Semiconductor productivity gains
linked to multiple innovations

High productivity gains, especially in the 1970’s,
stemmed mainly from rapid improvements in product design

and manufacturing techniques and processes

MARK SCOTT SIELING

Output: per employee hour in the semiconductor industry
rose at an average annual rate of 13.1 percent between 1972
and 1986—a much higher rate than for all manufacturing,
2.4 percent.! Output increased 21 percent a year and em-
ployee hours, 6.9 percent. The long-term trend in productiv-
ity masks two distinct periods during which annual rates
changed markedly. The rates moved as follows:

Output per Employee
employee hour Output  hours
1972-86 .............. 13.1 21.0 6.9
1972-81............. 16.6 254 7.5
1981-86 ............ 4.1 9.5 52

Between 1972 and 1981, average annual output growth
(25.4 percent) was more than three times higher than
employee-hour growth. The major factor behind the strong
output performance was the continual innovation in inte-
grated circuits combined with the industry’s adroitness in
rapidly turning such innovations into low-cost, mass-
produced devices. In an environment of rapidly evolving
products and low unit prices, myriad new uses were found
for semiconductor devices and most existing electronic
products, such as computers and military hardware, were
substantially upgraded.

" These factors were also present during the first half of the
1980’s, but gains in output per employee hour were less than
one-quarter of those registered in the 1970’s—4. 1 as against
16.6 percent per year. During the 1981-86 period, output
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growth was dampened by increasing Japanese competition
and a series of slowdowns in computer manufacturing (a
major user of semiconductor devices). Increases in average
employee hours also lessened during the early 1980°s—
from 7.5 percent a year in 197281 to 5.2 percent in 1981~
86. The slowdown mainly reflected less robust output
growth. While circuits became more intricate, they required
more employee hours to design and produce; this tendency
was partially offset by the increasing use of computers in
both design and manufacturing processes and by more auto-
mated production techniques.

Output and demand. The semiconductor industry manu-
factures two major types of products—discrete devices,
such as transistors and diodes, which perform only one
electronic function; and integrated circuits (chips) which are
arrays of discrete devices imprinted on small pieces of sili-
con. Increases in industry output since the late 1960’s stem,
to a large degree, from rapid growth in the production of
integrated circuits. In 1966, integrated circuits accounted
for about one-eighth of all semiconductor production, for
over one-half in 1972, and for almost four-fifths in 1980.
During the same period, their current dollar value leaped
from just over $100 million to about $6.5 billion.

The earliest integrated circuits, developed in the late
1950’s, contained fewer than 10 discrete devices. By the
late 1960’s, chip capacity. had increased a hundredfold.
Since then, chip capacity has doubled about every 2 years;
in 1987, a chip the size of a postage stamp might hold up to
16 million separate elements.? While this increase in capac-
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ity would probably, by itself, have promoted strong-output
and demand growth, its effects were .intensified by. the in-
dustry’s ability to supply large numbers of chips and by
declining unit prices.

Prior to the late 1960’s, the semlconductor mdustry fo-
cused on. manufacturlng customized 1ntegrated circuits for
computer manufacturers and the military, > Limited produc-

tion runs meant that development overhead, and labor costs.

were spread over a small number of chips, and unit prices

_ tended to be relatively high. In addition, chips designed for,

~one purpose could not be readlly adapted for another, With
“the introduction ‘of the first high- capacity standardized
memory chip in the late 1960’s; emphasis was increasingly
placed on both enlarging chip capacity and quickly attain-
ing-mass production status. Peak production (in terms of
hundreds of millions of chrps) typrcally occurred about

3 years after the first prototypes of a new chip generation

were introduced. High production levels. then tapered off as

the next generation of chips \entered the mass pro‘ductionﬂ

stage.*

When a new generation of 1ntegrated c1rcu1ts was intro-
duced, individual unit prices were much higher than for the
previous generation. As firms gained manufacturing experi-

ence, unit prices typically fell by 30 percent with each

doubling of production. 3 Not only were unit. pnces eventu-
ally lower than the previous generation’s, but, because the
: 1mproved devwes contained more ‘elements, the cost per

electronic function also declined. For example, the cost for

a bit of memory (a single piece of information such as'a
letter or digit) dropped from- Just under 1 cent in 1973 to
around one-thousandth of a cent in 1986.6

During the 1970’s, the combmatlon of . declining unit
prices, higher capacrty dev1ces ‘and’standardized products
led to explosive growth in demand for integrated circuits

because of substaritial upgradmg of existing computer hard-

ware and military equipment. Demand was further spurred
by the development of new products, such as video-games

and watches, and the replacement of mechanical controls by

solid state electronic devices in a wide variety of products
ranging from: refrigerators and- thérmostats to automobiles
and industrial equipment. In 1968, 50 percent of total semi-
conductor output was used in military applications, com-
puter manufacturing: absorbed 30 percent, and consumer and
industrial goods," 20 percent 7 By 1979, military use ac-
counted for only 10 percent of total semiconductor output;

computers, 30 percent and mdustnal and’ consumer goods,

60 petcent.

While improved circuits- were still being introduced ‘and
unit prices continued to decline dunng the first half of the
1980’s, a slackening of growth in computer manufacturing
and increased foreign compeétition retarded demand for and
output of U.S. manufactured semiconductor devices: In the

1970’s, for example, U.S. compames supplied ‘about 60

percent of world ‘demand for semiconductor devices; by
1985 their share had:shrunk to.45 percent, while the market
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share held by J. apanese firms had 1ncreased from 25 percent
to 40 percerit.® C
‘Within these’ long-term trends; year-to—year movements.

~ in output and employee hours also reflected general business

activity but were usually more volatile—as illustrated by the -
almost 30-percent output declirie in 1975 and the 60-percent
increase in 1976. (See table’ 1.) Such large year-to-year
changes stém from a number of causes. When the demand
for electronic equipmeént and products declines, manufactur-
ers reduce theit purchases of semiconductor ‘deviées to a
much larger extent than they reduce production of finished
electronic goods, resulting in inventory depletion. 9 As de-

‘mand recovers, they often double or triple their orders for
‘semiconductors to ensure dehvery -and rebuild inventories.

Such rebounds occasionally ¢coincide with the commercial

‘introduction of a new. chip generation—as-in 1976, when

4K memory chlps (containing 4,000 memory bits) first be-
came available in large quantities and at low unit prices.
When that happens, electronic goods manufacturers <hot
only increase their orders for older generation chrps but also
place large orders for 1mproved chips. 10 -

Yield ratios; ‘The basic building block of integrated cir-
cuits is a flat wafer (disc) of silicon on which large numbers
of individual discrete devices, such as transistors, are im-,
printed. A key factor in increasing output per employee hour
is the ability to increase the number of usable devices on a

- wafer. The same amounts of material and production worker

labor used to produce a wafer yielding a small number ‘of
good chips are needed to produce a wafer yielding a larger:
number of good chips. As the ‘yield of good chips im-
proves—typically from-an initial low of 5 percent or less to
around 60-70 percent—unit prices declme because output
dramatrcally increases. n..

Table 1. Productlw and related indexes for the semi-
conductor mdustry, 972-1986 -
[1977= 1001 o , ) o
| onpopehar | O | omplore | Enployes
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- Achieving high yield ratios, however; is not an easy task
and depends more on the refining of manufacturing proc-

esses than on the gaining of experience by production work--
ers (let alone on differences in material inputs).'? Attalmng :

acceptable yleld ratios using standard- productron processes
requires -coordinating and adjusting-hundreds .of separate

manufacturing stages,:some of which involve new machin-
ery and techniques, because processes used in research and

development are not directly transferable to regular produc-

tion lines.!> This effort initially requires large amounts of

skilled engineering and technical employee hours, but as

yield ratios improve, these requirements ease and produc-

tion labor inputs per good chip also.decline.!*

- “Altheugh this process is repeated for each new generation
of integrated circuyits, recent advances in computer-assisted
and: computer-integrated manufacturmg techniques. have
lessened the time required to achieve: acceptable yield ratios
as well as the cost.-associated with: small runs of customxzed
chips. ,

Employment and hours.:
ployment in the semiconductor industry more than-doubled,
from ‘115,000 to 268,000 workers. Overall, employment
increased at an average annual rate of 6.8 percent during this
period, compared with a 0.2-percent decline for all'manu-

facturing industries- combined.’ Average weekly houts of

sermconductor productlon workers, however, were' similar

to those of their counterparts in all manufacturing—about

40 hours per week. Overtime hours:
were almost identical; averagi )
 Paralleling annual average rat

- of change in employee

hours, semiconductor employment gams were also higherin =

the 197281 period (7.5 percent)thanm the 1981-86 period

(4.9 percent), although i increasing circuit complex1ty neces-"

sitated more design work and ‘more complex manufactunng
- techniques—ijust as cireuit density doubles every 2 years, it

has also been estimated that design costs increase almost as .
rapidly.'® This trend was mitigated, however; by the in-'
creasing use of computer-aided design and computer-:

integrated manufacturing systems as well as the introduction
of more highly automated production machinery and process. !
During the 1972-86 period, ¢the rate of increase in the

number of nonproduction workers (8.7 percent a year) was
almost twice as large as the rate for production workers (4.6

percent). This disparity partially reflected the rapid pace of
product innovation within the: lndustry Regardless of year-

to-year fluctuations-in demand-and ‘output, semiconductor
firms maintain large research and ‘development staffs of

el

engineers and computer s s designing the next gener-

ation of integrated cir its

9.3 percent-and production worker employment fell by 8.1
percent. Nonproduction’ employment however, “increased
by almost 10 percent. -

“Between 1972 and 1986, em-

bout 3-hours per week. ™

-year changes in produc--
tion ‘worker employmen “more “closely follow yearly- ’
changes in output. In 1985, for example, output declined by

Occupational ‘structure

Considering the hlghly technical nature of semiconductor

'dev1ces and the emphas1s placed on rapid innovation, it is

not surprising that the lndustry s work force mamly consists
of engineers;, computer programmers, and other techmcali
workers. With the increasing complexity of chips and man-
factunng processes, the proportion of employees classified
as nonproduction workers has also mcreased—from around
40 percent in the 1960’s to S0 percent in the 1970’ 's‘and 60

‘percent in the early 1980’s. Production workers accounted

for only two-fifths of the total work force dunng the
1980’s—a much lower proportlon than for ‘manufacturing,

in which about two-thirds of all employees are production
workers Semrconductor assemblers, testers, and inspectors
represent the largest productlon occupations. Predominantly

consisting of women, these occupations make up about one--

half of total production employment B

Just as increasing product complexity. has changed the
broad occupational structure of the semiconductor industry,
it has also affected the composition of the production work

force. Each succeeding product generatlon has called for

more sophisticated manufacturing techniques and. equip-
ment, which, while obviating the need for low-skilled man= -
ual productlon workers, has raised the demand for hrghert
skilled' technicians and machlne operators. 19 This' shift. is
also reflected in average production worker earnings. As
more of the' productlon work force cons1sted of relatlvely:
high-paid techmcrans and machine operators, average pro-
duction worker ‘earnings rose from: 10 percent below the.
all-manufacturing average in'1972 to panty in 1985.

Industry structure

Although the number of semiconductor’ ﬁrms more than

“doubled between 1972 and 1985——from 325 to 766——the‘

mdustry remamed hlghly concentrated. Estabhshments em- :
ploying 1,000 workers or more have continually accounted
for about two-thirds of total employment and industry- ship-

‘ments, even through they represent only about 5 percent of -

the total number of establishments in the industry. The rel- -
atively low proportion of employment and shipments ac-
counted for by smaller sized establishments, however, be-
lies ‘their importance. Traditionally; - these firms have
developed a disproportionate number of product i 1mprove-
ments and manufacturing innovations.?0 . :
- The industry relies mainly on outside suppliers to ,provide :
it with the basic materials used to produce semiconductors;
such as silicon crystals, metals, chemicals; ceramics, and
plastics. The highly specialized machinery used in manufac-

turing - integrated circuits. is mainly supplied by - outside

firms, which in many instances, have initiated innovations
in materials or machinery which subsequently led to im-
provements in  semiconductor products.?! In recent years
there has been increasing collaboration between semicon-
ductor manufacturers and their customers as the industry
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shifted back towards ‘producing semrcustomrzed and cus-
tomized chips.?

The early’ 1980’s witnessed an increase in the number of
firms ‘specializing in specific areas of semiconductor pro-
duction, such as designing mtegrated circuits or stages of the
manufactunng process.?? Given the large’ increase in the
cost of an average semrconductor plant—from roughly $10
" million in 1975 to $100 million in 1985—very few complete

manufacturing facilities have been built in recent years.2*
~ Large semiconductor companies, however, typically con-
_struct complete facilities encompassing all stages of semi-
" conductor manufacturing, from design to testing. .

California accounts for about one-third of total semicon-
ductor employment and shipments. Other major centers are
loeated in Ariiona, New York, Massachusetts, and Texas.

Capital expendztures
ductor capital expenditures grew at'an average annual rate of
22.5 percent or about 7 times faster than the rate for all

' manufactunng combined (3.3 percent per year). In most
years, about four-fifths of total capital investment is spent
for new machinery rather than for buildings. The torrid pace
of capital expenditure mainly reflects the rapid obsolescence
of production machinery-—the average useful life of equip-
ment in the industry is between 3 and 5 years. Each chip
generatlon typically requires new production equipment or
major upgrading of existing equipment to cope with the
smaller element sizes of the improved circuits.?

Total capital expenditures of the semiconductor industry
rose in constant dollar terms?® from $453 million in 1972 to
$2,832 million in 1985. Constant-dollar expenditures per
worker have also been consistently higher than for all man-
ufacturing. In 1985, for example, they ran 34 times hrgher
for semrconductor employees ($14,872) than for all manu-
facturing employees ($4,429). ,

Despite high levels of capital 1nvestments, the semnicon-
ductor industry is still 'one of the most highly labor intensive
of: any manufacturing industry, ‘mainly attributable tothe
complexity of the batch production process employed by the
industry and the production adjustments needed to produce
new generations of chiips.?’

Semiconductor -capital: expendrtures of course, varied

from year to year, mainly reflecting changing business con-

ditions, product life cycles, and industry expectations. Be- -

tween 1972 and 1985, ‘more-than: half of the year-to-year
changes ﬂuctuated by 33 percent or more.

Research and development The semiconductor. industry
' is one of the most research and development oriented sectors
in U.S. manufacturing. In 1977, for example, the industry
~ spent 24.9 percent of sales on- research and-development,
compared . with 3.1 percent .of sales for-all manufacturlng
industries combined.?® The relatively high output and pro-

ductivity gains registered by the semiconductor industry
reflect the success of these. research and-development efforts:
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Between 1972 and 1985, semicon-

- because product improvements have spurred demand, and

manufacturing innovations largely stem from in-house re-

search and development efforts. »

Manufacturlng techmques and technologres

 There are four major stages in semrconductor produc- -
t10n-——des1gn -imprinting, assembling, and testing.” Given

the close-knit nature. of the semiconductor manufacturing
process hoWever the separate contributions of improve-
ments in each of these areas to.overall industry productrvrty
cannot be measured precisely.

In the design phase, engineers ¢ draw a series of integrated
circuit blueprints. Because the ability to design products
quickly both spurs the demand for new generations of semi-
conductors and makes sermcustonnzed chips more econom-
ical, the industry has continually increased its use of
computer-assrsted design and engineering systems. Produc-
tivity advances stemming from the use of these systems may
be either constrained or hastened by changes in the manufac-
turing process. On the one hand, designs may have to be
substantially modified because of manufacturing limitations
while, on the other hand, advances in manufacturing tech-
niques or ‘materials may compel major changes in de51gn
parameters.>!

- After the de31gn phase, devrces are manufactured by im-
printing silicon wafers with layers - of circuitry. : First,
blueprints are reduced to the actual size of the device and
turned into stencils. A stepping machine then duplicates a
single stencﬂ repeatedly until a master mask consisting of
400 to 600 identical chip stencils is created. 3> Next, a vari-
ation of photolithography . is used to transfer these mask
patterns onto silicon wafers. A-wafer is first coated with a
thin film.of electrically conductive material and then with.a =
layer of photosensitive material that hardens on contact with
light. Shining light through the master stencil onto the wafer
creates patterns in. this top layer. Various solvents are then
used to dissolve the soft parts, leaving a tracery of conduc-
tive material. This process is repeated again and again,

- eventually creating hundreds of identical chips on a smgle

silicon wafer.

- The basic. manufacturrng technrque used to 1mpr1nt wafers
is batch processing. A group. of silicon wafers.is moved
through a series of work stations. At eachstation, the wafers
undergo . specific imprinting - processes before they are
moved-to. the next station. With hundreds. of processing

_stations involved, semiconductor manufacturing is one of

the most complex ‘production- processes ever adapted to
mass production.”

As chip complexity and densrty have mcreased over the
years—with the size of electrical pathways shrinking to the
tens of thousandths of a human hair’s -width—imprinting
machinery has also become more complex. Today’s equip-
ment employs x-rays, lasers, and electronic beams in addi-
tion to ‘the traditional photohthography techniques. Each
generation of this equipment, however, presents umque pro-



duction problems in that procedures developed for-one gen- -

eration are usually not apphcable to ifs successor. Tech-
~ niques, for example, useéd to adjust photolithography ‘ma-

‘chinery to produce the maximum number of good chlps are
not useful in adjusting laser machinery

Besides adjusting’ machmery to achieve acceptable y1eld
ratios—as mentioned, initial yields are as low as 5 percent
or less—the 1mpr1nt1ng process also involves adJustmg var-
ious chemical reactions, such as ‘solvents and reaction tlmes,
and maintaining or improving the manufacturmg environ-
ment as a whole. To minimize the number of defective chrps'
caused by dust partrcles, for. example, 1mpnntmg is'done in
specral ‘clean” rooms in whrch the air has been purified 100
times cleaner than hospltal operating rooms or:10,000 tlmes
cleaner than typical office ar3

Imprmted wafers . are usually air, frelghted to offshore '

plants for final assembly and testrng work. In these plants,

typically owned by the same company that designed and

imprinted the chips, each good chip has small wires attached
to its edges so it can carry electrical current The wired: chlps
are then encapsulated into plastlc or ceramic ‘cases - -and
shipped back to the parent company for final testmg and
sale:* In recent years, the introduction of automated wiring

and encapsulating machi ery has made for a return of this- :
assembly work to the United States as the amount of manual

labor required has deceased.?’ In the 1970’s, for example,
a worker could wire about. 120 chips per hour, compared to
5,120 per "hour using the maclunery of the 1980’ ‘
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“APPENDIX: Measnrement techniques and flimitations

Indexes of output per employee hour measure changes in:
the relationship between the output of an industry and em-

ployee hours expended on that output. An index of output

per employee hour is derived by.dividing an 1ndex of output; -

by an-index of mdustry employee hours.

The preferred output index: for manufactunng 1ndust11es ‘ﬁ :

would be obtained from data on quantities of the various
goods produced by the industry, each welghted (multiplied)
by the employee hours required to produce one unit of each
good in some specified base period. Thus, those goods

importance in the index. : /
In the absence of physical quantity data the output m~
dexes for the semrconductor 1ndustry were constructed usmg

a deflated value. techmque The value of shlpments of the

+ various: product classes was-adjusted for price changes by
~appropriate Producer Price Indexes to derive real output -
-measures. These, in tum, were combined: with, -employee
* hour weights to derrve the overall output ‘measure. These

procedures result in a final output index that is conceptually
close to the preferred output measure. :
The indexes of output per- employee hour re1ate total

_output to one input—Iabor time. The indexes do not measure
. the specific contributions of labor, capital, or any. ‘other single
which requ1re more labor time to produce are glven more: -

factor. Rather, they réflect the joint effect of factors such as
changes in technology, capital investment, capacity utiliza-

tion, plant design and layout, skill and effort of the work

force, managenal abrhty, and labor-management relations:
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