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ABSTRACT

Significant economic and technical data on the current
front junction formation processes of Spectrolab's gaseous
diffusion, and of involving the Varian-Extrion 200-1000 implanter
were tabulated, and were used to judge the feasibility of ° -
diffusion proposals by Motorola and RCA and ion implantation
proposals by Lockheed, Motorola, RCA, and Spire to meet future
LSA-JPL guidelines. Cost calculations, consistent with the
SAMICS methodology, were performed for the junction formation

processes studied.
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TNTRODUCTION

The manufaqturing methods for photovoltaic solar
energy utilization systems consist, in complete génerality,
of a sequence of indiwvidual processes. This process seguence
has been, for convenience, logically segmented into five
major "work areas": Reduction and purification cf the semi-
conductor material, sheet or film generation, deéice genera-—
tion, module assembly and encapsulation, and system -completion,
including installation of the array and the other subsystems.
For silicon solar arrays, each work area has been divided into
10 generalized "processes" in which certain required modifica-
tions of the work-in-process are performed. In general, more
than one method is known by which such modifications can be
carried out. The various methods for each individual pro-
cess are identified as proces Moptions". This system of pro-
cesses and‘éptions forms a two-dimensional array, which is
here called the "process matrix".

In the search to achieve improved process sequences for
producing silicon solar cell modules, numerous options havé
been proposed and/or developed, and will still be proposed
and developed in the future.® It is a near necessity to be
able to e%aluate such proposals for the technical merits
relative to other known approaches, for their economic benefits,
and for other techno-economic attributes such as energy con-
sumption, generation énd disposal of waste by~products, etc.
Such evaluations have to be as objective as possible in light

of the available information, or the lack thereof, and have
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to be periodically updated as development progresses and

"new informafion becomes available. Since each individual
process option has to fit into a process sequence, technical
Interfaces between consecutive processes must be compatible. -
This places emphasis on the specifications for the work-in-
process entering into and emanating from a particular process
opﬁion.

The objective of this project is to accumulate the necessary
information as input for such evaluations, to develop appropriate
methodologies for the performance of such techno-economic ‘
analyses, and to perform such evaluations at various levels.

The first application of this developing methodology was
made to the Czochralski's crystal pulling process.

Previously, the reduction of quartzite to metallurgica;
grade silicon was examined, and comparative evaluations of
competing Czochralski-techniques for growing single crystal,
cylindrical ingots, and of slicing processes to produce
single crystal, silicon wafers were perfromed. The next‘"work area"
for producing solar arrays is the fabrication of the silicon
wafers to solar cells. This process involves many steps with
one of them being front junction formation. One of the major
curfent junction forming processes, gaseocus diffusion, was. '
examined. In addition, future proposals, which include modi-
fying gaseous diffusion-and using ion implantation, to decrease
thé cost of junction formation, in order to meet future
LSA-JPL price goals, were studied.

. As.witﬁ our crystal growing and slicing studies the

evaluations were started with the current methods of gaseous



diffusion, and ion implantation for which a large amount‘of

the needed information is availablé. Nevertheless, substan-—
tial gaps or uncar?ainties were found in important information
required for both technical and economical evaluation of the
currently practiced processes. In proceeding to the evaluation

of processes which are still in the developmental or cven con-

ceptual stage, the gaps in needed information become very
large. 1In these cases, it is necessary to £ill the gaps
more extensively with estimates based on extrapolations or
analogies. Such estimates always leave scome doubt on the
accuracy of the evaluations, and it will be necessary to also
make "probable error" estimates to reduce decision misktakes
based on early evaluations. Nevertheless, collecting the in-
formation and carrying our evaluations at the earliest possible
time provides not only a planning tool, but also aids in
uncovering the deciding attributes about which information
ought to be obtained at an early stage of the development
process.

For the gaseous diffusion process, we have tabulated
production experience data from Spectrolab (1) and pro-

jections made by Motorola(z) and Rca. (3) 1n our studies of

of ion implantation of ". PN junctions,experimental data from

(4)

Spire using a modified Varian-Extrion machine along with

material, labor, and capital projecticns made by TLockheed (5),

(6) {4)

Motorecla, and Spire for their proposed machines were

examined.



A, Principals and Application of Ion Implantation

Ion implantation is a method for introducing dopant

.material below the semiconductor surface to form PN or
high/low junctions. In the common type of ion implantation
machine, the source material, usually a chemical compound
containing the dopant,is broken down and ionized under
electron bombardment in theé ionization chamber, the ions
are extracted from this chamber by an electric field and
-further accelerated and collimated, purified using a mass
spactrometer, and then scanned either electrically,
magnetically,or mechanically while impinging on the semi-
conductor wafer to be implanted. The top portion of
Pigure 1 shows a schematic presentation of such an ion
implanter with a magnetic analyzer. In simpler machines,
as'shown in the bottom part of Figure 1, functions such
as beam collimation, Mmass analysis, -or scanning may be omitted.
In the machine shown in the top part of Figure 1, the
source material can be ionized in a number of ways,
the principal ones of which are: heating and electron
bombardment of the source material from a high temperature
emitter, called the"hot cathode source"; electron dis-
charge from a low work function emitter, such as barium,
under the influence of a strong electric field, into
the vaporized soﬁrce material to form a plasma (cold
cathode source); or by microwave discharge. In any of
the mentioned sources, a magnetic field can be applied

to concentrate the plasma density and increase the
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efficiency of ionization. This will also result,
though, in lower source lifetime and a larger energy
spread of the ions.

Three principal types of hot cathode ion sources
are used in the implanters mentioned in this report.
In all, the current density from a metal surface at
temperature T with a work function of ¢ is principally

described by:

2_-88/kT

= AT (2.1)

Je
However, at adequately high emission rates, the current
density je is usually reduced below the value given by
Bg. (2.1) because of space-charge effects, in which the
mutual repulsion of the electrons crowding thé space near
the filament inhibits further emission. The electron density

then becomes:

' V2/3
cdg = me)l/z (2.2)

where V is the voltage between the cathode and anode, d is the
thickness of the electron sheath and m/e is the electron's mass
to charge ratio. The production of positive ions in the source
chamber tends to neutralize this "electron cloud"” and reduce
the space charge effects; The cathode current thus increases
in the presence of positive ions.

In the "Freeman source", the heated wire cathode has its
terminals on opposite sides of the "extraction gap” through
which the ions leave. In the "Chavet source", the filament wire

is looped so that its electrodes are on the same side of



the extraction gap. The Chavet filament configuration was
?esigned to increase the filament's lifetime by decreasing

its exposure to the back-streaming ions and thus reduce the
sputtering caused by them. Another thermionic source is the
hollow cathode in which the interior of a cylindrical

cavity is coated with a low work function material, such as
barium oxide. Upon introduction of the vaporized source
material, an arc discharge takes place between the cathode

and anode so that the source material is ionized. As a result
of applied high voltage, the ions are extracted through

a hole in the cathode. Vaporized atoms also pass through this
aperture. They are subsequently iénized by the accelerated
electrons. One configuration of a cold cathode source known
as the "Penning source", has an anode that is also cylindri-
cal in shape with the end plates forming the cathode. In
addition, a magnetic field is applied parallel to the cylindri-
cal axis of the "Penning source" to force electrons from the
cathode to form helical trajectories, thus increasing their
path length and enhancing the ionization efficiency.

After the ion beam is extracted from the source chamber,
it is accelerated through a potential di¥op. For small
acceleration energies (<30 keV), a single gap electrode
could be used. The accelerated ion beam is then subjected
to a magnetic field for mass separation. A singly charged
ion of atomic mass M (AMUfs) moving through a magnetic field

with strength B (in gauss) will be deflected into a circular



+

path with the - radius of curvature equal to

R = ;E%LEE (MV)l/2 cm, {2.3)

where V is the acceleration voltage. The dispersion between

ions of two different masses is

AM
| J——— - - 4
DM M R c¢nm (2 )

In order to achieve good mass resolution, power supplies
to the acceleration and magnet regions must have stabilities
of 1 part in 10,000. ‘

To form the junction, the analyzed beam is then
scanned, with one of the technigues mentioned previously,
on the silicon substrate. Overscanning is ﬁecessary be~
cause of the tails in the Gaussion distribution of the
ion concentration in the beam.

Junction formation using ion implantation offers
several potential advantages over the diffusion process. It is
a dry, vacuum process, thus avoiding potential con-
tamination from impurities contained in spin-on or gaseous
vehicles for the dopants used in some varieties of the
diffusion process. Where selective introduction of the
dopant is wanted, this may be accomplished without application
of masking and subsequent stripping, and without back-surface
etching because of double-sided impurity penetrations.
Thus, ion implantation can involve fewer handling or
transferring operations than the diffusion process, and

consequently can result in labor savings and increased



vields. However, ion implantation requires an annealing

step, which will be further discussed later on. It has

been suggested(S) to use ion implaptation as an integral
part of a total vacuﬁmvprocess sequence for fabricating

golar cells after wafer or sheet generation. Such a seguence,
although high in capital costs, could result in labor savings
and high yields.

The charge on the dopant ions gllows for mass-spectro-
scopic separation using magnetic fields, and for accurate
ﬁeashrement of the ion flux entering the deposition region,
as long as'neutral and doubly charged particles are handled
correctly. The jon’ beam cur&ents can be readily measured
by Placing a Faraday cup in the bea@'s path, but this requires
a p%eceding calibrat;Pn to determine the fraction of uncharged
;nd déubly charged ions. The mass analysis and ion current
measurement features of the ion implantation process can pro-
vidg better control over the guantity and quality of the
‘dopant than other processes, and can therefore be applied
to ébtaiq better procéss uniformity and repeatability. Dose
Pni?érmities of + 5% (2&) are aqhievable(g).

“since ion implantation can be performed at or neax
room temperaturé, low energy.implantationg can result in
original depant penetration of Jless than 1003, shallower
thég can be gcﬁieved in most high temperature source deposition
steps in the diffusion process.

Upon entering the substrate, the dominant interactions

of the ion are with the electrons of the lattice, which

sloy the ion down through kinetic energy transfer. After
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éhis initiai slow-down to sufficiently low energies, i.e.,
ion velocity less than Zieth, collisions of the ion take
place with the nuclei which completely stop the ion. In
mest -cases, +the stoppe&—ion—resté'interstiaily~in the
crystal lattice. The largest impurity concentration is
thus found at a penetration distance, "xp“, from the
surface. As a first approximation in the region where
"nuclear collisions dominate, the ﬁenetration depth is
proportional to the sgquare root of the ion beam energy.

This penetration depth is described by:

2/3 h .
gi ) MI + MSi

X = - EI(R), (2.5)

ZIZSi MI

2/3

0.7 (ZI + Z

Eg is the energy of the ion beam in eV, Z and M refer to
the atomic number and atomic weight, respectively, while
the subscripts I and Si refer to the ion and to 8i, 're-
spectively. The concentration varies from the penetration
distance approximately according to a Gaussian distribution

and the impurity distribution can be described by the

empirical relationship,

Clx) = ¢, exp (-(x-x)%/2 0%, (2.6)

Cp is the concentration at the penetration distance, and

GE is 'called the standard deviation of the concentration

10



function, or the distance from X, at which the concentra-

9 .
tion is equal to cp/fe. The peak concentration depends
upon the ion beam current (i) and the. implantation time (%)

or
c, = —— cm “. (2.7)

The unit of i is mA, that of t is seconds, and Op is
i:s given in um.

The penetration distance can be calculated from
_ electron and nuclear ionic collisions only if I."chamnualim:,r"
does not occur. Channeling is the name given to the con-
siderably enhanced penetration distance of ions which are
aligned in low index crystallographic difections; and
therefore travel paraiiel to and in between high atomic density
crystal planes. Since ions travelling this path experi?nce ‘
relativély fewer collisions with silicon atoms, they can travel
further into the silicon. To avoid channeling, the beam must
be orieﬁted at a slight angle (~7°), from the orientation of
~the low index crystallographic axes. This increaséé the
apparent distribution of atoms in the crystal plane
normal to the ion beam's path, and thus increases the pro-
bability of ion-nucleur collisions.

The implantation process results in the displacement of
the silicon atoms from their normal lattice sites by the ion
collisions, thus creating "vacancies" and "interstitials",

The implanted impurity atoms, predominately located at intersti-

11



tial sites, and are not electrically active. Thus few
impurity atoms which take up substitutional positions,
" tend to compensate the originally present impurity atoms
of opposite dopant type, and thus to shift the Fermi
level of the silicon towards the center of the energy gap.
Annealing of the ion implanted wafers is thus required
both to reduce thé nentioned crystal structure damage re-
gulting from the implantation process, some of which is
electrically active (recombination and trapping centers),
and to electrically "activate® the dopant impurity by
moving its implanted atoms from interstitial to substitu-
tional sites.e

Even though thermal annealing broadens the impurity
profile as far or more than obtained by use of relatively
low temperature, short time diffusion as used for solar
cell production, it is the only annealing process reported
so far that produces ion implanted cells with efficiencies
equivalent to those prepared using diffusion. A thermal
annealing cycle of 1lh at 450°C and 0.5h at 850°C has been
found to result in performance-wise competitive silicon
solar cells.(lO) This, in part, negates the potential
advantage of ion implantation, which exists in being able
to control the dopant profile at will by changing the
implantation energy and dosage together. Such "designed
profiles” could lead to higher efficiency solar cells.
Electron and laser beam annealing have therefore been and
are being investigated because of this as well as several

anticipated advantages. These have, however, so far not

been realized, and cells with efficiencies comparable to

12
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those obtained bf the ovenbannealing process have so
far not been reported. If a suitabie annealing prqcesé
could be found that would limit the junction movement of
ion implanted cells and simultaneously provide goéod
impurity activation and healing of implantation-induced
crystal damage, so that ion implanted solar cells might
attain higher efficiencies than cells prepared by diffu-
sion proéesses, then ion implantation would ﬁecome a most
interesting process option, even at a possibly somewhat
higher process cost than diffusion.

With an efficiency advantage of the ion implanted
solar cells not yet achieved over the diffusion produced
cells, the potential application of ion implantation, as
part of a LSA solar cell sequence will be primarily deter-
mined by the degree of cost reductions that can ultimately
be attained. Currently, the high capital costs, the low
reliability, and the low throughput rate of jon implanta-
tion machines, make junction formation with them too costly
to be used for large scale solar cell production. Large
cost reductions are, however, expected to be accomplishe&
in the future (1986) by several approaches. Approaches
to this énd include the introduction of large throughput‘
machines with high current, hot cathode ion beam sources
incorporating an analyzer and more automated operation
through computer control(7), and the development of ion
implanters with unanalyzed or roughly analyzed ion beams(s’ll)

using hollilow cathode sources. Some current and future

13



applications of ion implantation are listed in Table I
along with the conditions contingent to the two potential

advantages of lower cost and higher efficiency.
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EVALUATION OF ION IMPLANTATION
FOR LSA PRODUCTION

' PRINCIPAL
APPLICATION STATUS ALTERNATE PROCESSES

px JUNCTION FORMATION PROVEN: PERFORMANCE  DIFFUSION
EQUAL DIFF'D JCTN. CvD/ EPI °

'BSF OR BACK HI/LO JCTN, CONCEPTUAL THICK FILM/ALLOYING :
DIFFUSION; ©vVD/ EPI

FSF OR FRONT HI/LO JCTN.iEFFECTIVENESS NOT DIFUSSION

- YET PROVEN CVD/EPI

CONTACT METALLIZATION  CONCEPTUAL " THICK FILM
ELECTROLESS PLATING
VACULM EVAPOR’H
SPUTTERING

ION IMPLANTATION FOR pn-JUNCTION FORMATION

CONCEIVED :

ADVANTAGES - CONDITIONS — STATUS

LOWER COST LIKELY ONLY IN SEQUENCE  TECHNOLOGY ADVANCEMENTS
WITH OTHER VACUUM PRO-  REQUIRED,
CESSES

HIGHER CELL PER- DEPENDS ON SUPERIOR ~~ STILL TO BE DEMON-

FORMANCE THAN IMPURITY PROFILE, STRATED

ACHIEVABLE BY FEWER CRYSTAL DEFECTS

ALTERNATE PRO-
CESSES

Table T

i5



B. Appraisal of Present-day Ion Implanters

Ion implantation is currently used in semi-conductor
industry production activities for implantingrin solid state
devices,impurities of low dosage and relatively deep-penetra—
tion (high energy). In order to gather information on the cur-
rent state of production line ion implantation, we visited,
among others, RCA-Somerville, where a Varian~Ex?rion 200-1000
ion implanter is used for integrated circuit manufacture, as
well as for solar cell(lz)fabrication in pilot operations.
Implantations are routinely performed at beam currents rang-
ing from 0.1 A to 1.5 mA, at voltages up to 100 kV, alternating-
ly with P+, B+ and As+ ions, in a 24 hour-a-day schedule of
5 to 7 days—-a-week.

The Varian—Extrion 200-1000 ion implanter is available with
a semi-automatic cassette wafer feeding mechanism that allows |
continuous processing, increasing its output rate to 300, 7.62-ci
round wafers per hour. In order to achieve this output rate,
the ién implanter also has to be modified to operate in a high
current (4 mA), low voltage (<25 keV) mode. These options are
included in a Varion—Extrion 200-1000 implanter in operation at
Spireﬁz) Additional options provide an off-axis beam tilt
to minimige channeling. To achieve dose uniformity and avoid
shadowing from a tilted beam on a texture-etched surface,
the wafer is rotated about its axis at 1 rev/sec.

The cost of such a machine is approximately $315,000 and

it requires one full-time operator. To achieve acceptable

16



machine operation, the RCA personnel have found it necessary

to have a skilled technician stationed within the immediate Vi~
cinity of their ion implanter at all times, and to make adjust-
ments in the machine operating parameters guasi-continuously.
They believe that computer controlled functions, similar to

(7)

those proposed by Spire in their ion implanter design,
could considérabiy raduce the need for continuous skilled
attendance. They mentioned, however, that designing adequate
computer controls might be difficult since, so far, adequate
sensing of the status of all parts of the machine and -of the
parameters affecting its operation does not exist. Thus,
correctly operating the ion implanter is still more of an art
than a science and reguires the adjustment of many functionally
interrelated controls. Similar statements were variously
heard, summarized by Varian-Extrion personnel in the remarxrk that
successful machine operation depends very heavily on the operator,
and that wide variations are experienced among the various users.
RCA personnel has found that leakage from the high voltage
machine elements, in part due to condensed source material,
tends to interfere with the sensitive dose rate measurements and
the machine control. COther problems resulted from persistent
leakage of cooling fluid which could be reduced by the use of
freon in lieu of the more common deionized water, albeit at
significantly higher costs for the make-up fluid.

One of the major problems mentioned at RCA and elsewhere,
is the deposition on many parts of the machine of atoms of the
implanted species as well as of material sputtered off the

various parts of the source. Arsenic is especially troublesome

17



in this respect because of its relatively low vapor pressure
compared to other implanted species. This deposition occasion-
ally results in electrical malfunctions, such as shorting of
insulators and arcing, which occasionally has led to power
supply or logic board damage. The machine, therefore, requires
frequent thorough cleaning of the affected regions. Phosphorus
also condenses on the machine's interior, and we have heard
of short phosphorous fires upon opening the machine.

Much of the unscheduled maintenance is performed under
service contracts. RCA personnel mentioned that such a
service contract with Varian-Extrion has an annual cost of $13,000.
This contract provides the so-far extensive on-location servicing
by Varian-Extrion personnel and replacement of failed parts,
frequently circuit boards. RCA personnel estimates that about
two~thirds of this money covers time and expenses of the service
personnel, and the remainder replacement parts. RCA has re-
cently introduced regular scheduled maintenance of their Varian-
Extrion 200-1000 "high current" implanter for which 4 hours per
week are allocated. During these maintenance periods, the
machine interior is cleaned, filaments, if needed, are replaced,

vacuum pump oils are changed, the machine inspected, and poten-

tially unreliable parts identified and replaced. Since this
institution of preventive maintenance, the previously fregquent
machine breakdowns have decreased to a tolerable level. At RCA,
the experienced filament lifetime, as plotted on Figure 2,

is in the 60 to 120 h range for an average ion beam current of
arcund 0.75 mA, althoggh much implantating is done with a 1 mA

beam current.(lz)

18
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Because of the relatively frequent machine breakdowns
of ion implanters, RCA's personnel have found it necessary
to keep an extensive spare parts inventory, so that bad or
suspicious parts can be replaced with minimal machine down time,
in order to maintain production schedules and to reduce the
impact on operating costs which are heavily influenced by the

high cost of the equipment.

An ion implanter has been in operation at
Western Electric since 1974 in a production line, high through-
put mode. This implanter, called the PR-30, has an output
rate of 450, 7.62-cm diameter wafers/h at a dosage of

15 ions/cmzﬁlB) The machine can accomodate either a hot

1x10
cathode, Freeman-type source, or a cold cathode (Penning)
source. It operates in a low voltage (30keV) mode. In the
case of the cold cathode source, a phosphorus current of

5 mA is obtained, with a source lifetime of 40 h}l4)

The wafers
(7.62~cm diameter) are placed on a disk, 30 at a time. The
disk is mounted horizontally in the ion implanter. After pump
down to 10-5 torr, which takes approximately 3 minutes, the
disk is rotated at 900 rpm while the underside of the wafers is
exposed to the fixed ion beam. The total time of each run is
approximately 4 min. ;
The PR-30 is physically, a relatively small machine. The
implantation unit, without controls, occupies a floor area of
1.8m x 2.1lm. Two standard instrument racks house the control

units. The PR-30 is used only in Western Electric factories,

and it is not sold on the open market. We have been given anestimated

20



price for this machine, if it could be marketed, of less than
(15)
$300,000.

A high current (10 mA) and low voltage (10-50 keV) ion
implanter, designated NV-10, is currently being rea@ied by .
Nova Associates for introduction into the marketplaée. The
machine uses a Freeman, hot cathode source, with an expected
lifetime of 16 h at 10 mA. The machine costs approgimately
$410,000.(16) Its output raté for a 2 x 1013 ions/cgm2 dosage
of 270 wafers per hour of 7.62-cm diameter is limited by the
‘wafer feed mechanism. If a faster feed mechanism cquld be in-
stalled, the output could be increased to 3—4 times the
ﬁresent one, to take bétter advantage of the machine's high beam
current. The wafers are mounted, 18 at a time, in é disk that
is rotated in a near vertical plane during implantaéion. "The
sfétiOnary beam is approximately lcm x 2-3cm. AS qith thé
Western Electric implanter, wafer rotation eliminatéé the need
for magnetic or electrical beam scanning.

An add-ori process price of $33.96/m2 for implagtiﬁg
phosphorus with a 1-2 x lO15 ions/cm2 dose was calg¢ulated for
the modified Varian-Extrion 200-1000 machine. This price
includes the cost of the silicon sheet lost~in-process. The
sheet price used applies +to silicon wafers which héve been

:
texture etched on one side. The slicing cost was taken from our
previous study(l7), of current production slicing cests (HAMCO
ID data). The details of the price calculation for ion this pro-
cess are shown in a UPPC format attached in the Appendix. The -
add-on process price for ion-implantation using the modified

Varion-Extrion 200-1000 is low compared to other pr%ces calculat-

ed for currently used ion implanters. For instance, the calculated
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add-on process prlce for the Varlan—Extrlon 200-20 A machine ’
is $303. 42/m2 (4) ThlS hlgh prlce is due to the machlnes s
low throughput rate as it was designed for high voltage,

low current (under 0.2 mA) operation. Its hourly output rate
_therefore is only 10 cells of 12-cm diameter.

It should be noted that the given add-on price calculation
for the modified Varian-Extrion 200~1000 implanter is based on
experimental, not production line data. Therefore, this value
does not reflect the breakdown or maintenance problems ex-
perienced by ion implanters in production operations. However,
reliable detail data are not yet available for the cost
components of regular production ion implantation, since
this process was only rather recently introduced as a production
process. Still, if such data would be available, they would
not represent the ultimately achievable costs, after machine
and process maturity have been attained. While efforts are
in progress to adapt the ion implanters better to production
line operation by increasing their throughput rate, mechanizing
their operation and improving their reliability, it will
be some time before the process will be a mature production -

operation with similar costs experienced by the various users.
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C. Ion Implantation and Diffusion

The application of ion implantation for PN or high/
low junction formation in process sequences for future
large scale LSA manufacture depends on the fulfillment of
either of two conditions: 1.) its costs are equal to
or lower thah those for PN junction formation using diffu-
sion or high/low junction formation using alloying or
diffusion, possibly in combination with each other or .
with other process steps; or 2.} the performance of the
solar cells fabricated by use of ion implantation is ade-
guately higher than those prepared by other processes
and is adequately higher to justify a higher price.

As diffusion is a major competitive pfogess, we have
examined the attributes and costs of present and projected
future diffusion processes. In their current production
operation,:Speqtrolab uses opén—tube diffusion of phosphine
diluted heavily in hydrogen to form a PN junction. Thanks
to the data supplied generously by R. Oliver and E.L. Ralph

of Spectrolab, (1)

we have been able to make a detailed
analysis of the present diffusion process as a baseline
case, the results of which are contaihed in

a UPPC format attached to the Appendix. The diffusion
process takes approximately 35 minutes for a run containing
75 wafers of 7.62-cm diameter. We have observed that the
proceés as performed by Spectrolab is very labor intensive.

The reason is that only two diffusion furnaces are needed

to handle the entire production, but one operator is needed
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to attend the process. Thus, this operator devotes most
of his/her time to manually loading and unloading wafers
onto and from the gquartz diffusion boat, which could be
done mechanically. If one assumes automatic wafer feeding,
the operator's time could easily be reduced to 10 minutes
per run, and the processing add-on price would be re-
duced to approximately $9.50/m2 from the present value
of $12.74/m° (SAMICS methodology) .

Another significant cost contributor, and one that
has been ignored in most projections for future diffu-
sion processes, is that for cleaning the quartz furnace
tubes and boats, which is usually done with a HF-HNO3-H20
solution, as often as twice a day. Frequent quartzware
cleaning has been found instrumental to maintaining high
cell efficiency, but it contributes $2.23/m2 to the
diffusion add-on price in the Spectrolab'process. This
price contribution was calculated assuming that the
quartz cleaning operation requires 1 h/work day of labor, and
a tube cleaning tower which costs $15,000 including installa-
tion, and which is shared between the two furnaces. About half of
this cleaning cost contribution is due to equipment costs,
with the remainder, listed in decreasing magnitude, shared
between labor, facility, and material costs.

Future diffusion price projections, such as for
Motorola's phosphine (PH3) process,(z)also detailed iﬁ a UPPC
format in the Appendix, are about a factor of four lower

than present calculated prices ($3.10/m2 compared to
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$12.74/m2). The Motorola procéss which has approximately
the same wafer throughput rate as Spectrolab's current
process, is applied to 1l2-cm diameter wafers, rather than
7.62-cm wafers in the Spectrolab process.

The 12-c¢m wafers have an area that is nearly 2.5
times larger than that of the 7.62-cm wafer, accounting
for most of the cost difference between Motorola's and
Spectrolab's diffusion processes. The reét of the
cost difference can be attributed to the more automated
nature of the Motorola process, requiring half-as-much
labor as Spectrolab requires, and the lack of inclusion,
by Motorola, for cleaning of the guartzware. On the
other hand, notable are Motorola's projected use of
significantly more energy and direct material (phosphine)
than Spectrolab is consuming now.

Currently, the PN junctién formation process by
diffusion is not a large cost-contributing factor in cell
processing. In application of the diffusion process, a
separate annealing step is not required, at least not beyond
a somewhat slowed cooling rate from diffusion temperature.
A separate post-annealing step is, however, reguired after
the ion implantation process to reduce the crystal damage
resulting from implantation, and to activate the impurity
species. Therefore, the annealing cost must be included in
any cost analysis of ion implantation. Using a Thermco
eight-tube diffusion furnace, which has an output rate of

1,000 12-cm diameter wafers/h, an add-on price of $l.18/m2
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was calculated for the annealing process step. (For

details, see the UPPC format attached in the Appendix.)
If ion implantation is to replace diffusion, it may be
dble to bécome cost competitive only as part of a more
extended sequence of vacuum processes, or by producing

cells of significantly higher performance than achievable

by the diffusion process.
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D. Technology Development for Future Ion Implantation Machines

The realization of the 1986 cost projections for ion im-
plantation is contingent on several improvements in the tech-
nology of ion implantation machines. For one, the ion beam
current has to be increased significantly to achieve. econo-
mically acceptable throughput rates. Also needed to be in-
creased is the lifetime of the source, in terms of mAh's,
to avoid excessive costs from changing and rebuilding the
sources, as well as machine downtime. To reduce skilled labor
requirements, the implanter's controls should be as automatic
as possible. In addition, continuous or semicontinuous wafer
feed, along with appropriate vacuum pumping mechanisms have
to be employed. Also, care has to be taken in the mass analyses
and the control of large current/small voltage ion~beams needed
for solar cell fabrication, because space charge effects make
those operations difficult. In some LSA process sequences,
ribbon material is planned to be the substrate. Since rotation
of elongated rectangular workpieces about their axis is impracti-
cal, other procedures to achieve uniform deposition have to
be utilized in the future implanter, e.g., magnetic¢ or mechani-
cal beam scanning.

As mentioned previously, at present, PN junction
formation using open tube diffusion is a small cost contributor
to the solar cell module cost, constituting approximately 1%.(18)
Q replacement process for diffusions in future LSA process se-

quences would require lower costs, or yield higher performing
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cells, or offer a simplified fabrication sequence. Implanta-
tion costs are expected to be lowered dramaticafly by increasing
the ion implanter's throughput rate from about 2 mz/h to

nearly 200 mz/QL To. accomplish thirs, the total ion beam
current, flux rate of ions impinging on the siliqon, is ex-
pected to be increased from 4 mA to 100 mA. If multiple sources
are used, then the ion beam current per scurce needs to be ‘
increased by a factor of } to 5. ZIncreasing the beam current
will, in general, increase the implanter's output rate in

the same ratio. But, as shown on Figure 3, the increase in

the machine's cost per unit beam current decreases with beam

current. In Pigure 3, the experienced machine cost per unit
beam current is plotted as a function of the beam current to-
gether with an extrapolation to the future. The first four
open circles reflect the costs of ion implantation machines
that are in operation and the solid circles reflect projected

data from the listed organizations.
Tn addition to larger ion sources, future implanters

would have to be more reliable than current ones. The high
capital cost of ion implanters necessitates their utiliza-
tion rate to be as high as possible. Proposed future machines
(Lockheed, RCA, Spire) have been projected to have utiliza-
tion rates between 85-95% as opposed to today's 80%. For
Motorola's unanalyzed ion beam implantex, the uptime fraction
is not as significant because of its relatively low cost.

The Motorola machine is expected to cost $85,000 as opposed
to at least $500,000 for any of the other three proposed

machines which employ. analyzing magnets. One reliability
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improvement is expected from increasing the source lifetime
in terms of mAh's with beam current. However, although the
source life expectancy decreases as beam current dﬁﬁpuﬁ in-

creases, as shown in Figure 2, the product of source current

and lifetime increases with increasing output. Therefore

more silicon can be processed between filament changes. In
cne proposa1(7) , multiple and spare sources are employed
so that they could be replaced while the machine is operating.
As listed on Table II, the source lifetime (mAh) is expected
to increése in the future by a factor of ten.

Another.projected improvement is the reduced dependence
of the ion implanter's performance on operator skill. At
present a skilled operator needs to monitor the operating
ion implanter continuously to achieve optimum output rates..
These skilled labor requirements are expected to be decreased,
in fuéure.implanters, by simplifying the machine's operation,(G)
By'lérger batch léads,cB*S) or by using microprocessors. (4)
It is thus'hoped that future implanters could be operated with

unskilled labor with skilled labor called upon only occasionally

for mechanical and electrical servicing.

Since annealing is an integral part of the implantation
process, studies are being conducted in the JPL-LSA pro-

(19)

gram on an optimum process. Processes studied include

thermal, ‘electron pﬁlse, and laser annealing with only thermal
annealing yielding solar cells of comparable efficiency

to those produced from diffusion. Thermal annealing costs,

as mentioned previously aré significant compared to those
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TECHNOLOGY PROBLEMS TG BE RESOLVED FOR
SUCCESSFUL LOW €OST ION-IMPLANTATION

5-FOLD INCREASE OF BFAM CURRENT PER SOURCE (4 MA = 20 mA)

10-FOLD INCREASE OF SOURCE FILAMENT LIFE (25 mAn —> 280 mAn)

REDUCED RELIANCE ON OPFRATOR INFLUENCE FOR EFFICIENT MACHINE
PERFORMANCE '

* REDUCED FREON LOSSES FROM COOLING SYSTEN (HIGH VOLTAGE.)

EASIER CLEANING OF SPURIOUS MATERIAL DEPOSITED IN SYSTEM,
(DEPOSITION PROBABLY NOT AVOIDABLE.)

UNIFORM DEPOSITION W/0 WORKPIECE ROTATION

REDUCED CAPITAL CUST (CURRENT SINGLE SOURCE, 2 mA MACHINES
CAPABLE OF 200 WAFERS/H COST ~$0.5 MiLL.)

IMPROVED ANNEALING METHODS (PULSE ANNEALING?)

REDUCED ENERGY CONSUMPTION, ’

ALTERNATE TECHNOLOGIES:

COLD CATHODE, SOLID SOURCES (SIMPLER SYSTEM. BUT: FASTER SOURCE
' EROSION? MORE SPURIOUS DEPOSITION
IN SYSTEM THAN FROM GASEOUS SOURCES?)
OMISSION OF ANALYZING MAGNET (CAPITAL COST AND ENERGY SAVINGS.

BUT: IMPURITY PROFILE ACCEPTABLE?
SPURIOUS IMPURITIES CONTROLLABLE?)

Table 11
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for future ion implantation processes. Also thermal annealing
decreases the potential efficiency of ion implanted cells.
" The shallow implanted PN junction depth +that can be obtained

from implanting with low energy ions has the potential
of yielding better performing cells than those from the dif-
fusion process, because of greater UV-response. However,
the thermal anneal cyvcle broadens the shallow implanted
jﬁnctions depth, making it comparable to that obtained
using gaseous diffusion.

For an effective use of the ion implantation process,
an extended, automated, vacuum, production sequence has been
propgsed by Spire. For this seguence to be practical, the
annealing process has to be performed in a short time interval.
Since conveyor belt, in the Spire sequence, moves at a rate
of 30 cm/sec, a thermal annealing cycle of only 5 minutes
would require an effective furnace length of 90 m. Electron
or laser beam annealing would be compatible with a rapid
production line, since they can be performed in fractions
of seconds.(lg'zo) However, solar cells annealed with either of
these two techniques show a decreased performance. A summary
of some other technical problems that need to be solved for
the successful implementation of ion implantation for future
solar cell manufacturing processes is listed in Table II.
These problems include uniform deposition of ribbon-shaped
wafers, more effective coolant usage and convenient removal
of deposited source material.

The importance of beam current size to implantation output

is shown by the expression for the unit area ion implantation time:
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. E.602 x 10712 (aosec/ioé] . Eon flux (ions/cm?j 2
tp =k sec/cm” s
) Ion beam (amps)

(2.8)
The proportionality constant, k, is <1 ané“depends on the

‘degree of overscan and the beam utilization. Therefore,
as a first approximation, the throughput rate of an ion
implanter is proportional to its beam current. Because the
implantation process is capital intensive, lowering the machine
cost per unit beam current will lower the implantation cost
in about the same ratio. As can be observed in Figure 3,
the machine costs normalized to their beam current are ex-
pected to decrease approximately proportionally with increased
beam current. For future ion implanters, a large capital cost
decrease per unit of output is anticipated by increasing the
beam current without proportional increases in machine costs.
There are several approaches for increasing the ion
beam current. One approach, proposed by Spire, is to increase
the size and number of the hot cathode sources to 20 mA and
10, respectively. (7) The source current Llifetime is increased by
changing from a Freeman to a Chavet type filament. Higher
currents are tolerable in the latter source, because the
Chavet filament is looped and therefore is not as heavily
degraded by the back ion bombardment. Although source
lifetime does decrease with increasing currents, as shown
in Figure 2, this decrease is less than the incféase in

current. In another approach, a hollow cathode source, similar
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(6) This

to that used in ion beam thrusters, is proposed.
source is expected to yield a current of 100 mA, but be-
cause of the non-collimated, large crossection nature of the
beam it cannot be mass-analyzed. In an ion implanter proposed
by RCA, two 10 mA ion beams are used simultaneously. One

is used to implant the front of the wafer with phosphorus -

at a 1 x 1015 cm_2 dosage while the other implants boron with

14 -2 (3)
cm .

a dose of 5 x 10 The Lockheed proposal has one

10 mA beam:that can process about one 7.62-cm diameter wafer/sec—
ond. (3) The wafers are loaded and unloaded to and from
4 side chambers which surround the central implant chamber.

In the proposed Spire machine, 7 of the 10 sources are
operated simultaneously with six running at a current of
16 maA, and the seventh at 4 mA. The ion beam from each source
passes through a collimator with a slit geometry of 2 x 75 mm
to provide mass analysis. The larger six sources are broken
into two sets with an analyzing magnet for each set. Three
ion beams strike the moving silicon wafers at +15° to the normal
and three at -15°. The wafers are transported on 20x20 cm carriers
on a belt moving at a rate of 30 cm)sec. The seventh and
smaller ion beam is used for a final dose control. The three
remaining sources are used as spares. As plotted in Figure 2,
it is expected, by Spire, that the average source lifetime
can be increased to 24h, or approximately 400 mAh. This
would mean, on average, a source replacement every 4 h with
each replacement requiring lO-lS.min. labor. A "dead" source
is expected to be ready for replacement within 24 h. The

implantation energy is designed to be 10 keV, dose uniformity

to be + 10%, and analysis to + 0.5 AMU. In order not to
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enhance the space charge effect of the large beams, eleétric
fields after the extraction gap are avoided in the Spire machine
design. The scanning deflector, shown in Fig. 1, is
operated magnetically.

The narrow width of the 16 mA ion beams makes them énalyJ
able since the radius of curvature of the ion beams-caused
by the magnetic field can be made larger than the beam's

width. The radius of curvature is given by:
r= ("e) x V/B (2.9}

where (m/e) is the ion's mass to charge ratio, v is the ion
velocity, and B is the magnetic field strength (in gauss).
If a linear magnetic field is assumed, then the deflection
angle is ginul Eé/m) X fB/v)‘q,where %2 is the length of the
magnet. As seen in the top drawing of Figure 1, therefore,
the anglé of deflection depends on the (e/m) ratio. A slit in
the ion path placed preceding the beam selects the desired ion.
A large, transient temperature increase {~800°C) can
cause considerable stress in the silicon wafer, and make sub-
strate movement and handling éifficult. The enerqgy flux den-
sity J, of a 10 kev ion beam at a density of 1 x 10”1° ions/cmz,
is 1.602 j/cmz. With the proposed output of the Spire implanter
of 180 m2/h, the implantation time is 0.002 sec/cmz. The

temperature rise of implanted wafers is given by,

AT = 3/C,P (2D tp) / ¢, (2.10)
where CP is the specific heat of silicon (0.71 j/gOC)(ZI) at RT,
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~and p-is the silicon density (2.34 g/cm3). D is known as the
heat diffusivity which is egqual to k/Cp;» where k is the thermal

(22)

conductivity of silicon (1.47 j/sec+cm oC). The expression

/ﬁﬁ?;# is the thermal diffusion length and cannot exceed
the %afer's thickness. Equation 2.10 is valid when the im-
planted junction depth is small compared to /55%;_ or the
thickness of wafer. This condition is satisfied for NP
solar cell NP junction formation. The junction depth is normally
appfoximately 0.2 pym and the implantation time is sufficiently
long to make the diffusion length several hundred microns.
For implanting a 200 ym thick wafer, with the porposed Spire
machine, the temperature increase over the environment is ex-
"pected to be 48°C.

In Motorola's proposal, shown in the bottom drawing of
Figure 1, a large ion current bheam (100 ma) is obtained from
a hollow-cathode source derived from ion thruster technology.
Ion'thrusters, using ionimation of mercury, have very large
beam currents (several amps), and lifetimes of thousands of
hours. It is thought not to be difficult to modify the
thruster to ionize phosphorus or other suibable'dopants.(ll)
Howevef, the ion thruster beam can not be mass-analyzed
because of its circular cross-section and large diameter.
The dispersion caused by a magnetic field would be less than
the beam's diameter. In addition, the energy spread of ions
emitted from a ion thruster type source hinders good magnetic
éeparation, since the curvature radius of ions unéer the influ-
encé of a magnetic field is directly proportional to its

velocity. The effect on solar cell efficiency of implanting
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with an unanalyzed or a "roughly" analyzed beam is not yet

€23) The

known and investigations have just been initiated.
proposed Motorola ion implanter is fairly simple in design;

the wafers are transported (past the ion beam) by a belt
through differentially pumped vacuum chambers. Dose uniformity
might be a problem, because of the Gaussian distribution of

the beam's intensity and an individual wafer might be exposed
to only a selected portion of the ion beam. It takes less

than 0.75 sec. to implant a 12-cm diameter wafer with a

2 x 1015 cm—2 dosage of phosphorus with a2 100 mA beam. The

low capital cost of this implanter, makes the Motorola pro-
posed ion implanted process the lowest cost one studied in

this report. Details of this cost calculation are contained

in a UPPC format attached to the Appendix.

In the RCA and Lockheed proposed machines, hot cathode
ion sources are employed. In the RCA-proposed Eighine,(B)both
the PN and PP+ junctions are formed simultaneously by using
two separate 10 mA beams. One beam is used for phosphorus and the
other for boron. fThis machine can process approximately
. 100 cmz/sec, and allowing time for beam scanning and beam
loss at edges, the machine's throughput is 2000, 7.62-cm
diameter wafers per hour. The wafers are transferred auto-
matically from 500 wafer cartridges to 50 wafer cassettes from
which they are then removed to a holder for implantation.

The high capital cost of the RCA implanter relative to its
output, makes the RCA process the most expensive of the future
implantation process projections. -

The Lockheed proposed machine uses a 10 mA beamn, anq can

(5)

implant 3000 wafers/h (7.62-cm diameter). The wafers,
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which are batch-loaded, are held in 1200 ring-shaped trays

cr carousels (50 wafers/tray) that are stacked and distributed
among 4 cylindrical vacuum chambers adjacent to the implanta-
tion chamber. During the implantation process, the trays are
transferred to the central chamber where they are rotated

such that each wafer is scanned on its underside by the ion
heam. This is repeated 4 times for each tray to assure dose
mwiformity. The ion beam is kept constant at 7° to the normal
while the wafers are rotated. This eliminates the need for
electrical or magnetic beam scanning. After all the wafers

. in the machine have been scanned, vacuum in the implantation
system is broken and the wafer loading cylindrical chambers
are replaced. It takes approximately 20 hours for the com-
pletion of one run: 2 hours for loading, 16 hours for pro-
cessing, and 2 hours for unloading. The Lockheed process
employs phosphorous pentaflouride (PFS) as the source gas,
instead of PH, or P. Phosphorous pentaflouride is very
expensive and is a large cost contributor (about 16%) to

the add-on process price as shown in the UPPC format attached

to the Appendix.
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E. Junction Formation Cost Structures

The costs of present and future junction formation pro-
cesses, broken up into their material, labor, capital, over-
head, and returﬁ—onwequity components, are summaxrized in
Table ITII. The cost calculations are based on the SAMICS

methodology (24)

and are detailed in UPPC formats attached in
the Appendix. Also listed in Table III is the throughput
rate, in terms of number of wafers processed per hour and
their diameter.

The cost of the wafers, which are reflected in the lost-
in-process cost, are taken from our previous studies of ‘
slicing processes (l7hand the 1986 silicon and sheet value

(25)

goals listed in JPL-LSA's price allocation guidelines.
addition to slicing, the cost of one-sided texture etching
is included in the current and future wafer prices. The
etching is performed by applying etch stop in the form of
wax on one surface, texture etching with 30% NaOH at 90°C,
and removing the wax ﬁith plasma etching. The etching step
costs have been derived from information published by
Motorola,tzs)and add up to approximately $3.O9/m2. The cal-
culated prepared wafer prices are $350.98/m2 and $41.21/m2
for 1978 and 1986, respectively. The specific process for
the current wafer price is slicing 10.16-cm diameter wafers
with a HAMCO ID saw.

The first two columns of Table III refer to current

implantation and diffusion techniques, while the other columns
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IIX.

Technical and Economic Comparison of Present and Proposed

Junction Formation Processes ,

Add-oh Cost Components ($/m2)

ORGANIZATION Varian-Extrion |Spectrolab |Motorola | Motorola RCA Lockheed Motorola Motorola Spire
200-1000 wF PH3 dif~- PH3 dif- E-step 2-s51d@ ion __'Fp“'s_ ACELvation | Unanalyzed | High thruput
(Spire) fusion fusion |diffusion]| implanta-| Implantition | annealing ) beam im- | ion implan-
process | tion w/an- planter ter
nealing
(1578) (1978) (1986) (1986) {1986} {1986) (1986) (1986) {1986)
Throughput/rate (no.h~1l/dia.(cm)){| 240/7.6-cm 129/7.6-em 1 1000/12- | 1C00/12- | 2000/7.6- {3,000/7.62~-cm | 2000/12-cm 4800/12~cm | 18,000/10~
em én om on
1. Direct Materials 0.0l 0.02 0.29 2,.2€ 0.25 0.86 - 0.03 " 0.07
2, Indirect Materials 0.75 0.19% 0.20 0.25 0.69 0.68 0.03 0.07 0.02
3. Expendible tooling 2.63 0.28 0.11 0.16 0.27 0.05 0.00 0.06
4. Electracal Energy 0.65 0.08 0,22 0.44 0.22 0.02 0.10 0.02 0.08
5. Total Materials 4.26 0.59 0.86 3.27 1.51 1.63 0.19 0.13 0.24
(1.0526* {(l.+2,+3,.+4,))
6. Direct Labor 4.84 4.65 4,52 1l.68 0.42 .55 0.24 0.12 0.06
7. Maintenance Labor 1.36 — 0.08 ¢.37 0.14 - 0.02 0,02
8. Indirect Labor 1.55 1.17 0.15 0.51 0.14 0.14 0.06 0.03 0.02
(0.25* (6.4 7.)}
9. Total Labor 8.19 6.12 0.78 2.72 e.73 0.73 5.32 0.18 0.1
{1.3158 = {6.+ 7.))
10. Equaipment 7.42 1.15 0.17 0.79 2.45 0.99 0.08 0.05 0.36
1L. Facility 0.39 0.30 0.05 0.1% 0.26 6.23 0.03 0.02 0.01
12, capital {(10.+ 11l.) 7.81 1.45 0,22 0.98 2.71 1.22 0.10 0.07 0.37
13. Overhead 0.48 .10 0.02 6.05 .17 .08 0.01 0.005 0.02
14. Retuxn-on-equity 13.27 o 4.12 0.77 2.96 4.68 2.76 0.31 0.21 0.58
15, Add-on price of process 34,01 12.38 2,65 5.98 9,90 6.42 0.95 ¢.60 1.31
16. Yield (%) 99 99.9 99 - - 93.2 99.4 59.8 9.9
17. Yielded add-on process price 34.36 12.39 2.68. 9.98 9.90 6.47 .95 0.60 1.31
18. Cost of silicon lost-in-
process 3.51 0.35 0.42 1.78 0.84 0.32 0.25 0.08 0.04
19. Add-on price 37.86 12,74 3.10 11.76 10,74 6.79 1.20 0.68 1,35




detail the costs of proposed processes. Two multi-sfep se-
quences for producing front and BSF cells are also shown on
Table III. The 5-step Motorocla diffusion process, which
is detailed in Table IV, consists of protecting the front
surface by spinning-on~silica, diffusion of the BSF using
BC13, a spin-on silica protection of the back surface,
phosphine diffusion, and stripping of silica from both surfaces
with a 4:1 NH,OH;HF solution. The result is an N+PP+ wafer
with no siiica coating, ready for metallization or AR-coating.
The other multi-step process consists of RCA's double-sided
ion implantaticn followed by thermal annealing. The RCA
2-step process yields wafers equivalent to Motorola's 5-step
wet chemical sequence.
The cost components for activation annealing are included
in Table III because it is presently a necessary step after
ion implantation to achieve state-of-the-art performing cells,
Annealing costs are significant compared to those derived using
the high throughput implanters propcsed by Mdtorola and Spire.
The major cost components from Table III are graphicall&
represented on Figure 4. 1In addition, Figure 4 includes the

cost of RCA's proposed gaseous diffusion using POC1 This

3¢
diffusion process takes apprcximately one hour and has an
output rate of 2,000 7.62~cm diameter wafers per hour. Addi-
tional details of the RCA POCl; diffusion process are con-
tained in a UPPC format attached to the Appendix.

The prices for the proposed PH3 and POCl3 diffusion processes
are $3.01/m2 and $3.86/m2, respectively. These two processes

should be available for near term production seguences; nc major

technical problems need to be solved for their applicability.

41



Table IV

Yielded Add-on Cost Components for Motorola's 5-Step

Wet Chemical Front Junction and BSF Sequence ($/m4)

T Step Cumulative . Return-on | Lost 8i :
Process Step Yield (%) Yield (%) . {Materials { Labor Capital Equity (1986) Subtotal
1. Spin-on silica 99.0 95.9 1.06 0.50 0.28 0.72 0.43 2.99
(front surface)
2, BSF diffusion 99.0 96.8 0.33 0.81 0.24 0.69 0.43 2.50
with BC1
3
3. Spin-on silica 99.0 97.8 1.04 0.49 0.28 0.71 0.42 2.94
{back surface)
4. Phosphine 99.0 98.8 0.79 0.79 0.24 0.78 0.42 3.02
diffusion
for front
Junction
5., Stripping of 94¢.8 99.8 0.06 0.15 0.01 0.05 0.08 0.35
gilica with 431
NHAOH:HF
solution
Totals 13.28 2.74 1.05 2.95 1.78 11.80
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Tﬁe cost decreases for the diffusion processes are about a
factor of four lower from current ones, and for the most paft,
depend upon throughput increases. The higher output rate

for Motorola's diffusion process, as compared to Spectrolab's,
is based on processing larger wafers (l12-cm) at the same

rate as smaller ones (7.62~cm). The larger area (2.48x)

of the 12-cm diameter wafers accounts for the higher through-
put rates of Motorola's process. RCA proposes to automatically
transfer wafers from cassettes to furnace boats, and load/
unload the boats from the furnace, to increase output rates.
The loading and transferring machines add to the capital éost
cf the RCA process, but increase output sufficiently to

lower unit area costs.

The RCA 2-sided implantation process, which is included
on Figure 4 with annealing, and the Lockheed implantation
proposal, should be ready for near-term production (1982~
1984) . Both these machines have 10 mA ion beams. The RCA
implanter actually Has two 10 mA beams but only one is used for
' the front junction formation. This beam size is only twice
as large as some machines in operation and a 10 mA machine,
the NV-10, by Nova Associates, should be introduced into the
m;rketplace shortly.

The processing costs from employving the high current (100 ma)
machines by Motorola and Spire are the lowest ones listed
on Table III for junction formation. However, a longer time
than for the other options discussed above will be needed
before these machines are suitable for production use, because
of larger extrapolations of ion currents and throughput

rates. In addition, the Morotola 100 mA proposal has reductions
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in labor, and capital costs because of its greatly simpli-

fied operation. Ii employs an unanalyzed beam from a hollow
cathode source, thus eliminating the need for any acceleration,
magnetic, and scanning capabilities. The hollow cathode

source originally designed for space propulsion use in ion
thrusters, should give the high currents and lifetimes neceassary
for a low-cost, high throughput operation, needed in solar cell
manufacturing. But, the effects on cell performance by
implanting with an unanalyzed beam are unknown, although
investigations have recently been initiated}ZB) Spire expects
their implanter to have a 1l00-fold increase in output rate

over current machines. This is to accomplished, for the

most part, by increasing the beam éﬁrrent to 100 mA, by

having a continuously pumped, belt system, feed mechanism, and
by incréases in machine reliability by extensive use

of microprocessors and redundant beam sources.
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3. Conclusions

In order for the front junction formation processes
involving gaseous diffusion and ion implantation to fit into
future (1986) low-cost solar cell fabrication sequences
their costs will have to decrease by factors of approximately
four and ten, respectively. At present, the phosphorus diffu-
sion process cos£ is $12.74/m2 while the ion implantation
of phosphorus costs $37.86/m2. It is anticipated that the
future cost contribution for front junction formation would
be less than $3.20/m2.

The costs in the long term ion implantation projections
by themselves seem significantly lower than those of the diffu-
sion processes, but adding the cost of the necessary activa-
tion annealing, makes the costs comparable. For combined front
and BSF sequences, the cost differeﬁce between a wet-
chemical process (the 5-step Motorola sequence} and an equi-
valent multi-step process employing ion implantation, is about
$1/m2. The closeness of these two projections makes it diffi-
cult to judge which would be economically advantageous in
1986. From cur calculations, it would appear that ion im-
plantation and diffusion could be competitive.

Future junction formation processes will have to fit
well into high volume process sequences. Even though
currently, gaseous diffusion is an inexpensive step in

manufacturing solar cells, its costs have to be reduced
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even more to fit into the future LSA framework. Cost
reductions depend upon larger throughput rates to be achieved
by processing larger diameter wafers, and by automatic wafer
transfer. Wafer transferring could be accomplished using
specifically designed machines, which would increase the
capital cost of gaseous diffusion. Another cost reduction for
diffusion is related to guartzware (boats and tube liners)
cleaning using mild chemical etching. The cleaning is necessary
to minimize wafer contamination and is currently a significant
cost contributor to the diffusion process. The regquired cleaning
frequency and alternative cleaning procedures should be investigated.

Ion implantation has recently been introduced into
production activities, and its state-of-the-art performance
is rapidly changing. During the last decade, ion beam current
(and consequently the throughput rate) has increased by a
factor of 1,000~ from a few microamps to, soon to be intro-
duced 10 mA. For low-cost solar cell junction formation,
- the implanter's beam current would have to increase by an
additional order of magnitude and its cost reduced by
approximately a factor of 20. The feasibility of achieving
these goals cannot, at this time, be assured. But certainly,
activity in this area should be continued.

If ion impléntation's cost reductions could be accomplished-
through larger throughput rates and greater reliability, and
if a compatible annealing process could be perfected, then ion
implantation would be a strong candidate for junction formation
in future LSA process seguences.

The cost reductiocons required for gaseous diffusion to meet
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the LSA future price goals are not as dramatic as those

needed for ion implantation, and are nof as dependent on
technical development. However, studies should be continued

in automatic wafer handling and in gquartzware cleaning methods,
because these are potential add-on price reduction arsas for

diffusion.
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4, NEW TECHNOLOGY

No new technology developed during this quarter.
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APPENDIX

The University of Pennsylvania Characterization
Formats for Gaseous Diffusion and Ion Implantation

Junction Formation Processes

Note: The time units used in these formats refer to plant
operating hours.



Process No.‘73j‘]'1 ]_[O[ 1]-%70[1

University of Pennsylvania
PROCESS CHARACTERIZATION
(UPPC)
Process: Device Fabrication

Subprocess: Junction Formation

Option: Ion implantation (nhlayer,pmxghéﬂm)

using a modified Varian—Extrion 200-1000F)

Form

fwb

INDEX

EQEE Pages Rev. | Date ' Remarks

1 - ) 1 4/9/79

2 1L to 1 1 4/9/79

3 1 to 1 1 4/9/79

4 1to 1 1 479/79

5 1 to 1 1 4/9/79

6 ' 1to 1 1 4/9/79

7 1 to 1 1 4/9/79

8 1l to 1 1 4/9/79

9-1 1 to 1 0 4/9/79

9-2 1 to 0 - -

9-3 1 to g - -

10 1l to 1 0 4/9/79_

11 1 to 1 1 4/97/79

12 1to 1 1 4/9/79 ;
13-1 1 to 0 - - :
13-2 1 to 1 1 4/9/79 1
14 1 to 0 - . !
15 1 to 1 1 4/9/79

16 1L to o -~ -

33
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Form 2
T Page 1 of 1
] Revision __ 1 _ Date 4/9/79
Process No. [3 | |1 {,[0]1 J={0 |1 0.1 Value Added: 8/
Process Description: Ion implaﬁtation of phosphorous, using 5% phosphine in Ho with a modified Varian-

Extrion 200-1000 implanter with cassette loader, operating at an ion beam current of 2-4 ma. at 10 Key

Using 3" dia. wafers (45.6 cm®), a cassette load (25 wafers) is processed in average operating time

of 5 min., for a throughput rate of 1.368 m?/h. Machine utilization is 0.8 oper'g hours per calendar

hour, for an effective throughput rate of 240 wafers/calend. hour.

1. Input Specification:

l
Name of Item: Frepared water on sheet material as specified

Dimensions: 7.62-cm diameter, 240 wafers/h

Material: Solar grade silicon

ol

other Specifications:

1.1 Quantity Required: 1.094 m? / p

Unit Cost: 351 &/ m2_

1.2 Input Value: $/

1.3 Input Cost: 384.13 4/ h

-Note to Item l.3:

Use price, if input produced in own plant,




"Process No. ‘_3—! . Il l . ‘0 l H“"‘ OIl‘{ . Form 3

Page 1 of 1
Revision L Date 4/9/7%

2.1 Direct Materials:

2,1 1 Type: 5% phosphine in hvdrogen 3

Specification: _ Only used when machine is operating. Consumption rate is 3.5#10‘4

£t3/miny cost is $0,82/ft3 (SAMICS No. E1472D).

Quantity Required: 0.476 & /_h ; Unit Cost: 0.029 §/ & ;3 Cost:] 0.0138 $/ h
2.1 Type: 5
Specification: s
o
Uy
Quantity Required: / ; Unit Cost: 5/ ; Cost: $/
2.1  Type: .
Specification:
4
Quantity Required: ' / ; Unit Cost: s/ ; Cost: $/

2.1 Subtotal Direct Materials: { 0.014 ¢/ h




Process No. |31, L].[ 0] 1|—[o 1]

_ Form 4
Page 1 of 1
2.2 Indirect Materials (incl. suppliesand non-energy utilities): Revision 1 Date_4/9/79
2.2 1 Type:_Cooling Water . ;
] Specification: Needed continuously to cool diffusion pumps, (SAMICS No. C1128D
Q% |
4~ —_
8%,
Cc®=
0 ¥ —_—
O 0,
%% Quantityv Required: 0.48 kW / ; Unit Cost: 0.566 g/ kWh . cost: 0.272 s/ h
2 .
%_,2.2__2 Type: Liguid N, :
- Specification: Needed continuously for vacuum traps. Consumption rate is
0.096 £t3/h, Unit cost is $5.66/ft3, (SAMICS No. C10R0D)
o —- _
&~
Quantitv Required: 2.69 e %/ h : Unit Cost:0.202 $/% ;  Cost:] 0.543 &/ h
2,2 Type: B e
Specification:
Quantity Required: / ;  Unit Cost: $/ ; Cost: .5/
2.2 Subtotal Thdirect Materials; } 0.82 g/ h




Process No.

3,1 1,

0o j1|=|0

1]

2.3 Expendable Tooling:
\

Revision 1

Form 5

Page 1 of 1

Date4/9/79

2.31 Type: Spare parts ( e.q. tungéten‘ filaments; vacuum seals , pump oils),
Quantity Required: 48 min/ h : Unit Cost: 0.C6 $/ mincost:| 2.88 4/ h
2.3 _ Type:
Quantity Required: / ;: Unit Cost: $/ Cost: 5/
2,3 _ Type:
Quantity Required: / : Unit Cost: S/ Cast: s/
2.3 _ Type:
e Quantity Required: / : Unit Cost: $/ Cost: $/
N 2.3 Subtotal Expendable Tooling: | 2-88 ¢/ h
2.4 Energy
2.4 1 Type: Elect;icity, 25 kW, (usage during_non—operating time is 12.5 kW)
Quantity Required: 22,5 kW _/ min Unit Cost: 0.031%/kWh Cost:] 0,718 $/ h
2.4 __ Type:
Quantity Required: Unit Cost: $/ Cost: . $/
2.4 Subtotal Epnergy Costs: 0.718 g/ h
2.5 Subtotal 2.1 to 2.4! T.13 ¢/ b
2.6 Handling Charge:5.26 % of item 2.5§ 0.23 S8/ h
2,7 Subtotal Materials and Supplies: 4.66 $/h

(2.5 + 2.6)




1i=i 01 Form 6 i
Page 1 of 1_

Revision 1 Date 4/9/79

Process No. {3 j.{.1].10

3.1 Direct Labor:

3.1 1 Category: Semiconductor Assembler Activity: Machine operation
(SAMICS No. B3096D) . .
Amount Required: 1 h/ 1 ; Rate: § 3 894 /h; Load_36.0 %3 Cost: 5-226 $/ h
3.1 2 Category: Electronigs Technician Activity: _Machine adjustments
(SAMICS No. B3736D)
Amount Required: 0.1 h/ h ; Rate: § 5,29 /h; Load 36.0 %43 Cost: 0.719 5/ h
(,\ 3.1_3 Category: Maintenance Mechanic Activity: _ Service and repair
o (SAMICS Wo. B3704D)
Amount Required: 0.1 h/ h ; Rate: $ 5.67  /h; Load__3g,0 %; Cost: 0.771__ $/ &
3.1 Direct Labor Subtotal: 6.79 s/ h
3.2 Indirect Labor: 25% of direct
3.2_ Category: Activity:
Amount Required: h/ ; Rate: § /h; Load %3 Cost: 5/ h
3.2 Category: Activity:
Amount Required: ' h/ ; Rate: $ /h; Load %3 Cost: 5/
3.2 Category: Activity:
Amount Required: h/ . : Rate: § . /by Load %; Cost! $/
3.2 Indirect Labor Subtotal: 1,70 5/ n
3.3 Subtotal 3.1 and 3.2 8.49 §/ h
3.4 Overhead on Labor5.26 % 0.47 $/ h

3.5 Subtotal Labor 8.96 $/ h




Process No.

™Y 1 0 JLi.l0l 1

4,1 Equipment

4.1 1

4.1
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4.1

Form 7
Pagel_of 1

’ ) Revision 1  Date 4/9/79
Type: Varian-Extrion 200-1000F ion implanterxr ‘
Cost: 315,000 $:; Installation Cost: 5,000 $; Throughput: 1.368 m? /h;
Plant Oper'g Time 8280 h/y; Machine Avail'ty:_jﬂl_%; Machine Oper'g Time h/y
Servicing Costs: Labor ==~ h/y at == $/hiParts or Outside Service: == $/y
Useful Life: 7 y; Charge Rate: 21.35 % of Cost/y; Capital Cost: 67,253 $/y 8.12 $/ h
Type:
Cost: $; Installation Cost: $; Throughput: /by
Plant Oper'g Time h/y; Machine Avail'ty: _ %; Machine Oper'g Time h/y
Servicing Costs: Labor h/y at $/hjParts or Outside Service: $ly
Useful Life: y; Charge Rate: % of Cost/y; Capital Cost: $/y $/
Type:
Cost: $; Installation Cost: $; Throughput: /h;
Plant Oper'g Time . . h/y; Machine Avail'ty:  7%; Machine Oper'g Time h/y
Servicing Costs: Labor h/y at $/h;Parts or Outside Service: S/y
Useful Life: y; Charge Rate: | % of Cost/y; Capital Cost: $/y $/
|
4,1 Subtotal Equipment Cost: 8.12 g4/h




Form 8

Process No. ; ) Page 1 of 1
Revision + Date E/?/Jg
4.2 TFacilities: ;
2
4.21 Type: Machine area Floor Area: 19.51 m~; Throughput: 9062 m2 ly
- . . 2 r D Cuwmb OEae Guctly ONGE  Cuwp S SemS Suets  Quith  Smemt QU R
Charge Rate: 179.13 $/(m"+y); Maintenance Costs:
- L . e - L g C—— .
- En::;y Use: ‘-‘ Labor: h/y at $/h
Heating ly at 8/ ; | Supplies: $ly
Air Cond'g /y at s/ l Outeside Services: $/y
. L — m— — —— S—— L] L A - D o ———
Lighting /y at 5/ 1 Total Cost: 3495 §/y 0.42 s/h
S " M T e
‘ 2 ] /
4,2_ Type: Floor Area: m ; Throughput: y
o ey e —rp —— ——t— A L eyl S [ i
Charge Rate: $/(m2 9); LI Maintenance Costs:
A ~‘ L N —t A Sh—— iy ARy — f—— Wily
~ Energy Use: I Labor: h/y at $/h
™ Heating /y at $/ I Supplies: $ly
Air Cond's /y at s/ L_. Qutside Services: $/y
— —— e Sy el SR skerl)  wOn OBt e DWW
Lighting /y at i i Total Cost: $ly $/
e 3 - . - .
4,2_ Type: Floor Area: m § Throughput: v
2 aminy ARk SNy ] iy gyl  GemmlY  (eleraly  gend  (Sxal [ ) r
Charge Rate: $/(m”-y): Mainténance Costs:
awp TR e ohomep tpatie L — -m U". L Oebmry A ‘
Energy Use: lLabor: h/y at $/h
Heating /y at 8/
I Supplies: $/y
Air Cond'g /y at $/
Qutside Services: sty
Liehtin at $/ - oy AN P Ol e dewp el CREWE OToeel Dok Rl
8 & [y - 1 . Total Cost: $/y s/
4,2 Subtotal Facilities: 0.42 $/ h
* Includes energy use 4.3 Equipment and Facilities Subtotal : 8.54 - $/ h




Process No.

3 2 Q,J' —{0 {1

. *

5. Salvaged Material (Work-in-process)

/7

Revision

Form 9-1

Page 1 of 1

1

Date _4/9/79

[

5.1 puantity of Work-in-Process 1. Contained in Good Output
Work-in-Process (per Computation Unit) 1,0835 mé /h
5.21 Input Work-in-process 1. Not Centained in Good Output 5
Work-in-Procéss ("Amount Required" from 1,1 minus 5.1) 0.0109 m* ,h
5.22 Net Amount of 5.21 which is sold for Credit As-Is or
After Applying Re-Process ¢ . - - /-
5.23 Credit for 5.22 at the Market Value of ‘$/ T A
5.24 Cost of Reprocessing Material of 5.22 _ _
at the Average Reprocessing Cost of s/ : 5/
5.25% Net Credit for 5.22 (5.23 minus 5.24): s/
5.26 Material of Type 1. Lost in Process (5.21 minus 5.22) 0.0109 2 s n
: o - - A A 3 Yo TR TR
5.3 Cost of Work-in-Process Lost {(Amount 5.26 Times Unit Cost 1.1) 3.84 S/ h
5.4 Cost of Work-in-Process Contained in Good Output Work-in-Process
{Amount 5.2 Times Unit Cost from 1.1) 380,29 g/ h
Salvaged Materials Summary:
. - TR
+ 5.8 Total Net Credits for All Salvaged Materials (5.25 + 5,67 + 5.76) $/




Process No.l 3 I_

0 I N Oll

L

6. Byproducts and Wastes

6.1 Solid Byproducts/Wastes

6.1

7

Form 10
Page 1 of 1

Revision 1 Date 4/9/79

Type (Composition): Quantity Produced: /
Physical Shape/Size: Energy Content: kiWwh/
Density: . g/cm3; Water Solubility: _ g/l at _ Oc; pH:
Toxicity: Biodegradable: Other Remarks:
Type of Disposal:
Input Material for: Cost/ {Credit) s/ : Cost: s/
6.2 Liquid Byproducts/Wastes (inorganic):
6.21 Type (Composition): From cleaning cassettes Quantity Produced: /
Density:____g/cmg'; Suspended Solids: Amount : ng/1l pI-.]:
Toxicity: Heavy Metal Content: ___ wmg/l  Other Remarks:

Type of Disposal:

Input Material for:

Cost: 5/

Cost/{(Credit) 8/

Carry: s/




Form 11
Page 1 of 1

Process No. { 3 l_ll l. {01 w0 1] Revision 1 Date 4/9/79
6.3 Liquid Byproducts/Wastes (oxganic) Carry from Form 10 s/
6.3 Type (Composition): _ Quantity Produced: /
Density: g/cm3; Toxicity: COD: mg/1l; BOD: mg/1
Ignition Point: 0C; Explosive Mixture in Air: %z to %: Other Remarks:

Type of Disposal:

Input Material for: Cost (Credit) 8/ : Cogt: $/
6.4 Fumes, Gaseous Byproducts/Wastes.
6.4_1 Type (Composition): fumes or exhuast gases Quantity Produced:1400 ftfg/min
%: Energy Content (Combustion): kWh/ ; Explosive Mixture in Air _ % to %
Ignition Point: °c; AerosolD Precipitates in ___ minutes PH
%% Toxicity _ Requires ScrubbingD "Type of Scrubber:
%%% (enter scrubber under 4.1,-4.2, scrubber effluent under 6.1 to 6.3)
"zé-% Other remarks: Fumes composed of air, No, Ho and PH3

Type of Disposal: Power of fan taken from Motorola, (0.46 kW/1000 £+3/min),

Operating Costs: 180 $/ vy ; Cost: 0.02 $/h

6. Subtotal: Byproduct/Waste Disposal Cost: 0.02 $/h




Form 12
Page 1 of 1

: 3 1 o1l j=~f01}] 1 Revision 1L  Dpate 4/9/79
Process No. e ¢

7. Process Cost Computation 7.11 Manufacturing Add-On Costs (sum of 2.7, 3.5, 4.3, 6.)§ 22.18 ¢/ h

% of 7.11 0.52 $/ h

7. 22 Other IndiE%c _Costs.

.........

m7.21mTotal Opéré£1ngﬂAdd—énhC6étémof Process: 22.70 s/ h
7.22 G & A %z of 7.21 $/
7.31 Total Gros;rAdd~0n Cost of Process qngglgamméimA"WJMMm“l
7.32 Credit for Salvaged Material (5.8) — 8/
7.33 Cost of Work—in~Process Lost (5.3) 3.84 g/ h

7.34 Specific Add-On Cost of Process (7.31 + 7.33)-(7.32) 26.54 §/ h

O
£, 7.35 Cost of Input Work-in-Process Contained in Good
Output Work-in-Process (5.4) 380.29 $/ h
7.36 Loading on Item 7.35 at Rate A $/
L il AT
7.37 Cost of Qutput Work-—in-Process {7.34 + 7.35 + 7.36) 406.83 $/ h
I I I S A N O =Y P S S T y Lo e =
7.41 Theoretical Yield (or Conversion Rate, if output units of 5
work-in-process do not equal input units) 1.024 m-- /h
7.42 Practical Yield 99 %
7.43 Effective Yield (7.41 % 7.42) /
7.44 Number of Units of Good Qutput Work-in-Process per '
Computation Unit 'Used up to 7.35 1,083 m2_/_h
7.51 Cost of Unit of Good Output Work-in- 5
Process (7.37 + 7.44) 375.65 $/m

7.52 Specific Add-On Cost per Unit of Good . 2
. / . 24.51 m
Qutput Work-in-Process (7.34 + 7.44) . S/



http:7.33)-(7.32

Process No. Form 13-2
Pageé lof 1L

Revision 1 Date 4/9/79-

8.2 Alternate 2 (SAMICS Methodology): ' q
8.21 Profit Computation: '
0.9274%__8.12 ¢/ h from Subtotal 4.1 = _ 7-53 ¢/ b
1.946% _ 0.42 §/ _h from Subtotal 4,2 = _ 0.82 ¢/ h
Subtotal = 8.35 4y D
8.22 Costs of Amortization of the One-Time Cost:
0.192%___4.66 $/ h from Subtotal 2.7 = 0.89 $/ h
0.192%_ 8.96 §/_h from Subtotal 3.5 = __ 1.72 gy
™ 0.2958%_ 8.12 ¢/ B Erom Subtotal b1 = 2+40
G\ 2.77% 0.42 $/ h from Subtotal 4.2 = 1.16 s/ h
Subtotal = __ 6,17 $/_h 1
8.23 Total Net Cost of Equity (8.21 + 8.22): 14.52 $/ h
8,24 Profit and Amortization of Start-up Costs per Unit of Good Output J "
Work-in~Process: -
(Divide Subtotal 8.23 by _1.083 m? /h from 7.44)
13.41 g/ m?
8.25 Price of Process (7.52 + 8.24) \ 37.92 $/Am2_
8.26 Price of Work~in-Process (7.51 + 8.24) E 388.06 $/_m?




Process No. 3 . 1 0 (1 j=y 041 ) Form 15
) Page 1 of 1

. Revision 1 Date 4/9/79

0. OQutput Specification:

Name of item: Wafers with PN -junctions (phosphorus implanted)

Dimensions: 7.62-cm diameter

Solar grade silicon

Material;

Other Specifications:

77
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University of Pennsylvania
PROCESS CHARACTERIZATION
(UPPC)
Process: Device Fabrication

Subprocess: Formation of Potential Barrier

Option: Open tube n-type diffusion uysing

phosphine gas {Spectrolab)

Form
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Revision

Process No. |3 v 1L

Form 2

Page 1 of 1

4/79 pate 1/79

,[_g 2710 12 0.1 Value Added:

Process Description:

$/

Open tube n-type diffusion using 0.05% phosphine in nitrogen.

One run contains

75 wafexs, 7.62-cm dia. each. Total cycle time is 35 minutes, phosphine flows for 5-10 minutes.

Two l-tube furnaces are used, handled by 1 operator, 1.5 shift operation.

Most time is spent

manually loading and unloading diffusion boats. Calculation made on 3 shift basis.

1. Input Specification:

!
- Name of Item: Silicon wafers, texture-etched.

Dimensions: 7.62-cm diameter

Material: Cz grown silicon, (100) orientation

37

Other Specifications:

351 $/ m?

1.1 Quantity Required:0.34203 m? / run Unit Cost:

r—— i r—

1.2 Input Value:

1,3 Input Cost:

120.05 ¢/ run

$/

Note to Item 1.3: Use price, if input produced in own plant,




Process No. _3_l-|_l__|-|0[2l"|0l2 Form 3

Page 1 of 1
Revision 4/79 Date 1/79

2.1 Direct Materials:

2.1 1 Type: _Phospine gas in nitrogen . 3
Specification: _ 500 ppm of PH3 .
Cost of gas tank is $60 and it contains approximately 1.4 m3
Flow rate is 20 mi/min/furnace tube. 7.5 minutes/run :
Quantity Required: 150 ml /run; Unit Cost: _42.86 $/ m3 ; Cost:| _0.006 $/ run
2.1 Type: . 5
Specification: H
&S
5
- Quantity Required: / ;  Unit Cost: §/ ; Cost: s/
2.1__ Type:
Specification:
}
Quantity Required: / ; Unit Cost: $/ 3 Cost: $/
5.1 Subtotal Direct Materials: 0.006 ¢/ run




Form 4

Process No. I3I.11I.IO|2 I"" OIZI
. Page 1 of _1
2.2 Indirect Materials (dncl. suppliesand non-energy utilities): Revision 4/79 Date 1/79

2.2 1 Type:_Nitrogen gas 5

Specification: From liquid nitrogen (One liter of LN, yields about 500 L of

gas)., Gas flow rate is 1 4/min/tube. Cost of liquid LN, is 15.66/ft3

(saMICS C1080D),

(Quantity Required: 35 % JXun. ynit Cost: 0.0004G, & : Cost: | 0.014 ¢, run
2.2, 2Type: Oxygen gas
Specification:
N _
>
Quantity Required: Minimal S ; Unit Cost: s/ ;  Cost: $/

2.23 Type: _1:3:5 wt. ratio of HF:HNO4:H,O _

Specification: Used for cleahing the quartz ware (tube and boats),

Consumption is 2 &4/day (2 cleanings),

Quantityv Required: __0.05 % / run; Unit Cost: 1.00 §/ 2% ; Cost:] 0.03 s/ run

2.2 Subtotal Indirect Materials: 0.064 g/ run




Process No. __3_], l‘. 0 2‘——[0 2| '~ Form 5
' ' Page 1 of 1

2.3 Expendable Tooling:

Revision 4/79 Date 1/79 .
2.3 _1Type: Quartz boats - replacements for each furnace tube '

Quantity Required: 7 boats’ /¥ _: Unit Cost: _50 $/boatCost: | 0.025 $/ run
2.3 2 Type: Furnace tubes |

Quantity Required: | 2 tubes /vy : Unit Cost: 5p0 §&/tubecCost:] 0.07 §/ run
2.3 _ Type:

Quantity Required: / : Unit Cost: s/ Cost: s/
2.3 __ Type:

Quantity Required: / :  Unit Cost: s/ Cost: $/

2.3 Subtotal Expendable Tooling: 0.095 &/ run
2.4 Energy

2.4 lrype: Electricity, 8 kW/tube, 17.5 % duty cycle

Quantity Required: 0.817 kWh/run : Unit Cost:0.031%/kWh_Cost:} 0.026 $/ run

2.4 _ Type:

Quantity Required: : Unit Cost: $/ Cost: $f

2.4 Subtotal Energy Costs: | 0.026  $/ run
I

2.5 Subtotal 2.1 to 2.4} 0.191 §$/run
2.6 Handling Charge: 5.26 % of item 2.5} 0.01 $/ run

2.7 Subtotal Materials and Supplies: 0_:11(_),}___5"/1—"_‘%.13-“—
(2.5 + 2.6)




Process No. ;3 J L1} |0} 2]~ 0f2 Form 6
: . Page 1 of 1

Revision 4/7%Dpate 1/79

3.1 Direct Labor:

3,1 1 Category: Semiconductor assenbler Activity: Furnace load/unl_oadJ -control, clean quartz
(SAMICS No. B3096D) , C
Amount Required: 0.3 h/ run ; Rate: § .3 89 /h; Lead . 36 %; Cost: 1.59 __$/_yrun
3.1 Category:. Activity:
Amount Required: h/ : Rate: $ /h; Load %; Cost: $/
3.1_ Category: : Activity:
- Amount Required: h/ { Rate: $ /h; Load %3 Cost: $/
3.1 Direct Labor Subtotal: 1.59 $/ run

3.2 Indirect Labor: Taken asg 25% of direct

3.2 Category: Activity:
é Amount Required: h/ . ; Rate: § /h; Load %; Cost: ‘ s/
3.2 Category: Activity:
Amount Required: o h/ 1 Rate: § )h; Load, %; Cost: s/
3.2 Category: | Activity: ‘ '
Amount Required: h/ | : |Rate: $ /hy Load‘ . %;‘Co’st: — $/
3.2 Indirect Lz;bor Subtotal: 0.40 ‘ :ﬁ;'/ run
3.3 subtotal 3.1 and 3.2 1.89 __§/ run
3.4 Overhead on Labor: 5. 26 % 0L 108 $/ run

3.5 Subtotal Labor 2.09 §/ run




Form 7
Process No.|3 1 0 12]=-] 0] 2 Page 1 of 1

Revision4/79 Date _1/79

4.1 Equipment

4.1 1Type: 2 Furnaces with 1 tube each, incl. temperature and gas flow controls

Cost;ea. 15,000 $; Installation Cost:__included $3; Throughput: 3.4 yuns /h;

Plant Oper'g Time 8280 h/y; Machine Avail'ty:99.87%; Machine Oper’'g Time 8260 h/y

Servicing Costs: Labor___ 20  h/y at_8.12 $/h;Parts or Outside Service: --  §/y

Useful Life: 7 y; Charge Rate: 21.35 2 of Cost/y; Capital Cost: 6730 Sly 0.240 $/run

4.1 2 Type: Exhaust system for furnace - shared between two furnaces

Cost: 5,000 $; Installation Cost: included _$; Throughput: 3,4 runs /h;
Plant Oper'g Time 8280 h/y; Machine Avail'ty:99.87%; Machine Oper'g Time__ 8260 h/y
—“ Servicing Costs: Labor ' h/y at $/hiParts or Qutside Service: 8/y
L“ Useful Life: 7‘ y; Charge Rate: 21,35 % of Cost/y: Capital Cost: 1.065 $/yl 0.038  S/run

4.1 3 Type: Tube cleaning tower - shared hetween two furnaces

Cost: 10,000 $:; Installation Cost: 5,000 §; Throughput: 3.4 yung /h;

Plant Oper'g Time . h/y; Machine Avail'ty:99.8 %; Machine Oper'g Time 8260 h/y

Se;rvicing Costs: Labor_ _ —-— h/y at___—=— _$/h;Parts or Outside Service:__ -=-  §/y

Useful Life: 7 y; Charge Rate: 21,357 of Cost/y; Capital Cost: 3',200 $/y} 0.114  $/run

4.1 Subtotal Equipment Cost: 0.392 S/run




3 1 o2 |1—{o} 2 Form 8
Process No. . . Page 1 of 1

Revision4/79 Date _1/79

4.2 TFacilities:

) .
4.2_1lType: Area for 2 furnaces Floor Area: 13 m~; Throughput: 28,000 runs /[y

2 r L Al A e ey SO RemD ooupd el (mmw IR S
Charge Rate: 179.13% $/(m™ y); Maintenance Costs:
» Owul S L L —— L Py L LR - - .
Energy Use: ¥ Labor: h/yet __ $/h
Heating /y at $/ | Supplies: $/y
Air Cond’g /y at $/ ! Qutside Services: 8}y
M — L —— — Am— Lo R Onmend LR
i i t
Lighting /y a M Total Cost: _ 2320 s/y | 0.083 s/run
[ =

2
4.22 Type: Cleaning tower area Floor Area: 3.3 m ; Throughput: 28,000 _runs /¥

Awey didd UM  GENE ety Wty Sy ey emy e S A e

Charge Rate: 179.13% S/(mz-y); Maintenance Costs:
s Ml emp  ENE AeEEp G Sy Gewis SO P Gt Smey
Energy Use: I Labor: h/y at $/h
< Heating /y at s/ l Supplies: $/y‘
+ T
= Air Cond’g - /y at 3/ L._ Outside Services: $/v
L'htin / at / —— amem M smmen Gy Al oW SRR GRS GRS W .
e & Y ? 1 Total Cost: 600 $/y 0.021 $/run
-
2
4,2_ Type: Floor Area: m ; Throughput: /y

- ) Esky Pl  deesy PRAK) A e U RN G Acerd gl

2
Charge Rate: $/(m”-y); Maintenance Costs:

oo deh CuRld Ol Dy Enen

emply JuEwt EeachD EEcy ey e
Energy Use:

Labor: h/y at $/h
Heating /v at $/ l
| Supplies: $/y
Air Cond'g /vy at $/
Outside Services: _ $/y
Lighting /}7 at $/ L e B IR o T e T T i |
e 1 Total Cost: $ly $/
-
4,2 Subtotal Facilities: 0.104 gyrun

*Includes energy use

4.3 Equipment and Facilities Subtotal : 0.496 S/ run




Process No. . c

5.

Sz

Salvaged Material (Work-in~process)

Form 9-1

page 'l of 1

Revision 4/79 Dpate 1/79

5.1 Quantity of Work-in-Process 1. Contained in Good Qutput
Work-in-Process (per Computation Unit) 0.959 fun /run
5.21 Input Work~in-process 1. Not Contained in Good Output 0.001
Work-in-Process ("Amount Required" from 1.1 minus 5.1) - 00 run -, run
5.22 Net Amount of 5.21 which is sold for Credit As-Is or
After Applying Re-Process ¢ . - / :
5.23 Credit for 5.22 at the Market Value of s/ : s/ !
5.24 Cost of Reprocessing Material of 5.22 f
at the Average Reprocessing Cost of s/ : s/
5.25 Neét Credit for 5.22 {5.23 minus 5.24): s/
5.26 Material of Type l. Lost in Process (5.21 minus 5.22) 0.001 run / .run .
ks ol - - = .
5.3 Cost of Work-in-Process Lost (Amount 5.26 Times Unit Cost 1.1) 0.12 s/run
Not contained in Good Output Work-~In-Process (Amount 5.21 Times Unit Cost 1.1)
5.4 Cost of Work-in-Process Contained in Good Output Work-in-Process

(Amount.éﬁ? Times Unit Cost from 1.1}

119.88 gs/run

Salvagéd Materials Summary:

5.8

Total Net Credits for All Salvaged Materials (5.25 + 5.67 + 5.76)

$/
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Process No.| 3 l* 1]

a

6. Byproducts and Wastes
6.1 Solid Byproducts/Wastes

6.1 Type (Composition):

Revision

Quantity Produced:

Physical Shape/Size:

Energy Content:

3
g/em™; Water Solubilitv:

kWh/_

Form 10
Page 1 of 1

Date 1/79

Density: g/1 at C: pH:
Toxicity: Biodegradable: Other Remarks:
Type of Disposal:
Input Material for: Cost/{(Credit) 5/ : Cost: 8/
6.2 Liquid Byproducts/Wastes (inorgaenic):
6.2 1 Type (Composition): Contaminated acid Quantity Produced: 1 £ / 4
Density: d_g/cmB; Suspended Solids: Amount : mg/l  pH:
Ny
™~ Toxicity: Heévy Metal Content: mg/l ~ Other Remarks:
Type of Disposal:
Input Material for: Cost/ (Credit) $/ Cost: s/
':Gériﬁ:' ‘ i $/

N { Pt
— e————



Form 11
Page 1 of 1

Process No. | 3 l,l l-l. LQ ] 2]- 0 l 2] Revision Date 1/79
6.3 Liquid Byproducts/Wastes (organic) Carry from Form 10 -$/
6.3 Type (Composition): Quantity Produced: ' _/
Density: __g/cmB; Toxicity: COD: mg/1; BOD: mg/l
Ignition Point: oC; Explosive Mixture in Air: % to 43 Other Remarks:

Type of Disposal:

Input Material for: Cost(Credit) s/ ; Cost: s/

6.4 Fumes, Gaseous Byproducts/Wastes

6.4 1 Type (Composition): Np with PH, Quantity Produced: 1 & /min./ furnape
Energy Content (Combustion): —= kWh/ s Explosive Mixture in Air 7% to T7Z.
‘s . o o . .
Ignition Point: == "Cj AerosolE:]iPrec1p1tates in minutes pH
:§ Toxicity ? Requires Scrubbing[:] ‘Type of Scrubber:

{enter scrubber under 4.1, 4.2, scrubber effluent under 6.1 to 6.3)

Other remarks:

Type of Disposal:

Operating Costs: $/ H Cost: $/

6. Subtotal: Byproduct/Waste Disposal Cost:




Form 12

Page 1 of 1
— {ei 4/79 1/7
Process No. 371.1%), Lo}z 0} 2 Revision 4/ Date /79
7. Process Cost Computation 7.11 Manufacturing Add-On Costs (sum of 2.7, 3.5, 4.3, 6.){ 2.787 §/run
7.22 QOther %pdirect Costs: I % of 7.11 0.034 g/run
7.2) Total Operating Add—on Costs of Process: 2.822 g/run
7.22 G & A A of 7,21 $/
. L
7.31 Total Gross Add-On Cost of Process 2.822 g/run
7.32 Credit for Salvaged Material (5.8) 5/
7.33 Cost of Work-in-Process Lost (5.3) 0.12 &/
L A St
7.34 Specific Add-On Cost of Process (7.31 + 7.33)-(7.32) 2.942 $§/run
7.35 Cost of Input Work-in-Process Contained in Good
2% Output Work-in-Process (5.4) 119.88¢/
7.36 Loading on Item 7.35 at Rate - % -= s/
SR vt WA IR T L
7.37 Cost of Output Work-in-Process (7.34 + 7.35 + 7.36) 122.82¢y

7.41 Theoretical Yield (or Conversion Rate, 1f output units of
work—in-process do not equal input units)

0.34203 m° ; run

7.42 Practical Yield 99.9 %
- 2
0.34169™ run

7.43 Effective Yield (7.41 x 7.42)

7.44 Number of Units of Good Output Work-in-Process per )
Computation Unit Used up to 7.35 0.34169 m /_xrun

7.51 Cost of Unit of Good Output Work-in~
Process (7.37 +:7.44)

7.52 Specific Add-On Cost per Unit of Good
OQutput Work-in-Process {7.34 + 7.44)

359,45 8/ mé

2

Is.61 m

$/



http:7.33)-(7.32

Process No,

42

8.22

8.23

8.24

8.25

8.26

Form ¥3—2
Page 1 of 1
Revision 4/79 Dpate 1/79
8.2 Alternate 2 (SAMICS Methodology): l
8.21 Profit Computation:

0.9274% 0.392 ¢/ xrun from Subtotal 4.1 = _0.364 ¢/ run
1.946% 0.104 g/ zrun from Subtotal 4.2 = 0.202 g/ run

Subtotal = 0.57 §/ _run 1
Costs of Amortization of the One-Time Cost:
0,192 0.201 g/ run from Subtotal 2,7 = Ol039 $/_ xrun
0.192%_2.09 g/ run from Subtotal 3.5 = _0.401 $/ yun .
0.2958*% 0.392 $/ run from Subtotal 4.1 = 0.116 §/ xrun
2.77%___0.104 _$/ run from Subtotal 4.2 = _0.288 g/ run

Subtotal = 0.844 %/ run §
Total Net Cost of Equity (8.21 + 8,22): 1.410 $/ run
Profit and Amortization of Start-up Costs per Unit of Goed Output | ‘
Work-in-Process: R 2
(Divide Subtotal 8.23 by 0.3417 m /_run  from 7.44)

4,13 $/ |

Price of Process (7.52 + 8.24) 12.74 $/ m2
Price of Work-in-Process (7.5L + 8.24) 3§3?53 $/ m®




Process ¥o. 3 . 1 0 1li=-j o0l 2 Form 15
« Page _]_-_... Df _l._

Revision 4/79 Date 1/79

0. OQutput Specification:

Name of item: Silicon wafers with PN -junction

Dimensions: 7.62~cm diameter

Material: high purity silicen

Other Specifications:

7A
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University of Pennsylvania
PROCESS CHARACTERIZATION
(uppC)
Process: Device Fabrication

Subprocess: Formation of potential barrier

Option: Phosphorus diffusion using phosphine (PHB)

in argon (Motorola)

Form 1
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Form 2

Page 1 of 1

Revision 4/79__ Date 1/79

Process No. 31 1L {10 270 |2 0.1 Value Added: $/

Process Description: Open tube n-type diffusion using phosphine in argon. An 8-tube furnace module

is used, handled by 1 operator in 3 shift operation., 1 run contains 125 wafers ner tuhe, reguirineg

1l h process time.

1. Input Specification:

. . i )
Name of Item: Silicon wafers with boron pt back layer

Dimensions: l2-cm diameter

Material: High purity single crystal silicon with B dopant

Tl

Other Specifications: Wafexrs have been diffused with BCl3, etch-step applied to back surface, oxide

removed, etched on front surface, centrifuge- rinsed/dried, plasma cleaned, texture-etched, and

centrifuge-rinsed/dried again. 1 run contains 125 wafers of 1.4137 m?. 8 tubes operate

simultaneously. At 90% equipment availability, production rate is 10,18 mz/h.

2

1.1 Quantity Required:10.18 m° / h Unit Cost: 41.21 §/ m2_

1,2 Input Valuet: 419.52 $/ h

1.3 Input Cost: 8/

Note to Item 1,3: Use price, if input produced in own plant,



Process No. m.lll.lo‘lll-ltﬂﬂ Form 3

Page 1 of 1
Revision 4/79 Date 1/79

2.1 Divect Materials:

2.1 1 Type: _Phosphine gas ) ;

Specification: Cost of the phosphine is 828.07/ft3 (Motorola).

Consumption is 0.1164 ft3/h (for 8 tubes). Flowing only during machine

availability. ;

?

Quantity Required: 3.0 % / h ; Unit Cost: _0.991 S/ & 3 Cost:l 2.94 $/ h
2.1 Type: _ H

Specification: 3

o

Quantity Required: / ;7 Unit Cost: §/ ; Cost: $/
2.l_ Type:

Specification:

Quantity Required: ' / ; Unit Cost: §/ ; Cost: .8/

5.1 Subtotal Direct Materials: 2.94 $/ _h




Process No. [751 .l 1 l;l 0 I l“‘lo l 2]

« 2.2 Indirect Materials (incl, supplies and non-energy utilities):

75

2.

2.

Revision 4/79 Date 1/79
2,21 Type: Axgon gas ;
Specification: Used as the carrier gas for phosphine,
Cost is $0.14/ft3 (SAMICS E1112D),
Consumption is 14.8 ft3/h (for 8 tubes) during 0.95 of time,
Quantity Required: 398 1 / h : Unit Cost: 0.005 §/ & : Cost: 1.99 3%/ h
Type:
Specification:
Quantitv Required: L ‘;“_A ; Unit Cost: $/ ; Cost: s/
Type: e
Specification:
|
Quantity Required: L / ; Unit Cost: §/ ; Cost: $/
2.2 Subtotal lndireet Materials: } 1.99 $/ h

2.

2

Form 4

Page 1~ of 1




Process HNo. l3 l,ll 1. 0 ll-—lOl 2]- Form 5

Page 1 of 1
2.3 Expendable Tooling: . . - o

Revision 4/79 Date 1/79

2.31 Type: _Quartzware (tubes and beats) replaced annually.

Quantity Required: 1 _tube set /5400 hiUnit Cost: _769 $/tubeCost:{ 114 ¢/ h
- incl. boats
2.3 _ Type:
Quantity Required: ) ./ : Unit Cost: $/ Cost: : 5/
2.3 _ Type:
Quantity Required: / _ Unit Cost: s/ Cost: ; s/
2.3 _ Type:
Quantity Required: / :  Unif Cost: $/ Cost: 3§/
2.3 Subtotal Expendable Tooling: 1ﬁlé $/ h
2.4 Energy | )
2.41 Type: _Electricity, 140 kW name-plate rating, 50% duty cvcle, incl. using
off hours.
Quantity Required: 70 kW : Unit Cost: 0.031%/kyh. Cost:f 2.233 $/h
2.4 _ Type:
Quantity Required: : Unit Cost: 8/ Cost: . 5/
. 2.4 Subtotal Energy Costs: 2.233 g/h
' ' 2.5 Subtotal 2.1 to 2.4% 8.30 __$/n
8% ) 2.6 Handling Charge: 5.26 % of item 2.31 0,44 5/n.
2.7 Subtotal Materials and. Supplies: £8.74 $/h .
(2.5 + 2.8) : o



Process No. 3 . 1 . 0]1lj-]0)2 Form 6
Page 1 of'1l

Revisiond /79 pa te 1/79

3.1 Direct Labor:

3.1_1 Category:_Semiconductor JAssembler . Activity: Machine opérator
{SAaMICS B3096D)
Amount Required: 1 h/ h ; Rate: § 3 89 /h; Load_ 3g g %; Cost: _5.29 $/ n
3.1 2 Category: Maintenance Mechanic __sctivity: gervice and vepajr .
(SAMICS B3736D) . ‘
Amount Required: 0.1 h/ h : Rate: § 5,67 /h; Load 3¢ 0 %: Cost: 0,77 $/ 4
3.1 Category: Activity:
Amount Required: h/ s Rate: § . /k; Load _%; Cost: $/
i : 3.1 Direct Labor Subtotal: . 6,06 $/h
3.2 Indirect Labor: Taken as .25% of direct -
3.2 Category: Activity:
o
8~ Amount Required: h/ s Rate: $ /h; Load #; Costs ) s/
3.2 Category: ‘ . ‘Activity:
Amount Required: h/ 1 Rate: § /h; Load %4 Costr §/
3.2 Category: L . Activity:
Amount Required: __h/ ‘ ; Rate:! § /h3 Load %; Cost: . : s/
3.2 Indirect Labor Subtotal: 1,52 $/h
3.3 Subtotal 3.1 and 3.2 7.58 _§/h
3.4 Overhead on Labor: 5.26 ¥ 0.40. &/h

3.5 Subtotal Labor 7.98 - %/h




Process No.

4.1 Equipment

L5

4.11

4.13

34 {1y joj1i=Jo] 2

Type:_Thermco eight-tube diffusion furnace, type 4000 572 per spec._ 19000

Form 7
Page 1 of 1

Revision4/79Date 1/79

Cost: 49,271 $; Installation Cost: —— $; Throughput: 310.18 m2 /h;

Plant Oper'g Time 8280  h/y; Machine Avail'ty: 90 %: Machine Oper'g Time 7450 h/y

Servicing Costs: Labor ==  h/y at =-- $/h;Parts or Qutside Service: $/y

Useful Life: 7 y; Charge Rate: 21.35 % of Cost/y; Capital Cost:_ 10,520 $ly

Type: Eight process controllers for above furnace

Cost: 16,000 $: Installation Cost: $; Throughput: 10.18 m2 /h;
Plant Oper'g Time é280 h/y; Machine Avail'ty: 90 %; Machine Oper'g Time 7450 h/y
Servicing Costs: Labor - h/y at__=- $/hjParts or Outside Service: == §/y
Useful Life: 7 y; Charge Rate: 21,35 % of Cost/y; Capital Cost: 2416 $/y

0413 $/_1

Type:_Exhaust svsten

Cost: n.a. $; Installation Cost: $; Throughput: /h;

Plant Oper'g Time h/y; Machine Avail'ty: . %; Machine Oper'g Time h/y

Servicing Costs: Labor ‘h/y at $/hjParts or Outside Service: 8/y

Useful Life: y; Charge Rate: % of Cost/y; Capital Cost: $/y

$/

4.1 Subtotal Equipment Cost:

l.68 $/ ruan




Form 8

Process No. {3 |. L 1.
: Page 1 of 1
e Revision 4/7%ate 1/79
4.2 TFacilities: — =
. 2
4.21 Type: Machine area Floor Area: 25,55 m ; Throughput: 84290 m2 /y
2 - e A dEEs GEOW Sunyr SMERr temd St NP SERY YERY S
Charge Rate: +/9.13 $/m™-y); r Maintenance Costs:
oF A AR o . L4 A=t o a— T Rl
Energy Use: -? Labor: h/y at 5/h
Heating _ ) /y at §$/ i Supplies: included g/y
Air Cond'g gincluded /vy at $/ l Qutside Services: $/y
— 1 Total Cost: __ 4580 $ly 0.553 $/h
4,2_ Type: Floor Area: m2; Throughput: Jy
Charge Rate: $/(m"y); Maintenance Costs:
A CE L f A—— L [ —— — L 4 ]
Energy Use: I Labor: h/y at $/h
% Heating /vy at s/ l Supplies: $/y
. '
= Air Cond'g /y at 5/ L__ Qutside Services: $/y
1 Total Cost: $ly $/
ADnm
4,2_ Type: Floor Area: mz; Throughput: Iy
Charge Rate: $/(m"y); Maintenance Costs:
nergy Use: lLabor: h/y at $/h
Heating /y at $/
) Supplies: S/y
Air Cond'g /vy at $/ I
Qutside Services: $/y
nghting /Y at s/ L . R e B A |
-3 Total Cost: Sly . s/
4.2 Subtotal Facilities: 0.553 $/h
Q.B Equipment and Facilities Subtotal : 2.24 $/h




Revision 4/79 Dpate 1/79

Form 9-1

Page , Ll of 1

3 1l —
Process No. . . ot 012
5., Salvaged Material (Work-in-process)
5.1 Quantity of WorK-in-Process l. Contained in Good Output
Work-in-Process -(per -Computation Unit) .0.08 _mé /h
5.21 Input Work-in-process 1, Not Contained in Good Output 2
Work-in-Process ("Amount Required" from 1.1 minus 5.1) 0.10 m™ ,sh
5.22  Net Amount‘of 5.21 which is sold for Credit As-Is ox
After Applying Re-Process I ¢ . = /
5.23 Credit for 5.22 at the Market Value of s/ : s/
5.24 Cost of Reprocessing Material of 5.22
% at the Average Reprocessing Cost of $/ $/ 1.
~® 5,25 Net Credit for 5.22 (5.23 minus 5.24): T s/ T
) ) ) 2
5.26 Material of Type 1. Lost in Process (5.2l minus 5.22) 0.10 m__/ _h
e : : ; A R e
5.3 Cost of Work-in-Process Lost {(Amount 5.26 Times Unit Cost 1.1) 4.20 $/ h
5.4 Cost of Work-in-Process Contained in Good Output Work-in-Process
(Ahount 5.2 Times Unit Cost from 1.1) 415.40 ¢, D

Salvaged Materials Summary:

5.8 Total Net Credits for All Salvaced Materials (5.25 + 5.67 + 5.76)

$/




Form 11
Page 1 of 1

Process No. l 3 l.l 1 l @ LO I ljwejO| 2 Revision 4/79Date l/"?9
6.3 Liquid Byproducts/Wastes (organic) Carry from Form 10 ' s/
6.3 Type (Composition): : . Quantity Produced: / ‘
Density: g/cm3; Toxicity: COD: mg/l; BOD: mg/1
Ignition Point: 0C; Explosive Mixture in Air: % to %3 Other Remarks:

Type of Disposal:

Input Material for: Cost{(Credit) s/ ; Cost: ' 8/

6.4 Fumes, Gaseous Byproducts/Wastes

6.4 1 Type (Composition): PHq, argon, air . Quantity Produced: 125 f'['ﬁ min
Energy Content (Combustion}: .. kWh/ ; Explosive Mixture in Air % to %
Ignition Point: C; Aerosol[::]Prec1p1tates in | minutes pH
Toxicity Requires Scrubbin_gD ‘Type of Scrubber:

7

{enter scrubber under 4.1, 4.2, scrubber effluent under 6.1 to 6.3)

Other remarks: Fumes from furnace. Exhaust fan operates continuously,

Electrical coﬁsu’mption is 0.46 kW/1000 CFM

Type of Disposal: Exhausted into atmosphere

Operating Costs: 16.08 - 8/ Y ] 5 Cost: _9“002. $/ h

6. Subtotal: Byﬁroduct/Waste Disposal Cost: 0.002 $/ h




Process No, .

7. Process Cost Computation

Form 12
Page 1 of 1

Revision 4/79 pate 1/79

7.11 Manufacturing Add-On Costs (sum of 2.7, 3.5, 4.3, 6.) 18.968%/ h

T2 s R AT B ey OF 71 0.165/.4

7.21 Total Operating Add-on Costs of Process: 19.12¢; h
7.22 G & A % of 7.21 s/
7.31 Total Gross Add-On Cost of Process 19.124; h
7.32 Credit for Salvaged Material (5.8) $/
7.33 Cost of Work-in-Process Lost (5.3) 4,208/ n
7.34 Specific Add-On Cost of Process (7.31 + 7.33)-(7.32) 23.32 §/ h
7.35 Cost of Input Work-in-Process Contained in Good
Qutput Work-in-Process (5.4) 415.40 §/ b
~Q
~ 7.36 Loading on Item 7.35 at Rate yA . $/
E - - AT T R
7.37 Cost of OQutput Work-in-Process (7.34 + 7.35 -+ 7.36) 438.72 $/h
e W
7.41 Theoretical Yield (or Conversion Rate, if output units of 5
work-in-process do not equal input units) 10.18 m“ /h
7.42 Practical Yield 99 X
7.43 Effective Yield (7.41 x 7.42) /
7.44 Number of Units of Good Output Work-in-Process per 08 )
Computation Unit 'Used up to 7.35 10. m / h
7.51 Cost of Unit of Good Output Work-in- 2
Process (7.37 + 7.44) 43,53 §; W
7.52 Specific Add-On Cost per Unit of Good 2.32 m2

Output Work-in-Process {7.34 + 7.44) s/




Process No, !3 iao O}

Revision 4/79

8.2 Alternate 2 (SAMICS Methodology):

8,21 Profit Computation:

Form 13-2

Page 1 of 1

Date 1/79

0.9274% 1.68 s/ h from Subtotal 4,1 =  1.56 ¢/ h
1.946% 0.553 &/ h from Subtotal 4.2 = 1.08 ¢, h
-
Subtotal = 2.64 &/ h
8.22 Costs of Amortization of the One-Time Cost:
0.192% 8.74 S5/ h from Subtotal 2,7 = 1.68 g7/ h
< 0.192%  7.98 g/ h from Subtotal 3.5 = 1.53 g, h
b 0,2958% 1.68 g/ h from Subtotal 4,1 = 0.50 g; h
2.77% 0.553 3/ h from Subtotal 4.2 =  +.33 g/
Subtotal = 5.24 §/ h JT
8.23 Total Net Cost of Equity (8.21 + 8.22):
8,24 Profit and Amortization of Start-up Costs per Unit of Good Qutput
Work-in-Process: ‘
(Divide Subtotal 8.23 by 10.08 m2  / h  from 7.44)
0.78 S/ _m?

8.25 Price nf Process (7.52 + 8,24)

8.26 Price of Work-in-Process (7.5l + 8.24)

7.88 g/ h

.2
3.10 $(~F
44.31 ¢/ m?




Process No. | 3 1 0 111 0] 2 Form 15
Page 1 of 1

Revision Date 1/79

0. Output Specification:

Name of item: Silicon wafers with PN —junctions

Dimensions: 12~cm diameter

Material: high purity silicon

Other Specifications:

£6
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Process No. ‘m_l 0] 1’""! 012 ,

University of Pennsylvania
PROCESS CHARACTERIZATION
(UPPC)
Process: Device generation

Subprocess: Junction formation

Option: Formation of front-junction by open-

tube diffusion with POClq (RCA)

Form 1

INDEX
Form r Pages Rev. | Date Remarks
1 3/79 - _All dates are the same
2 1 to 1
3 1l to 1
-4 1 to 1
5 1l to 1
6 1 to 1
7 lto 1
8 1 to 1
9-1 1t 1
9-2 1 to O
9-3 1 to g
10 1 to g
11 1 to 0
12 1 to 1
13-1 1l to ¢
13-2 1 to 1
14 -1 to 0
15 1 to 1
16 1 to Y
'
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Process No.

3

1

Revision

Form 2

Page 1 of 1
Date 3/79

Jlofi]=]of2 0.1 Value Added:

Process Description:

s/

Dopant is introduced by decomposition of POCljy in diffusion furnace. There

is a l0-minute pre-heat cycle in nitrogen, 45-minute cycle for diffusion and

a 10 minute cool down cycle with a 90:10 N2’02 mixture.

1. Input Specification:

Name of Item: __ gjlicon wafers, with back—surface. junction

7.62~cm diameter

Dimensions:

Material:

54

High purity silicon

Other Specifications:

is 85% for an effective output rate of 7.75 m2/h

Output rate ig 2000 wafers/h or 9,12 ngb and machine availability

Wafer is p-type with a resistivity of 1-5 ohm-cm and its. orientatinonm

is [[1001]].

Back side of wafer is protected with silica

1.1 Quantity Required: 7.75 m? /h Unit Cost: 41.21 §/ m2
1.2 Input Value: 8/
1.3 Input Cost: i 319,49 $/ 1

Note to Item l.3: Use price, if input produced in own plant.



Process No.
-

2.1 Direct

2,11

2.1

2.1

24

5. (3. (o1 -

0] 2|

Form 3
Page of
Materials: Ie L. 1
Revision Date 3/79
Type: POCl, (Phosphorus oxychloride) 3
Specification: 0.21 g per wafer needed
Cost is $9.26/1b, (SAMICS E1504D).
Quantity Required: 357 g /h ; Unit Cost: 0.02 s/ g ; Cost: 7.14 s/h
Type: 3
Specification: :
Quantity Required: / ; Unit Cost: $/ ; Cost: $/
Type: :
Specification:
Quantity Required: / ; Unit Cost: $/ ; Cost: $/
5.1 Subtotal Direct Materials: 7.14 g/h




Process No. [:;1 .[ ] ] -l Q | 1|"[Q_i_2J

2.2 Indirect Materials (incl. suppliesand non-energy utilities): ..
. Revision

2. 2~l Type: Nitrogen ' ;

Specification: 1360 cm3 required per wafer

Obtained from liquid nitrogen (SAMICS Cl080D)

2312 ,Q,/ h . Unit Cost: 040004 $/ 2 H Cost:

>

Quantity Required:

2.22 Type: Oxvgen

Specification: 33 cm3 required per wafer

< Cost is (.0052 $/ft3 {SAMICS E1448D).
~
Quantity Required: i 56,1 / _h ; Unit Cost: 0.000184/ g ; Cost;
2.2_ Type: - —
Specification:
Quantity Required: / ; Unit Cost: §/ : Cost:

Form 4
Page 1 of 1
Date 3/79

0.92 $/ n

0.01 3/ n

$/

2.2. Subtotal Indirect Materials:

0.93 %/ n




Process No. 3|. 1 .- 0 11'-'|0 ﬂ F‘orm 3
2.3 Expendable Tooling: ’ Page 1 of 1
2.3 _l1ype: Silicon boats, 76-cm long Revision bate 3/73
0 Qudntity Reqidred: 4 boaty y Unit Cost: 1350 g/boatcost: 0.65 35/ h
2.3 _ Type:
Quantity Required: / Unit Cost: $/ Cost: | | $/
3 .. Type:
Quantity Required: / Unit Cost: $/ Cost:: $/
-3 __ Type:
Quantity Required: / Unit Cost: __ s/ Cost: $/
2.3 Subtotal Expendable Tooling: 0. 65 $/ 1
2.4 Energy ,
2.4 lType: Power reguirements are 40 i::W and usage fraction is B85%
Quantity Required: 34 kw Uit Cost; 0.031%/kWh Cost: 1.08 ¢/ h
4 _ Type: .
Quantity Required: . Unit Cost: 8/ Cost: - §/ ,
2.4 Subtotal Energy Costs: 1.08 g/ h_
Q 2.5 Subtotal 2.1 to.'2.4: 9:*.81 $/ h
S 2.6 Handling Charge: 5.26 % of item 2.5} _1,12 &/ h
2.7 Subtotal Materials and Sx,pplies 16.33 ¢/_h
(2.5 + 2, 6) '




Process No. 3 -1 ol - . Form 6
CLEMOLE “o s

Page of
Revisidn Date
‘3.1 Direct Labor:
3.11 Category: éemiconductor assembler Activity: Machine operation‘ and attendance
Amount Requg]éﬁd:ICSnB§29SE _h ; Rate: § 3.894 /n; Load__%_ﬁl_%; Cost: 1.85 §$/h
3.12 Category: Maintenance mechanic Activity: Servicé and repair of -fuz_;naée
(SAMICS B3736D) ‘
Amount Required: Q.15 h/ h : Rate: § 5.67 /h; Load 36.0 %; Cost: 1.16 $/n
3.1 Category: . Activity:
Amount Required: , H/ ; Rate: § /h; Load %3 Cost: ‘ 7 $/
3.1 Direct Labor Subtotal: 3.01  s$/n
3.2 Indirect Labor: Taken as 25% of direct o
3.2 Category: i Activiry:
Amount Required: i h/ + Rate: § " /h; Load %3 Cost: $/A
3.2_ Category: | Activity:
Amount Required: h/ : Rate: $ ‘ _/h; Load %; Cost: - $/
3.2_ Category: _ Activity:
. Amount Required: . h/ ; Rate: § /h; Load .%; Cost: | $/
N 3.2 Indirect La—\bor Subtotal: | 0.75 $/A h .
AN 3.3 Subtotal 3.1 and 3.2 ' 3.76¢ __$/_h
. A 3.4 Overhead on Labor:5,26 % 0.20__$/ h

3.5 Subtotal Labor 3,96 5/ n



http:Labor:5.26

. Form 7
Process No.} 3 1 0 §j1lj~fj Oy 2 Page 1 ofl

Revision Date 3/79

4.1 Equipment

4.11 Type: POCl3 diffusion furnace (Thermco SPARTAN furnace)

Cost: 66,60‘0‘ $; Installation Cost: $:; Throughput: 9.12 m? /h;

Plant Oper'g Time 8280 h/y; Machine Avail'ty: 83 %; Machine Oper'g Time h/y

Servicing Costs: Labor h/y at ‘ $/h;Parts or Outside Service: §/y

Useful Life: 7 v; Charge Rate: 21.35 % of Cost/y; Capital Cost: 14,200 $/y 1.72 s$/h

4.12 Type: Furnace Jliners, paddles and heat coil
2

Cost: 21,600 $; Installation Cost: $: Throughput: 2.12 m /h;
Plant Oper'g Time 8280 h/y; Machine Avail'ty: 83 %; Machine Oper'g Time h/y
Servicing Costs: Labor h/y at $/h:Parts or Outside Service: /v
f; Useful Life: 7 y; Charge Rate: 21.35 % of Cost/y; Capital Cost: 4,600 $/v 0.56 &/h
D
4.13 Type:_Clam shell unloader and cassette stacker
Cost: 18,000 $; Installation Cost: $; Throughput: 9.12 m? /h;
Plant Oper'g Time 8280 h/y; Machine Avail'ty:_jﬂi_%; Machine Oper'g Time hiy
Servicing Costs: Labor h/y at $/hiParts or Outside Service: Sy
Useful Life: v; Charge Rate: 21.35 ¢ of Cost/y; Capital Cost: 3,800 " §/y] 0.46 s/h

4,1 Subtotal Equipment Cost: 2.74 $/h




; 3 1{,|0] 1= 0}2 Form 8
Process No. . Page 1 ofl_
‘Revision Date 3/79
4.2 Facilities: SIS
2
4.2_1 Type: Furnace area Floor Area: 25.55 m2; Throughput: 64,200 m /v
2 Qe Sl damis AV RN Sl RS SEmS et ek Senay W Ow
Charge Rate: 179.13% $/(m"+v); r*‘ Maintenance Costs:
W Geenly SR cxemty —— A—y -] - —— AR
Energy Use: ‘-? Labor: h/y at ___  $/n
Heating /y at $/ l Supplies: $ly
Air Cond'g /v at 5/ l Qutside Services: Sy
L Gy e Smeed  Smvel  Amep ADY  GNSE oW B Ml e Sl
i ti t
| Lighting /y a e Total Cost: _ 47600 $/y 0.55 ¢/ h
S e i o R —————
4.2_ Type: Floor Area: m2; Throughput: /y
2 S — -.- -l  pusy  asmpy Sy ey —— e W e g
Charge Rate: $/(m”-y); Maintenance Costs:
Wt CWRR  deinkly Jeing) PEER A ey el - —— Ay muip
Energy Use: l Labor: h/y at $/h
Heating /y at $/ 1 Supplies: s/y
. ) '
~ Alr Cond’g /y at s/ Qutside Services: $ly
% Llhtin /at $/ Am— AR G Gl SR wmely ey imeiy  debue AN
~ & & 7 1 Total Cost: $/y s/
e
4,2_ Type: Floor Area: mz; Throughput: - /'y

_“m“—~~~m__~d

2
Charge Rate: $/(m +y)s Maintenance Costs:

Energy Use:

1 ‘Labor: h/y at $/h
Heating /y at 8/

l Supplies: /v
Air Cond'g /y at $/
L_. CGutside Services: $/y
Lighting /y at S/ e GEos G Ml el gued | waewml | CEARS Ol Do \
A Total Cost: ‘ S/y S/
T— oo
*Includes energy use 4,2 Subtotal Facilities: 0.55 g/h

4.3 Equipment and Facilities Subtotal : 3.29 §%/h




Form 9-<1

Page 1l of 1

3 1 ol 1 ol 2 Revision Date . 3/79
Process No. . ¢ - r————— -
5. Salvaged Material (Work-in-process)
‘5.1 Quantity of Work-in-Process 1. Contained in Good Output 5
Work—-in-Process (per Computation Unit) 7.675 m* ,sh ,
5.21 Input Work-~in-process 1. Not Contained in Good Output ) 2 q
Work-in-Process ("Amount Required" from 1.1 minus 5.1) 0.0775 m~ ,/h
5.22  WNet Amount of 5.21 which is sold for Credit As-Is or
After Applying Re-Process ¢ . - /
5.23 Credit for 5.22 at the Market Value of . s/ : $/
5.24 Cost of Reprocessing Material of 5.22
at the Average Reprocessing Cost of $/ : S/
. 5.25 Net Credit for 5.22 (5.23 minus 5.24): $/
°
N - : 0.0775 . m> ,h
5.26 Material of Type 1. Lost in Process (5.21 minus 5.22) . y /
5.3 Cost of Work-in-Process Not Contained in Good Output Work-in-Process ) 3,19 s/h
(Amount 5,21 Times Unit Cost 1.1) '
5.4 Cost of Work-in-Process Contained in Good Output Work-in-Process
(amount 5.1 Times Unit Cost from 1.1) ] 316.292 s/h
Salvaged Materials Summary:
: n m
5.8 Total Net Credits for All Salvaged Materials (5.25 + 5.67 + 5.76) $/




Process No.

7. Process Cost Computation

cor

1

'

Form 12
Page 1 of 1

Revision Date 3/79
7.11 Manufacturing Add-On Costs (sum of 2.7, 3.5, 4.3, 6.){ 17.58 $/h
. a A . 0.22 h
722 ORI gy K of 7.1 il
7.21 Total Operating Add-on Costs of Process: 17.80 S/h
7.22 G & A % of 7.21 ' s/
7.31 Total Gross Add-On Cost of Process ' 17.80 &/h
7.32 Credit for Salvaged Material (5.8) 5/
7.33 Cost of Work-in-~Process Lost (5.3) 3.19 4/h
7.34 Specific Add-On Cost of Process (7.31 + 7.33)-(7.32) 20.99 $/h
7.35 Cost of Input Work-in-Process Contained in Good
Output Work-in-Process (5.4) 316 .29 $/h
7.36 Loading on Item 7.35 at Rate . $/
7.37 Cost of Output Work-in-Process (7.34 + 7.35 + 7.36) 337.28 ¢/h

IR —

7.41 Theoretical Yield (or Conversion Rate, if output units of 2
work-in-process do not equal input units) 7.753  m* / h

7.42 Practical Yield
7.43 Effective ¥ield (7.41 x 7.42)

7.44 Number of Units of Good Output Work-in-Process per
Computation Unit Used up te 7.35

99.0%

7.675 w2 / h

—
7,51 Cost of Unit of Good Output Work-in- :
Process (7.37 % 7.44) 43.94 8/ m?
7.52 Specific Add-On Cost per Unit of Good 5
Output Work—in~Process (7.34 + 7.44) 2.73 gy m




-

Process No. Form 13-2
Page 1l of 1
Revision Date ]
8.2 Alternate 2 (SAMICS Methodology): !
8,21 Profit Computation:
0.9274* 2,74 &/ h from Subtotal 4,1 = 2.54 g/
1.546% 0.55 5/ h . from Subtotal 4.2 = 1.08 s/
o cECac)
Subtotal = 3.62 $/ h
8,22 Costs of Amortization of the One-Time Cost:
0.192% 10.33 ¢/ h from Subtotal 2.7 = 1-98 g B
0.192%¢ 3.96 ¢, b from Subtotal 3.5 = °°76 g hx
~ 0.2958% 2.74 ¢/ b from Subtotal 4.1 = 0:81 ¢/ B
N - —
K 2.77%#___0.55 s/ b from Subtotal 4.2 = 133 ¢, h
" |
Subtotal = 5.08 3/ _h
8.23 Total Net Cost of Equity (8.21 + 8.22): 8.70 $/h
8.24 Profit and Amortization of Start—up Costs per Unit of Good Cutput
Work—-in-Process: 2
(Divide Subtotal 8.23 by 7.675 m / h from 7.44)
.2
1.13 $/ m
: 2
8,25 Price of Process (7,52 + 8.24) ; 3.86  $/ m
8.26 Price of Work-in-Process (7.51 + 8.24) 45.“07 $/_m?




3 1 0 l1|=jO]2 Form 15

Process No.

Revision Date 3/79

) ' Page 1 of 1

0. Output Specification:d

Name of item: Wafer with NP-junction

7.62-cm diameter

Dimensions:
Material: High purity silicon
Other Specifications: Wafers are contained in 500 sheet cassettes.

5o/
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Form

University of Pennsylvania
PROCESS CHARACTERIZATION

(UPPC)
Process: Device Fabrication

Subprocess:Junction Formation

e

Option: Projected Ion Implantation (both sides)
(RCA)
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Process No. 3 @ 1 >

Process Description:

Form 2

Page 1 of

1

Revision __ Date 9/

78

0f(1 =10 |1 0.1 Value Added: $/

Ion implantation of phosphorous and boron ions to form wafer with a npri1~ Jjunction. Output of

machine is 2000 3" cells/h (both sides) but machine availability is 85% for an effective ocutput rate of 1700 cells/h.

Cell output is 0.717 watts. Machine current is 10 wA per ion beam. Front junction dosage of phosphorous is 1 x 10

15

ions/m2 and the boron dosage s 5 x 10

14 ions/cmz.

Lo/l

Input Specification:

Name of Item:

Wafers that are cleaned by the Z-wafer cleaning process

Dimensions:

3" [7.62=cm diameter)

Material:

SeG-Si

Other Specifications:

Cleaning process_is a hot Caro's acid immersion followed hy thyree cascade rinses

in defonized water and spin-drying. ~OQutput rate of 1700 wafers/h is equal to

Note to Item 1.3:

7.753 mC/h.
1.1 Quantity Required:7.753 n°  / h ) Unit Cost: 47,21  §/ n?
1.2 Input Valusa: $/
1,3 Input Cost: 319.50 &/ h

Use price, if input produced in own plant,



Process No. E] |__'|_J . I__O_l__'[J“‘J.L]J

2.1 Direct Materials:

Form v3

Page 1 of 1

Revision Date 9/78
2.11 Type: _lon source gas :
Specification: Cost is 2.28 $/h and is only needed when machine is operating.
Quantity Required: 0.85 / ; Unit Cost: 2.28 §/ h & Cost: 1.94 s/ h
2.1 Type: 4
Specification: ;
Quantity Required: / ; Unit Cost: 8/ ; Cost: $/
2.1 Type: %
Specification:
A
2
o .
Quantity Required: / ; Unit Cost: s/ ; Cost: $/
2.1 Subtotal Direct Materials: 1.94 ¢/ _h —




Process ¥o. 13 |. 11|, to {1 j-{o]1

Lol .

. . Page 1 of 1
2.2 Indirect Materials (incl., suppliesand non-energy utilities): Revigion Date 9/78
2.21 Type: Cooling water ] :
Specification: Usage is 2400 £/h machine (used continuously). Cost is $8480/150,000 ft3
(SAMICS Catalog No. C1016B).
Quantity Required: 2400 L 7/ h s Unit cost: 0.000113¢, 2 . (oge: 0.27 g/ N
2.2 2 Type: Liquid No
Specification: _Quantity required is 10 2/h and usage fraction is 0.925.
Cost is $5.66/ft3 (SAMICS No. C1080D).
Quantity Required: - 9.25 &/ h ; uUnit Cost: 0.20 s/ & . Cost:| 1.85 g/ n
2,2 _ 7Type: L
Specification:
Quantity Required: . / 3 Unit Cost: $/ ; Cost: §/
2.12 $/h

i

Form 4

2.2 Subtotal Indirect Materials:




Process No. 3 [. 1 .

0 [1]-[0]T]

2.3 Expendable Tooling:

Form 5

Page L of _"_[__

2.3 _1 Type: Spare partsy cost is $8,000/y/machine RGViSion: bate
| Quantity Required: 0.97 $/h : Unit Cost: $/ Cost: .0.97  $/_h
2.3;, Type:
Quantity Required: / : Unit Cost: $/ ___ Costs $/
2.3 __ Type:
‘Quantity Required: / : Unit Cost: _ s/ Cost: $/
2.3 Type:
Quantity Required: / : Unit Cost: $/ Cost: s/
2.3 Subtotal Expendable Tooling: 0.;37 §/ h
2.4 Energy
2.1;_1__ Type: Electricity 40 kWh/machine and usage fraction is 0.925 _
Quantity Required: 37 kW Unit Cost: 0.0319 3/ kWh cost: 1.18 5/h
2.4 _ Type: . .
Quantity Required: Unit Cost: 8/ Cost: I s/
2.4 Subtotal Energy Costs: 6.20 5/h |
~ 2.5 Subtotal 2.1 to 2.4! 6..;20 J$/h
N 2.6 Handling Charge: _5:26 % of item 2.5} 0,33 §/h
2.7 Subtotal ﬁaterials and Supplies: 6.53  g/h-
(2.5 + 2.6) s




Process No, 3 . 1 . | Form 6
Page 1 of ]
Revision Date 9/78
3.1 Direct Labor:
3.11 Category: Semiconductor Assembler Activity: Machihe operator
(SAMICS No. B3096D)
Amount Required: h/ ; Rate: $_3.89 /by Load_ 36.0 _ %; Cost: 2.12 8/ 4y
3.12 Category:_Maintenance Mechanic Activity: Service and repair
(SAMICS No B3736
Amount Required: 9) ; Rate: $ .67 /h; Load 36.0  %: Cost: 0.77 S/ h
3.1_ Category: Activity:
Amount Required: h/ ; Rate: $ /h; Load _%; Cost: s/
3.1 Direct Labor Subtotal: 2.89 S/ h'
3.2 Indirect Labor:
3.2 Category: Activity:
ES Amount Required: h/ ; Rate: $ /h; Load %3 Cost: s/
‘ 3.2 Category: Activity:
Amount Required: h/ : Rate: $ /h; Load %y Cost: 5/
3.2 Category: Activity:
Amount Required: h/ ; Rate: § /h; Load %3 Cost: §/
3.2 Indirect Labor Subtotal: 0.72 $/ h
3.3 Subtotal 2.1 and 3.2 3.61 $/ _h
3.4 Overhead on Labor:_fiﬁﬁL% 0.19 8/ h
Subtotal Labor 3.80 s/ h

3!5




Process No.

4,1 Equipment

4.11

4.1

o/

4.1

Form 7

5 1. [0 . el d-[ ol Page 1 _of 1
Revision Date

Type: lon implanter - does both sides and has a current output of 10 wA

Cost: 700,000 $; Installation Cost: ~—--- $; Throughput: 9.121 HF /h;

Plan£ Oper'g Time 8280 h/y; Machine Avail'ty: 85 Z; Machine Oper'g Time 7040 h/y

Serviciné Costs: Labor - h/y at =~. $/hjParts or Outside Service: -- $ly

Useful Life: 7 y; Charge Rate: ?1-35 % of Cost/y; Capital Cost: 150,000 $/v) 18.12 8§/ h

Type:

Cost: $; Installation Cost: $:; Throughput: /h;

Plant Oper'g Time h/y; Machine Avail'ty:  %; Machine Oper'g Time h/y

Servicing Costs: Labor h/y at $/hjParts or Outside Service: $/y

Useful Life: y; Charge Rate: % of Cost/y; Capital Cost: $/y $/

Type:

Cost: $: Installation Cost: $; Throughput: /h;

Plant Oper'g Time h/y; Machine Avail'ty:  %; Machine Oper'g Time h/y

Servicing Costs: Labor h/y at $/hjParts or Outside Service: $/y

Useful Life: v; Charge Rate: % of Cost/y; Capital Cost: $ly $/
4.1 Subtotal Equipment Cost: 18.12 $/_jfi




Process No. 3 . 1 . 04T |~]041 Form 8
Page 1 of 1
4.7 TFacilities: Revision  Dacre 9/78
- 2 .
4,21 Type: Machine area Floor Area: 79 m”; Throughput: 6.42 X 104 2 /y
Charge Rate: 179.13* $/(m™-y); Maintenance Costs:
L N Auiy A— ity - L [ ) A Lo
Energy Use: ’-? Labor: h/y at $/h
Heating /vy at s/ | Supplies: sy
Air Cond'g /y at 5/ l OQutside Services: S/y
Sz . : ’ > - _J Total Cost: _ 14,150 $ly . 1.71 8/ h
: 2
4.2_ Type: Floor Area: m ; Throughput: /y
Charge Rate: $/(m2-y); - —-Mmtﬁngg Costs: . T T T T
L B dpal  p— Lo I 4 S ——y L
Energy Use: l Labor: h/y at S/h
Heating /y at 8/ l Supplies: $ly
~.
~ i '
i Alr Cond’g /y at 3 Outside Services: $/y
Lihtin /at / e m—— oveve  Ge—y Gl dewa wtewed)  weemeh  SGwedl; Gl Apmny .
& g 7 ? 1 Total Cost: S/y $/
p—
4,.2__ Type: Floor Area: mz; Throughput : [y
Charge Rate: §/(m" y); Maintenance Costs:
ME WD Seny oy Gy SeaaP _E-:m e U‘-n. Sl gy ey
nergy Jses Labor: h/y at 5/h
Heating /y at $/ l
l Supplies: $/y
Air Cond'g /y at $/
Qutside Services: $/vy
Lightj_n /y at $/ G AEE M D GG ey Omm  Goomy et ORetr oRR
& 3 Total Cost: $/y $/
e
*Includes energy use 4.2 Subtotal Facilities: 1.717 8/ h
4.3 Equipment and Facilities Subtotal : 19.82 3/ h



http:Throughput:_6.42
http:FIIRE.F1

Process No.

5.

F !

Salvaged Material ({Work-in-process)

Revision

of 1_
pate 4/79

5.1 Quantity of Work-in-Process 1. Contained in Good Output
Work-in~Process (per Computation Unit) 7.675 /
5.21 Input Work-in-process 1. Not Contained in Good Output
Work-in-Process ("Amount Required" from 1.1 mihus 5.1) 0.078 /
5.22 Net Amount of 5.21 which is sold for Credit As-Is or
After Applying Re-Process ¢ . - /
5.23 Credit for 5.22 at the Market Value of $/ : s/
5.24 Cost of Reprocessing Material of 5.22
at the Average Reprocessing Cost of s/ $/
5.25 Net Credit for 5.22 (5.23 minus 5.24): $/
5.26 Material of Type 1. Lost in Process (5.21 minus 5.22) 0.78 /
5.3 Cost of Work-in-Precess Wot Contained in Good Output Work-~in-Process 1 3.20 s/ h
(Amount 5.21 Times Unit Cost 1.1)
5.4 Cost of Work-in-Process Contained in Good Output Work-in-Process
(Amount 5.1 Times Unit Cost from 1.1) 316.30 s/ h
Salvaged Materials Summary:
5.8 Total Net Credits for All Salvaged Materials (5.25 + 5.67 + 5.76) s/




Form 12

Page ] of ]
Process No. 3 . 1 . 0171 f{=i0f1 Revision Date 9/78r
7. Process Cost Computation 7.11 Manufacturing Add-On Costs (sum of 2.7, 3.5, 4.3, 6.)% 30.16 s/ h
7.22 Other Indirect Cost % of 7.11 1.2
(EheEo 8 E5 T S8 her—raony” .
7.21 Total Operating Add-on Costs of Process: 31.417 8/ h
7.22 G & A % of 7.2% s/
= s wLArY:
7.31 Total Gross Add-On Cost of Process 31.41 .8/ h
7.32 Credit for Salvaged Material (5.8) $/
7.33 Cost of Work-in-Process Lost (5.3) 3.20 s/ h
7.34 Specific Add-On Cost of Process (7.31 + 7.33)-(7.32) 34.61 s/ h
7.35 Cost of Input Work-in-Process Contained in Good
Output Work-in-Process (5.4) : 316.30 4/ h
~
~
N 7.36 Loading on Item 7.35 at Rate yA 5/
R
' 7.37 Cost of Output Work—in-Process (7.34 + 7.35 + 7.36) 350.91 $/ h
1 e AR O i Do et
7.41 Theoretical Yield (or Conversion Rate, 1f output units of 2
work-in-process do not equal input units) 7.763 m / h
7.42 Practical Yield 99 %
7.43 Effective Yield (7.41 x 7.42) 7.675 m¢ / h
7.44 Number of Units of Good Output Work-in-Process per .
Computation Unit Used up to 7.35 /
7.51 Cost of, Unit of Good Output Work—lnv ’
Process (7.37 + 7.44) 45,72 . .8/ m2
7.52 Specific Add-On Cost per Unit of Good 4.5 m?
output Work-in-=Process (7:34 %+ 7.44) : 5/



http:7.33)-(7.32

Form 13-2

Process No.
Page 1 of 71_
Revision . Date - 9/78
8.2 Alternate 2 (SAMICS Methodology): q
8.21 Profit Computation:
0.9274% 18.12 g/ b from Subtotal 4.1 =  106.80 ¢y h
1.946% 1.71 $/ h from Subtotal 4.2 = 3.33 $/ h
‘Subtotal = 20-13 ¢/ M
8.22 Costs of Amortization of the One-Time Cost:
0,192« 6.53 ¢, b from Subtotal 2.7 = 126 ¢/ n
0.192% __ 3.80 ¢/ h from Subtotal 3.5 = __ 0.73 g/ B
0.2958%  18.12 ¢/ h from Subtotal 4.1 = 5.36 ¢,
> 2.77% 1.71 g/ h from Subtotal 4.2 = 4.73 ¢, h
S - |
Subtotal = 12.08 ¢/ h
8.23 Total Net Cost of Equity (8.21 + 8,22): 23.21 s/ h
8.24 Profit and Amortization of Start-up Costs per Unit of Good OQutput
Work-in-Process:
(Divide Subtotal 8.23 by 7.675 m2 / | from 7.44)
14.20 8/ _m°
: 2
8.25 Price of Process (7.52 + 8.24) 8.71 g m
49.92 2
8.26 Price of Work-in-Process (7.5l + 8.24) > 5/ W
L AR I TE AR




Process No. 3 1 ) 0 {1 |—=] O} 1 Form 15
' Page 1 of 1_
Revision Date 9/78

0. Output Specification:

. + .
Name of item: Wafers with NPp Junction

Dimensions: 7.62-cm diameter

Material: High purity silicon

Output of cell is 0.717 watts (n =-15.7%).

Front dosage of phosphorus is 1 x 1018 ions/cm?, and was placed on selected areas

Other Specifications:

using a mask. The back surface field consists of boron at a concentration of 5 x 1014 10n5/cm2.

L//




Process No..m_ 0 | 1]_[0 1

University of Pennsylvania
PROCESS CHARACTERIZATION
{UPPC)

Process: Device Fabrication

Subprocess: Formation of Potential Barrier

Option: Ion Implantation of Phosphorus

Form

fuuk

(Lockheed)
INDEX
Form Pages Rev. | Date Remarks
1 4/79 All forms have same date.
2 1 to 1
3 1 to 1
4 1l to 1
5 1l to 1
6 1 te 1
7 1l to 1
8 1 to 1
9-1 1 to 1
9-2 1L to O
9-3 1 to O
10 1l to O
11 1 to O
12 1to 1
13-1 1 to O
13-2 1 to 9
14 1 to *
15 1to T
16 1to O
!

724




Torm 2

Page 1 of 1

Revilsion __ Date 4/79
Process No, {3 [, |1}, [0 1 ]“" 0 l_[ 0.1 Value Added: $/

Process Description: Ion implantation of phosphoruswith a 2 x 1015 igne/om? dosage using PFe_

The output rate is 50 wafers/minute and each wafer spends an average of 20 hours at the work station.

There is a 2 h load time, 16 h process time, and a 2 h unload time. Machineusage fraction is 95%; actual

output is 2850 wafers/h. Filament life is assumed to be 80 mah and the Filament operates with a current

of 10 mA. Tt takes 20 minutes to change the filament.

1. Input Specification:

. Name of Item:!: Textire erched Si walors.

Dimensions: 7.62-an diameter
Material: High puritv silicon

15

Other Specifications: _ Ion dose ig 3 .x 10 innc:,/mnz

47/

Ion implantation wnit has four side load=inlqad chamhers. sirronnding the. ceptral
implantation chamber. Area output rate is 13 mz/h.

1,1 Quantity Required: 13.0 m2 /h Unit Cost: 41,21 §/ rn2
1.2 Input Value: $/
1.3 Input Cost: 535.73 $/h

Note to Item 1.3: Use price, if input produced in own plant,



Process No.

3. (] . 0T l=lo 1]

2.1 Direct Materials:

o/

2,11

2.1

2.1

Form 3
Page j _of 1
Revision Date 4/79
Type: Phosphorous pentaflouride (PF_), 99.0% 5
Specification: Consumption rate of 0.0052725 m¥/min is based on current usage. Actual
usage should be (0.005275) x (2850) x 2.43 x 60. Density is 5.805 g/ 2 . Cost
is approx. $400/1b. (Matheson). ;
Quantity Required: 2192 mi /min; Unit Cost: 0.005L $/ml ; Cost:| 11.22 $/ h
Type: ;
Specification: ;
Quantity Required: / ; Unit Cost: 5/ ; Cost! $/
Type: 5
Specification:
Quantity Required: / . 3 Unit Cost: $/ ; Cost: $/
2.1 Subtotal Direct Materials: 11.22 $/ h —_




Form 4

Process No. ,. * [0 |11—r0 ]l l .
g Pagel of 2

+ d non- tilities): P B
supplies and non-energy u ies) Revision Dateﬂ_—

2.2 Indirect Materials (incl.

2.21 Type: Cooling water

Used to cool diffusion pumps which have a power rating of about

Specification:

7 kW (SAMTCS C1128D)..

Quantity Required: L 7kW / :  Unit Cost:0.566 ' §/kWh ; Cost: | 3.962. $/h

2.2 2 Type: Compressed air
Pressure is 50 _psi. Used for operation of gate valves and air

Specifdication:

cushion bearings. Only needed when machine is rumning. Consumption is 0.0988 .

. ft3/m._1'.n. (SAMICS C2032D).
?': Quantity Required: 1684/ h ; Unit Cost: S/ i  Cost: S/
2.2 3 Type: Liquid hitrogen e
Specification: Used for,dia_‘ffusion punp traps and is needed at all times.
Cost is $5.66/ft° (SAMICS £1080D)
Quantity Required: . 3.75 £ /h. ; Unit Cost: 0.20 .$/ % ;s Cost: | 0.75 $/ h

-

2.2 - Subtotal Indirect Materials: | 4.712 $/n




Process No. .E_‘ .IO b_. I-_O Il l ] | Form 4

Page 2 of 2
2.2 TIndirect Materials (incl. suppliesand non-energy utilities): Revision Date 4/79

2,24 Type: Argon N ;

Specification: Used to flush system. Consunption rate is 0.485 ft3/min and usage
rate is 97%. Cost is 0.14 $/ft> (SAMICS E1112D) ,
Quantitv Required: 800 & / B ; Unit Cost: 0.005 ¢/ 9 ;1 Cost: 4.00 $/h
2.2_ Type:
Specification:
~
Ry Quantity Required: ) A ; Unit Cost: $/ ; Cost: s/
B
2.2_ Type: e
Specification:
Quantity Required: . ) / ; Unit Cost: $/ ; Cost: $/
2,2 Subtotal Indirect Materials: 114.00 s/




Process No. [T]. 1 ‘.{O.ll[""[o ll Form 5
Page 1 of 1

2.3 Expendable Tooling:

Revision  Date4/79
2.3 _ Type:
Quantity Required: 7 /. : Unit Cost: _ $/ Cost: .8/
2.3 _ Type:
Quantity Required: / ! Unit Cost: S/ __ Cost.: 5/
'2.'3,_ Type:
Quantity Required: / ¢ Unit Cost: s/ Cost: s/
2.3\___ Type:
Quantity Required: ' /‘ : Unit Cost: ‘ 5/ Cost. 5/
2.3 Subl:ot;al Expendable Tooling: _ -$/
2.4 Energy
2.4 L Type: Electricity, used at all times; power ratirg is 7 ki
Quantity Required: 7 ‘ | KW : Unit Cost: 0‘-0319 $/ %W Cost:f0.223 $/h
2.4 _ Type:
‘ Quantity Required: _ i Unit Cfﬁst: . s/ Cost! $/
| 2.4 Subtotal ﬁnergy Costs: {-_0.223 $/.n,
" 2.5 Subtotal 2.1 to 2.4: — o 20.12  $/ n
;\; 2.6 Handling Charge: _35.26 % of item 2.5 .]_._05 $/ n
2.7 Subtotal Materials and Supplies: 21.17 ¢/
(2.5 + 2.6)




Process No. 3t bofLf-lofz Form 6
Page 3 of 3
Revision Date 4/79
3.1 Direct Labor:
3.}l cCategory: Electronics Technician Activity: Machine operation
- (SBMICS B3704D)
Amount Required: 1 h/ h ; Rate: $ 5.29 /h; Load 36.0 %3 Cost: 7.20 $/h
3.1 Category: Activity:
Amount Required: h/ ; Rate: $ /ﬁ; Load %3 Cost: $/
3.1_ Category: Activity:
Amount Required: h/ ; Rate: § /h; Load %; Cost: $/
3.1 Direct Labor Subtotal: 7.20 s$/h
3.2 Indirect Labor: Taken as 25% of direct
3.2 Category: Activity:
Amount Required: h/ ; Rate: $ /h; Load %; Cost: s/
3.2 Category: Activity:
Amount Required: h/ 1 Rate: $ /h; Load %; Cost: $/
3.2 Category: Activity:
Amount Required: h/ : Rate: § /hy Load %3 Cost: s/
3.2 Indirect Laber Subtotal: 1.80 $/b
~ 3.3 Subtotal 3.1 and 3.2 3.00 sh
b .
R 3.4 Overhead on Labor: -°29% 0.47 $ /2

3.5 Subtotal Labor

9.47 g/




Process No.

Form 7-
Page 1 of 1

Revision _Date 4/79.

4,1 Equipment

4.11

4.12

oy g

4.13

Type:_ Ion Tmplantation System

h/y

Cost: 300.000 $; Installation Cost: $; Throughput: <2850 wafers /h;
Plant Oper'g Time 8280 h/y; Machine Avail'ty: 95 7. Machine Oper'g Time
Servicing Costs: Labor h/y at S/hiParts or Outside Service: 8/y

Useful Life: 7 y; Charge Rate: 21 35 % of Cost/y; Capital Cost:_ 64,050

s/yl 7.73  s/m

Typé:_Central chamber and five side chambers for above .

h/y

$/y 3.60 g/ h

Cost: 140,000 $; Installation Cost: 8; Throughput: 2850 wafers ,/h;
Plant Oper'g Time 8280 h/y; Machine Avail'ty: gs %; Machine Oper'g Time
Servicing Costs: Labor h/y at $/h;Parts or Outside Service: $/v
Useful Life: .7 __y; Charge Rate:_ 21.35 % of Cost/y; Capital Cost: 29,900

Type:_ Trays (2,000) @ $30.each

Cost: 60,000 S installatidn Cost: $; Throughput:_ 2850 wafers /h:

Plant Oper'g Time 3280 h/y; Machine Avail'ty: 95 %; Machine Oper'g Time h/v
Servicing Costs: Labor h/y at . $/h;Parts or Outside Service: _ Sly
Lseful Life:_u;_m_*_7 v; Charge Rate: 21,35 . % of Cost/y; Capital Cost: 12,800 $/vl _1.57 $ /i

4,1 Subtotal Equipment Cost: 12’90” sh




. o 1) =
Process No. |5 | i, 0{ 1 0}1 Form 8
Page 1 of 1
Revision Dat 9
4.2 Facilities: P e4/79
2
4,21 Type: Manufacturing space Floor Area:_ 139,355 M ; Throughput:mkgoﬂ_m/y
% 2 r-_a_a#—ﬁ-nﬂhmo—”.--”
Charge Rate: _179,13 $/(@m™-y); Maintenance Costs:
W pemk Uy CWER s QEEP OBED  PRAR RN QWY e
Energy Use: _‘ Labor: h/y at $/h
Heating /y at $/ i Supplies: $/y
Air Cond’'g [y at 5/ l OQutside Services: $ly
Lighting /vy at $/ b di e R el e e e e A e e
- - { Total Cost: 25,000 $ly 3.00 $/n
2
4.2__ Type: Floor Area: m~; Throughput: /y
Charge Rate: $/ (" y); Maintenance Costs:
ey v susie SmEE  AweEh P Mmehy  geni  uma —— e ﬂ
Energy Use: l Labor: h/y at $/h
Heating /v at §/ l Supplies: s/y
. 1
;l: Air Cond'g /y at 8/ l_. Qutside Services: $/y
8 8 y L Total Cost: $/y $/
=%
2
4,2_ Type: Floor Area: m ; Throughput: /vy
) 2 '——---—--.-‘-tu-ﬂ_-—-—--—--—ncq
Charge Rate: _ $/(m”-y); Maintenance Costs:
mmu—m—-ﬁ-muﬂ_——-
nergy Vee lLabor: h/y at $/h
Heating /y at $/
I Supplies: $ly
Air Cond'g /y at $/
Outside Services: $ly
Lighting /}7 at $/ B . T
1 Total Cost: $/y $/
4,2 Subtotal Facilities: 3.00  S$h
* Includes utility use __
4.3 Equipment and Facilities Subtotal : 15,90 Sh




Form 9-1

page 1 of 1

e 4/79
3 1 o1 1__fo T2 Revision Date /
Process No. . .
5. Salvaged Material (Work-in-process)
5.1 Quantity of Work-in-Process 1. Contained in Good Cutput
Work-in-Process (per Computation Unit) 12,90 / h
5.21 Input Work-in-process 1. Not Contained in Good Output )
Work-in-Process {"Amount Required" from 1.1 minus 5.1) 0.10 /B
5.22 Net Amount of 5.21 which is sold for Credit As-Is or
After Applying Re-Process . . - /
5.23 Credit for 5.22 at the Market Value of s/ : s/
~ 5.24 Cost of Reprocessing Material of 5.22
N at the Average Reprocessing Cost of $/ $/
N 5.25 Net Credit for 5.22 (5.23 minus 5.24): $/
5.26 Material of Type 1. Lost in Process (5.21 minus 5.22) 0.10 /h
5.3 Cost of Work-in-Process Not Contained in Good Output Work-in-Process 4.12 sh
(Amount 3,21 Times Unit Cost 1.1)
5.4 Cost of Work-in-Process Contained in Good Qutput Work-in-Process
{Amount 5.1 Times Unit Cost from 1.1) 531.6l $/hn
Salvaged Marerizls Summary:
5.8 Total Net Credits for All Salvaged Matecials (5.25 + 5.67 + 5.76) 5/




Process No. » S

7. Process Cost Computation

Form 12
Page 1 of 1

3 i O 1l}j—j 0} 1 . Revision Date 4/79

7.11 Manufacturing Add-On Costs (sum of 2.7, 3.5, 4.3, 6.)146.54 §$/ n

7.22 &EQ@@ £pi%iggtogiﬁgs§ 4o2) Z of 7.11 .1.08 §/ h
7.21 Total Operating Add-on Costs of Process: 47.62 $/ h
7.22 G & A % of 7.21

- 2

7.31 Totai Gross Add-On Cost of Process

7.32 Credit for Salvaged Material (5.8) $/
7.33 Cost of Work-in-Process Lost (5.3) 4.12 4/ h
oo LTIt L

7.34 Specific Add-~On Cost of Process (7.31 + 7.33)—(7.32) 51,74 $/ n

7.35 Cost of Input Work-in-Process Contained in Good

Output Work-in-Process (5.4) 531.61 8/ h
7.36 Loading on Item 7.35 at Rate /AR $/
SIMRAETE S U ITY § oL e o L e e it
7.37 Cost of Output Work-in-Process (7.34 + 7.35-+ 7.36) §$83.35 $/ n -
- T Y T R TN S T S I T2 VS — P—
7.41 Theoretical Yield (or Conversion Rate, if output units of 5
work-in-process do not equal input units) 13.0 m-_/ h
7.42 Practical Yield 99.2 %
7.43 Effective Yield (7.41 x 7.42) 1290 /&
7.44 Number of ﬁnits of Good Qutput Work-in—Procesé per
Computation Unit Used up to 7.35 | : /
T TN ST o
7.51 Cost of Unit of Good Qutput Work-in-
Process (7.37 + 7.44) 45,23 $/ m
7.52 Specific Add-On Cost per Unit of Good 4.0} -
Qutput Work~in-Process (7.34 % 7.44) ) $/



http:7.33)-(7.32

Process No.

L/

8.2 Alternate 2 (SAMICS Methodology):

8.21 Profit Computation:

Revision

Form 13-2

Page 1 of 1
Date 4/79

i

0.9274% _12.90 _$/_h from Subtotal 4.1 = 11.96 $/_ 1
1.,946% 3.00 %/ h . from Subtotal 4.2 = 5,84 $/ h
Subtotal = 17.82 $/ h
8.22 Costs of Amortization of the One-Time Cost:
0,192%_ 21,17 . $/_h from Subtotal 2.7 = _4.07  $/_h
0.192%  g.47 ‘$/ h from Subtotal 3.5 = _1.82 $/_h
0.2958% 12.90 $/ h , from Subtotal 4,1 = 3.82 $/_ h
2.77% 3.00 5/ h from Subtotal 4.2 = 8.3l $/ .h |
Subtotal = 18.02__ $/_n
8.23 Total Net Cost of Equity (8.21 + 8.22):
8.24 Profit and Amortization of Start-up Costs per Unit ofLGood Oﬁtput
Wo?kfin—Procéss: 2
(Divide Subtotal 8.23 by 12.9 _ m / h from 7.44)
2.78 5/ m2
8.25 Price of Process (7.52 + 8.24)
8.2h Price of Work-in-Process (7.5£L + 8.2:&) )
. 1mmmmm$_

35.84 §/ n_
6.79 5/ u°
2
48.00 s/ m
T N R YIRS




Process No. | 3 1 o1 ]"’" o]l Form 14
' Page 1 of 1

9. Process Economic Evaluation: , Revision Date_4/79
9.1 Process Cost Balance (7.52 - 0.1) . s/
9.2 Relétive Process Performance (9.1 + 0.1)
9.3 Output Cost (7.51) 45,23 $/m2
9.4 Output Value (0.2 + 0.1) ‘ 5/
9.5 Relative Excess Cost F {( 9.3 - 9.4) = 9.lJ

ol



3 . - « 0 A - Form 15
_ Page 1 of 1

Process No.

Revision Date /79
1L

0. Output Specification:

Name of item: Wwafers with phosphorus PN junction

7.62-cm diameter

Dimensions:
Material: Substrate is high purity silicon
Other Specifications: Process yield is 99.2 %,
Implant dosage is 2 x lO15 ions/cmz,

/e/




Process No. {3 | [1 | [0 ]2

~fo[1

University of Pennsylvania
PROCESS CIHARACTERIZATION

(UPPC)
Process: Device fabrication

Subprocess: Formation of potential barrierx

Activation anneal after ion implantation

Form

-

Option:
h {Motorola)
INDEX
Form Pages Rev. | Date Remarks
1 - | 10/78
2 1 te 1 3/791 10/78
3 1 to 0 - —
4 1 to 1 3/79 | 10/78
5 1 to 1 3/79| 10/78
6 1 to 1 3/79{ 10/78
7 1to 1 3779 | 10/78
8 1 to 1 3/79} 10/78
9-1 1 to I 3/79| 10/78
9-2 1 to O - | -
9-3 1 to © mintelE M
10 1 to 0 —— ———
11 1 te 1 3/79 | 10/78
12 1 to 1 3/791 10/78
13-1 1 to O -—- R
;3~2 1l to _Em 3/79] 10/78
14 1 to O — | -
15 Lto 1 === | 3/79
16 1 to g | |




1

Process No. J 3| .I l]n IO IZ Iﬁ'ld“

4.2 Facilities:

floor space Floor Area:

25.55

Form 8
Page 1 of1_

Revision 3/79Date 10/78

mz; Throughput: 179,800 m? /y

4,21 Type:

&
Charge Rate: _ 179.13 $/(m2-y); F_

N Pean Sy el Seolh  ewTy S Pl AP O T

Ak ek Sl s Qs Seddd  CETER SSwnE el et GSmmae  CINOR Swant

Maintenance Costs:

Energy Use: .n? Labor: h/y at $/h
Heating /y at $/ | Supplies: $/y
Air Cond'g /y at $/ | Qutside Services: $/y
Lightin /y at $/ L-““.—mm“-’m““‘_ .
EhEnE 1 Total Cost: 4600 $ly 0.38 o, b
m
4,2_ Type: Floor Area: m2; Throughput: i/y
Charge Rate: 5/ (m” y); Maintenance Costs:
L L e T I L — camy ey
Energy Use: l Labor: h/y at $/h
Heating /y at s/ l Supplies: 8/y
. t
E; ) Air Cond'g /y at 8/ Outside Services: S/y
1 Total Cost: §/y $/
4.2_ Type: Floor Area: mz; Throughput : /y
Charge Rate: $/(m +y); Maintenance Costs:
MNP WER STEN WY Nl D T rb Uﬂa S —— —
nergy Used Labor: hi/y at $/h
Heating /y at $/ l
Supplies: $/y
Air Cond'g /y at $/ ¢
Qutside Services: $ly
Lighting /y at 5/ W det  SEaD Al e Gy GOURE  COWMG  ORNGE Gl el
} Total Cost: $/y 8/
_mmw _
] 4,2 Subtotal Facilities: 0.58 3/ h
* includes energy use.
4.3 Equipment and Facilities Subtotal : 2.3L 8/ h




Process No. 3 L 0f 2110 1

4,1 Eguipment

4.1_1 Type:_ THERMCO eight tube diffusion module type 4000872 Spec 1900

Form 7
Page 1 of 1

Revision3/79Date _10/78

LES

Cost: 64,270 $; Installation Cost: ———- $; Throughput: 21,715 /h;
Plant Oper'g Time 8280 h/y; Machine Avail'ty: 96 %; Machine Oper'g Time h/y
Servicing Costs: Labor —-— h/y at —-- $/hjParts or Outside Service: ~-- $/y
Useful Life: 7 y; Charge Rate: 21.35 % of Cost/y; Capital Cost: 13,720 $/y 1.73 %/ h
= 4.1 Type:
Cost: $; Installation Cost: $3; Throughput: /h;
Plant Oper'g Time h/y; Machine Avail'ty:  %; Machine Oper'g Time h/y
Servicing Costs: Labor h/y at $/h:Parts or Outside Service: S/vy
Useful Life: y; Charge Rate: % of Cost/y; Capital Cost: 8/y s/
4.1 Type:
Cost: $; Installation Cost: $; Throughput: /hy
Plant Oper'g Time h/y; Machine Avail'ty:_ %; Machine Oper'g Time hly
Servicing Costs: Labor h/v at $/hjParts or Outside Service: __S$ly
Useful Life:_ y; Charge Rate:_ % of Cost/y; Capital Cost: Sl $/
4.1 Subtotal Equipment Cost: .73 ¢/ h




Form 2

Page 1 of 1 .

‘ ‘ Revision _.. Date 10/78
v 11 .|_nz o J__! 0.1 Value Added: s/

Process Description: : ] inn has been imnl
junction. Capacity of machine is 2000 wafer/h or 22.62 m“/h. Machine

Process No. 3

utilization is 96%, for an effective output rate of 21.715 m2/h

1, Input Specification:
Name of Item: Wafer with implanted junction(s)
Dimensions: 12-cm diameter
Material: silicon

Othexr Specifications:

&/

1,1 Quantity Required: 54 745 me [__;L .Unit Cost: 41,21 $/ m?
1.2 Input Value! 8/
1.3 Input Cost: 894.88 &/ m?

Note to Item 1,3: Use price, if input produced in own plant,



’

Process No. .I_:_L__!.IO lZl-lO'l l Form 4

Page 1 of 1

2,2 Indirect Materials (inecl. suppliesand non~energy utilities): . L.
Revision_ 3/79 Date_10/78
2,21 Type:_ Nitrogen gas from liquid nitrogen :
Specification: Cost of LN, is 5.66 $/ft3
(SAMICS No. CLl080 D)
Consumption is 34/min/tube and is used at all times
Quantity Required: 1440 __j_/ h ; Unit Cost: 0.0004 §/ ,ﬁ s Cost: 0.58 s/ h
2.2 Type:
Specification:
~ Quantity Required: / ; Unit Cost: $/ ; Cost:| . $/
(N
2.2 H
N — Type .- —
Specification:
= 1
Quantity Required: o / ; Unit Cost: $/ ; Cost: $/
2.2 Subtotal Indirect Materials:| 0.58 §/ h




rProcessNo. lil,l_}__l.iOlZl-—lOll[ ' Form 5

Page 3 of 1 _

2.3 Expendable Tooling: ]
Revision_3/79 Date 10/78

2.3_-} Type: Quartz tubes and boats); repla;zed every 8 months
Quantity Required: 12 tubes /Y : Unit Cost: 769 _ §/tubegost: 1.16 ¢/ h
2.‘3___ Type:
Quantity Required: / . : Unit Cost: $/ _ Cost: . §/.
2.3_ Type:
Quantity Required: _ . /___+ Unit Cost: s/ Cost: s/
2.3 __ Type:
~ Quantity Required: , / : Unit Cost: $/ Cost: $/
(,(’9\ 2.3 Subtotal Expendable Tooling: l.l16 %/ h
2.4 Energy
2.4 ) Type: Electricity, 140 name-plates rating, Dity cvdéle is 50%
Quantity Required: 7C _kw ¢ Unit Cost:0=.0319$fm Cost:{ 2.23 8/ h .
2.4 Type:'
Quantity Requi;:ed: ¢ Unit Cost: $/ Cost: s/

2.4  Subtotal Energy Costs: 2.23 8/ h

2.5 Subtotal 2.1 to 2.4! 3,97 8/ n
2.6 Handling Charge: § 24 % of item 2.5{ Q, 2] $/n

2.7 Subtotal Materials and Supplies: 4.18 $/h
(2.5 + 2.6) '




Process No. 3 1 0f2 J-joL Form '6 :

’ ‘ Page 1 of 1
Revision 3/79 Date_10/78
3.1 Direct Labor: .
3.11 Category: Semiconductor assembler Activity:_ pmachine operation .
Amount Required: (?.AMICS g?OQGE) ; Rate: § 3.894 /h; Load 36.0 %3 Cost: 5.30 ¢/ h
3.1 Category: . Activity:
Amount Required: h/ _ : Rate: § /h; Load . %; Cost: $/
3.1 Category: . . Activity:
Amount Required: h/ 1 Rate: § /h; Load %: Cost: s/
3.1 Direct Labor Subtotal: 5.30 $/.h
3.2 Indirect Labor:  Taken as 25% of direct ' i
3.2 Cdtegory: . Activity:
Amount Required: h/ ; Rate: §$ /h; Load %Z; Cost: 8/
t‘- 3.2 Category: . : Activity:
. ~ Amount Required: h/ : Rate: §$ /h; Load %; Cost: $/
3.2 Category: ) Activity:
Amount Required: h/ ; Rate: $ /h; Load . ' %3 Cost: . ‘ . ’$/
q ‘ ‘ 3.2 Indirect Labor Subtotal: ‘ 132 $/ n
" 3.3 Subtotal 3.1 and 3.2 6.62 ¢/ h
3.4 Overhead on Labor: >-26% 0.35 /4

3.5 Subtotal Labor \__6.97 _ $/n




Form 9-1

Page lor 1

ovocess Ho. L3 . Ll . 10]2]— 011 Revision Date _3/79
5. Salvaged Material (Work-in-process)
5.1 Quantity of Work-in-Process 1. (Contained in Good Output
Work-in-Process {(per Computation Unit) 21.584 m? !/ h
5.21 Input Work-in-process 1. Not Contained in Good Output 2

Work-in-Process ("Amount Required" from 1.1 minus 5.1)

5.22 Net Amount of 5.21 which is sold for Credit As-Is or

- After Applying Re-Process I . . - /

5.23 Credit for 5.22 at the Market Value of 8/ s ; s/

5.24 Cost of Reprocessing Material of 5.22

~ at the Average Reprocessing Cost of $/ : 8/
Gy
< 5.25 Net Credit for 5.22 (5.23 minus 5.24): 8/
5.26 Material of Type 1. Lost in Process (5.21 minus 5.22) /
5.3 Cost of Work-in-Process Not Contained in Good Output Work-in-Process : I 5.37  3/_h
(Amount 5,21 Times Unit Cost 1.1)
5.4 Cost of Work-in-Process Contained in Good Output Work~in-Process 889.47 h
(Amount 5.1 Tames Unit Cost from 1.1) $/_

Salvaged Materials Swmuary:

5.8 Total Net Credits for Al) Salvaged Materials (5.25 + 5.67 + 5.76) $/




Form 11
Page 1 of 1

Process No. | 3 {.[ 1 J‘ {02 |e=]O[1] : Revision3/79Nate 10/78
6.3 Liquid Byproducts/Wastes (organic) Carry from Form 10 .S/
6.3 Type (Composition): ' Quantity Produced: _ /
Density: g/cm3; Toxicity: CoD: mg/1l; BOD: mg/1
Ignition Point: _ oC; Explosive Mixture in Air: % to %; Other Remarks:

Type of Disposal:

Input Material for: Cosﬁ(Credit) s/ 3 Cost: L $/

6.4 Fumes, Gaseous Byproducts/Wastes

3
6.41 Type (Composition): . Fume gases . Quantity Produced: 125 £t/ min
Energy Content (Combustion); kWh/ _; Explosive Mixture in Air 4 to %
o . o - o . ,
Ignition Point: C; Aerosol[:]iPreclpltates in minutes pH
\ ]
:P; Toxicity . Requires'ScrubbingD "Type of Scrubber:

(enter scrubber under 4.1, 4.2, scrubber effluent under 6.1 to 6.3)

Other remarks: 0.46kWh/1000 CFM - 0.0575 kWh/min

Type of Disposal:

Operating Costs: -6-08 s/ Y ; Cost: | 0-002 g/ b

6. JSubtotal: Byproduct/Waste Didposal Cost: 0.002 8/ h-




Form 12

Page 1 of 1
3] 1 0:21__{0 |1 Revision 3/79 Date 10/78
Process No. . ‘
7. Process Cost Computation 7.11 Manufacturing Add-On Costs (sum of 2.7, 3.5, 4.3, 6.){ 13.45 8/ h
7.22 Other Ind:(ﬁ)e‘cdzsgoiz:s“.as 5.4185 7*11(4.2)) 0.17 8/ h
7.21 Total Operating Add-on Costs of Process: 13,62 &/ h
7.22 G & A % of 7.21 s/
LT Sraiilae ot e
7.31 Total Gross Add-On Cost of Process 13.62 &/ h
7.32 Credit for Salvaged Material (5.8) $/
7.33 Cost of Work-in-Process Lost (5.3) 5.37 §/. h
i 7.34 Specific Add-On Cost of Process (7.31 + 7.33)-(7.32) | 18.99 s/ h
~ 7.35 Cost of Input Work-in-Process Contaiiied in Good
R Qutput Work-in-Process (5.4) 889.49 $/ h
~ .
7.36 Loading on Item 7.35 at Rate A §/
E
7.37 Cost of Qutput Work-in-Process {(7.34 + 7.35 + 7.36) 908.48 s/ h
2 K R TR T
7.41 Theoretical Yield (or Conversion Rate, if output units of 21.715 m2 h
work-in-process do not equal input units) ) /
7.42 Practical Yield 99.4
7.43 Effective Yield (7.41 x 7.42) /
7.44 Number of Units of Good Output Work-in-Process per 2
Computation Unit Used up to 7.35 21.5€4 m~ / h
7.51 Cost of Unit of Good Output Work-in- 2
Process (7.37 + 7,44) 42,098/ M
7.52 Specific Add-On Cost per Unit of Good
Qutput Work-in-Process (7.34 %+ 7.44) 0.88 ¢/ m2



http:7.33)-(7.32

Form 13-2
Page 1 of 1

Revision _3/79 Date 10/78

Process No.

8.2 Alternate 2 (SAMICS Methodology):

8.21 Profit Computation:

0.9274% 1.73 $/ _h | from Subtotal 4,1 = 1,60 $/__h
1.946% g .58 8/ from Subtotal 4.2 = _1.13 $/_h
“subtotal - _2.73 . $/__h
8.22 Costs of Amortization of the One-Time Cost:
0.192% 4 18 $/ h from Subtotal 2.7 = .80 $/_h
0.192% 2 g7 . 8§/ h from Subtotal 3.5 =_1.34 $/__h
) 0.2958*% 1 =41 $/ h_ from Subtotal 4.1 = 0,51 $/_h
:& 2.77% g ea 8/ p from Subtotal 4.2 = _1.60. $/__ h |
b Subtotal = 4,25 $/ __h
8.23 Total Net Cost of Equity (8.21 + 8.22): 6.98‘ . $/: h
8.24 Profit and Amortization of Start-up Costs'per Unit of Good Output
Work-in-Process:
(Divide Subtotal 8,23 by __ 21,584 m® ___/_n  from 7.44)
| 0.32___$/_m>

8.25 Price of Process (7.52 + 8.24)

8.26 Price of Work-in-Process (7.51 + 8.24)

ey et




Process No. . .

Form 15
Page 1 e 1

0. Output Specification:

Annealed wafer

Revision Date 3/79

Name of item:

12-cm diameter

Dimensions:

high purity silicon

Materizal:

Other Specificdations:

§H/




Process No. [_3[.]_ﬂ_[o I l[—.*[OIlI

University of Pennsylvania

PROCESS CHARACTERIZATION

Form

1

-

(UPPC)
Process: Device Fabrication
Subprocess: Junction Formation
Option:  Unanalyzed Ton Beam Implantation
Projection (Motorola)
INDEX
Form Pages Rev. | Date Remarks
1 9/78 All forms have this date
2 1 to 1 | unless otherwise specified.
3 1 to 1
4 1 to 1
5 1 to 1
6 1 to 1
7 1to 1
8 1 to 1
9-1 1 to 1 4/79
9-2 1to 9
9-3 1to 9
10 1to ©
11 1 to *
12 1 to 1
13-1 1 to 1
13-2 1 to I
14 1 to O
15 1 to 1 :
16 1 to O

44




Form 2

Page 1 of 1

Revision ___Date_29/78

Process No. [3 |, 11 1,10 !1 ™l oli1 0.1 Value Added: 8/

Process Description: Ion %Eg}antatian of PN junction (phosphorus) with a hollow cathode source.

Machine current is 100 A uses an unanalyzed beam and its cdpacity is 4800 wafers/h. Utilization rate is

80%, so effective throughput rate is 3840 12-cm diameter wafers per hour..

1. Input Specification:

Name of Item: Wafers prepared as specified

Dimensions: 12-cm diameter

Silizon

Material:

Other Specifications: Throughput rate of 4800 wafers/h is equivalent to 54.29 m2/h

Sl

2

1.1 Quantity Required: 43.43 m / h Unit Cost: 41,21 §/ n°

1.2 Input Value! $/

1,3 Input Costt

Note to Item 1,3: Use price, if input precduced ih own plant.



Process No. rgﬁl. rI_]. ‘0 |1 i- 0 ll |

2.1 Direct Materials:

77/

2.11

2.1

2.1

Form 3

Page 1 of L _

Revision Date gq/78
Type: _ Ton source (phosphorus). 3
Specification: Semiconductor grade. Assuming 10% implantation eff. and

dose of 2 x 10" cm % conswurption is 0.0001326 g/vafer. _
)
Quantity Required: 0.509 g / h ; Unit Cost: 2.76 $/ g ; Cost:f 1.41 8/ n
Type: H
Specification: 3
Quantity Required: / ; Unit Cost: s/ ; Cost: 5/
Type: 3
Specification:
Quantity Required: / ; Unit Cost: $/ ; Cost: $/
5 1 Subtotal Direct Materials: 1.41 $/h




Process No. l_}J .[ l] .[ OI lJ‘“IO l lI

2.2

Ll

2.2__]___

[
b

i ; incl. i - tilities): L
Indirect Materials {incl. supplies and non-~energy utilities) Revision Date 9/78
Type:_jiquid ditorgen ;
i crud j i i LE: hift = 8h
Specification: Liquid nitorgen consumption is 5%/shift (shi )e
Unit cost i5 $5.66/ft>, (SAMICS No. Cl080D),
Quantity Required: (.625 9 /h ; Unit Cost: 0.20 &/ L. ; Cost: | 0.125 s/h
Type: De—ionizad water
Specification: 1S used continuously when operating and flow rate is 10 gallons/min.
Cost is 0.00491 $/gallons. (SAMICS C1144D)
Quantity Required: 2270 —— _E;_/Il ;  Unit Cost: 0.0013 s/ L ; Cost:| 2.95 $/ h
Type: - -
Specification:
Quantity Required: - / ; Unit Cost: s/ ; Cost: s/
2,2 Subtotal Indirect Materials:§ 3.07 g/n

Form 4

Page 41 of 3




Process No. ?{, Ly, [ O L=t 01 Form 5
Page 1 of 1

2.3 Expendable Tooling:

2.3 1 Type: Vacuum pump oil, changed bimonthly @ $17.42/bottle Revision____ Date 9/78
Quantity Required: _(,0029 mgtj_és__/_i;_: Unit Cost: 17.42 $/bottleéost: 0.050 $/ h .
2.3 _ Type:
Quantity Required: / : Unit Cost: s/ Cost: $/
2,3_ Type:
- Quantity Required: / : Unit Cost: $/ Cost: $/
2.3 __ Type:
Quantity Required: / : Unit Cost: 8/ Cost: $/
2.3 Subtotal Expendable Tooling: 0,050 $/n
2.4 Energy
2.4 lType: Electrical energy (30 kW/machine when operating). Utilization is 90%
Quantity Required: 27 kW : Unit Cost:0.0319 $/Kh coste:| 0.86  $/ h
2.4 Type:
Quantity Required: : Unit Cost: s/ Cost: : $/
2.4  Subtotal Energy Costs: | 0.77  $/h
~ 2.5 Subtotal 2.1 to 2.4: 5.39 $/h
?}Q 2.6 Handling Charge: 5.26 % of item 2.5} 0.28 §/h
2.7 Subtotal Materials and Supplies: .67 $/h
(2.5 4+ 2.6)




Process No. 3 ' i . 0jij—jojl Form 8
Page 1 of 1
Revisi
4.2 Facilities: evision Date _9/78
4,2__1 Type: Machine area Floor Area: 37.2 mz; Throughput: 360,000 mZ /v
% 2 L ] Al demmTy sl faagy Gl Sk deuid Gl Seaee  SEDF  aeass
Charge Rate: 179.13 $/(m™-y); r* Maintenance Costs:
LA L L i Ty L] Ap— L -
Energy Use: 0-" Labor: h/y at $/h
Heating /y at s/ l Suppliies: $/y
Alr Cond'g /y at s/ I Outside Services: $/y
& g Y 1 Total Cost: 6,600 $/y 0.80 4/ b
2
4.2 Type: Floor Area: m ; Throughput: /y
Charge Rate: $/(m - y); Maintenance Costs:
P D S demYy  Aresk  Swemp Shees geenh m——— O Lo
Energy Use: Labor: h/y at $/h
feat I
eating /y at 8/ l Supplies: L $/y
. i dt
@3 Alr Cond’g /y at 8/ Outside Services: $/y
S . . bt —— —— Lo R Y e Warnaly L
Lighting /vy at $/
1 Total Cost: $/y 5/
i
2
4.2__ Type: Floor Area: m ; Throughput: /y
2 P M M S B  Ower M S ReP OV BRGNS heet e
Charge Rate: $/(m -y); Maintenance Costs:
“nergy Use Labor: h/y at $/h
Heating /y at $/ l
. ‘ Supplies: S$/y
Air Cond'g _ /y at $/_ '
Lw’ Qutside Services: $/y
nghtlng ’f}r at $/ - <oup o e Gvamt el Cway | WTONE | e A ey EEA
~ p , . Totsl Cost: $/y $/
T RN b
4.2 . Subtotal Facilities: 0.80 5/ h
*Includes energy use
4.3 Equipment and Facilities Subtotal : 3.00 $/ h




5.

e/

Form 9-1

Pagel of 1

Revision Date '4/79
Process No. |3 1, {11 .10 4 1{=[0 | 1
Salvaged Material (Work-in-process)
5.1 Quantity of Work-in-Process 1. Contained in Good Output
Work-in-Process (per Computation Unit) 7.675 m /h
5.21 Input Work-in-process 1. Not Contained in Good Output 0.078 n? h
Work-in-Process ("Amount Required” from 1.l minus 5.1) - /
5.22 Net Amount of 5.21 which is sold for Credit As-Is or
After Applying Re-Process ¢ . - /
5.23 Credit for 5.22 at the Market Value of -7 : $/
5.24 Cost of Reprocessing Material of 5.22
at the Avérage Reprocessing Cost of 5/ : $/
5.25 Net Credit for 5.22 (5.23 minus 5.24): $/
: ; ; 0.078 2 , h
5.26 Material of Type 1. Lost in Process (5.2l minus 5.22) . m/
5.3 Cost of Work-in-Process Not Contained in Good Output Work-in-Process ‘ 3.20 $/h
(Amount 5,21 Times Unit Cost 1.1)
5.4 Cost of Work-in-Process Contained in Good Qutput Work-in-Process 316. 3 h
(Amount 5.1 Times Unit Cost from 1.1) 6.30 ¢/
L
Salvaged Materials Summary:
EC A
5.8 Total Net Credits for All Salvaged Materials (5.25 + 5.67 + 5.76) $/




Process No. | 3 f. 11 J.lofl1{-lo]1 Form 6
Page 1 of]
Revision Date 9/78
3.1 Direct Labor:
3.11 cCategory: Semiconductor assembler Activity: machine monitoring
| (SAMICS B3096D) ,
Amount Required: 1 h/ : Rate: $§ 3.89 /h; Load 36,0 %; Cost: £ 2Q $/ n
3.12 Category: Maintenance mechanic Activity: service and repair
{SAMICS B3736D)
Amount Required: 0.1 _ h/ ; Rate: § 5-67  /hj Load 36.0  %; Cost: 0.77_ $/ h
3.1 Category: Activity:
Amount Required: h/ ; Rate: $ /h: Load %3 Cost: $/
3.1 Direct Labor Subtotal: 6.06 $/ h
3.2 Indirect Labor: Taken as 25% of direct
3.2_ Category: Activity:
Amount Required: h/ ; Rate: § /h; Load %; Cost: s/
3.2 Category: Activity:
Amount Required: h/ ; Rate: § /h; Load %3 Cost: $/
3.2_ Category: Activity:
Amount Required: h/ : Rate: § /h; Load %; Cost: $/
3.2 Indirect Labor Subtotal: 1.52 $/ h
~ 3.3 Subtotal 3.1 and 3.2 7.58 _ $/ h
AN
A 3.4 Overhead on Labor: 5,26 % 0.40 8/ h
3.5 Subtotal Labor 7.98 $/ h




- - Form 7
Process No.|_3 1 0lii=1oj1l Page _1 of 1

Revision Date 9/78

4.1 EBEquipment

4.1 1 Type: Aﬁvanced ion implanter n~type (phosphrous) _
Cost: 85,000 5: Installation Cost: - $; Throughput: 360,000 e /y;
Plané Oper'g Time 8280 h/y; Machine Avail'ty: 80 ¥%; Machine Oper'g Time 6620 h/y
Servicing Costs: Labor h/y at $/h;Parts or Outside Service: . $/y
Useful Life: 7 y; Charge Rate: 21.35 Z of Cost/y; Capital Cost: 18,000 S$/y 2.15 s/h
4,1 Type:
Cost: $; Installation Cost: 5; Throughput: /h;
Plant Oper'g Time h/y; Machine Avail'ty:  Z; Machine Oper'g Time h/y
Servicing Costs: Labor h/y at $/hiParts or Qutside Service: $/y
“ Useful Life: y; Charge Rate: % of Cost/y; Capital Cost: $ly| _ $/
N
4,1 Type:
Cost: $; Installation Cost: $; Throughput: ih;
Plant Oper'g Time h/y; Machine Avail'ty:  Z; Machine Oper'g Time . hly
Servicing Costs: Labor h/y at $/h;Parts or Outside Service: Sly
Useful Life: y; Charge Rate: %Z of Cost/y; Capital Cost: $/y ?/
4.1 Subtotal Equipment Cost: 2.19  $/h




Form 11

lof 1
Process No. L3 l 1 ' [__l I;J- U1t Revision Date 9/78
6.3 Liquid Byproducts/Wastes (organic) Carry from Form 10 5/
6.3 Type (Composition): Quantity Produced: /
Density: __g/cm3; Toxicity: COD: __mg/l; BOD: mg/l
Ignition Point:_____?C; Explosive Mixture in Air:__ % to __ %; Other Remarks:
Type of Disposal:
Input Material for: _ Cost (Creddit) s/ H Cost: 5/
6.4 Fumes, CGaseous Byproducts/Wastes
6.41 Type (Composition):_Exhaust gases Quantity Produced: 40ft3 ; min
Energy Content (Combustion): kih/ ; Explosive Mixture in Air % to __ Z.
~ Ignition Point: 0C; Aerosol[:j Precipitates in __ minutes pH
(ﬁ,:: Toxicity Requires ScrubbingD ‘Type of Scrubber:
(enter scrubber under 4.1, 4.2, scrubber effluent under 6.1 to 6.3)
Other remarks: 40 ft3/min
Type of Disposal: Removal by fan (0.46kW/1000 CFM)
Operating Costs: > $/Y ; Cost: 0 ¢/ h

-

6. Subtotal: Byproduct/Waste Disposal Cost:




Form 12

Page 1 of 1
Process No. 13} . 111, LO Revision Date 9/78
7. Process Cost Computation 7.11 Manufacturing Add-On Costs (sum of 2.7, 3.5, 4.3, 6.}{ 16.64 &/ h
7.22 Other Indirect Costs: % of 7.11 0.22 g/ h
(0, 059% (4 * -
7.21 Total Operating Add-on Costs of Process: 16.86 5/ h
7.22 G & A # of 7.21 5/
7.31 Total Gross Add-On Cost of Process 16.86 §/ h
7.32 Credit for Salvaged Material (5.8) $/
7.33 Cost of Work-in-Process Lost (5.3) 3.58 g/ h
A R CACH e
7.34 Specific Add-On Cost of Process (7.31 + 7.33)~(7.32) 20.44 §/ h
7.35 Cost of Input Work-in-Process Contained in Good
~ Qutput Work-in-Process (5.4) 1786.17 8/ h
~§g 7.36 Loading on Item 7.35 at Rate pA ' 8/
U .
7.37 Cost of Qutput Work—in~Process (7.34 + 7.35- 7.36) 1806.61 $/_h
e o e . I AT
7.41 Theoretical Yield (or Conversion Rate, if output units of
work-in-process do not equal input units) 43.43 m® / h
7.42 Practical Yield 99,8 %
7.43 Effective Yield (7.41 x 7.42) 43,38 m2 / n
7.44 Number of Units of Good QOutput Work-in-Process per
Computation Unit Used up to 7.35 /
RO R " I AL T -
7.51 Cost of Unit of Good Output Work-in- 2
Process (7.37 + 7.44) 41.68 ¢/ m
7.52 Specific Add~On Cost per Unit of Cood 0.47 ")
Output Work-in-Process (7.34 + 7.44) . $/



http:7.33)-(7.32

Process No.

s/

8.2 Alternate 2 (SAMICS Methodolegy):

8.21 Profit Computation:

8.22

8.23

8.24

8.25

« 8,26

0.9274%  2.19

0.192% 5.67

Form 13-2
Page ] of 1

0.192% 7.98

0.2958% 2,19

2.77% 0.80

Revision Date 9/78
s/ h from Subtotal 4.1 = 2.03 g/ h
1.946% 0.80 gy h from Subtotal 4,2 = 1.56 s/
‘;;btotal = 3.5 s/ P 1
Costs of Amortization of the One-Time Cost:
$/ h from Subtotal 2,7 = L-09 g/ b
5/ h from Subtotal 3.5 = 1.53 $/ h
$/ h from Subtotal 4,1 = 965 g/ B
$/ h from Subtotal 4.2 = 2:23 s/ b
el
Subtotal = 5.50 $/ _h
Total Net Cost of Equity (8.21 + 8,22): 9.09 $/ h
Profit and Amortization of Start-up Costs per Unit of Good Output
Work-in-Process: :
(Divide Subtotal 8.23 by 43.34 m /b from 7.44)
0.21_$/_m?
Price of Process (7.;5 + 8.24) 0.58 $/ n2

Price of Work-in-Process (7.5l + 8.24)

41.85 8§/ e




Process No.

9.5/

- 1
3_ 1 0111 | 0 |

Output Specification:

Name of item: Phosphorns-implanted wafers

Revision

Form 15
Page 1 of 1
Date 9/78

Dimensions: 12-cm diameter

Material: silicon

s s .o
Other Specifications: Ton dose is 2 x 1077 o




. Process No. l__] [r]. [70L l-flol 1' Form 1

University of Pennsylvania
PROCESS CHARACTERIZATION

{UPPC)
Process: Device Fabrication
Subprocess: Junction Formation
Option: Projected ion implantation of phosphorus -

(n-layer) (Spire, NIMP III) using a high |

current machine

INDEX
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1 117781 8/78 | _All forms have same date
2 1 to 1 unless otherwise specified
3 1L to 1
4 1l to 1
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6 1 to 1
7 1l to 1
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11 1l to 1
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15 1 to 1

16 1l to ¢ |
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Form 2

Page 1 of 1

Revigion 11/78 bate _8/78

Process No. |3 1 IU 1-]"[0 1] 0.1 Value Added: s/

*  J

Process Description: High throughput rate phosphorous ion implantation using 5% PH3 in Ho for nt laver
formation. Two machines needed for each factory since 1.27 machines utilized 100% are required to

achieve the IPEG factory output goals for 1986. Cassettes (200200 mm) can hold four l0-cm diameter

wafers with a packing factor of 78.5%. Output rate per machine is 18,000 10-cm diameter waférs/h.

1. Input Specification:

Name of Item: TexXture. or polish-etched circular wafers

Dimensions: 10-cm diameter

Single crystal silicon

Material:
The output rate per machine is (180 m?/h) x 0.785 or 141.3 mz/gé

Other Specifications:
The factory output is 1.27%141.37 or 179.54 m2/h.

35/

Belt moves at a speed of 30 cwm/sec.

-

- k]

iﬁl Quantity Required: l7§-54‘;n2 '/ R " Unit Cost: 41.21 §/g2
1.2 Input Value: $/
1,3 Input Cost: 7398.93 g/h

Note to Item 1l.3: Use price, if input produced in own plant,


http:1.27*141.37

Process No.' —3-_I [l—l.‘ Olll" Oi 1] . ’ : Form 3

Page 1 of 1
Revision 11/78 Date 8/78

2.1 Direct Materials:

2.1 1 Type: 5% phosphine in H, : .

Specification: Only used when machine is operating and consumption is 0.21

ft3/min/machine. Cost Jj.S 0.82 $/ft3_ (SAMICS No. E14720)

Quantity Required: 453 2/ h 3 Unit Cost: 0.029 3§/ % ; Cost: 13.21 s/ h
2.1 Type: ' 4
Specification: 2
\ s
57 - Quantity Required: / ; Unit Cost: $/ ; Cost: $/
~
2.1 Type: H
Specification:
H
Quantity Required: / ; Unit Cost: s/ ; Cost: ‘ $/

2.1 Subtotal Direct Materials: 13.21 $/ h




Form 4

Process No. l3_l " l_lJ .l 0‘ 1J-[0‘ 1]

Page 1 of 1

2.2 Indirect Materials (incl. suppliesand non-energy utilities): .
Revision 11/78 Date 8/78

2.21 tType:_Cooling Water

Cooling water is needed to cool diffusion pump of both

Consumption is 2.05 x 10~2 kWh/min/machine.

Specification:

machines continuously.

Cost is $5.66/kWh (SAMICS No. C11281D).

0.566 $/kWh . Cost: 1.39 s/ h

3

2,46 KW ; Unit Cost:

Quantity Required:

2.2 2 Type: N, gas at high pressure

Specification: Used for both machines continuously. Consumption is
0.15 ft3/min/machine. Price is 0.10 $/ft3. (SAMICS No. EL780D).

7/

Quantity Required: 510 2 /B ; Unit Cost: 0-0033%/ m ; Cost:f _1.80 s/h
2.2_ Type:

Specification:

Quantity Required: / ; Unit Cost: §/ ; Cost: s/

3.19 s/ h

2.2 Subtotal Indirect Materials:




Form 5

Process No. {3 },|1 §.10 lln- N

Pagé 1 of 1
2.3 Expendable Tooling: - h—

2.3 1 Type: Spare pérts, includes filaments,‘vacuum components, pump oils, ReViSiO%—:“—T'Déte
ete. Quantity Required: 1.27 machine/ : Unit Cogt:\é.40 $f}1 Cost: ,lO.é? 8/ h
2.3 _ Tyiae:
Quantity Required: / : Unit Cost: 8/ Cost: 8/
2.3 _ Type:
Quéntity Required: ! : Unilt Cost: . s/ _ Cost: 4 s/ .
2.3 __ Type: . - ’
-Quantity Required: . / ¢ Unit Cost: $/ Cost: ; J $/
2.3 Subtotal Expendable Tooling: %0-67 $/ b
.2.4' Energy

2.4 ] Type: Electricity, power rating is 200 kWh. Assumes a 95% duty cycle

Quantity Required: 380 XW . : Uait Cost;0.0319%/ kWh Cost:{ 12.12 s$/h

2.4  Type!

Quantity Required: : Unit Cost: $/ Cost:| . $/

2.4 Subtotal Energy Costs: § 12,12 $/h

2.5 Subtotal 2.1 to 2.4! 39.19 $/h
2.6 Handling Charge: 5.26 % of item 2.5] _-2.06 $/h

/27

2.7 Subtotal Materials and Supplies: 41.25 s/
(2.5 + 2.8). - -




Process No. {3 L1 10jl1]-§0j1

3.1 Direct Labor:

3.1 1 Cztegory: Semiconductor Assembler

Formb_
Page 1 o

Revisionll/78Date 8/78

FL

Activity: Machine supervision
(SAMICS No. B3096D) . .
Amount Required: 2 h/ h ; Rate: & 3.89 /h; Load 36.0 %: Cost: 10.58 $/ n
3. 1 2 Category: Maintenance mechanig Activity: Machine maintenance
(SAMICS No. B3736D) , .
Amount Required: 0.2 h/ h ; Rate: § 5.67 /h; Load 36.0 %3 Cost: 1,54 $/ h
3 1. 3 Category: Electronic Technician Activity: Electronics maintenance and repair
(SAMICS No. B3704D)
Amount Required: 0.2 h/__ h . ; Rate: § 5,29  /h; Load_36.,0 %; Cost: 1.44. 8/ %
. 3.1 Direct Labor Subtotal: 13 _55 s/ h
3.2 Indirect Labor: Taken as 25% of direct
3.2 Category: ' Activity:
Amount Required: h/ : Rate: § /h; Load %; Cost: $/
3,2 Category: Activity:
Amount Required: h/ - s Rate: § /h; Load %; Cost: $/
3.2_ Category: Activity:
Amount Required: h/ ; Rate: § /h;. Load %; Cost: $/
3.2 Indirect Labor Subtotal: 3,39 $/h
N 3.3 Sybtotal 3.1 and 3.2 16,35 $/y
& 3,4 Overhead on Labor: 5.26 % 0.89 _ $/h
3.5 Subtotal Labor 17.84 _ $/n




Process No.

3 1l 0|1}~y 0] 1

4.1 Equipment

4.1 1

4.1

£/

4.1

Form 7
Page 1 of 1

Revisionll/79ate 8/78 -

Type:_ Two ion implanters

Cost: 2,500,000 §; Installation Cost: 30,000 $; Throughput: 179.45 m2 /h;
Plant Opex'g Time 8280 h/y; Machine Avail'ty: _ %; Machine Oper'g Time hly
Servicing Costs: Labor ' h—/y at $/h;Parts or Outside Service: . $/y
Useful Life: 7 y; Charge Rate: 21.35% of Cost/y; Capital Cost: 540,000 $/y
Type:

Cost: . $; Installation Cost: $: Throughput: /h;
Plant Oper'g Tine _h/y; Machine Avail'ty: ___%; Machine Oper'g Time "h/y
Servicing Costs: Labor_ h/y at $/hiParts or Outside Service: | $/§ ’
Useful Life:' .y; Charge Rate: % of Cost/y; Capital Cost: $/y
Type:

Cost: . ' §; Installation Cost:_ $3 Throughput: /hy
Plant Oper'g Time . h/y; Machine Avail'ty: _ %; Machine Oper'g Time by
Servicing Costs: Labor ’ h/y at $/h;Parts or Outside Service: $/y
Useful Life: y; Charge Rate: % of.Cost/y; Cabital Cost: . S$ly

65.24 §/h

$/

$/_.

4.1 Subtotal Equipment Cost:

65.24. $%,_




Process No. 3 . 1 . of I—-[0}1? Form 8
~ Page 1 of 1
4.2 Faciliti Revisionll/78pate 8/78
. acilities: -
. 6 2
4.2_lType: Machine area Floor Area: 93 m?'; Throughput: 1.703 x 10" m [y
* 2 magy G Summtet  demspy s Jenyp ek ey el e S Gl gmaee
Charge Rate: 17%.13 $/(m™y); r’ Maintenance Costs:
L I A,  SUED QR (WD O EEEE GG o
Energy Use: -‘ Labor: h/y at s/h
Heating /y at $/ | Supplies: $/y
Aixr Cond'g /y at 5/ L Qutside Services: Sly
o 1 Total Cost: ' $ly . $/
4.2_ Type: Floor Area:; m2; Throughput: ly
2 ™ 7 TMainténance Costs: . . . T T 7
Charge Rate: . $/{m"y); :
L Lo Fo ] i Ay il L e W L
Energy Use: l Labor: h/y at $/h
Heating /vy at $/ l Supplies: sy
N . 1
& Adr Cond'g /y at b/ Outside Services: Sy
& & 4 I Total Cost: $/y $/
L
> .
4.2 _ Type: Floor Area: m ; Throughput: ly
2 [ i L — e G——— Fexry  pwas  @ear  faeed e Seedl e
Charge Rate: $/(m"+y); Maintenance Costs:
Aen SRR Oaiel U — L] RSy  dhn — L oub— i
Energy Use: Labor: h/y at $/h
Heating /y at $/ l
Supplies: $ly
Air Cond'g /y at $/ |
L- Dutside Sevvices: __Siy
Lighting /y at s/ O R e T R S e N e
1 Total Cost: $ly $/
RN
4.2 Subtotal Facilities: . 2.0l sy
*Includes energy use . :
4.3 Equipment and Facilities Subtotal : 67.25 $/ h




Form 11

Page 1 of 1

Process No: |3 I_IJ- ]‘l 0] e Of1 § . Revisionll/7Bate 8/78
6.3 Liquid Byproducts/Wastes (organic) ' Carry from Form 10 8/
6.3 Type (Comiposition): Quantity Produced:. /
Density: g/cm3; Toxicity: COD: mg/1l; BOD: mg/1
Ignition Point: 0G; Explosive Mixture in Air: % to . %; Other Remarks:

Type of Disposal:

Input Material for: . Cost (Credit) s/ .3 Cost:

6.4 Fumes, Gaseous Byproducts/Wastes

6.41 Type (Composition): gas fumes . Quantity Produced: 2334 f?B min
Energy Content (Combustion): kWh/ | ; Explosive Mixture in Air % to Z.
o . o . o
Ignition Point: C; Aerosolc:]‘Prec1p1tates in minutes pH
~ ’ = '
a Toxicity Requires Scrubbing ‘Type of Scrubber: NH3

{enter scrubber under 4.1, 4.2, scrubber effluent under 6.1 to 6.3)

"Other remarks: Contains phosphine, phosphorous,

nitrogen and phosphorous pentoxide

Type of Disposal: ~ Scrubbed and vented |in air

Operating Costs:__, 700 $/_Y ; Cost:

5/

g/ h

0.085

6. Subtotal: Byproduct/Waste Disposal Cost:

x

| " 0.0007




Process No.

5.

77/

Salvaged Material (Work-in-process)

3 1 0 j1|—_|O0} 1 . Revision

Form 9-1

Page 1 of 1

Date 4/79

5.1 Quantity of Work-in-Process l. Contained in Good Qutput 9
Work~-in-Process (per Computation Unit) 179.36 m / b
5.21 Input Work=-in-process 1. Not Contained in Good Output 18 2 h
Work-in-Process ("Amount Required” from 1.1 minus 5.1) 0. e /
522 Net Amount of 5.21 which i1s s0ld for Credit As-Is or
after Applying Re~Process . . - /
5.23 Credit for 5.22 at the Market Value of s/ : s/
5.24 Cost of Reprocessing Material of 5.22
at the Average Reprocessing Cost of . $/ : $/
5.25 Net Credit for 5.22 (5.23 minus 5.24): $/
5.26 Material of Type 1. Lost in Process (5.21 minus 5.22) 0.18 / h
5.3 Cost of Work-in-Process Not Contained in Good Output Work-in-Process 7.40 s/_h
(Amount 5,21 Times Unit Cost 1.1)
5.4 Cost of Work-in-Process Contained in Good Output Work-in-Process )
(Afmount 5.1 Times Unit Cost from 1.1) 7391.42 ¢/ h
Salvagad Materials Summary:
. K YOI s

5.8

Total Net Credits for All.Salvaged Materials (5.25 + 5.67 + 5.76)

$/




Process No.

7. Process Cost Computation

Form 12

3

T

Page 1 of 1
. 011l—]011 Revision 11/78pate 8/78
7.11 Manufacturing Add-On Costs (sum of 2.7, 3.5, 4.3, 6.)] 126,43 $/ b
7.22 Qpherp dadirept Costsy s a0 v (F 0 7-11 4.07 $/_h
7.21 Total Oper;;;;;_;dd—on Costs of Process: j3Q,§Q $/ _h
7.22 G & A % of 7.21
— -
7.31 Total Gross Add-On Cost of Process
7.32 Credit for Salvaged Material (5.8) $/
7.33 Cost of Work-—in-Process Lost (5.3) 7.40 s/ h
7.34 Specific ;m-On Cost of Process (7.31 + 7.33)??.32) 137.90 ¢/ h

7.35 Cost of Input Work-in-Process Contained in Gocd
~ . Output Work-in-Process (5.4) 7391-42$/ h
s
. 7.36 Loading on Item 7.35 at Rate A $/
TR LRI A A
7.37 Cost of Qutput Work-in-Process (7.34 + 7.35 + 7.36) 7529.32/ h
e S —— I
7.41 Theoretical Yield (or Conversion Rate, if output units of ' 2
work-in-process do not equal input units) 179.54 m  / h
7.42 Practical Yield 99.97
7.43 Effective Yield (7.41 x 7.42) 179.36 m?/h
7.44 Humber of Units of Good Qutput Work-in-Process per
Computation Unit Used up to 7.35 /
e . M APy SR -
7.51 Cost of Unit of Good OQutput Work-in~ 2
Process (7.37 + 7.44) _41.%8 ¢/ m
7.52 Specific Add-On Cost per Unit of Good 0.77 m2
Output Work-in-Process (7.34 + 7.44) $/



http:7.33)-(7.32

Form 13-2
Page 1 of 1

Revision 11/78 Date 8/78

Process No.

8.2 Alternate 2 (SAMICS Methodology): I
8.21 Profit aomputation:
0.9274% 65.24 g/ h from Subtotal 4.1 = 60:50 ¢, B {
1.946% _ 2.01 ¢/ b from Subtotal 4,2 = -2 ¢ B |
Subtotal = 67.41 $/_h
8.22 Costs of Amortization of the One~Time Cost:
0.192« 41.25 4/ h from Subtotal 2.7 = 1:92 ¢, B
0.192% 17.84 8/ h from Subtotal 3.5 =_3.43 ¢/ b
;: _0.2958* 65.24 ¢y h from Subtotal 4.1 = 19.30 $/ h
= 2.77% 2.01 §/ h from Subtotal 4.2 = 557 3/
i}
Subtotal = 36,22 S8/ _h
8.23 Total Net Cost of Equity (8.21 + 8.22): 103.63 g/ b
8.24 Profit and Amortization of Start-up Costs per Unit of Good Output
Work~in-Process: 2
(Divide Subtotal 8.23 by 179.36 m / h from 7.44)
0.58 $/__ m?
8.25 Price of Process (7.5Z2 + 8.24) _m__;k;ﬁg__ﬁ/ m?
8.26 Price of Work-inwfrocess (7.51 + 8.24) 42.56 s/ m?
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0. Output Specification:

Name of item: Phosphorus implanted wafers

Dimensions: 10-cm dianeter

Material: hidgh purity silicon

5 =2

Other Specifications: Dopant concentration is 1 i i ‘ 5

59/




