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ABSTRACT

Well controlled processes have been shown to be economically and
strategically beneficial to the long term competitive abilities of a
firm, yet many firms have consistently under invested in activities
to improve process control or failed to apply those investments in
an optimal manner. This thesis examines the process for allocating
and applying resources to activities that improve process control in
one specific industrial setting - a captive supplier of leading edge,
solid state electronic devices and circuits. | show that this
organization encounters many of the difficulties suggested in the
literature on efficient resource allocation. In particular, following
a recent shock to the business, the organization does not measure
certain critical information and incorporate it into the decision
process. A key piece of such information for this yield limited, 0.42
um MMIC fabrication process is shown to be the location and
magnitude of variability in the process. This variability can be
measured through a detailed study of the device and process physics
and incorporated in the resource allocation process. Variation in one
key circuit performance parameter, gain slope, is shown to be
caused, primarily, by variation in date length which in turn is
affected by the method used for targeting develop time, by developer
exhaustion due to loading effects, by variation in developer bath
temperature, by the presence of particles on the wafer during
contact gate lithography, by variation in mask CD accuracy and by
poor repeatability in intra-mask CD.
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ABSTRACT

Well controlled processes have been shown to be economically and
strategically beneficial to the long term competitive abilities of a
firm, yet many firms have consistently under invested in activities
to improve process control or failed to apply those investments in
an optimal manner. This thesis examines the process for allocating
and applying resources to activities that improve process control in
one specific industrial setting - a captive supplier of leading edge,
solid state electronic devices and circuits. | show that this
organization encounters many of the difficulties suggested in the
literature on efficient resource allocation. In particular, following
a recent shock to the business, the organization does not measure
certain critical information and incorporate it into the decision
process. A key piece of such information for this yield limited, 0.42
um MMIC fabrication process is shown to be the location and
magnitude of variability in the process. This variability can be
measured through a detailed study of the device and process physics
and incorporated in the resource allocation process. Variation in one
key circuit performance parameter, gain slope, is shown to be
caused, primarily, by variation in date length which in turn is
affected by the method used for targeting develop time, by developer
exhaustion due to loading effects, by variation in developer bath
temperature, by the presence of particles on the wafer during

contact gate lithography and by poor repeatability in intra-mask CD.
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Chapter 1: An Introduction to Resource Allocation

ANl INUTOUUGLIOIN Y e e —————

in the Manufacturing Environment

Well controlled processes have been shown to be economically

and strategically beneficial to the long term competitive abilities
of a firm, yet many firms - particularly American ones - have
consistently under invested in activities to improve process control
or failed to apply those investments in an optimal manner. Made In
America has suggested that this lack of investment has been a
fundamental contributor to the downfall of several U. S. industries,
among them: machine tools, VCRs and other consumer electronics,
and, most recently, DRAMs and other commodity semiconductors.!

In Dynamic Manufacturing, Hayes, Wheelwright and Clark argue
that this pattern of under investment can be traced directly to the
system for allocating scarce resources.2 It follows that if the
resource allocation system could be improved, the observed pattern
of investments would more nearly match the "true" needs of the
business. In many US indusiries, this would change the investment
bias towards process improvements thus helping to restore
competitiveness.

Clearly, the efficient allocation of resources is one of the
central challenges of management. It is here that managers exercise
one of their biggest available levers for improving shareholder
return, yet this lever is a difficult one to master. An efficient
allocation system goes well beyond the simple concept of net
present value taught as a prime decision criteria in modern Finance

courses, for several reasons. These reasons can be thought of as
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falling into two categories: organizational problems and technical
problems.
. izational
1) Corporations and individuals are slow to respond to change. In
particular, after a major environmental shock, organizations
often ignore variables critical to efficient resource allocation
in the new environment.
2) Strategy formulation, budgeting and allocation processes occur
within a hierarchically and geographically diffuse organization.
3) The means for generating resource allocation options may ignore
several very important options.
Technical
4) Multiple criteria used to select between projects can not be
easily summarized in a single measure such as profit.
5) All allocation options inherently involve uncertainty in terms of
technical, economic, and/or commercial success.
6) Time dispersed arrival of options requires a continuous decision
process.
7) Existing decision models do not deal well with the ambiguity

created by the problems above.

Because of these problems, the literature on resource allocation
suggests that it is doubtful that any large organization is truly
efficient in its allocation of resources; nonetheless, improving the
current level of efficiency remains a goal well worth striving for.
While much research has focused on resource allocation in

terms of investigating from a broadly based viewpoint the difficulty
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of allocating resources efficiently, comparatively little empirical
work has been done to validate or investigate, in detail, the truth of
the supposed causes of this difficulty and the situational and
structural barriers that inhibit overcoming the difficulty. | begin by
looking in depth at the allocation of resources, to improve process
control, in the manufacturing function of one division of a major U.S.
company, namely the Microwave Technology Division (MWTD) of the
Hewlett-Packard Company (HP), to examine whether the methods
used and difficulties encountered result in a sub-optimum pattern of
decisions. Indeed, MWTD appears to suffer from many of the same
problems outlined above. In particular, having recently undergone a
substantive change in their business, there is evidence that they are
not paying attention to variables that are critical in the new
business environment of their division. | show only that some
critical variables are ignored. Ma=ny, if not most, important
variables appear to be actively observed and incorporated into
management decisions at MWTD. Thus, the emphasis is on seeking to
improve what are already generally efficient management methods.
One such group of critical variables that appears to not be
receiving sufficient attention surrounds investment in process
control. The current pattern of allocation towards process control
seems to be one factor that leads to two distinct risks in MWTD's
ability to compete:
» Batch to batch yield is not predictable. Therefore, MWTD cannot
quickly respond to changes in demand, nor reliably meet
customer ship dates without carrying considerable finished

goods inventory.
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« Efforts to increase yield are unfocused. Managers cannot predictably
increase yield through the assignment of resources. This jeopardizes
achievement of the fourfold increase in throughput that is a key goal in this
division's strategic plan.

MWTD could also realize substantial benefits from increased investment in
process improvement: cost per part would decrease by spreading high fixed
costs over more "good" circuits, engineering line support and management cost
to respond to unexpected problems would decrease, and the cost of improving
the process - either within manufacturing or for development of new processes -
would decrease.

One of the underlying causes for this situation is thai accurate
cost/benafit information is not available to the decision maker in the right form,
at the right time and with a sufficient degree of certainty, and then incorporated

by him or her into the decision process. While this problem has been

recognized repeatedly in the past, little empirical work has been done to
evaluate precisely what information is being ignored in the decision; and, how
and at what cost the information could be made available.

Towards beginning to fill this gap, | continue by showing that an
analytical decision could be aided by the availability of three pieces of
information:

» the additional profit from a change in yield,

- the yield improvement per process improvement project, and

« the cost of implementation for each such project.

One of these three, the yield improvement per process improvement project,
requires identifying where and how variability occurs in each part of the

manufacturing process. | present a method for identifying this variability.



each part of the manufacturing process. | present a method for
identifying this variability.

Because the sources of variability are spread throughout a
multi-step process and because the propagation and effects of this
variability are ingrained in the physics of the manufacturing process
and the circuit being produced, identifying the variability requires a
detailed, technical look at the manufacturing process and an
-understanding of the process and device physics involved.

Implicitly, 1 suggest that the critical variables of concern in the
resource allocation decision are heavily dependent on the technology
involved. Thus, understanding what and why information is ignored
cannot be separated from understanding the technology.

The MMIC-A procass studied here produces a variety of high
frequency, integrated circuits. By physics and empirical data
correlation, | show that the key physical determinant of the
electrical performance (in particular, gain slope) of a finished 2-
26.5 GHz traveling wave amplifier made on this process is the
transistor gate length; hence, control of this feature will, to a large
degree, provide control of circuit performance. The aforementioned
variability study shows that variability in six key process inputs are
the dominate causes of variability in gate length:

» presence of particles on the wafer during contact gate
lithography,

» repeatability of the intra-mask critical dimensions (CDs),

» accuracy of mean mask CD,

« developer exhaustion due to loading effects,

e developer bath temperature, and
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« method for targeting develop time.

Identifying the vaiiability and understanding the yield and cost
impact of this variability, allows for a conversion to yield loss per
process input and estimation of the dollar impact to MWTD for
improving this yield.

This explicit estimation of costs and causes of process
variability provides one of the critical pieces of information that is
currently being ignored by MWTD. However, even by incorporating
this and other critical varizbles, ~uc': as the costs of implementing
these process improvement projects, it is not clear that the pattern
of allocations at MWTD would change. There are other structural
impediments in the resource allocation system, such as internal
distribution of manpower, that make incorporating critical variables
a necessary, but not sufficient condition for improving resource
allocation.

Finally, the narrow industrial base and type of allocation
option chosen may limit the broad applicability of any of the
conclusions of this thesis, but every effort is made to explicitly
note the relevant situational factors, so that the reader may better
interpret the results for as they relate to other situations.

Thesis O izat

In Chapter Two, | suggest a simple conceptual mode! from
which to explore resource allocation. | then review the three
streams of the management literature on which this research builds.
| present general theory on controlling processes and suggest how

this is best applied at MWTD to increase yield. Finally, | show that
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variability reduction is the key goal for controlling the process in
this industrial environment .

In Chapter Three, | describe the organizational situation that
provided the basis for this study: the site, its history, its markets,
and its technology. | then consider the structures present at MWTD:
the organization, the incentive system, and the means by which they
formulate a strategy and communicate it to the organization.
Finally, | present the current resource allocation methodologies in
use at MWTD today.

In Chapter Four, | discuss the implications of MWTD's current
allocation methodologies. Reviewing first how many of their
problems seems to be quite similar to those reported in the
literature, | show that the current pattern of allocations is very
costly to MWTD. In looking towards improvements over current
allocation methodologies, | begin to explore in greater depth one of
the reasons for under investment in process control: not paying
enough attention to all of the relevant variables. | suggest that
MWTD does not fully understand the causes of yield loss and, hence,
cannot make necessarily well aimed efforts to improve this yield.

In Chapter Five, | present a framework derived from Quality
Function Deployment (QFD) theory as a means to link variability in
meeting customer desires to variability in some finite set of
process inputs. Then, | apply this QFD derived framework to the 2-
26.5 GHz traveling wave amplifier made on the MMIC-A process by
correlating existing product data. Having defined a relationship
between a key customer desired parameter, gain slope, and a

suitable in-process control measure, transfer layer opening, |
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examine variability in 22 process inputs to the three process stevps
that contribute most to the variability in the transfer layer opening.
I summarize this analysis by showing how variability in these inputs
translates to variability in gain slope and show that six process
inputs currently dominate in causing the observed variability in the
finished circuit. Because of the very high noise present in this
environment, | discuss the significant error estimates that ccme
with the experimental results. Finally, | discuss the management
implications of the results presented on the MWTD allocation
process.

Finally, in Chapter Six, | conclude with a review of the results
found in this research. | leave off by showing how this work
reflects on the current directions of the literature on resource

allocation and suggest possible future extensions of this work.
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Chapter 2: Prior work and Hypothesis

In explaining American industries declining competitiveness in
world industries, Made In America offers several examples of how
Japanese companies dramatically out invest their American
competitors on process improvement. While US firms invest 2/3 of
their research budget in new product development and 1/3 in process
development, Japanese firms reverse this ratio. Furthermore, the
Japanese have twice the number of process engineers as the US.
Clearly, there seems to be a far stronger bias towards investing in
process improvement in Japan and it correlates quite well with
enhanced competitiveness in world markets.3 Why then do American
firms not mimic this behavior?

Endeavoring to better understand this area, researchers have
begun to explore how resource allocations are currently made in
practice. From a comparatively limited set of data, one can reach
the broad conclusion that current methods do not result in an
efficient allocation of resources. The very real situational and
structural impediments that lead to such sub-optimization have
been well documented on at least a qualitative basis.4 Finally, much
work has been done to improve the actual allocation decision rule by
developing or applying more sophisticated mathematical models
from decision {heory. Unfortunately, many of these models have met
with only limited practical success because they largely ignore the
situational and structural impediments.

| begin this chapter by discussing a simple conceptual model of
the resource allocation process and the constraints involved. While

not descriptive of actual practice, this model serves to highlight the
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key elements necessary for efficient allocation of resources. Then |
take a closer look at what other research in the field has revealed
about how allocation decisions are currently being made in business
and the situational and structural impediments that make efficient
allocation difficult.

The literature suggests that one of the prime causes of sub-
optimal allocation is the failure of an organization to pay attention
to critical variables. This is suggested to be especially true after a
major environmental shock. To understand if this is, in fact, the
case, | examine one class of allocation decisions, namely those that
improve process control. One can only understand the effects of
these decision patterns after considering the driving factors of the
underlying process technology, namely gallium arsenide (GaAs)
semiconductor manufacturing. Here, | show that yield is the best
measure of process control in this situation and that changes in
yield provide a multitude of benefits to the company, but come only
at considerable cost. The pattern of allocations at MWTD in the past
has shown a bias away from process control projects. | argue that
this decision might be made differently, closer to an overall
optimum, if more information on critical variables involved were
available to and used by the decision maker.

Finally, to provide a foundation for the considerable focus on
process control prcjects that begins in Chapter Five, | review the
basic theory on controlling processes and show that one key piece of
needed information is the identification of the causes and magnitude

of variability.

- 20-



2.1 im l rce All i

The basic challenge of resource allocation is to allocate the
resources of the company, primarily manpower and capital, to some
collection or portfolio of projects that will bring in the highest
possible return to the company. The corporate goal to maximize
shareholder value suggests that these allocations should be made to
that combination of projects that provide the greatest overall return
in terms of profit per resource dollar invested.

(Note that manpower and capital differ somewhat in that one
is expensed while the other is depreciated. While most of the
literature has focused on the allocation of capital, | broaden the
scope to examine both manpower and capital - through the common
link of allocation of scarce resources - by noting that both involve
cash outlays up front on the part of the firm, even if tax and
financial accounting handle the two differently.)

In the simplest perception of how one would efficiently
allocate resources, one can conceive of a single corporate "Resource
Allocator”. To this person or system, flow some large number of
options on how to invest the resources of the corporation. With each
of these options, come a set of known costs, benefits and risks.
From the resource allocator come some subset of these options into
which the corporation will invest its resources. Available to the
allocator will be a "free market" of resources. This market will
include not only the corporation's current assets and staff, but also
access to capital markets and an employee base currently external'
to the corporation. Finally, the allocator would have open to him or

her, all knowledge of the environmental factors of the corporation,
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information such as corporate strategy, capabilities of individual
workers, and status of investment projects currently under way. To
make his or her decision, the Resource Allocator might use a
decision rule such as "Accept all projects with a positive net
present value™. Conceptually, this model might appear as in Figure
2.1,

Environmental Factors
« Strategy

» Employee capabilites
* Project Status

Allocation Options —;—> Resource Allocator .
* Costs. T 3 ™1 Typical Decision Criteria: I
* Benefits ———. — Choose all projects with Investment
* Risks ——n—~—— NPV>0 Choices
Manpower Capital
Market Market

Figure 2.1: Conceptual Model for Resource Allocation
While this model of resource allocations is overly simplistic, it
readily suggests many of the primary challenges involved in making
efficient allocation of resources:
1) Generating opportunities to invest
2) Understanding of the costs, benefits and risks of each of these
options. Expressing the costs and benefits in comparable terms.

3) Being able to freely acquire manpower and capital.
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4) Having one "resource allocator" consider all of the relevant
environmental information and all of possible allocation
options.

5) Dealing with a continuous arrival of projects over time and with
interdependence between projects

6) Calculating a meaningful discount rate

Given these challenges, | now consider how resource allocation

decisions have tended to be made in practice.

2.2 Review of the Literature on Resource Allocation

There are three primary streams in the literature from which
this work follows.

By thinking of resource allocations as investment in the firm's
future, academicians and practitioners long ago opened the door to
applying Finance theory as an aid in making the decision between
which allocations should or should not be made.5 However, these
tools are often too limited to deal with making these decisions
within the organizational context, so Management scientists have
focused on developing more complex and robust decision tools and
elaborate models that can better compensate for the implications of
using this model in a non-rational world.6.7.8.9,10 Many of these
models focus on the construction of a risk-balanced portfolio of
projects that maximize return. Various models go to great lengths
to deal with particular imperfections, such as time dispersed
arrival of project options, or to develop the use of objective or
constraint functions as a means of maximizing portfolio return.

However, in practice, these complex, mathematical decision models
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are rarely used. Instead, current practice relies on far simpler
techniques such as checklists and project profiles.11,12,13,
Accepting that allocation decisions are made in a complex,
behavioral context, a second stream of research pioneered by Joseph
Bower has shown a model analogous to the conceptual one presented
earlier, that considers how decisions are made in practice. Bower
characterizes the resource allocation process as a multi-attribute
choice between options generated at the bottom of the organization
in response to goals and strategies imperfectly passed down the
organizational ladder. Furthermore, the decision process has been
characterized as a search for more and better informaiion on which
to base the final decision.14
This organizational perspective has been furthered by Quinn in
a third and final line of research. Of particular note, he has
suggested that after a major shock to the environment in which a
business operates, the organization is slow to adapt to the new
environment. Organizations in this situation often fail to pay
attention to newly critical variables.15.16
Taken in summary, the literature has found the resource
allocation process to be fraught with difficulty on many fronts:
1) Organizations ignore critical variables after an environmental
shock.
2) The strategy formulation, budgeting and allocation processes
occur within hierarchically and geographically diffuse
organizations.17.18

3) Option generation may ignore important options.
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4) The multiple criteria used to select between projects can not be
summarized in a single measure such as profit.19,20

5) All allocation options inherently involve uncertainty in terms of
technical, and/or commercial success.2!

6) Time dispersed arrival of options requires a continuous decision
process.22

7) Actual decision models do not deal well with the above

problems.23,24

The literature suggests that most major companies are faced with
some or all of the problems outlined above in their attempts to
allocate resources efficiently and, although little research has been
done to formally verify this, the implied conclusion is that
corporate responses typically result in sub-optimum allocation
patterns.

Having reviewed current thinking on the general problem of
resource allocation, | now provide more background on one of the
common problems above “organizations fail to pay attention to
critical variables after a major environmental shock.” To consider
this problem in more depth than has been typical in the literature, |
focus on a single class of allocation _ptions: projects that improve
process control. | begin by reviewing the forces that drive control

of semiconductor manufacturing processes.

2.3 Resource Allocation for Semiconductor Process
Control
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To fully understand the effects of resource allocations on
process control problems, it is necessary to first frame how process
control projects differ from other allocation options in the
manufacture of semiconductors. | approach this by considering the
metrics, benefits, cost and decision criteria that apply to process
control projects and separate such projects from other

manufacturing investment options.

2.3.1 Measures of Semiconductor Manufacturing Performance

The benefits available from process control projects are
somewhat unique to the manufacture of semiconductors. Unlike
many manufacturing processes, semiconductor fabrication is often
characterized by an extremely low percentage of good circuits when
a new process is first introduced. This is particularly true when the
semiconducting substrate is gallium arsenide. Furthermore, the
production process tends to be composed of several discrete
technology processes and may require well over one hundred steps in
the manufacture of a single circuit. These characteristics usually
make mean yield, the number of good die divided' by the number of die
started, the key measure of a single process step or the overall
process. It is not uncommon for the lot-to-lot (a lot is one
production batch of wafers, typically 5-25 wafers), wafer-to-wafer
or die-to-die yields to vary widely, (standard deviation of the same
order as the mean). Consequently, the standard deviation in yield
can be an equal or even more important measure than mean vyield.
Thus, the goal of most process control projects is to improve mean

process yield or, at least, reduce the variance in the yield.
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2.3.2 Benpefits of Improving Process Control

The benefits of improving mean yield or decreasing yield
variability are threefold. First, increases in mean vyield are
beneficial in terms of reducing costs because more products are
produced with little increase in cost. Second, decreasing yield
variability provides a more predictable manufacturing process. As
has been shown by Hayes, Wheelwright and Clark25, predictability
offers several advantages: reduced finished goods inventory,
improved flexibility to respond to changes in demand, and improved
flexibility to respond to introduction of new products. It has also
been observed that increased predictability reduces the cost of
engineering and management support of line “fire-fighting”
(responding to unexpected or out of control situations on the
production line). Third, as Bohn has shown, the increase in yield and
reduction in yield variability improves the speed at which the
organization can learn. He extrapolates that in the long run, the
speed of learning will drive down overall manufacturing costs.26

While the reduction in costs can be turned into a hard dollars
measure with a sufficient set of assumptions about current
operating conditions, the increase in predictability and faster
learning are less easily converted to a dollar measure though most
would agree that they add at least some value to the organization.
Such benefits must be 'measured’, at least qualitatively, in light of
how they fit with the enterprise's strategy. In Section 4.4, | further

consider all of these benefits.
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2.3.3 Costs of Improving Process Control

Given this understanding of the benefits possible from process
control projects, | now consider the costs involved. The primary
structure of costs involves three resources: capital, manpower, and
production line time. Capital is used to purchase new or better
equipment that offers greater accuracy or repeatability, if not
capacity. (Note that capacity increases, other than by increasing
yield, largely fall into a different class of resource aliocation
options and, hence, are not considered here). Manpower, especially
engineering time, is used to run experiments to determine better
operating conditions or procedures or to select and install new
equipment. The highly variable nature of the semiconductor
manufacturing process suggests that most experiments chould be
run on actual production line equipment, as opposed to distinct R&D
or test equipment. Production line time is largely free when a fab
(semiconductor fabrication line) is not capacity constrained, but as
bottlenecks develop, such time can represent "lost production
opportunity".2? Thus capital, manpower and production line time are
the three resources most needed by process control projects.
Manpower and producticn lina time might alec be needed to identify
which process control projects are the most valuable to work on (as
is done in this thesis).

2.3.4 Decision Criteria

To allow comparison with other alternatives in manufacturing
and elsewhere in the company, one - ideally - frames a process
control project in terms of financial return; where return equals

additional profit per invested resource dollar. Breaking this down,
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the return is composed of two terms: the additional profit from a
given change in yield and the resources invested to create this
change in yield. (Note that | am using the term 'change in yield'
ioosely hiere. By this | mean either increases in mean yield or

decreases in the variability of this yield over time).

Return = —dProfit  _ d Profit x d Yield
d Investment d Yield 0 Investment o 4

The first term, profit from a given change in yield can be
calculated from the benefits listed above. The yield improvement
per resource invested can itself be divided into two components: the
yield improvement per process improvement project divided by the

investment necessary for that project.
d Yield _
dYield _  Project
d Investment

o Investment
Project 29

This might suggest that one should focus on those projects
that offer a large impact on yield or those that are very easily
accomplished, although the tradeoff between the two factors might
find a higher yield improvement per resource somewhere in the
middle of tha high impact-low cost scale. The last term, resources
needed per project, can be calculated by considering the costs
outlined in the previous section on a project by project basis.

The final unknown, yield improvement per process
improvement project, is not at all straight forward to calculate in
this environment. Unfortunately, one of the problems faced by many

companies, especially those with yield loss (one can think of each
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process step having its own yield; ‘yield loss’ then is the die loss
for a single step) spread in many places throughout the process is
that there is often little known about the yield improvement
possible per change made by allocating resources to a given process
control project. It is often difficult tb know where yield loss arises
in the process, let alone by how much this loss could be reduced
through changes to the process.

Accepting now that process improvement is a worthwhile
endeavor in this new environment, how should MWTD go about
improving the process? Which projects should be attacked first and,
looking forward, how does one set in motion a continuous
improvement process that continues to solve problems with the
highest priority? An answer begins with a review of process

control and how it changes the manufacturing environment.

2.4 Basic Theory of Process Control

Theory on control of a manufacturing process begins with a

clear definition of what is meant by "process" in this context. Here
the term is taken to be any set of actions which together effect
some change in one or more inputs, be they materials, procedures, or
operator efforts, to create some desired set of outputs. To control
such a process is to control the inputs and the actions of the process
in such a manner that the nature of the output is as desired. Control
of an output rests on the output being "measurable®, since one cannot
control what cannot be definitively measured. Common ways of

looking at the output of a process are the Control Chart, figure 2.2,
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and Histogram, figure 2.3. Both of these tocls are in some use at
MWTD.

0.7 t Wafer mean value
Upper Control Limit

Process Mean

1 11 21 31 41 51 61 71 81

Figure 2.2: Sample Control Chart of L, (PMMA line length)
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Wafers with given Lt
14 ¢
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10

0.28 0.32 0.36 0.4 0.44 0.48 0.52 0.56 0.6
Lt (um)

Figure 2.3: Sample Histogram of L; (Transfer Layer length)

Conventional views hold that the goal of controlling a process
is to maximize the percentage of the output that falls within the
specifications, i.e., the process yield. This goal is sometimes
termed “Conformance to Spec”. In this context, yield will be
determined by the percentage of parts that fall between the upper
and lower spec boundaries with no concern how close the part is to
the target value, provided it is within the specification limits.

Taguchi has argued that a more relevant goal is to press for
closeness to target, versus some binary in-spec/out-of-spec line.28
By developing a parabolic “Quality Loss Function”, Taguchi suggests
a measure of customer satisfaction that attaches greater value to
an output that is closer to the customer's desired target value as
compared to another output which, though also “in spec”, is further

from the desired target.
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= (- Qualixy Loss)

Conformance to Spec Quality Loss Function

N
/

< _ X
- Spec Target  +Spec

Figure 2.3: Taguchi Quality Loss Function versus "Conformance to Spec"

Yield loss of the MMIC-A process is known to have four major
components:

1) Breakage of entire wafers due to the brittle nature of GaAs
(other in-fab yield losses are grouped here also);

2) Patterns that have visual discrepancies in the 'printed'
circuit pattern despite passing all electrical specifications
test. (At MWTD, it is believed that visual defects can
adversely affect long term circuit reliability; therefore,
these parts are considered 'bad' even if they currently meet
electrical specifications)

3) Failure of the circuit to operate, usually due to failure to
“print” a complete circuit; and,

4) Failure to meet one or more of the parametric electrical

specifications, given that the device operates.
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By far the most conceptually challenging of these is parametric
electrical yield loss. For this reason, it was the only yield loss
mechanism investigated in greater depth. Note though that
parametric yield loss is believed to be responsible for only 27.5% of
overall die loss.

In controlling process yield, there are three methods of control:

1) Re-target the process mean to more closely match the desired
process target value.

2) Narrow the observed distribution of outputs to be more closely
centered about the mean.

3) Prevent/React to a statistically unexpected pattern of
outputs, e.g., when values fall outside the 3 sigma limits of
the process, the possible causes are investigated because this
is a low probability event.

Current methods at MWTD pursue primarily categories 1 and 3 above.
During the design and development phase of new processes,
designers are charged with coming up with that combination of
process inputs that produces a desired end product. Typically, this
implies targeting process means. Occasionally, because of the
continuously evolving nature of a process design and the somewhat
informal procedures for qualifying a new process for hand-off to
manufacturing, such targeting activities continue in the
manufacturing environment. Experience in semiconductor
manufacturing shows that once a process is targeted during early
manufacturing, variability of the output is the more important
metric. Thus, once a process is established in manufacturing,

achieving conformance to spec is largely dependent on finding and
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controlling the central causes of variability in output as the process
runs over an extended period of time.

The second process control method that dominates current
operation at MWTD is reacting to "problems”. Such "probiems”
occasionally are observed with control charts, but more often are
driven by unexpected yield loss. This "fire-fighting” was observed
to consume some 33% of available manpower in the process
engineering group, precluding investment in more proactive means of
process control, such as the second control method outlined in the
list above.

2.4.1 Beducing Process Variability

Narrowing the spread of process outputs can be accomplished
by a series of several steps:

a) ldentifying the causes of process variability.

b) Acquiring resources to allocate to removing or reducing some
of these causes. (Such acquisition should, nominally, require
showing a superior return when a given process improvement
project is compared to other projects).

c) Eliminating or reducing the cause of variability by changing
some aspect of the process, its inputs, or its control
mechanism: equipment, standard operating procedure, operator
adherence to procedure, materials, operating point, or control
method.

When MWTD does engage in variability reduction, technical literature
and experience-based knowledge of typical causes of variability are
utilized. As will be shown in Section 3.3, the resource allocation

process does not allow for dynamic adjustments in manpower which
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is typically the true bottleneck resource in process improvement.
This largely limits investment in such variability reduction to
projects that can be staffed with existing manpower. However, even
these projects are a second priority to line support activities which
are needed to meet current production demands. When a variability
reduction project is appropriately staffed, engineers seem to be
effective at reducing or eliminating the cause of the variability,
although difficulty in directly observing the output of a process and
a fairly low volume output often complicate showing that a specific
change definitively reduces variability in the output. This prevents
either positive or negative reinforcement of whether percaived
causes of variability are actually the important ones and whether
these causes have been eliminated by a given process change.
Current methodology at MWTD suggests that improved
information on the precise contributors to variability and their
relative magnitudes could improve the use of resources in two ways.
First, currently available resources could be definitively allocated
to the highest value process improvement project. Second and of
even greater value, an understanding of the precise benefits
available from attacking a variability source will allow more

effective tradeoffs to be made against other types of projects.

2.4.2 Finding the Causes of Process Variability

While there is a large body of literature that considers the
experimental methods necessary to identify and quantify the sources
of process variability, Clausing2® and Hayes, Wheelwright & Clark30

have suggested that such methods too rarely begin with proper focus
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on meeting customer needs and wants. In trying to set the proper
context for an application of experimental methods, | have used the
following conceptual guidelines for identifying the causes of
process variability:

1) Understand precisely the customer's needs, concerns and
wants. Ideally, these are expressed in some explicit set of

specifications.

2) Iranslate these attributes to the process inputs necessary to
meet these customer requirements. For example, meeting a
customer specification of 0.220 dB/GHz gain slope might
require spinning PMMA at 4000 + 100 rpm for 30 ¢ 2 sec,
among several other process inputs. This implicitly requires
that one measures the effect of variability in process inputs
on meeting customer requirements.

3) Measure the input variability in all or some important subset
of these process inputs. For example, as the process is
currently exercised, observe the variation in spin speed and
spin time.

4) Multiply the input variability by the effect(s) found in step 2
to determine the relative contribution to variations in meeting
customer desires.

5) Use these contributions, together with a knowledge of the
customer specifications, to calculate the effect of variation in
a particular process input on final customer yield of good
product. Rank order these effects in terms of maximum

variability in customer requirements.
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Following these guidelines answers the final unknown from Section
2.3.4 on allocation decision criteria: yield improvement per process
improvement project.

Thus the goal of this thesis was to identify where
exactly variation was occurring in this process. Given the nature of
the process, this could only be accomplished by a detailed technical
understanding of how the device and process physics involved might
contribute to variation in devices produced. Knowledge of where the
variation in a process is occurring is one key piece of information
needed in being able to make more explicit tradeoffs between

investing in process control activities and other resource allocation

options.
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2.5 The Hypothesis of This Research

Working from the foundations and background presented above,
| set out to examine five hypothesis:
Hypothesis 1

MWTD's process for allocating resources suffers from many of
the problems previously reported in the literature.
Hypothesis 2

Having recently undergone a substantial change to the
business, MWTD fails to pay sufficient attention to newly critical
variables in allocating resources.
Hypothesis 3

This neglect of critical variables is significantly costly to the

division, yet they cannot currently estimate this cost.

In collecting the data to test these three hypothesis, it is necessary
to pursue two additional hypothesis.
Hypothesis 4

These critical variables, particularly variability in circuit
electrical parameters, can be measured and gainfully incorporated
into resource allocation decisions through careful consideration of
the manufacturing metrics that wili define success in the new
environment and detailed analysis of the reievant device and process
physics.
Hypothesis 5

Variability in circuit parameters of concern to customers can

be traced to variability in a limited set of process inputs. This
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variability can be measured and its effect on the circuit parameters

estimated.

Taken in total, the responses of the data to these hypothesis should
suggest how resource aliocations are currently being made at one
industrial site, the cost and competitive impact of this behavior,
and whether improved information can be obtained and used to

enhance the current allocation process.
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h r 3: Current Resource Allocation In MWTD
Manufacturing

To explain how resources are aliocated at MWTD, | begin with a
consideration of the situational and structural environment within
which these allocations are made. | consider first the situational
environment: the site in general, its history, its standing in the
marketplace, and the manufacturing process technology involved.
Continuing with the structural environment, | consider the
organization, the incentive systems used and the way in which
strategy is formulated. Upon this foundation, | attempt to build an
understanding of how allocations are currently being made at MWTD.
A useful framework in considering MWTD's method is to look at how
they address each of the conceptual elements involved in allocating
resources:

1) Generating allocation options

2) Understanding costs, benefits, and risks of options

3) Acquiring resources

4) The allocation decision maker

5) The allocation decision criteria
After | cover MWTD's approach to each of these elements in this
Chapter, in Chapter Four | show that this approach appears to
encounter many of the known problems in allocating resources as
reported in the literature. One of the conclusions | draw is that
following a major change to the buéiness, MWTD seems to not be
paying attention to variables that are critical to the correct

guidance of the business in this new environment.
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3.1 Situational Environment of HP's Microwave Technology
Division
3.1.1 Choice of Industrial Site

This research was conducted over a six month period at the
Microwave Technology Division (MWTD) of thre Hewlett-Packard (HP)
Corporation. This division supplies leading edge solid state
components operating in the RF, Microwave and Lightwave frequency
ranges on a captive supplier basis to HP's microwave
instrumentation divisions.

As an organization, MWTD is charged with providing two
things:

1) A continual series of designs for leading edge solid state
components operating in the RF, Microwave, and Lightwave
frequency ranges. Ideally, these components give HP's
instruments a performance advantage over competitors.

2) A manufacturing process capable of producing such devices to
meet the needs of HP's Microwave instrument divisions.

After several years of relatively flat sales, the division has
set out to dramatically increase transfer revenues (MWTD sets
transfer prices to break even on an annual basis; R&D expense is
billed separately) over the next five years expecting to grow
approximately 150% over current transfers of $ 40 million to $100
million (data has been disguised to protect confidentiality). While
the division has a high mix of products, growth projections for the
future show that one particular class of components, Monolithic
Microwave Integrated Circuits (MMICs), will account for the vast

majority of this growth, approximately 80% of tota’ growth.
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Accordingly, this class of devices was the principal product line
studied.

The only current process for rnanufacturing these devices is
known as MMIC-A and it has been producing parts since mid 1988.
The manufacture of MMICs involves fabrication of sub-micron gates
with precisely controlled dimensions. These dimensions,
particularly gate lenath, directly affect the critical performance
parameters of the device, namely cutoff frequency, gain uniformity,
and noise. The ability to control these dimensions will be a key

determinant of manufacturing success in the coming years.

3.1.2 Division History

The MWTD was created in 1973 to serve as a technology
enabling division. By producing devices such as high frequency
transistors that were not available commercially, HP's instrument
divisions were able to enjoy a performance advantage in the
marketplace. Through the late 1970's and early 1980's, growth at
MWTD ran about 20% largely due to the technical success of MWTD's
products and the similar success of many of the instruments in
which these MWTD components were used.

As the 80's progressed, severai factors began to change
MWTD's ability to provide high end technology at a competitive price:
competition fram overseas in "cash cow" markets, spiraling
increases in the cost of fabrication equipment necessary to produce
ever more sophisticated circuits and devices, spending_ cutbacks at
the head of the “food chain" (Department of Defense contracts) which

stagnated sales of microwave instruments, an inability to deliver a
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succeeding generation of FETs, and the nature of the cost allocation
of MWTD's costs. These factors conspired to lead MWTD to raise
component prices, even while competing external vendors were
fowering them.

HP's microwave instrument designers, allowed to choose
freely among all vendors and charged with final cost of the
instrument, designed in less MWTD parts further deteriorating the
base for allocating the enormous overhead costs. This led MWTD to

further raise prices to cover non-allocated overhead.

Transfer Price = Costs(largely fixed)
Product Volume \
Number of products Q Price higher than competition

sold decreases

K Designer chooses cheapest parts

to keep instrument cost low
---> Avoids MWTD fab

Figure 3.1:  The "Death Spiral" of seiting transfer prices to fixed costs over a
diminishing product volume

Traditionally, MWTD billed all costs to customer divisions through
an elaborate transfer pricing scheme. In the mid-1980's, MWTD was
-for the first time - allowed to build up a slight residual ("residual”
is the amount of MWTD costs not billed to customer divisicns
through transfer pricing on devices produces. Costs include cost of
goods sold, depreciation charges, inventory change, administrative
costs, but not R&D expense. The goal is to keep residual equal to
zero by setting transfer prices accordingly) instead of continuing to

raise part prices; however, even then, the residual was allocated
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back out to the customer divisions at a different organizational
level. This pattern of attempting to assure full allocation of costs
to customer divisions by raising prices or billing a residual would,
if continued, cause a 'death spiral' (see Figure 3.1); nonetheless, this
pattern of behavior continued into 1988 when the increasing
residual finally forced MWTD to react. At this point, MWTD remained
a technological leader on most products, but was not cost
-competitive on the more established products. Furthermore, MWTD
management acted under the perception that the stall in revenue
growth would not provide sufficient growth paths for its employees,
nor allow for sufficient new blood to enter the system by external
hiring.

In mid-1988 the seriousness of this situation demanded a
response from management. The reaction arose from an extended
meeting of the divisicn's management team. It seemed clear to them
that current business trends would only widen the residual and yet
the corporation was demanding that all divisions contribute their
share towards the overall corporate growth objective (In the case of
MWTD, this implied rapidly eliminating the residual). Furthermore,
on a technical basis, they felt that it was necessary to continue
investing heavily in capital equipment if they were to be capable of
producing leading edge components in fulfillment of the division's
charter.

The only available path seemed to be greatly enhancing
revenue; however, MWTD was constrained by their marketplace, the
instrument divisions, which were essentially set at a slow growth

rate. After considerable debate, it was decided to pursue sales to
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external customers. Because MWTD had never sold on the external
market and, more so, because MWTD's primary goal was to provide
key enabling technologies to the instrument divisions, this was not a
popular resolution and even two years later, it does not have the
support of the entire division.

With a somewhat unpopular solution, the challenge became
making this rapid growth in volume and development of external
markets happen. The process by which this is being done is now the
overriding theme at MWTD and reveals much about the current
operation of the division. The slow down in revenue and this plan to
respond have done a great deal to remove MWTD from what appears
to be a sense of complacency that had set in after many years of
concentrating wholeheartedly on their technology and being quite
successful at providing HP's instrument divisions with an
unchallenged technical advantage, albeit without much significant
competition.

One is left with a picture of a division that has recently
undergone a major environmental shock. While the shock began with
a significant change in the marketplace in 1986, the division did
little to respond until 1988. As | will show, while their initial
response to this change seems well aimed, their ability to pursue
this radically new vision may be hindered by the structural

processes that brought them success in a prior environment.

3.1.3 Market
MWTD manufactures a wide range of leading edge, solid state

components operating in the RF, Microwave and Lightwave frequency
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ranges. Typical components include MMICs, RFICs, FETs, diodes and
capacitors. Within any class of products, MWTD manufactures both
leading edge components and several older generation components
still being used in older generations of HP instruments. While MMICs
currently make up only a small fragment of total sales, it is
predictea that they will account for most future growth.

Until recently, the entire market for MWTD products has
consisted of other HP divisions within the Microwave Instruments
Group, particularly Networks Measurement Division and Signal
Analyzer Division.

Components from MWTD are used in instruments such as
Network Analyzers and Signal Analyzers. Principally, these products
vary in terms of the frequency of operation and amplification of
signal available. These products are sold commercially to a variety
of users in the commercial electronics, telecommunications, and
defense electronics industries. While HP avoids selling directly to
the government, so that it can avoid the associated mandatory full
financial disclosure, a majority of the Microwave Communications
Group's dollar volume of instruments is sold to Department of
Defense primary or secondary contractors.

MWTD will soon expand their list of HP divisional clients to
include new ones that will package, market, and/or distribute
MWTD's parts to the expected developing base of external instrument
customers.

As mentioned previously, MWTD is not without competitors in

its efforts to sell circuits and devices to the various HP customer
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divisions (and to other instrument manufacturers). Included among

these are Texas Instruments, NEC and Anritsu.

3.1.4 Manufacturing Process Technology

While the literature has generally not covered the particulars
of the technology involved in observing the resource allocation
method, | will show in Chapter Four that many of the critical
variables ignored by management after an environmental shock are
strongly intertwined with the particulars of the technology involved.
Thus, to understand the process of resource allocation at MWTD and
what information it does or does not include, it is important to first
understand the details of the manufacturing technology involved.

MWTD operates "production lines™ established around one of
several technologies, such as GaAs (a [lI-V compound) or Silicon.
Each of these technologies is capable of producing one or more
product types, such as integrated circuits (ICs) or resonators, by
using different routings along the production line. (see Figure 3.2)

The flagship line is the GaAs fabrication line.

Process

Technologie Component

lli-V Compounds FETs

Acoustic Waves Diodes

Magnets ICs

Thin Film Modulators

Silicon Filters
Resonators
Spheres

Thin Film Circuits
Si Components

Figure 3.2: MWTD's Process technologies and Components produced
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Of the several processes that compose the Ill-V technology,
this researched focused on the most recently introduced process,
MMIC-A. The MMIC-A process is an eleven mask process (implying
that a wafer makes approximately eleven cycles in the production
line, each one involving a trip through the mask center) capable of
creating MESFETs with 0.42 um long gates. These devices are the
active building blocks of a circuit. Together with other, simpler
elements such as resistors and capacitors, they can be combined to
form a wide variety of circuits all integrated onto one piece of
semiconducting GaAs. Some common measures of the complexity of
a semiconductor fabrication process are presented in Figure 3.3 for
the MMIC-A process.

* integration level low scale
(relative number of
transistors on a single chip)

 number of mask levels 11
« type of lithography contact, lift off
« smallest feature size, nominal 0.42 um

Figure 3.3: MMIC-A Process Specifications
For a fuller, description of the process, see Section 5.4
Process Development

in its role as a supplier of technology, MWTD must strive to
constantly introduce state of the art products and manufacturing
processes capable of producing them. Typically, processes are
developed together with at least one circuit that can be used as a
test vehicle. Early development work is often done in an associated

part of HP Corporate Labs. Once feasibility is proven, the

- 49-



development is transferred to the R&D group at MWTD where it
begins life on a formal New Process Introduction Cycle. (see Figure
3.4) It is important to note that the work at Labs, in R&D and in
Manufacturing typically is done on three different sets of process

equipment.

Dominant
Functional

Groups

Labs Concept.
R&D Investigation |

R&D |__Development |

R&D / Mfg [ Pilot

Manufacturing | Production
Manufacturing | Manufacturing |

Figure 3.4: HP's New Process Introduction Cycle

The move from one phase to the next is determined largely by
fulfillment of set objectives. Only recently, have these objectives
begun to include goals for manufacturability, typically in the form
of process yields. Manufacturing becomes progressively more
involved as the phases progress and assumes lead responsibility

after the pilot phase.

3.2 Structural Environment of HP's Microwave Technology
ivision
3.2.1 QOrganization

HP generally organizes as a corporation of largely independent

divisions each with its own development, manufacturing and
marketing staffs. One such division is MWTD. These divisions are

grouped into related lines of business. For example, MWTD and five
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instrument divisions form the Microwave Communications Group.

(see Figure 3.5)

Board of Directors
|

CEO.
Computer
Business
Organization
I ] | |
l Business Measurement || Marketing & Computer Networked
Development Systemns International Products Systems

/T

Microwave and Communications Grcup
Electronic Instruments Group
Analytical Group

Medical Group

Components Group

Figure 3.5: HP Corporate Structure

As the business needs call for it, certain functions are shared
between two or more divisions. This is quite common with the Sales
organization, early product research (HP Labs), divisions which
together offer a "systems" solution (primarily computer systems
divisions), and, increasingly, divisions that fabricate components
for consumption by several HP divisions. [n particular, this is done
with integrated circuits, printed circuit boards, assembly of surface
mount components and sheet metal. MWTD is one such captive

supplier. While much of this sharing is new in the last five years,
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MWTD has acted as a common, captive technology supplier since
1973.

Internally, MWTD follows much the same organization as all
other HP divisions with two notable exceptions. First, the
marketing organization has traditionally been highly technical and
somewhat weaker due to all customers being other parts of HP.
Much of the Marketing function has fallen, de facto, to the design
group which often interfaces directly with engineers from customer
divisions. Second, the development engineering group is a semi-
distinct entity apart from MWTD because product and process
development is funded directly out of the development engineering
budget of the various instrument groups rather than through the

transfer price of delivered components.

General Manager

Finance
Quality
| ! Personnel
Research & Manufacturing Marketing
Development
Facilities
Materials

Figure 3.6: MWTD Functional Organization

The manufacturing function is divided into three groups. One
that fabricates semiconductor devices. A second group that
fabricates other types of electrical components such as thin film

circuits, surface acoustic wave devices and YIG oscillators.
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Included in this second group is the associated engineering support
staff. The third group is semiconductor manufacturing engineering
which supports the semiconductor production line: introduces new
products and processes to manufacturing, and works to improve the
current production processes. Due to the highly technical nature of
the process, manufacturing engineering is a rather large and
powerful group. Unlike traditional manufacturing organizations, the

logistics/materials function reports directly to the general

manager.
Manufacturing
Manager
| 1
Semiconductor Semiconductor Thin Filny/
Manufacturing Device Saw/YIG
Engineering Production Production

Figure 3.7: MWTD Manufacturing Group Organization

The semiconductor manufacturing engineering group is divided
into six smaller operating level groups. The Process Engineering
group, which is the central focus in this study and one key group in
the effort to improve in-fab process control, has the responsibility
for maintaining, improving and adding to the processes involved in
fabricating a finished wafer. The engineers in the Process
Engineering Group each have responsibility for one set of associated
process technologies. Forming a matrix with these technologies, see
Figure 3.7, the Device Engineering group has the responsibility for
the fabrication of completed devices and is divided according to
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device type. This group is also of importance in improving in-fab
process control. Thus, for any given problem, there is likely to be an
interested device engineer who's device is not yielding well and an

interested process engineer who's process is causing the yield loss.

Devices
MMIC RFIC FETs Diodes

Processes

Substrate preparation >
Photolithography -
Wet Etch >
Dry Etch —
Deposition >

D

AR
Overlapping responsibility

Figure 3.8: Overlapping responsibilities of Device and Process Engineering

The other four groups within semiconductor manufacturing

engineering offer testing and packaging support, Silicon process

support, and support in establishing and utilizing technical

databases that aid all of the other engineering groups.

Manufacturing
Engineering Manager Mechamcal
Processes
Silicon

Processes

[ ] Technical

Process Device Test Databases
Engineering Engineering Engineering
1gure 3.9: Semicondcutor Manufacturing Engineering Group

3.2.2 Strategy Formulation
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The process of seiting division level strategy has changed in
recent years due to two factors. First, the growth of the residual
(and associated other problems) and the decision to fight these
problems through a major increase in revenue have focused the
division very clearly on one 'vision' for the future. Second, the
adoption by HP of a new strategy planning method, known as Hoshin,
has modified the prior model for strategic planning.

E lating_the Visi

Once the division management had agreed, albeit with internal
dissension, that revenue growth and external sales were the keys to
future success, the question became how much revenue growth was
necessary and how were the goals to be achieved. Current
projections of shipments to internal customers were $60 Million for
1993, which represents 11% growth per annum, but only 2%
manpower growth. Having little information on the potential size of
the external market and not knowing how their current products
might fare in that market, they had little to go on in setting a
revenue target: $100 million was settled on as a target number
mostly because it sounded like a reasonably aggressive goal, but
also one that might be attainable.

Once agreed on "$100 million in 1993" helped to awaken and
unite the entire division as to the primary challenge to MWTD and
the time frame in which this goal must be accomplished.

With a clear target in terms of revenue established, the
management team set about finding a methodology to make this goal
become reality. The planning process by which they undertook this

is called Hoshin Kanri, Japanese for "Strategy Management”. This
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method focuses on setting two or three breakthrough goals which
are essential to the success of the organization and require
significant changes in the process or structure of the business. The
Hoshin planning process also provides a framework for cascading
these goals and strategies to reach them throughout the
organization. At each succeeding level of the hierarchy, that
function or group is expected to repeat the process coming up with
two cr three breakthrough goals for their grcup and strategies to
meet these objectives. Because managers are still learning to use
it, the process is not yet woven into the texture of the organization
and it is unclear how ‘top-down’' this process actually is in practice.
There is some confusion because the objectives are supposed to be
truly 'breakthrough’ in the sense that they would not be
accomplished in the normal course of business without the extra
focus that this process will provide. Thus, these objectives are
different than those included in trzditional strategic planning. On
the flip side, these objectives must be tempered with a degree of
realism so that they can, in fact, be reached. Such realism is
interjected by managers who receive an unrealistic hoshin goal as
they complain and force the goals to be altered.
The three breakthrough objectives that management focused on

were:

« development of external customer sales

» introduction of key new products/processes on schedule

» Establishment of a path to control and improve operating

processes.
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Clearly the second and third objectives above were being pursued ir
at least some measure before the Hoshin process was used. After
the first year of using the Hoshin process, management agreed that
they had failed, in retrospect, to emphasize truly 'breakthrough’
objectives during thair initial use of the Hoshin process.

As an example cf the cascading, one can look at how these
division level hoshin goals affected the Process Engineering Group.
‘The current strategy imposes two particular challenges to the
Manufacturing function:

1) Handling far higher volume without a substantial investment in
capital equipment
2) Handling a multitude of new products
The plan to handle these challenges in manufacturing relies on three
changes within manufacturing:
1) Faster new circuit and process introduction
2) Reduce cycle time through the fab with existing equipment by
improving scheduling
3) Greatly improve yield
The third goal was of central importance to the process engineering

group, because yield increase would require tighter process control.

3.23 Incentive Systems

An implied norm at MWTD, and seemingly throughout HP, is to
reward technical prowess. Until recently, HP operated a "dual
ladder® in which one could continue to progress at an equal rate
while remaining wholly technical or moving into management. This

system was discarded on the basis that a strong technical person
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who can leverage his or her talents by also managing others is
necessarily of greater value to the company than a strong individual
contributor. Nonetheless, one can achieve substantial, even if not
equal, pay while remaining wholly technical.

Pay increases for engineers are based on rankings against all
other engineers in the division. Rankings are done by the
management team as a whole aithough the direct supervisor carries
a seventy percent weighting in the final outcome. Differing views
on what defines technical prowess from an engineer make the
outcome of the ranking process difficult to predict. Traditicnally,
R&D has been considered more challenging and prestigious than -
manufacturing, although this attitude is starting to wane lately.

Each supervisor exercises considerable latitude in choosing the
attributes he or she wishes to reward. The Process Engineering
supervisor weights heavily good experimental design, use of
statistical quality control techniques, timely response to
"customer” (production line) needs, permanent fixing of problems to
eliminate future firefighting, and the accomplishment of these

responsibilities with minimal supervision.

3.3 The Allocation of Resources at MWTD
3.3.1 Generation of Allocation Opportunities

Opportunity generation follows much the same path laid out by
Bower. Through the Hoshin planning technique, strategies and goals

that achieve those strategies are passed down through successive -

layers of the organization until reaching the operating groups. But
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then actual project options tend to arise at the bottom level from
one of three sources.

The Process Engineering Supervisor is one key originator. In
choosing projects, the supervisor looks for problems that are
currently creating the highest yield loss. Because yield numbers
throughout the process are not reported on a regular basis, the
supervisor must rely on fragmented bits of information and his or
her experience to develop his or her own sense of which process
problems are most important. This is riot an easy task as the group
supports several different process technologies, each of which has
considerable process variability.

A second class of originators, the device engineers, are often
better able to spot major process problems because they follow a
single device through all of the processes.

A third project generator, the operators on the production line,
interact directly with the process engineers to solve or explore
problems they notice during the course of production.

Thus the pattern of opportunities generated is motivated by
the functional goals set forth under Hoshin planning, yet most of the
originators seem to suggest options based on where problems are
observed. The only major exception to this is the process
engineering supervisor who, at times, pursues a broader agenda of
process control projects according to his or her sense of where the

greatest long term opportunities for reducing yield loss reside.

3.3.2 Understanding costs. benefits and risks of options
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Much as described by Bower, MWTD does not rely on explicit
and directly comparable assessments of costs, benefits, and risks.
Rather they rely on 'measurements' of perception and measurements
made along scales that are not directly comparable.

Costs are loosely estimated by the engineer in charge of the
process area involved. Typically, these 'costs' include man-weeks of
engineering effort involved and capital costs, if any. it is rare to
consider the cost of production line time as most engineers assume
this to be an elastic commodity available at no cost provided one
"works around” scheduled production flow.

Only two types of benefits are generally considered at MWTD.
The more typical seems to be "reduction in yield loss". Typically, an
inexact measure of yield loss due to a particular cause is used to
justify any project that might reduce the yield loss. For example, a
year old calculation of wafer breakage is used to justify a host of
breakage reduction projects. A second type of benefit that is
considered is "reducing cycle time", where a process that appears to
be currently holding up production is worked on to remove the cause
of the bottleneck. While this often implies increasing process yield,
the benefit motivation is to reduce cycle time by getting production
flowing again and the increase in yield is typically limited to
restoring the prior process yield value.

Typically, technical risks are the only type of risk considered,
i.e., can the problem be found and eliminated. For projects that
require primarily manpower investment and little capital, the
assessment is typically left to the engineer and his or her

supervisor. The possible outcomes tend to be binary: | can do it; |
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cannot do it. On major capital equipment decisions, the assessment
is made by an entire team of non-management personnel who spend

2-3 months evaluating several dimensions of the purchase.

3.3.3 Capital Allocation

The primary determinant of resources allocated is the current
allocation to that task or functional area. Beyond this common
determinant, the acquisition of capital and manpower proceed under
very different systems at MWTD.
Capital Budaeti

Capital Budgeting follows a relative standard pattern as
described by Bower. Budgets bubble up from the operating group and
can be pared at each management level. From year to year, capital
budget amounts for a given group are quite steady or slowly
increasing. Only when a distinctly larger amount of capital is
budgeted is rigorous justification likely to be necessary;
nonetheless, once a budget is approved, the likelihood of later
rejection of an accepted budget proposal is small.
Capital Requisit

Having finished the budgeting process, no capital has actually
been allocated. This requires a second step of justifying any single
purchase. Much of this "justification® comes in the form of an
elaborate and formalized scenario for investigating a capital
purchase. A non-management team representing the various
functional groups involved in a purchase spends 2-3 months
investigating in detail how and what to purchase. While this teams

tends to assure the successful choice and - usually -
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implementation of capital items that are purchased, their primary
function is not to evaluate the cost/benefit return on such a
purchase except in so far as the equipment contributes to the
technical accomplishment of strategic goals. While a traditional
"hurdle rate" calculation is required, because many of the capital
investments enable future technology or the ability to manufacture
such technology, projects need not - and often do not - show a
positive financial return. It is usually enough to show that this
project contributes to the division's mission.

This mentality may emerge, in part, from the corporate
philosophy that the business should be run lean on manpower, but
with abundant capital to support that manpower. Thus, management
believes it is not a primary objective to greatly limit capital

expenditures.

3.3.4 Manpower Allocation

The literature does not consider the issue of manpower
allocation in much depth, but in a production environment reliant on
many different and highly technical pieces of equipment, having
sufficient manpower to order, install, and integrate the equipment
cannot be ignored, yet at MWTD manpower planning and capital are
only remotely linked. In general, current staffing levels are
targeted to remain constant, which is not unexpected given the
overall stagnation in instrument group revenues.

Increases in headcount can be achieved in three ways: by
justifying a new hire, by internally redistributing workers, or by

full scale reorganization. Justification is subject to management
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chain approval and is the first thing to slow when revenue or profit
growth stalls. Redistribution is rare, happening only when an
employee leaves the organization or a specific project can be
supported at the direct tradeoff expense of slowing another project
currently under way. Finally, reorganizations while not infrequent,
are also not common. Recently, they have cccurred about every two
years. Typically, they are done to support a change in the primary
-strategic direction of the business. While difficult to assess, it is
also apparent that political aspirations of the various managers
involved play an important role in determining group size and
reporting structure following a reorganization.

This limited scheme for re-allocating manpower suggests a
limited dynamic response to major changes in what a given group
needs to accomplish. Further, the lack of a strong link between
manpower allocation and capital allocation is evident when one
considers the large amount of capital equipment that sits for
several months or even years before an engineer has time to install
it.

3.3.5 The Allocation Decision Maker

HP, as a company, actively tries to push decisions making of
all kinds down to the lowest possible level of the organization. The
one force that can alter this is a strong willed manager who wishes
to retain control for whatever reason. Particularly because of the
very relaxed atmosphere at HP, and more particularly at MWTD, sucﬁ
a manager - if he or she is directed and vocal - can greatly alter

where decisions are made.
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Within this context, much of the decision to pursue, delay or
ignore a process improvement project is made between the process
engineers and their supervisor. Because of the current supervisor's
particular experience relative to his subordinates, he tends to make
much of the decision. As projects bubble up from below, the
supervisor can quickly accept or dispense of an idea with this
decision largely deciding the fate of the project. If a supervisor
‘accepts’ a proposal, he or she is implying that his or her current
staffing level can handle it.

If ideas pass this first level test, capital is typically already
budgeted and thus largely approved. The project is carried upward in
the organization, typically with the supervisor acting as champion.
If the project involves only a commitment of manpower, it typically
requires approval only from the manufacturing engineering manager.
Even this ‘approval' might be more accurately called ‘notification’
when the proposal calls for relatively short product duration.

If the project involves a commitment of capital, the process is
more involved. The project will be considered all of the way up the
management chain until reaching the appropriate final sign off level.
At any management level, the project can be rejected, delayed,
remanded for additional work or explanation, or passed on, yet it is
relatively rare for decisions that meets the financial criteria to be
rejected, although delays in the management chain are quite

common.

3.3.6 The Allocation Decision Criteria
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At this point, a description of the allocation decision criteria
is largely repetitive - its key aspects having been incorporated in
the elements of MWTD's resource allocation process already
described. The final decision can be pictured as making one or more
trade-offs subject to certain constraints. The most important
tradeoff in this capital free, manpower constrained environment is
typically competition for manpower. The tradeoff is typically made
in favor of the higher yield improvement project, provided current
producticn is reasonably on schedule. If the production schedule
falls too far behind, this quickly elevates the priority of projects
related to the production problem. It is also important to note that
specialization of engineers further constrains assignments.
Typically, each process engineer handles all projects within his or
her process specialty.

Three factors determine much of the deployment: existing
needs of the production line, the supervisor's perception of where
change is needed, and agreement by engineers and the supervisor as
to what to work on.

As with any manufacturing process, keeping the existing
process performing to current standards requires engineering
support. Necessarily, these calls for support come sporadically and
demand immediate attention if the line is to be kept running.
Furthermore, because engineers are given responsibility for a clear
subset of processes, they are motivated to support ary calls for
assistance as expediently as possible. This support requirement
creates difficulty in that the "fire-fighting” activity becomes de

facto the number one priority and the stochastic arrival of support
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calls tends to interrupt work on projects with a longer term focus.

Engineering time beyond basic line support is spent in three
areas: overhead activities, new circuit/process introductions (NCI
and NPI), and process improvements. Overhead activities, such as
training, non-focused meetings, and record-keeping, consume
approximately 25% of an engineers time. Like support activities,
overhead activities tend to get done de facto. Thus, the two
activities that lead to improvements over current methods tend to
be considered third priorities, to be fit in after overhead and support
activities are completed.

Time spent on NCI, NPI, and process improvements is divided
by agreement between the supervisor and engineer. At the time this
study was conducted, the supervisor knowingly used a heavy hand in
making these decisions because he felt that the group was too new
and the engineers to novice to have a correct sense of priorities. As
this study was ending, the supervisors was beginning the process of
allowing the engineers to assume a larger part in this role feeling
that he had sufficiently communicated the direction and trained the
engineers in the criteria that should be used for setting project
priorities.

Towards improving yield, the supervisor acted according to his
perspective of where yield loss was occurring in the process. In
particular, he felt that the key yield loss mechanisms were breakage
and visual defects. This perception is not easily substantiated or
disputed due to a lack of organized data. Accordingly, projects were
chosen and priorities set according to this perception of where yield

loss occurs.
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Chapter 4: Effects of the Current Method of
r il i

In Chapter Three, | presented how MWTD currently allocates
resources to process improvement projects. This discussion was
set within the context of MWTD's situational and structural
environment. When these views come together, a perception
develops that MWTD encounters many of the problems with resource
allocation that have previously been noted in the literature. In
particular, the division has gone through a cathartic change in its
business within the last two years, yet the resource allocation
system has not changed to meet the needs of the new business
climate. One particular weakness is that the resource allocation
process appears to incorporate only some of the information which
is relevant in MWTD'’s new environment. Beginning in this chapter
and continuing in Chapter 5 and 6, | explore in greater depth what
information is being missed and of what use and value such
information could be to the division.

After reviewing the key points of MWTD’s current allocation
process, | show that their methods encounter many of the problems
previously cited in the literature. Following, | begin to focus more
narrowly on the problem of ignoring critical variables. Here | show
that while MWTD is aware of many of the variables essential to
their current business, they appear to be overlooking a few key ones
regarding the value of engaging in process improvement. Finally, |
show that the current pattern of investment in process at MWTD,
leaves considerable value unrealized and may hinder MWTD's ability

to compete long term.
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4.1 Summary of MWTD's Current Method of Resource

Allocation

The downward trend in MWTD revenue demanded management
response at the time of the major organizational redirection in mid-
1988. This new direction - of considerable note internally because
of the decision to sell MWTD circuits outside of HP, but also ground
breaking in the high revenue targets it represents - poses new
internal challenges to MWTD. Of importance to process
improvement, achievement of the plan for MWTD success in this new
direction will require a four times increase in throughput that must
be achieved during the next four years, in a fab that is already at or
near capacity, with minimal capital investment to increase
capacity, and while reducing the current cycle time through this fab
by 50%.

In Chapter Three, it was shown that MWTD’s resource
allocation process is typified by the following scenario:

1) Process improvement project options are originated by the
process engineering supervisor on the basis of his perception
of where the greatest yield loss is occurring. The supervisor,
acting according to his view of the division strategy (as
delivered to him via the Hoshin process), recognizes the need
to improve yields by a factor of two in the coming year and by
another factor of two soon thereafter. Because regular and
reliable information on yield loss is not available, project

options can respond only to perceptions on yield loss.
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2) Costs, benefits and risks are only loosely estimated, usually
by the process engineering supervisor or a process engineer.
The primary consideration is driven by perceived benefit in
terms of increased yield or removal of a production blockade.
Cost estimation is confined to capital costs as calculated
during an elaborate capital justification phase and educated
guesses about engineering manpower required.

3) Capital is acquired through a justification process that uses a
team composed of members from all the functional groups
affected by the purchase. Over a period of two months, they
investigate many aspects of the purchase with the objective of
insuring technical success of a capital purchase. While their
investigation does make estimates of the financial returns
from the project, a low financial return does not appear to
affect project approval because most projects are justified
based on technical or strategic necessity.

4) Manpecwer rarely changes to meet the needs of a specific
project, outside of the development engineering group. Rather
a group supervisor must work within the confines of current
staffing levels.

5) Ultimate decision approval on process improvement projects is
maintained at a very low level. At MWTD, much of this
responsibility rests with the process engineering supervisor.

6) The ultimate criteria for approval of a process improvement
project is typically available manpower and perceived yield
loss. "Firefighting” on the production line remains a top

priority for process engineers. Once this duty is met, the

- 69-



4.2

supervisor divides their remaining time between process
improvement and new process introduction based on how he
perceives the respective needs.

Analysis ot MWTD's Current Method of Resource
Allocation

MWTD’s resource allocation process appears to suffer from the

same set of problems that have previously been described in the

literature. These similarities can be summarized in five points.

1) Because MWTD relies on its first level people (operators,

2)

engineers, and supervisors) to generate most process
improvement options, it is likely that most of these ideas are
well founded in terms of the needs of the production line;
however, this system does little to insure that ail important
options are considered, or even generated. The definition of
which projects are sufficiently important to warrant further
consideration tends to emphasize improvement of areas that
have recently caused highly observable trouble. These areas
might be very different than those possessing the highest long
term value.

MWTD's current system only lightly assess the costs, benefits
and risks associated with various project options. In
particular, benefit measurement is largely limited to reducing
the believed, although not measured, yield loss of a process
step and thereby increasing the throughput without additional
investment in capital. Other possible benefits, such as

increased manufacturing predictability or faster learri~g, are
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3)

not often considered. Meanwhile, costs, in terms of manpower
required, are only guessed at.

Due to the loose measurements of costs, benefits and risks,
financial justifications are realized to be incomplete
descriptions of the merits of a project; consequently, such
justifications, while routinely done, are not rigidly adhered to;
instead, other criteria are relied on. The primary criteria
seems to be a benefits assessment of reducing recent, large
yield loss mechanisms; however, this is contrasted against a
severe manpower limitation. Project staffing for process
improvement must largely come from current group staffing,

and it remains a second priority to line support activities.

4) Because the current allocation system does not explicitly

measure costs, benefits and risks in a manner that allows
objective evaluation, MWTD has adapted by pushing decision
making power on aliocatioris to a very low level, typically the
first line supervisor. This method would seem to allow
decisions to be made by one who has experiential knowledge of
the various project options that can, to a large degree,
compensate for the vague information that has been formally
gathered on various options. Indeed, as | shall show in Chapter
5, this may well be the case. However, such a system has two
distinct limitations. This decision method relies on the skills,
knowledge, and biases of the particular supervisor. It was
apparent at MWTD that the switch from one Process Supervisor
to another invited a radical change in the projects that were

pursued. Second, a particular group supervisor does not have
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equal experiential knowledge of other types of allocation
options; hence, the supervisor cannot always accurately
tradeoff resources between differing types of allocation
options, e.g., some times the process engineering supervisor
cannot accurately tradeoff process improvement against a
variety of new product development options.

5) Because of this last problem, inability to accurately trade off
different types of project options, the division and the
corporation reserve one tool to manage this tradeoff:
allocation of manpower to various groups. But the
implementation of this tool is such that manpower is not
dynamically allocated, rather it is largely static at current
staffing levels. Hence, the organizations dynamic response to
new allocation options or competing options is limited.

These five points evidence that MWTD encounters many of the
problems outlined in the literature in their attempts to efficiently
allocate resources. At this point | begin to focus more narrowly on
- one central problem addressed above: not observing, measuring, and
incorporating certain critical variables - particularly those that

describe costs, benefits, and risks - into the allocation decision.

4.3 lgnoring Critical Varjables

While the literature suggests that companies rarely
incorporate all relevant information in allocating resources, it
elaborates that companies that have recently undergone major
organizational changes are especially prone to ignore critical

variables. | contend only that some critical variabies are being
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ignored by MWTD. Many, if not most, important variables appear to
be actively observed and incorporated into management decisions at
MWTD. Thus my emphasis here is on seeking to improve what are
already generally efficient management methods.

The challenge of understanding more about the information
that should be incorporated into process improvement allocation
decisions can be sub-divided: what are the critical variables in this
new environment in which MWTD finds itself; and, among these
variables, which are being paid sufficient attention to and which are
being ignored or insufficiently understood. | begin with a
consideration of the primary benefits to be derived from improved
process control in this manufacturing situation. A consideration of
each of these benefits readily show how the environment has
changed which variables are important and points to the cost impact

of under investing in process control.

4.3.1 Benefits of Improved Process Control

Referring to the section on benefits of improved process
control in Chapter Two, there are five benefits to consider: more
circuits through a fixed capital base, reduced line support cost,
improved customer service and/or reduced finished goods inventory,
increased flexibility to deal with changes in product or demand, and

faster future ‘learning’.

Producing More Circuits with a Fixed Capital B

Capital costs are by far the most substantial portion of

production costs in semiconductor fabrication. (While depreciation
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charges may not always reflect this, aging equipment should/must
constantly be replaced with expensive, current generation systems).
Such costs are largely fixed provided there is sufficient capacity to
meet demand. Historically, MWTD has maintained excess capacity
simply because the production volumes that could be supported by
even a single machine of a given type were always far greater than
the required throughput. However, internal MWTD studies3! and
Lawton32 have both argued that the current fab line is approaching
capacity due to demand growth. This idea is evidenced by the rapidly
increasing backlog for MMIC parts. Furthermore, the planned
increases in volume over the corning three years will only aggravate
this problem. Thus, given current operation, increases in demand,
particularly the large ones expected, can only be met by
substantially increasing yield or increasing capacity. Since
increasing capacity requires substantial capital investment in new
equipment (which both reports have shown to be the primary
bottleneck resource in meeting demand), it is -ideally- avoided.
Provided demand is inelastic, yield increases can be valued
using the shadow price of increased circuit sales or, alternatively,
increased instrument sales. Because yield improvements provide
additional parts at little or no incremental cost, the shadow price is

just the part selling price; for a typical fab:

Typical MMIC price $ 200 /part
Throughput at 4% yield 600 parts /month
Expected benefit $ 360,000 /yr /1%

yield increase.

Figure 4.1:  Expected return from increased capital throughput based on transfer
price (typical industry data)
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However, this is probably an underestimate of the true return.
The MMIC-A circuits sold by MWTD are technical ‘levers’ for many
instrument designs. Without these parts, many instrument designs
could not be accomplished. Upon this basis and because of the
sizable and growing backlog of parts owed to HP instrument
divisions, one can make a second estimate of return based on the

average instrument price of instruments that use MMIC-A products.

Typical instrument price $30,000 linstrument
Instrument throughput at 4% yield 150 instruments/mnth
Expected revenue benefit $ 13,500,000 /yr

/1% vyield increase
Figure 4.2: Expected return from increased capital throughput based on instrument
price (typical industry data)

Finally, a binary 'cost avoidance' must also be considered. As
long as demand can be met with current equipment by increasing
yield, MWTD avoids the expense of acquiring additional pieces of
equipment, at $100,000 to $1,500,000 per piece of equipment, to
increase capacity. Clearly, only bottleneck capacity has to be
expanded, but Lawton33 has shown that the bottleneck is a roving one
and hence at least three pieces of equipment would have to be
acquired to truly expand capacity. While capacity expansion is
certainly a valid means to meet demand in this case, the add<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>