third, these active WFx and H2 react

with each other and produce byproduct HF. Fourth, byproduct gas HF, and non-

absorbed WF6 and H2 desorb from surface. Finally, these residual gases, HF, WF6

and H2 are released to gas phase by diffusion. In these five steps, many complex

intermediate states exist, however, analyzing all intermediate states can consume

significant amounts of research effort. Instead of this models, overall growth model

with empirically determined parameters are often more useful for predicting process

performance. The most widely used reaction model for W growth by H2 reduction

is based on the following model [46] [47]:

Rs =
c1[H2]

1/2[WF6]
1/6

1 + c2[WF6]1/6
(A.1)

If sufficient amounts of WF6 are supplied to the wafer surface (1 ¿ c2[WF6]
1/6),

W film growth rate can be expressed by following equation:

Rs = (c1/c2)[H2]
1/2 (A.2)

where (c1/c2) = kae
(−Ea

RT ).

If WF6 supply is not sufficient(1 À c2[WF6]
1/6), W film growth rate can be
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Equation Symbols Values Unit Reference

A.2 Rs · mol ·m−2 · s−1 [23]

ka 1.7 mol · Pa−1/2 ·m−2 · s−1

Ea 69 kJ ·mol−1 ·K−1

A.3 Rs · nm · s−1 [48]

kb 3500 ± 400 nm · s−1 · Pa−2/3

Eb 64 kJ ·mol−1 ·K−1

Table A.2: Parameters and values for the WF6 growth rate expression of H2 reduc-

tion.

expressed by following equation:

Rs = c1[H2]
1/2[WF6]

1/6 (A.3)

where c1 = kbe

(
−Eb
RT

)
.

In the case of very low feed rate of WF6 or local depletion of WF6, the second

equation is more valid to describe the surface WF6 and H2 reaction. But most other

case, the first simplified equation is used. Parameters and values for the equations

are shown in table A.2.
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Appendix B

Thickness measurement of W films using a 4 point probe

The 4 point probe is a device for measuring the resistance of materials using a 4

contact probe built into a sensor head in which the 2 outer probes apply current

and 2 inner probes measure voltage. The schematic diagram of probe head is shown

in Figure B.1. This 4 point probe is usually used for measuring resistivity of thin

films for determining the film thickness. If the film resistivity is already known,

resistance measured by 4 point probe can be converted into the thickness of film.

The relationship between the thickness, resistivity and sheet resistance of thin films

is expressed in following equation when film thickness is sufficiently thinner than

the distance between probes (ts ¿ S).

ts = ρ

(
ln2

π

) (
I

V

)
(B.1)

4 point probe measurements are relatively simple in terms of sample prepa-

ration, operation and converting the measurements to the thickness or resistivity.

Also, because 4-point probe’s very short measuring time and relatively small size

and light weight sensor head, it is easily automated so as to be able to scan an entire

wafer surface. Thus, if it is acceptable that W thin film resistivity is considered the

same as bulk W resistivity, 4 point probes are very useful devices to map W film

thickness in a university lab. The automatic high resolution 4 point probe developed

by Rubloff’s group in University of Maryland is used for measuring W film thickness

in this research and a photograph of it is shown in Figure B.2.
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Figure B.1: Schematic diagram of an automatic high resolution 4 point probe station

developed at the University of Maryland
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Figure B.2: Photograph of an automatic high resolution 4 point probe developed

by Rubloff’s group at the University of Maryland
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Appendix C

Parameters used for modeling and simulation

Symbol Units (and Value) Description

Af 9.5× 10−5 m2 feed + sample tube cross section area

As 0.0016 m2 segment cross section area

C mol/m3 total concentration

D m2/s diffusivity of Si in W

Dij m2/s gas phase binary diffusion coefficient

DT
i kg/(ms) gas phase thermal diffusion coefficient

Ea,Eb activation energy

fd inter-segment transport correction factor

h m wafer/segment-bottom gap size

ka,kb collision factor

Kk nm/min W deposition rate coefficient

L 0.144 m segment length

Mi kg/mol species i molecular weight

Nk
i mol/(m2s) species i segment k total molar flux

N̄k
i mol/(m2s) species i segment k ordinary diffusion flux

Qk
i m3/s segment k feed flow rate of species i

sw m W film thickness

continue...

Table C.1: List of variables and parameters

91



Symbol Units (and Value) Description

S mm distance between probes

t s time

ts µm thickness of conductive film (Appendix B)

T K segment gas temperature

W 0.025 m segment side length

xk
i species i segment k mole fraction

z m 1D segment coordinate

zf 0.0508 m feed tube outlet location

ρ µΩm resistivity of conductive film (Appendix B)

ρi kg/m3 pure species gas density
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