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é.. The PD photographic process

L. K. H. van Beek

- Work has been going on for several years at Philips Research Laboratories in Eindhoven
' on a new kind of photography based on a different principle from that of conventional
: photography. This is the PD process. The initials PD have a double significance: they
: relate not only to ‘Physical Development’, the essential feature of the process, but also
to ‘Philips-Dippel’, the name given to the process by those who pioneered it, after the
initiator of their work, the late Dr C. J. Dippel. The scientific results obtained under
Dippel and his successors — H. Jonker after 1962 and the author after 1970 — have led
. to various applications of particular interest to an electronics-oriented company. The
process combines very high sensitivity with a resolution never before attained at this
sensitivity. There are many applications for the process, which can be used for making
ultra-microfilm, photomasks with details smaller than one micron, fine metal gauze,
delay lines for colour television and conductor patterns of any desired design. This article
discusses the physico-chemical principles of the process and describes a number of

industrial applications.

Introduction

To many people photography simply means taking
pictures: father taking a snapshot of the family. Pho-
tography embraces a much wider field, however, and
includes other processes with features that are par-
ticularly useful in scientific and technical applications
and are not found in the more everyday kind of photog-
raphy. One of these is the PD process, in which the
final image is formed by physical development (PD
stands for physical development).

‘What is meant by physical development is illustrated
in figs. 1 and 2, where the conventional process of
black-and-white photography is compared with the
PD process. The conventional film consists of a base
of paper or cellulose triacetate, coated with an emulsion
of finely divided grains of silver bromide in gelatin
(fig. 1a). On exposure, silver nuclei are formed in the
grains exposed to light (fig. 15). During development
the grains containing silver nuclei are converted to
silver by means of a reducing agent (fig. 1¢). A charac-
teristic of the conventional process is that the silver
bromide acts both as a photosensitive reagent and as
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the source of silver during development. In the PD pro-
cess, on the other hand, separate substances are used
for these two functions. The first substance is uniformly
distributed — in molecular form — in a coating, e.g.
of gelatin, on the base. The second substance, which
may be silver or another metal, is added in a suitable
form to the developer together with the reducing agent.
The name ‘physical development’ derives from the
earlier belief that the metal from such a solution
‘condensed’ on the nuclei formed in the photosensitive
reagent. Although we now know that the development
in this case is also a chemical process, the old name has
remained.

In principle therefore the photosensitive coating of
a PD film contains no grains (fig. 2a). Where the film
is exposed the photosensitive molecules are activated
(fig. 2b). In an intermediate step, preceding the develop-
ment, the exposed film is immersed for a fraction of a
second in a dilute solution of an appropriate metal salt,
causing metal nuclei to be formed in the sensitive layer
by reaction with theé activated molecules (fig. 2¢). These
nuclei are made to grow by allowing silver or some
other metal to be deposited on them from the developer
(fig. 2d).




The differences outlined above between the conven-
tional and the PD processes determine the special fea-
tures of the methods. If a high resolution is desired, the
photographic material must meet three requirements:
the photosensitive compound must be sufficiently
dense, the grains formed by development must be suf-
ficiently small, and there must be very little scattering
of light in the material.
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factory. These results, which are rather disappointing
considering the extremely small grain diameter, are
mainly due to the scattering of ligh"t from the grains
during exposure. The scatter effect is intensified because
the light rays have to travel a relatively large distance
in the sensitive layér (3 to 6 wm). Thinner sensitive
layers are not a practical possibility since they would
not be able to contain enough silver bromide.
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Fig. 2

Fig. 1. Conventional black-and-white photography. a) The photosensitive layer consists of
silver-bromide grains uniformly distributed in gelatin. The base (hatched) consists of paper
or cellulose triacetate. b)) On exposure silver ions are converted into silver nuclei. ¢) The
grains containing the silver nuclei are completely converted into silver during development.
Because of light scattering, the image spreads out in the downward direction.

Fig. 2. A typical PD system. a) A base material (hatched) is given a coating which is made
photosensitive by a dispersion of molecules of trans benzenediazosulphide. (The coating can
be thinner than that of a conventional AgBr film, and various materials may be used for the
base.) b) During exposure molecules are activated: the inactive trans form of benzenediazo-
sulphide is converted into the active cis form. ¢) In contact with a solution of silver and
mercurous salts, metal nuclei are formed. d) During development the silver, which is con-

tained in the physical developer in salt form, is deposited on the metal nuclei.

The AgBr grains in the layer of emulsion are always
so closely packed that the first requirement is no
problem, except in very thin layers. The second require-
ment causes more difficulties, since the usual kinds of
AgBr film contain fairly coarse grains (up to 3 or
5 microns). There are however special AgBr films that
have grains no greater than 0.05 yufn. In practice it is
found that details as small as 3 pm can be resolved
fairly easily with film of this type, but smaller details
present problems. Moreover the edge acuity of details
that can easily be resolved is not always entirely satis-

In these respects the PD process is more promising
since individual molecules and not grains are present
during the exposure. In the first place this means that
there are no limitations arising from grain size,
and in the second place the adverse effect of scatter is
virtually eliminated. What is more, the photosensitive
layer can if necessary be made thinner than 1 pm, and
layers as thin as this can still accommodate sufficient
photosensitive reagent.

Another difference between the two processes is to
be found in the developed image. On photomicrographs
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Fig. 3. In the PD process the latent-image nuclei grow into rounded particles, and not into
masses of filaments as in the conventional process. This fcature of the PD process also con-

tributes to the higher resolution.

it can clearly be seen that the silver in conventional film
grows in tiny filaments during the development of an
exposed silver-bromide grain, resulting in a tangled
mass that causes additional blurring. In the PD film,
on the other hand, the silver is deposited on the nuclei
in such a regular way that the grains formed are com-
pact rounded particles ( fig. 3).

These features make the PD film capable of resolving
very fine details. By concentrating on this aspect we
have succeeded in producing materials possessing such
a high resolution that the edges of lines only 0.3 pm
wide (this corresponds to 1500 black lines and the same
number of equally wide interlinear spaces per milli-
metre) are still clearly enough defined. Material of this
type is particularly suitable for making ultra-microfilm,
and for making the photomasks used in the manu-
facture of integrated circuits. A special section on these
two applications of the PD process is included later in
this article.

Other practical applications of the PD process have
stemmed Irom the possibility of continuing the physical
development for so long that the image ‘grows out of
the layer’ and appears in relief as a conducting metal
layer on the surface ol the film. The metal patterns pro-
duced photographically in this way can be reinforced
with copper to form patterns of any desired thickness,
for example by using the long-established electroplating
processes. This combination of techniques has opened
the way to an entirely new method of fabricating print-
ed wiring.

Printed wiring is still widely produced by subtractive
or by semi-additive methods, in which the deposited
copper is partly etched away ( fig. 4). A purely addi-
tive PD method for this purpose has been developed
at Philips Research Laboratories; this method has
fewer process steps and is more suitable for automation
of the production process. Copper losses are also com-
pletely eliminated.
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Fig. 4. Schematic illustration of two ways of making conductor
patterns: @) by a subtractive method, b) by a serni-additive method
{unlike these two methods, the PD process is purely additive).
The base material is shown hatched, the copper black, the photo-
resist white. In (@) the exposed photoresist is removed, and the
uncovered copper is then etched away. In (b) a very thin copper
layer is applied to the base material. The unwanted parts of the
copper are then screened with a lacquer, and copper is deposited
on the wanted parts until a little more than the required thick-
ness is obtained. Finally, after the lacquer has been removed,
the copper is uniformly etched away until the thin, unwanted
parts have disappeared.

This application of the PD process will also be dis-
cussed at greater length, but first we shall take a closer
look at the method itself (1.

Since the PD materials we have developed are not
panchromatic, they cannot be used for the more
familiar forms of photography. The PD process uses
light in the blue and near ultraviolet parts of the spec-
trum; the sensitivity of PD materials to this light differs
very.little from that of ultra-fine-grain silver-bromide
materials.

The three steps of the process; reagents

Like every photographic process, the PD process be-
gins with a reaction under the influence of light. The
direct action of light can be made to form nuclei that
react with the developer, but this has never as yet given
satisfactory results. In the PD process at present used
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an intermediate step is necessary. The exposed film is
briefly immersed in a solution of metal salts, causing
nuclei to form on the activated molecules of the
photosensitive substance. The metal present in the de-
veloper is easily deposited on these nuclei. This deposi-
tion, the process of physical development, is an auto-
catalytic process. This means that the metal deposited,
usually silver, itself acts as a catalyst for the further de-
position of metal. The reactions take place in the fol-
lowing sequence:

hy

A— A,
A’ + B — B’ (metal nuclei),
B’ + physical developer — C,
C + physical developer — C, etc.

Table I. Three combinations of photosensitive material (A),
nucleator (B) and developer metal (C).

A B C
1 | benzene- silver and silver
diazosulphide mercurous salts
2 | benzene- silver and silver
diazosulphonate mercurous salts
3 | titanium palladium salt copper,
dioxide [2] nickel

Table I shows the combinations of substances A, B
and C that will be discussed in some detail in this article
as they are the ones that have so far been most widely
used.

‘We shall now consider the first step of the process,
and take as an example the benzenediazosulphide reac-
tion. Under the action of light the trans form of this
compound is converted into the cis form:

hv
O-v _=O-n
N

N — SR
|

S
R

(11 The first publication on this subject was by C. J. Dippel and
H. Jonker in: Reprographie (I), edited and published by
Dr. O. Helwich, Darmstadt 1964, on p. 187.

A more extensive treatment of the PD process will be found
in the following seven publications: )

H. Jonker, C.J. Dippel, H. J. Houtman, C. J. G. F. Janssen
and L. K. H. van Beek, Photogr. Sci. Engng. 13, 1, 1969;
H. Jonker, C. J. Dippel, H. J. Houtman, A. Molenaar and
E. J. Spiertz, ibid. 13, 33, 1969;

H. Jonker, A. Molenaar and.C. J. Dippel, ibid. 13, 38, 1969;
H. Jonker, C. J. G. F. Janssen, C. J. Dippel, Th. P. G. W.
Thijssens and L. Postma, ibid. 13, 45, 1969;

H. Jonker, L. K. H. van Beek, C. J. Dippel, C. J. G. F.
Janssen, A. Molenaar and E. J. Spiertz, J. photogr. Sci. 19,
96, 1971;

H. Jonker, L. K. H. van Beek, H. J. Houtman, F. T. Kloster-
mann and E. J. Spiertz, ibid. 19, 187, 1971 and 20, 53, 1972
Unlike the two other photosensitive compounds, titanium
dioxide is not distributed in molecular form; thisis discussed
on page 11. . '

[2
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The benzene ring usually contains one or more substit-
uents; R is frequently an alkyl group. As can be seen,
the compound of the one form ‘switches’ to the other.
(A similar reaction takes place with benzenediazosul-
phonate.)

In the second step of the process the cis compound
reacts — which the trans form does not — with silver
and mercurous salts, giving rise to the formation of
silver amalgams, i.e. intermetallic compounds of silver
and mercury:.

2@—N\\ +55—7Hg22*+yAg+—>2@—-A75
N

[
S
R

where x + y = 1.

The third step of the process consists in each case
of an oxidation reaction followed by a reduction reac-
tion. In the oxidation reaction the reducing agent Red
in the developer gives up an electron to the nucleus of
silver amalgam:

Red — Ox + ¢, §))

where Ox is the oxidized form of the reducing agent
Red. (If this reaction is reversible, it is referred to as
a reversible redox system or redox couple; an example
is Fe3+/Fe2+t.) In the reduction reaction a metal ion M+,
in our case a silver ion, is reduced by the electron:

M+ + e — M. ©

Both reactions take place at the surface of the nuclei,
with the result that the nucleus grows by the addition
of a silver atom, a process that is repeated many times
during development. -

With the two other combinations of substances the
process takes place in much the same way.

We shall now examine some advantages and disad-
vantages of the various combinations. Benzenediazo-
sulphonate has the advantage of being soluble in water.
Benzenediazosulphide is soluble in organic solvents,
but not in water. It has the important advantage of
giving very little fading after exposure — the effect in
which the active form partly reverts after some time to
the inactive form. The photographic density obtained
with benzenediazosulphonate is ten times less if after
exposure nucleation and development are delayed 15
minutes; the exposure result obtained with benzene-
diazosulphide, on the other hand, can remain for weeks
without undergoing any significant changes. With ben-
zenediazosulphonate fading is not a disadvantage in
applications where develdpment takes place immed-
iately after exposure. ' '

N + Hg(SR), +Hg,Ag,
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If titanium dioxide is used as the photosensitive
reagent in combination with a palladium salt as a
nucleator no silver need be used at all. In this case the
practical procedure differs from that with the other
combinations. We shall go into this subject in more
detail when describing the application based on the
photo-reaction of titanium dioxide.

An effect not yet dealt with is the spontaneous nuclea-
tion that occurs in the physical developer. It is a funda-
mental property of the physical developer that it causes
reduction of metal ions at
the nuclear surface, irre-
spective of the manner in
which the nucleus has
formed. If nuclei form
spontaneously in a bottle
of developer, this means
that complete precipitation of the metal will soon
take place, making the developer useless. Not until
about 1958, when the group at Philips Research
Laboratories managed to eliminate this . ‘intrinsic’
instability of the physical developer, could the PD pro-
cess evolve from a curiosity into a method capable of
application on a wide scale. This very important stabili-
zation is the subject of the following section.

Stabilization of the developer

The instability of the physical developer is caused by
the simultaneous presence of the reducing agent Red
and the metal ions M* in the developer. These react
with each other as indicated in reactions (1) and (2),
with the transfer of electrons and the spontaneous for-
mation of metal nuclei. The problem is therefore to
keep the development rate high for the photographic-
ally formed nuclei, while at the same time avoiding
spontaneous nucleation and the precipitation following
it.

To solve this problem we must examine what hap-
pens during the physical development.

When a silver nucleus is brought into an environ-
ment that contains sufficient Agt ions, the nucleus
takes up Agt ions, and with every ion it takes up it
acquires a higher positive charge. As this process speeds
up, the potential difference between nucleus and liquid
causes the release of an increasing number of Ag* ions,
until an equilibrium is reached in which as many Ag+
ions are taken up as are released. In this state of equi-
librium the potential difference — from now on this
will just be called the ‘potential’ — has the value

RT
Eyy = B} +— In[Ag*]. @)

Here Egg represents the potential of the silver nuclei at
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a concentration of Agt jons of 1 gram ion per litre, the
standard potential; R is the gas constant, T'the temper-
ature and F a charge constant.

A current of silver ions will only flow to the nucleus,
and thus the nucleus will only grow, if the nucleus is
given a potential that is lower (‘less positive”) than the
equilibrium potential Eag, e.g. by the addition of a
reducing agent (fig. 5).

When a silver nucleus is brought into an environment
that contains a redox system, i.e. one in which reducing
and oxidizing agents change reversibly one into the
other, then depending on the chosen concentrations
and standard potential the nucleus either takes up or
gives up electrons. If it takes up electrons the nucleus
acquires an increasing negative charge, until here again
an equilibrium is reached. The potential at this equi-
librium is

RT

[Ox]
= E?® —1 )
redox - F [Red]

E

redox (5)

A current of electrons, which is required for the
growth of the nucleus, will only flow to the nucleus if
it is given a potential that is higher (‘less negative’)
than the redox potential Eregox, €.8. by the addition
of Agt ions.

When reducing agent, oxidizing agent and Ag*ions
are simultaneously present, the potential of the nucleus
assumes an intermediate value Eny, at which the cur-

Eredax

la

Fig. 5. The current ic of Ag* ions to a nucleus and the current is
of electrons to the nucleus as a function of the potential differ-
ence E between nucleus and solution (the ‘potential’). When the
silver nucleus is brought into an environment of Agt ions, an
equilibrium is established at Eag (zero current); when the nucleus
is in equilibrium with a mixture of reducing and oxidizing mole-
cules, the potential is equal to Ereaox. In the simultaneous pres-
ence of Agt ions and reducing and oxidizing molecules, silver
is deposited on the nucleus. The potential thus acquires an inter-
mediate value En at which the current of Agt ions to the nucleus
is equal to the current of electrons to the nucleus.
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rent of Agt ions to the nucleus is equal to the current
of electrons to the nucleus, and at which the reduction
of silver ions to silver at the nucleus takes place just as
fast as the oxidation of the reducing agent.

The growth of the nuclei — and also the spontaneous
nucleation, which is based on similar reactions — takes
place when the difference AE between the equilibrium
potentials Eag and Ereaox is positive. The higher the
positive value of AE the stronger the spontaneous
nucleation. If AE were negative a current would flow
in the opposite direction, and silver would then be
converted into silver ions. This is an unwanted reac-
tion, for it would make silver deposition on the photo-
graphically formed nuclei impossible, and might even
cause the nuclei to dissolve. The way to prevent spon-
taneous nucleation is therefore to give AE the lowest
possible positive value.

This does not necessarily imply low development
rates, since the development rate depends less on AE
than on the concentrations of the reagents, in particular
the concentrations of Ag* and the reducing agent. A
high development rate can be obtained without the un-
wanted consequences of strong spontaneous nuclea-
tion. Again, there is a special way to prevent this from
speeding up the growth of nuclei that are still being
spontaneously formed, which would be just as disas-
trous.

Large concentrations of Ag+ and reducing agent give
a high development rate. From equations (4) and (5)
we may derive the following expression for a reversible
redox couple Fe3+/Fe?t:

AE = EAg— Ep a2+ = Egg — E§°3+/F62+— ©
RT [Fe3+]

T F " AgFe

It can be seen from this equation that AE can be small
for large concentrations of Ag+ and Fe2* if steps are
taken to ensure that the Fe3* concentration is sufficient-
ly high; in this case spontaneous nucleation will be
negligible.

But however few nuclei may now form spontane-
ously, the rate at which they grow is so much greater
that if no further measures are taken the life of the
developer is still generally too short for practical pur-
poses.

An adequate solution to the problem has been found
by H. Jonker and A. Molenaar [31 who were able to
use microelectrophoresis to show that the metal nuclei
spontaneously formed in the developer are negatively
charged. This led to the idea of screening these nuclei
with positively charged surface-active molecules (soap
molecules). These molecules consist of a long apolar
chain with a positively charged group at one end. It
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would appear that these positively charged groups
gather around the negative nucleus, while the apolar
chains point outwards from it (fig. 6). The nucleus
thus surrounded will be surrounded by a second layer
of soap molecules in the solvent, but this time the posi-

Fig. 6. The nucleus in a physical developer surrounded by a
micelle consisting of stabilizer molecules. The metal cations in
the developer are repelled by the micelle, which prevents the
nucleus from growing further.

tively charged groups remain on the outside. This
results in fairly laige, positively charged particles
(‘micelles’) on which the metal ions in the developer
cannot readily settle since they also carry a positive
charge.

For the physical development of a photographically
formed latent image it is however essential that the
stabilizing surfactant should not penetrate into the
photosensitive layer, because in that case the nuclei
there too would be screened. In the most commonly
used materials in which the photosensitive compound
is dispersed the pores are so small that the stabilizer
molecules have no chance of penetrating (41,

The techniques described above have been applied
in making physical developers whose life is a hundred
to a thousand times longer than that of the original
one, with a development rate four times greater. Where-
as the life of a physical silver developer used to be
about 5 to 10 minutes, the stabilized versions now have
a life of more than three months, and the development
rate has been increased from 0.05 to 0.23 milligrams of
silver per cm? per minute, :

In applications where a conducting pattern is to be
grown on the surface it is however better not to use a
stabilizer, since after some time it could have the effect
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of screening the metal that comes from the layer. In a
continuous technique, as used with the photoplating
machine that will be discussed shortly, two-bath devel-
opment is preferred. In this method the developer is
produced right at the place where it is required to act;
this is done by bringing together scparately stored solu-
tions of the silver salt and the reducing agent. This
alternative solution of the stabilization problem is only
effective in some cases, however.

Ultra-microfilm

Recent years have seen a marked growth, particularly
in the United States, of the microcopying business, in
which whole libraries as well as catalogues, telephone
directories and other bulky printed matter of con-
tinuously changing contents are copied on microfilm
(reduction ratio 20-24 : 1) or HR microfilm (reduction
ratio 40-60 : 1), HR standing for high reduction.
Recently UR or ultra-microfilm has also come into
use (reduction ratio of at least 150 : 1) I8, The ad-
vantage of such great reductions is most evident if
regularly changing data have to be sent in large quan-
tities by mail. The number of pages of average size that
can be copied on a UR microfiche (ultrafiche) is 3000
with a reduction of 150 X, compared with 600-1000 for
an HR microfiche. Although the price per fiche is
higher for UR microfilm than for HR microfilm, the
lower postal charges compensate for this when large
numbers of copies have to be sent out.

The PD process based on benzenediazosulphide is
eminently suited for this application. The resolution
allows even greater reduction ratios to be used —up to
500 : 1 — and these reductions can also be made in
yellow light and at normal room temperature (this is
not possible with the other processes). Details as small
as 0.3 um can be reproduced, making it feasible to
copy such bulky works as the Encyclopaedia Brittanica
— 24 volumes of 1000 pages each — on a single micro-
fiche.

Such extreme reductions require high-quality objec-
tive lenses which are carefully corrected for blue light.
Lenses of this type have been commercially available
for some time.

The gamma of the photographic image (the slope of
the straight-line portion of the characteristic curve of
density plotted against the logarithm of the exposure)
can be varied as required by varying the silver-salt/mer-

[31 See the fourth article of note [1]. (Jonker, Molenaar- and
Dippel).

(41 When a more porous material was used the development did
not in fact proceed so readily. This difficulty was overcome’
by using a stabilizer molecule whose apolar chain was only
0.3 nm longer, i.e. one CHz group.

[51 See for example C. P. Yerkes, J. Micrographics 5, 59, 1971.
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curous-salt ratio during nucleation. This makes it pos-
sible to reproduce half-tones, which may be required in
copying text with photographs.

The preparation of benzenediazosulphide film is a
very simple process. [t starts with a strip of transparent
cellulose-triacetate of the type commercially available.
The strip is first dipped in an alkaline bath, which has
the effect of saponifying some of the ester groups, thus
making the surface accessible to water and alcohol. The
material is then sensitized by impregnation in an alco-
holic solution of benzenediazosulphide, and, after dry-
ing, the photosensitive film is ready for use.

The sensitivity of the film prepared in this way is of
the same order of magnitude as that of high-resolution
AgBr film.

To illustrate the capabilities of our process, fig. 7
shows a linear reduction by 400 : | of a book of 247
pages, so that the whole contents of the book occupy
no more than 8 x8 mm. A single page only takes up
an area of 0.1 mm2; the letter e is 4.5 um high. Fig. 8
shows the re-enlargement ol part of one page, which is
clearly legible. There is no other process that can rival
this performance. This, combined with the fact that the
PD process is cheaper, makes it reasonable to predict
that it will come into very wide use for microcopying.

Photomasks

The ability to resolve details smaller than onc micron
also makes the PD process of interest for the fabrica-
tion of photomasks, mainly used in the production of
integrated circuits 18, Photomasks can briefly be de-
scribed as microphotographic negatives used for trans-
ferring patterns to the photosensitive lacquer (photo-
resist) with which the silicon slices are coated. The
photomasks are placed on the slice, and after exposure
the photoresist — depending on the type — can be
removed at the unexposed or exposed places; the silicon
is then accessible for diffusion processes. [ntegrated cir-
cuits are usually made by repeating this procedure a
number of times with a set of multiple photomasks.

The requirements to be met by a set of photomasks
and the method of making them with a repeating
camera have been described in a previous article in this
journal 7). The masks in a set must be in accurate
register with each other, and the overall error must be
no more than about 0.5 um. The material for photo-
masks must therefore have high dimensional stability:
in particular it must be insensitive to temperature varia-
tions and to changes in the relative humidity of the
atmosphere with which the masks come into contact.
To keep these variations as small as possible, the masks
are usually made in air-conditioned rooms. The only
material that possesses sufficient dimensional stability
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and the required transparency is glass.

Glass can be coated with a photosensitive layer in
much the same way as described above for ultra-micro-
film. Cleaned and pretreated glass plates are coated
with a solution of cellulose triacetate by means of an
automatic spraying machine [8l. The coating is dried
and hardened by infrared radiation. The process steps
described above then follow: dipping in an alkaline
bath and impregnation in an alcoholic solution of ben-
zenediazosulphide. After rinsing, the material is cut to
the required dimensions; this must be done very accur-
ately because of the small tolerances. Glass splinters are

Fig. 7. A book of 247 pages (P. J. Bouman, Growth of an
enterprise, Macmillan, London 1970) reduced 400 times on PD
material.

removed ultrasonically. Since the material is not sensi-
tive to light of longer wavelengths than 500 nm, the
entire procedure can be carried out under yellow light.

In the manufacture ol integrated circuits as many as
10 000 identical patterns may be recorded one after
another with a repeating camera by flash expo-
sures on a plate of 6.5 6.5 ¢cm. This means that the
plate cannot be developed until after the recording
procedure has been completed, which may sometimes
take several hours. Here advantage is derived from the
fact that benzenediazosulphide shows no fading. Even
after a week the result of exposure in benzenediazo-

sulphide material is still present and has not changed.

It is evident that this material is suitable not only for
very fine but also for coarser masks. Reproducibility
for the various properties required is excellent, e.g. the
exposure needed for the minimum required density and
the gamma. Edge acuity and edge linearity are better
than with most other photomask materials. Table 1
gives some data ol practical interest.
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It is also worth noting that positive images can be
obtained by reversal processing. This extension of the
potential of physical development is a fairly new devel-
opment at Philips Research Laboratories. Further dis-
cussion of this process would however be out of place
here.

Photoplating

Benzenediazosulphonate sensitizer

PD photoplating is our name for the method of
generating metal patterns from a combination of PD

PD PROCESS 9

First of all the film base is given an adhesive coating (2),
which for most applications must be about 4 wm thick.
The adhesive is applied by passing the film over a roller
which is in contact with the adhesive solution. The wet
adhesive layer is then dried with warm air (3), and tra-
vels over a roller (4) in contact w1th a solution of ben-
zenediazosulphonate.

This solution contains lactate additives to prevent
crystallization of the diazosulphonate when it is applied
to the adhesive layer. The solution is also buffered to
keep the acidity constant at pH = 4 to prevent chemi-
cal decomposition, and it contains thickening additives.

To the younger members of the audience, Philips said, ‘ When,
after having reached some conclusion, you find that someone ¢lse

-

has a better idea, don’t be headstrong; never think of opinions as
- a matter of prestige. It is bcttcr to turn back half way than to

PCI’SIS[ on a wrong course.’

This was a principle to which Philips had always adhered to
the best of his ability: to accept advice, to listen, to take note of
changing circumstances, and thus to retain the flexibility to
change course in time, in short the policy of rapid adaptation so
valuable to a leader. He had always been aware of the danger of
profcssnonal blindness, as we have noted earlier, and he felt that

7 it was to his wife, whose strong common sensc had proved so

valuable, that he owed his" presérvation from it. His audience

found his grateful references to his wife profoundly moving.

Fig. 8. Re-enlargement of part of the ultra-microfilm of fig. 7.

photography and electroless plating or electroplating.
This method was used in industrial applications at
Philips as long ago as 1965. In that year a machine was
put into use 91 for making wiring on a continuous strip
of flexible material passed over rollers ( fig. 9). Printed
wiring boards can also be made on the same principle.

In this machine the photosensitive compound is ben-
zenediazosulphonate, and a solution of silver nitrate
and mercurous nitrate is used for forming the metal
nuclei. As already indicated, a developer that contains
no stabilizer is employed.

The flexible base material is usually a polyester or
polyimide film. A 30 cm wide strip of it is passed over
rollers as illustrated schematically in fig. 0. The film
is transported at 5 cm per second, from a feed roller 1.

Table I Practical data of photographic material based on ben-
zenediazosulphide.

Threshold exposure (405 nm) 0.25 mJ/cm?
Exposure for density D = 2 - 0.8 mJ/cm?2
Exposure for electron radiation (< 20 keV) 10 nC/cm?2

Gamma for photomask material (up to D = 4) 6
Lowest possible gamma (to D = 2) 0.8
Minimum line width obtainable photographically 0.3 pm

After the wet film has been dried with warm air (9),
a thin glassy layer is obtained on the adhesive. With
this method of application the photosensitive com-
pound is close to the surface, so that the metal is able
to build up quickly on the film.

The exposure is made through a transparent plastic
drum 6, in which the light sources are fluorescent lamps
mounted along the axis of the drum. A photographic
negative on which the pattern is to be formed is fixed
around the outside of the drum. The drum and the
negative rotate together with the film, and pressure
rollers ensure good contact.

61 See for example A. Schmitz, Philips tech. Rev. 27, 192, 1966.

71 See F. T. Klostermann, Philips tech. Rev. 30, 57, 1969.

81 The choice of cellulose triacetate, an ordinary commercial
product, represents a considerable advance over the use of
gelatin in the AgBr method. The preparation of gelatin for
the emulsion coating is extremely laborious, and requires a
great deal of skill, understanding and experience. Even the
gelatin has to be of the correct type, which can only be ob-
tained from the hides of cattle from particular mountain
pastures. ' )

91 This machine was developed by H. C. N. van der Sanden
and H. J. Veenendaal of the Chemical Laboratory of the
Philips Radio, Television and Record-playing Equipment .
Division, Eindhoven.
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Fig. 9. A PD photoplating machine based on the use of benzenediazosulphonate as photo-
sensitive reagent. The photoplating is a continuous process on a 30 em wide strip of flexible
plastic, ¢.g. polyester or polyimide film. The operation of the machine is illustrated in tig. 10.

The exposed film is then passed to a nucleation bath  reducing agent are successively supplied from separate
7, a rinsing bath 8, then to a drier 9, and the actual baths /0 and //. During development a silver layer
physical development takes place on the upper track /2 about 0.1 pum thick is formed. After further rinsing
(fig. 11). As already mentioned, this is preceded by an  and drying the film is rewound (/4). For many applica-
operation in which the silver-salt solution and the tions the conductor pattern is reinforced with the aid
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of copper or nickel. This is done in an electroplating
machine developed for this application (it can be seen
in the background in fig. 9J. S .
During the various rinsing operations, metal ion
from the nucleation bath and from the developer are
carried along with the rinsing water. Treatment with
ion-exchange resins to remove these metal ions com-
pletely has been available for some time; the process
does not therefore contribute to water pollution.

W

|

PD PROCESS 11

ductor patterns for telecommunication and space appli-
cations, fields in which reliability is very important.
Silver, when subjected to strong electric fields, has a
tendency to migrate, and in certain conditions this can
cause short-ciréuiting. Although this seldom happens,
the risk is enough to make the use of silver inadvisable
for conductors for such applications.

It is possible to make conducting patterns without
using silver if titanium dioxide is used as the sensitizer.

Fe?* Fe™*

nnnmmnG

Fig. 10. Operation of the PD photoplating machine in fig. 9. / film supply. 2 bath containing
adhesive and roller. 3 drying. 4 bath containing diazosulphonate solution and roller. 5 drying.. .
6 exposure drum of transparent plastic around which a photographic negative is fixed. The
black dots are cross-sections of the fluorescent lamps used as light sources. 7 bath containing
silver and mercurous salts and roller. 8 rinsing. 9 drying. 10 spray installation for applying.
silver-nitrate solution. /1 bath from which the reducing agent is applied to the strip. 12 upper
track along which the development takes place. 13 rinsing and drying. 14 roller on which
the finished product is wound. If necessary further plating can be carried out in an electro-
plating machine (this can be seen in the background in fig. 9). .

Finally, there is another version of the same tech-
nique that uses the same machine. If the silver patterns
are applied to a poorly binding thin coating of adhesive,
the metal pattern can be stripped from the adhesive
after electroplating with nickel or copper. To minimize
possible damage, the adhesive can be treated for this
purpose with an organic solvent. Fine wire gauze can
be made in this way, e.g. for use as grids in indicator
tubes. Fig. 12 gives more information about this and
other applications.

Titanium-dioxide sensitizer

In the two modifications of the PD process described
above, in which the sensitizers are benzenediazosul-
phide and benzenediazosulphonate, silver is used for
forming the image. The application may however re-
quire that no silver should be used. This is so with con-

Titanium dioxide is a semiconductor with an energy
gap of 3.1 eV between valence and conduction bands.
On exposure to light from the near-ultraviolet part of
the spectrum, electrons can be raised from the valence
band to the conduction band, thus producing an active
form of titanium dioxide. This can react with palladium
salts to produce palladium nuclei. These nuclei catalyse
the deposition of copper and nickel in an autocatalytic
physical-development process.

The photosensitivity of titanium dioxide is a property
of the material in the solid state. In this case it is there-
fore necessary, as with AgBr, to use the sensitizer in the
form of grains, and not in molecular forms. The reso-
lution, compared with the two other modifications of
the PD process, is therefore unavoidably lower. A
special technique has made it possible to limit this
reduction in resolution. The titanium dioxide grains
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are applied to an adhesive layer which is mechanically
or chemically roughened in such a way that the grains
partly stand out from the surface. Only the parts of the
grains striking out from the adhesive coating are then

Philips tech. Rev. 33, No. |

with a highly diluted solution of PdCls. During expo-
sure palladium nuclei form at the places affected by the
light, and copper or nickel can be deposited on these
nuclei in electroless plating baths. A machine based on

Fig. 11. The upper track of thc muchine in fig. 9 on which the development takes place.

activated on exposure. In the introduction it was stated
that a thicker photosensitive layer implies a smaller
resolution, because of light scattering. Since the process
described here takes place entirely at the surface — in
the same way as in the benzenediazosulphonate pro-
cess — the effect of scattering is much smaller than in
the AgBr film.

The film, consisting of base, adhesive coating and
projecting titanium dioxide grains, is uniformly wetted

this principle, which closely resembles the machine
already described, was recently put into operation at
Philips.

The PD process will no doubt suggest many other
applications besides those discussed in this article,
which has only considered applications that are actually
feasible and of interest to an electronics company. The
photosensitive compounds — and there are many more
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of these than mentioned here — can be combined with
other substrates. This has been demonstrated with oxi-
dized aluminium, transparent sheets of plastic, paper,
cotton and wood, and other materials; in short, the
PD process can be used to make photographic or
metallic patterns on widely different materials. In addi-
tion coloured patterns can be produced by physical
development. The PD process is a subject with many
attractions, and indeed in our work it was often diffi-
cult to decide which interesting thing to do next.

PD PROCESS 13

The continuing trend towards further miniaturiza-
tion of components calls for ever smaller details. The
steadily increasing flood of information makes the
storage of documents in greatly miniaturized form inev-
itable. In view of the economic necessily of automating
manufacturing processes, electroless plating is an at-
tractive alternative to vacuum-evaporation techniques.

The PD process oflers new solutions to these prob-
lems, and will undoubtedly make a useful contribution
to future technological progress.

Fig. 12. Some products made by the PD photoplating process. Right: part of’ a colour-tele-
vision delay line. Left, foreground: a microphone diaphragm. Background: strip with con-
ductor pattern that can fulfil the same function as a ‘tree’ of connecting wires (cable-form)
as used in telephone exchanges. Centre: an indicator tube whose anode (lying in front of the
tube) is in the form of a thin mesh made by the PD process. The tiny square at the centre
of the foreground is an integrated circuit on film with conductor pattern made by the PD

process.

Summary. The PD photographic process described here consists
of three steps: the formation of activated sites (usually activated
molecules) during exposure, the formation of metal nuclei, and
the further deposition of metal on these nuclei during develop-
ment. The PD process differs from the conventional ones in that
the metal to be deposited is contained in the developer. Since
the photosensitive reagent in the PD process can be distributed
in molecular form, the resolution obtainable is very high. To
stabilize the metal in the developer, the ditterence AE in redox
potential between the reducing redox couple and the metal is
given the smallest possible positive value. At the same time, if’
the application allows, the (negatively charged) nuclei are sur-
rounded by cationic surfactants.

Photosensitive reagents that can be used include benzenediazo-
sulphide, benzenediazosulphonate and titanium dioxide. Metal
nuclei are formed on exposed molecules of the first two reagents
with a solution of silver and mercurous salts. Silver is used in
the development. With the titanium dioxide reagent a palladium
salt is used for the formation of metal nuclei, and copper and
nickel are used for further development.

PD photoplating methods are also discussed in which metal
patterns are built up on the photosensitive layer. In this way con-
ductive patterns can be produced on a flexible or rigid substrate.
The PD process can be used for making ultra-microfilm, photo-
masks, very fine metal gauze, printed wiring patterns, delay
lines, etc.
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Miniature pressure transducers with a silicon diaphragm

A.C. M. Gieles and G. H. J. Somers

Readers of this journal will probably now be familiar with the many advantages of the

planar technology in modern electronics. It may however come as something of a sur-
prise to {earn of an application of this technology to a purely mechanical device. This
is a miniature pressure ransducer, whose submillimetre dimensions enable measure-
ments to be made in situations previously considered to be conipletely inaccessible.

Silicon, strain gauges and pressure meters

A pressure measurement amounts to a determination
of a mechanical load. When a structure is subjected to a
mechanical load, a strain ts produced. It therefore fol-
lows that a pressure can be detected with a strain
gauge 11 mechanically coupled to an elastic wall (such
as a diaphragmy) on which the pressure to be measured
is exerted. The deformation of the strain gauge caused
by the pressure affects the electrical resistance of the
gauge. If the relation between deformation and pressure
is known the unknown pressure can be determined by
measuring the change in resistance.

Strain gauges used to be made - and to some extent
still are — of alloy metals of high resistivity. Later it
was found that single-crystal silicon is a much more
suitable material for this purpose because of certain of
its elastic properties, which will be dealt with presently.

In this article we shall discuss pressure transducers in
which the elastic part is a minute circular diaphragm, of
single-crystal N-type silicon. The diaphragm has a
diameter of about | mm and is an integral part of a
substrate acting as a clamp ring (fig. /). This ring
can be mounted in a simple encapsulation that also
connects the transducer to the space in which the pres-
sure is to be measured. For measuring the deformation
or flexure of the diaphragm — and hence the pres-
sure — the diaphragm contains four small strain
gauges, which together form a complete Wheatstone
bridge. The unbalance of the bridge is a sensitive meas-
ure of the pressure, provided that the gauges are locat-
ed to take the best advantage of the mechanical strains
in the diaphragm. In their basic design, therefore, the
new pressure transducers are extremely simple [21.

An advantage of the monolithic construction is that
it dispenses with the difficult and expensive process of
mounting and tensioning an extremely thin diaphragm

Ir A. C. M. Gieles and G. H. J. Somers are with Philips Research
Laboratories, Eindhoven.

on a separate clamp ring. Another advantage is that
the strain gauges are an integral part of the diaphragm.
The gauges are made by the planar technology used for
integrated circuits; in fact they are simply P-type zones
of high conductivity diffused into the N-type dia-
phragm. A separate connecting layer is therefore not
needed. Such a layer could lead to troublesome creep
etlects, which would of course impair the stability of
a transducer.

Fig. 1. The diaphragm of a miniature pressure transducer, seen
from above (@) and in cross-section (b). The cross-section shows
the clamp ring C and the circular diaphragm (typical thick-
ness |5 wm, diamecter | mm). Both are parts of a monolithic
structure of single-crystal silicon. Diffused into the diaphragm
(red circle, plan view) is an uninterrupted and electrically con-
ducting four-active-arm pattern. The four (grey) aluminium con-
tacts enable the diffusion pattern 1o be used as a Wheatstone
bridge of four pressure-sensitive resistors.
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The miniaturization of pressure transducers offers
-various advantages in measurement techniques. The
first is an improved frequency characteristic, since the
frequency response of a pressure transducer improves
with decreasing mass and dimensions. We have made
transducers that faithfully follow periodic pressure
variations up to about 100 kHz. This represents a band-
width about a hundred times greater than that of con-
ventional pressure transducers. A miniaturized trans-
ducer also interferes less with the pressure to be meas-
ured. Another associated advantage is that tempera-
ture differences across the surface of the diaphragms
are small.

Miniaturization has allowed many measurements to
be made that were previously thought to be almost
impossible, and this is of course also partly due to the
useful properties of the single-crystal silicon incor-
porated in the transducers. Pressure measurements on
scale models in wind tunnels, measurements in fast
hydraulic control systems, ultrasonic measurements of
certain types, and local blood-pressure measurements
(for example inside a blood vessel in cardiovascular
examinations) are four examples of cases where the new
transducers can prove to be of great value.

Why is single-crystal silicon a more attractive mat-
erial for diaphragms and for strain gauges than the alloy
metals? One of the reasons is the fact that pure single-
crystal material obeys Hooke’s law over a wider range
of strain values, the resulting stress being proportional
to the strain in a given direction up to an elongation
of about 19. With the alloy metals, on the other hand,
the elastic limit is exceeded at a ten times smaller strain;
permanent deformation then occurs, and the repro-
ducibility deteriorates as a result of hysteresis effects.

In structural terms, the single-crystal material is
clearly superior in ruggedness and strength, and is free
from hysteresis. It can withstand high temperatures,
remaining perfectly elastic up to about 500 °C, and it
is chemically not very reactive. ‘

However, it is not because of any of these features
that single-crystal material is used. It has been chosen
because of another elastic effect: the piezoresistance
effect. This is the change in the resistivity of the material
caused by a mechanical stress.

From the expression g//D for the resistance R of a
conductor of a cross-section D, length /and resistivity g,
it can be shown that the change in resistance in a de-
formed strain gauge is composed of two terms:

AR = gA(//D) + (I/D)Ae.

The first term on the right-hand side of this equation
describes the change of resistance directly caused by
the deformation of the conductor. The second term is
the contribution of the piezoresistance effect, as the
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deformation is accompanied by a mechanical stress
that changes the resistivity. -

The alloy metals also give the piezoresistance effect,
but the change it brings about in the resistance is
generally considerably less than that caused by the
ordinary deformation effect, i.e. by the change of length
and cross-section under strain. _

Since 1954 it has been known that the piezoresistance
effect is very much larger than the ordinary deforma-
tion effect in single-crystal silicon [31. In this material
the same stress causes a change in resistance that is a
hundred times greater than in the alloy metals, resulting
in a proportionately larger output signal from a trans-
ducer using such a strain gauge. A disadvantage of
silicon strain gauges is that their resistance is rather
temperature-dependent.

We shall now take a closer look at the piezoresistance
effect in strain gauges located in a diaphragm of single-
crystal semiconducting material of cubic structure, and
we shall then discuss the new pressure transducers with
their characteristics and fabrication processes.

The piezoresistance eﬁecf

Let us first of all examine the physical background
of the piezoresistance effect in silicon.

In a P-type single-crystal silicon chip the normal
single valence band is not found, but a more complicat-
ed structure, described as a degenerate valence band.
The holes are therefore of two kinds. They differ in
effective mass, which has the result that the contribu-
tions to the conductivity measured in a particular
direction are different. Nevertheless, the conductivity
of non-deformed chips is independent of direction; this
is referred to as the ‘normal’ conductivity. If, however,
there is deformation in a particular direction, for exam-
ple along a crystallographic axis, the value of the effec-
tive masses — and also the ratio between the number of
‘light’ and ‘heavy’ holes — may change considerably.
Both effects are strongly dependent on the direction.
The deformation is associated with a mechanical stress
in the same direction. The resistivity for currents in the
direction of the mechanical stress changes in that direc-
tion. The magnitude of this piezoresistance effect there-
fore depends closely on the direction chosen.

In the case of N-type silicon the explanation of the
effect is rather different. The conduction electrons are

11 See for example: Semiconductor and conventional strain
gauges, (ed. M. Dean III and R. D. Douglas), Academic Press,
New York 1962, and T. Potma, Strain gauges. Centrex,
Eindhoven 1967. .

21 Further details are given in: A. C. M. Gieles, Subminiature
silicon pressure transducer, 1969 IEEE Int. Solid-State Cir-
cuits Conf. Digest tech. Papers, pp. 108-109.

81_ C. S. Smith, Piezoresistance effect in germanium and silicon,
Phys. Rev. 94, 42-49, 1954. .
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in a multi-valley conduction band, which implies that
the electrons are distributed in a number of groups (e.g.
six) which make different contributions to the conduc-
tivity measured in a particular direction. In this type of
malerial the conductivity is also independent of direc-
tion as long as the material is not deformed. On de-
formation there may be a marked direction-dependent
redistribution of the electrons among the valleys.

In order to examine the effect in a strain gauge we
must know the mechanical stresses in the gauge. In our
case we want (o know the stress distribution in a dia-
phragm clamped at the edge, which is flexed by the
application of pressure. The thickness of the diaphragm
is much smaller than the diameter. For flexures that are
small compared with the thickness the stress distribu-
tion is then very nearly circularly symmetrical in the
plane of the diaphragm. The curves of the radial and
tangential components of this stress distribution (4],
illustrated in fig. 2, show for example that gauges near

R
3 (1ulp-pR?
8 h
3Mp,-p,IR° 2 3Mpy-paIR? 2
G- _P;h‘}’ [(3* VLt u)] - ——P;h‘;? [mu}ﬁz-(h v)}

Fig. 2. The radial component o; and the tangential component oy
of the stress distribution, assumed to possess circular symmetry,
in a clamped circular diaphragm that flexes slightly under a uni-
form compressive load, plotted against the distance r between
the points where these stress components occur and the centre
of the diaphragm. R the radius of the diaphragm, # its thickness,
p1—pe the pressure difference across the diaphragm, v Poisson’s
ratio.
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the edge and near the centre are subjected to stresses
of opposite sign, which can increase the output signal
of a bridge circuit and thus increase the sensitivity of
the pressure transducer.

The stress distributions deviate from pure circular
symmetry because the elastic properties of single-
crystal material are direction-dependent 151,  For
example, in single-crystal silicon with a cubic structure
the proportionality constant in Hooke’s law is about
409, greater in the [111] direction than in the [100]
direction, at least in extremely pure material. Such
material is therefore much more rigid on the main diag-
onal than along a crystallographic axis.

The relation between the state of stress in a strain
gauge that forms part of a single-crystal silicon dia-
phragm and the piezoresistance effect in the gauge can
be described by the general expression

Ao = (=0, + =,0))o,

where Ap is the change in resistivity encountered by an
electric current in the longitudinal axis of the strain
gauge, and o and o are the components of the stress
in the diaphragm parallel to (he long axis and perpen-
dicular to it. (Any stress perpendicular to the plane of
the diaphragm is neglected here.) The longitudinal and

transverse piezoresistance coefficients 7, and 7 can

be expressed in fundamental piezoresistance coefticients
(material constants) and in geometrical factors for the
orientation of the normal stresses in the gauge (o and
a ) with respect to the crystallographic axes 1.

There are in total 36 tfundamental =15 coefficients (i, j — 1, 2,
..., 6); in a crystal of cubic structure only three of them are
important: maa, 711 and T2 17 The values of each of these
three coefficients ditfer considerably in N-type semiconductors
from the values in P-type semiconductors.

The values also depend slightly on the resistivity itseli” and on
temperature. The cocfficient mas is found in situations where
shear stresses occur; 7ty31 and T2 are connected with normal
stresses.

For doped silicon of resistivity no greater than a few tens of
Qcm and no less than about once thousandth of an {cm, the
relations between the fundamental coefticients given in the first
line of Tuble I are approximalely correct. The expressions given
in the table are found by inserting these relations in the general
expressions [%) for s, and ;. The geometrical factors Fi1 and
Fi12 are respectively [12nmn12 + [12m? + nn2m?2 and 112022

i 2me? 4 m2ns2, where /1, m and n; are the direction
cosines of o) (i.e. of the longitudinal axis of the gauge) with
respect to the three crystallographic axes, and likewise /2, 112, 12,
are the direction cosines of 7.

The behaviour of these geometrical factors, to which
the anisotropy of the ‘ordinary’ elastic properties also
relates, explains why it is possible to influence the piezo-
resistance eflect by the choice of orientation. In our
investigations the choice was limited to two orienta-
tions and to P-type silicon.
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Table I. Fundamental piezoresistance coefficients 744, 711 and
1o of single-crystal silicon (resistivity between about 102 and
10-3 Qcm) and expressions for the longitudinal and transverse
coefficients 7, and =), applicable to strain gauges which are
arbitrarily oriented with respect to the crystallographic axes.
Fi1 and Fi2 are geometrical factors (see text).

Type P N
Coefficient Ty =Mp =0 | @ = —2mz, 74 =0

713(1 — 3 Fu1)

7 2 ;aaF1y

T —7t4aF12 — 4731(1 — 3 F12)

In the first case we choose the diaphragm plane paral-
lel to the plane determined by a main diagonal and an
edge of the cubic crystal, for example the (110) plane.
For gauges in this diaphragm with a direction perpen-
dicular to the cube edge, we then have:

Ag = 37440, 0,

where 744 is one of the fundamental coefficients. In this
case the longitudinal coefficient 7, is equal to half the
fundamental coefficient 744, and the transverse coef-
ficient 7 is equal to zero. For gauges parallel to the
edge the whole effect disappears because = is then
zero as well as = K .

In the second case, where the diaphragm plane is
taken parallel to a plane determined by three side diag-
onals, we find on the contrary a certain isotropy. In
such a plane, for example the (111) plane, the change
of resistivity is given by

Ag = 374a(o, — 30))o;

irrespective of the orientation of the gauge. Although
in this case the piezoresistance effect is smaller than in
the first case, there are definite technological advantages
if the prientation of a gauge is not too critical.

There are graphs from which the fundamental coef-
ficient 744 can be determined for, say, a diffusion zone
in single-crystal silicon as a function of the surface
doping concentration and the temperature (81. The max-
imum value of this coefficient (about 140 X 10-11 m2/N
at room temperature) is found for resistivities greater
than about 1 Qcm. Unfortunately the resistivity is
most dependent on temperature in this region. A
good compromise is a choice in the region of 0.015 Qcm,
which reduces the temperature dependence by a factor
of five, while reducing 44 itself by only about 309%;.
Finally, there is the preference for gauges of P-type
material. There are various reasons for this. One is that
the fundamental piezoresistance coefficient z44 is about
359 greater than the coefficient 711 that would have
to be used for N-type silicon. Another is that the
relation between change of resistance and strain is
more linear in P-type silicon and the temperature
dependence is less.

Si PRESSURE TRANSDUCERS 17

The new pressure transducers

Location of the strain gauges

The free choice in the location of the four strain
gauges on the diaphragm makes it possible to give a
transducer a choice of desirable features, such as high
sensitivity or temperature independence. It is of course
then necessary to know the orientation of the crystallo-
graphic axes with respect to the diaphragm.

Out of the many possible locations we have only
adopted the two mentioned in the previous section.

Our aim with the first location was to obtain a pres- -
sure transducer with the simplest possible bridge ar-
rangement on the diaphragm and with the least tem-
perature dependence. The diaphragm lies parallel
to the (110) plane. The bridge consists of two gauges
in the [001] direction and two in the [1T0] direction,
and all four are located close to the centre ( fig. 3). The
piezoresistance effect does not then arise in the first
pair. The second pair, on the other hand, is subject to
a reasonably strong effect. Because they are all close
together the four gauges encounter very nearly iden-
tical temperature changes. A change in temperature
hardly affects the balance of the bridge at all, since the
four resistances then change by the same amount. The
bridge does however go out of balance if the pressure
changes.

Although this arrangement looks promising, it has
not in practice come up to expectations, for two main
reasons. The first, which is apparently related to the
fairly high anisotropy of the elasticity in the (110) plane,
is the presence of strongly direction-dependent mechan-
ical stresses in the diaphragm at zero pressure. The
second is that the measurements are not sufficiently
reproducible, owing to variations in the junction resist-
ances between the aluminium and the P-type silicon
of the gauges.

These difficulties do not arise in the transducers in
which the second choice of location is adopted ( fig. 4).
The diaphragms in this case are parallel to the (111)
plane. The internal stresses at zero pressure are now
found to be negligibly small, and the orientation of the
gauges with respect to the crystallographic axes is not
particularly critical. The gauges form one continuous
diffusion path, and all junction resistances from alumi-

41 8. Timoshenko and S. Woinowsky-Krieger, Theory of plates
and shells, 2nd edition, McGraw-Hill, New York 1959.

51 See the review article by H. B. Huntington, The elastic con-
stants"of crystals, Solid State Physics 7, 213-351, 1958.

61 See W. G. Pfann and R. N. Thurston, Semiconducting stress
transducers utilizing the transverse and shear piezoresistancé
effects, Appendix B, J. appl. Phys. 32, 2008-2019, 1961.

[ A review of the subject has been given in: R. W. Keyes, The
effects of elastic deformation on the electrical conductivity
of semiconductors, Solid State Physics 11, 149-221, 1960.

81 Q. N. Tufte and E. L. Stelzer, Piezoresistive properties of
silicon diffused layers, J. appl. Phys. 34, 313-318, 1963.
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Fig. 3. Location of the strain

gauges (Si,...,4) in the (110)

plane for minimum temperature-

dependence of the pressure trans-

ducers. Gauges S1 and S3 react

only to temperature, Sz and S4to
. pressure and temperature. In this
configuration the resistances of
the junction between the alumi-
nium connecting strips and the
P-type silicon of the gauges are
included in the current-carrying
part of the bridge circuit, which
is a disadvantage because these
resistances are not constant. The
area outside the dashed circle is
the clamp ring, which carries the
contact strips for the electrical
connections.

nium to P-type silicon are kept ‘outside’ the current-
carrying branches of the bridge circuit. This helps to
prevent interference with the pressure measurements.
In this configuration the four resistances are identical,
and the gauges therefore have the same number of
right-angle bends. The changes in resistance are of the
same magnitude but of opposite sign, which increases
the sensitivity of the bridge and facilitates measure-
ments. The active parts of the gauges S1 and S3 are
arranged radially because at the edge of the diaphragm
the radial component of the stress is several times great-
er than the tangential component (fig. 2). Another
attractive feature of the pressure transducers based on
the configuration in fig. 4 is that fabrication is straight-
forward with few rejects.

Fig. 4. Configuration of four strain gauges (S1,...,4) and alu-
minium connections in the (111) plane. The gauges have the same
resistance and the same number of right-angle bends. The changes
in resistance that occur are equal in magnitude but of opposite
sign. Diaphragms with this configuration are found to be more
satisfactory than those in fig. 3. The dashed circle again indicates
the boundary of the free part of the diaphragm.

Features of the transducers

The measuring range of the pressure transducers with
the configuration of strain gauges and connections
illustrated in fig. 4 on the diaphragm can be varied
extensively by selecting the ratio between the thickness
and diameter of the diaphragms. The limits of the
measuring range lie at about 1 atm and 100 atm. These
values correspond to thickness/diameter ratios of 0.015
and 0.15. Within these limits the sensitivity is the same,
ie. a full-scale deflection of 20 millivolts per volt ap-
plied to the bridge. The sensitivity is satisfactorily linear
with the pressure being measured, deviations remaining
below 19 of maximum unbalance. If a little greater
deviation from linearity is permissible, or a slightly
lower sensitivity, the pressure range can be extended to
0.2 atm full scale. The linearity is worse because the
flexure in the middle of the diaphragm is no longer
small compared with the thickness. The diaphragm
bulges out in the middle (the ‘balloon effect’ [4]),
The transducers can safely be overloaded, and an over-
load of ten times full scale causes no damage. The zero
shift is at the most 0.02%; of full scale per degree Cel-
sius. The adverse effect of temperature on the signal
sensitivity of the circuit can be kept below about the
same level by means of a compensating device, such as
an NTC resistor connected in series.

The reproducibility of the measurements is excellent;
the differences are no more than 0.05%, which shows
that the transducers are free from hysteresis effects and
creep.

Technology

The main technological problem to be solved was to
find the right combination of planar silicon technolo-
gies with two advanced finishing processes to enable the
transducer with all its composite parts to be made in a
single monolithic device of the required miniature
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4
On N-type layer
connections (Al)
Al for 200 Wheatstone
bridges. cach with
4 strain gauges
J
In N-1ype layer
200 < 4 strain gauges
B of P-type Si(B)
(p = 0.02 Qem)
2
N-type layer
(5-50 um,
NS p— 5 Qcm)
epitaxially on
standard slice;
i surface oxidized 5 6
Substrate spark-
Standard shce. s, cxcept s e
NS s clamp ring C and Shielding layer
i single-crysta | r
(p- 0.0 Qem) s]ncldmg layer etched away
on M: diameter
of M 0.3-2 mm
Muterial Growth Diffusion Vacuum Spark Electrochemical

evaporation

machining etching

—Y

—— Process Planar technology

Table 1I. Survey of the technology used for the simultaneous
production of 200 miniature pressure transducers. There are five
steps (horizontal axis) and four materials (vertical axis). The
starting material, N silicon, is detined in block /. The blocks
2, 3 and 4 give the results of the processing of the materials
(planar technology). Blocks 5 and 6 refer te the finishing tech-
niques, limited to the N silicon substrate. Each process step takes
place simultaneously for the 200 transducers, with the exception
of the machining process (4 — 3).

dimensions. For quantity production it was also neces-
sary to meet the requirement of satisfactory reproduci-
bility.

A survey of the production technology is given in
Table II. Three conventional planar processes are
used 191, The bridge circuit can easily be kept so small
that a complete signal amplifier and the bridge can be
mounted on a diaphragm with a diameter of 0.5 mm.

The other techniques used, spark machining 1101 and
electrochemical (or anodic) etching '] are less con-
ventional. The first is used for removing material in the
N--silicon substrate at the locations where the dia-
phragms are to be formed, and the second is used for
fine finishing. The relatively high conductivity of the N+
silicon, which has a resistivity of only 10 to 20 mQcm,
facilitates the application of spark machining. The
inside diameter of the clamp ring is accurately
defined by the diameter of the cylindrical electrodes.
The dimensions produced so far range from about 0.3
to 2 mm, but smaller inside diameters can be produced
if required. Spark machining is a relatively crude pro-

v

Fimshing technigues

A/
CJ sio,
rtza p-si
N-Si
N*-Si

cess; the lower surface of the recesses may be pitted to
depths of about 3 um, and the centre of the recess is
somewhat deeper than at the edge. Since the diaphragm
(the epitaxial N layer) is usually required to be ex-
tremely thin, the spark machining is stopped when the
bottom of the recess is within about 15 um of the epi-
taxial layer. The remaining substrate material (the
shielding layer) on the diaphragm is subsequently re-
moved by electrochemical etching, an anodic oxidiza-
tion in which the silicon-oxide layer produced is re-
moved by a dilute HF solution. The N+ silicon acts
as the anode, and the cathode is of platinum. At
an appropriate current density the N silicon then

1 The processes in question are described in: J. Goorissen and
H. G. Bruijning, Doping methods for the epitaxial growth
of silicon and germanium layers, Philips tech. Rev. 26,
194-201, 1965, and in: A. Schmitz, Solid circuits, Philips tech.
Rev. 27, 192-199, 1966.

See C. van Osenbruggen, High-precision spark machining,
Philips tech. Rev. 30, 195-208, 1969.

A simple discussion of this technique is given in: J. A. van
Nielen, M. J. J. Theunissen and J. A. Appels, MOS tran-
sistors in thin monocrystalline silicon layers, Philips tech.
Rev. 31, 271-275, 1970.

[10]

(11}
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dissolves away at a rate of about 2 pum per minute,
but the epitaxial layer is unaffected, because N-type
silicon has a much higher resistivity and is not etched
away under these conditions. The substrate layer
dissolves away completely in a few minutes. At the
same time the inside diameter of the clamp ring has
become 20 to 30 um larger, but this is no disadvantage
as there is some rounding off at the edge between the
ring and the diaphragm. The gradual transition in
thickness here ensures good clamping of the diaphragm.

In this way perfectly smooth and flat diaphragms are
obtained whose thickness is exactly equal to that of the
epitaxial layer. and which are integral with the clamp
rings. The completed transducers can easily be separated
from each other, either by breaking along a pattern of
scribed lines on the silicon slice, or by spark machining
with a tubular electrode.

The reproducibility of the method of fabrication can
be judged from the signal sensitivity of the transducers.
Even with baiches of several hundred transducers the
variation in signal sensitivity can be kept within 109.

The mounting of a pressure transducer is another
matter. The encapsulation for such a transducer must
of course be as small as possible. The encapsulation
must also be designed to permit firm mechanical bond-
ing of the four electrical leads to the bridge circuit.

Fig. 5 shows a way of meeting these requirements
that is eminently suitable for applications such as
blood-pressure measurements. It consists essentially of
a thick-walled glass tube, with an outside diameter of
about 1.5 mm and a length of 6 mm. Four thin chan-
nels are recessed in the wall for the electrical leads. The
clamp ring of the transducer can be located at the
front of the tube in such a way that the ends of the
leads just touch the four contact strips of the trans-
ducer. These strips are located on the clamp ring
(fig. 4) so that they do not load the diaphragm, and are
tinned with a layer of solder. The contacts are soldered
by heating the whole assembly in a non-oxidizing
atmosphere, and a nickel layer along the circumference
strengthens the joint and ensures a good seal. The glass
tube can easily be mounted in the tip of a catheter, so
that measurements can be made inside a blood vessel.
What the catheter measures is of course the difference
between the blood pressure and the pressure — usually
atmospheric — which appears on the other side of the
diaphragm via the central opening in the glass tube.

The technology described above is clearly applicable
for making other types of transducer. In onc such
example we were able to produce an accelerometer by
making a pressure transducer in which the central part
of the diaphragm had a relatively large mass.
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Fig. 5. The tip of a catheter for blood-pressure measurements,
fitted with a miniature pressure transducer with a silicon dia-
phragm. The dimensions are smaller than those of a match. The
various parts of the transducer are shown separately. A thick-
walled glass tube supports the diaphragm with its clamp ring.
The ring can be attached to the front of the tube. The wall of
the tube contains recessed channels for the four electrical leads
to the bridge circuit on the diaphragm.

Summary. Planar-technology processes, as used in making inte-
grated circuits, are combined with spark machining and electro-
chemical ctching to make miniature diaphragm pressure trans-
ducers from single-crystal silicon. The diaphragms, with diam-
eters ranging from 0.3 to 2 mm and thicknesses from 5 to 50 pm,
consist of an epitaxial layer of low-conducting N-type silicon
grown on a substrate of N* silicon, from which the clamp ring
is machined. Four pressure-sensitive strain gauges of highly con-
ductive P-type silicon are formed by boron diffusion into the top
surface of the diaphragms. The four gauges comprise 1 complete
Wheatstone bridge.

The optimum location of the gauges to obtain a high signal
sensitivity and low temperature dependence is found by applying
the theory of the piezoresistance cffect in P-type silicon and of
stress distribution in clamped diaphragms.

The pressure ranges of the transducers vary from [ atm to
about 100 atm, in which the full-scale deflcction is 20 millivolts
per volt applied to the bridge. The deviation from lincarity is
less than 1%. An overload of ten times full scale does not affect
the transducer. Bandwidths of 100 kHz and more have been
obtained; the transducers are free from hysteresis and creep.

Applications include intravascular blood-pressure measure-
ments, pressure measurements in hydraulic control systems and
ultrasonic measurements.
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Plasma-MIG welding

Through the years a variety of techniques have been
developed for joining metals together. An important
group among these techniques is that of the arc-weld-
ing processes. Recently Philips Research Laboratories
have extended this group by a new method, whose
essential feature is that the filler wire and its arc are
surrounded by a thermally ionized gas stream. This
enables the welding process (0 be controlled accurately,
and makes possible a number of interesting appli-
cations, such as overlay welding of stainless steel on
mild-steel plates at a relatively high speed and high-
speed welding of thin sheet. The process may be re-
garded as a combination of plasma welding and gas-
metal arc (MIG) welding (MIG standing for Metal
Inert Gas). To make this clear, we shall first briefly
describe these two processes.

In plasma welding the work is heated by means of
an arc discharge between a non-consumable tungsten
electrode and the workpiece in an atmosphere of argon
or of some other gas. In plasma welding the energy
density is made greater than in ordinary arc welding
with a non-consumable electrode (argon-arc welding)
by reducing the diameter of the arc. This is done by
passing the arc through a cooled copper nozzle. The
arc stays clear of the wall of the nozzle, because the
gas near the wall is not ionized, owing to the low
temperature, and does not therefore conduct electri-
cally. Between the nozzle — which is part of the weld-
ing torch and the workpiece there is very little
divergence of the arc. Because the arc is thinner at the
same current, the temperature of the plasma is higher 1]
than it would otherwise be.

In plasma welding it is sometimes necessary to add
filler metal to the weld pool. Since the tungsten elec-
trode, the copper nozzle and the arc are all coaxial it is
usual to introduce the filler wire into the arc sideways.
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Filler wire introduced in this way is not very intensively
heated, and the deposition rate is therefore low. The
feed rate of the wire also has (o be very accurately
controlled. Tt would be better if the wire travelled a
longer distance through the plasma.

MIG welding is also carried out with an arc discharge
in a shielding-gas atmosphere (argon or CO-). In this
case, however, a consumable electrode of filler wire is
used. The wire is fed continuously from a reel through
a guide tube, which conducts the welding current to
the wire.

Like plasma welding, MIG welding has its limi-
tations. In MIG welding at /ow current the limit is
found where the arc becomes unstable and the metal is
transferred to the work in very large molten drops from
the filler wire. At very /high currents the tip of the filler
wire and the arc begin to rotate rapidly, and molten
drops are spattered from the arc to land well away
from the heated part of the workpiece (21,

Experiments have shown that combining these two
welding methods gives an entirely new situation. To
indicate the close relationship we have called the new
method plasma-MIG welding 131, In this method there
is no lower limit to the current through the filler wire
below which the welding process becomes unstable,
while the upper current limit is much higher than in
MIG welding.

(11 H. Maecker, Z. Physik 141, 198, 1955.

12) To some extent the behaviour of the wire tip is comparable
with that of a running hose clamped at a distance from the
nozzle; when the flow of water exceeds a certain strength, the
reaction causes the dangling end to start twisting. See for
example the article by A. Lesnewich, Welding J. 37, Res.
Suppl., 418-s, 1958.

81 W. G. Essers, A. C. H. J. Liefkens and G. W. Tichelaar, Proc.
Conf. on Advances in Welding Processes, 1970, p. 216, publ.
The Welding Institute, Cambridge 1971.
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The methods could be combined by offsetting the
tungsten electrode that generates the plasma arc from
the axis of the copper nozzle (see fig. /). Although the
arc is then slightly curved between the electrode T and
the nozzle R, this presents no difficulties. The filler
wire F can now be introduced into the plasma axially,
and the length of wire in the plasma arc can now be
much greater than with a side feed. In this way the
lower part of the wire F and the arc M, between the
wire tip and the workpiece W, are surrounded by the
plasma P, thus ensuring efficient heating of the wire
and consequently a high deposition rate. The deposi-
tion rate is of course largely determined by the current
in the filler wire. The presence of the plasma also gives
better control of metal and heat transfer to the work-
piece than in conventional M1G welding. Fig. 2 shows
the experimental arrangement in our laboratory.

Interesting results can be obtained with plasma-MIG
welding, especially when the electrodes are connected
to the positive pole of the current source and the work-

Fig. 1. Diagram of the plasma-MIG welding process. An arc M
is maintained between the filler wire F and the workpiece W.
This arc is located at the axis of a plasma arc P between a non-
consumable tungsten electrode T and the workpiece. The plasma
arc is constricted by a copper nozzle R located at the end of a
water-cooled double-walled housing. The plasma gas PG is
supplied through this housing. SG is a stream of shielding gas
around the plasma arc. The arc M and the plasma arc P are
each fed from a separate d.c. source (/m and /p).
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Fig. 2. Experimental welding torch for plasma-MI1G welding. The
reel carrying the supply of filler wire can be seen at the top. The
wire is automatically fed at the desired speed into the welding
torch, which also contains the tungsten electrode.

piece to the negative pole. Just as in ordinary MIG
welding, the current in the welding wire in plasma-
MIG welding has a critical value above which the
molten wire tip and the arc are made to rotate by the
action of electromagnetic forces and mechanical
reaction forces. The process of metal transfer from
welding wire to workpiece when the arc is stationary is
quite different from the process when it is rotating, but
in plasma-MIG welding both processes are completely
controlled. We shall illustrate this with a few examples
which show that the two situations lead to entirely
different welding results.

Fig. 3 shows a photograph of a plasma arc with a
thin stationary arc in the centre; this situation holds as
long as the current in the wire remains below the
critical limit. The welding process can be very effec-
tively demonstrated by taking high-speed films and
showing them in slow motion. The title photograph
shows a frame from such a film (2500 frames per
second) of the same arc as in fig. 3. The molten drops
can be seen to be moving vertically in a straight line to
the workpiece, about 500 drops per second with an
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Fig. 3. Photograph of the plasma-MIG process with a thin
stationary arc. The brighter arc between the tip of the filler
wire and the workpiece can be seen at the centre of the plasma
arc.

average diameter of 0.9 mm, travelling at an approximate velocity of 2.2 m/s.
The high energy density in the arc causes the molten zone to penectrate deeply into
the workpiece, producing welds like those in fig. 4 (see page 24). The stationary
type of arc can also be used for high-speed welding of sheet steel: | mm stainless
steel sheet can be welded at a speed of 10 m/min.

Fig. 5a is a photograph of the rotating arc obtained when the critical current is
exceeded. The fluid end of the wire assumes the form of a conical helix and
rotates very rapidly within the almost unchanged plasma arc. The arc extends
from the fluid wire tip to the workpiece and describes a vertical cylindrical sur-
face as it rotates. Here this surface has a diameter of 8 mm. Fig. 5b gives a clear
picture of the rotating fluid part of the wire and of the droplets detaching from it.
High-speed films like this in this case taken at a speed of 4000 frames per
second — enable useful quantitative data to be derived. For example, the fre-
quency of rotation at a given wire thickness is found to be related to the current
in the filler wire and to lie between 130 and 270 revolutions per second. Another
example relates to the transfer of the filler metal. If the conditions are the same as
those in the stationary process illustrated in fig. 3, apart from the current in the
wire and the wire feed, then at least 3000 droplets with a mean diameter of 0.6 mm

Fig. 5. «) Photograph of the
plasma-MIG process with ro-
tating arc. The contours of the
surface of the molten wire tip
can be seen inside the plasma.
b) Series of frames from a
high-speed film (4000 frames per
second) of the rotating arc,
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Fig. 4. Square-butt weld in plate of 8 mm stainless steel welded by
the plasma-MIG method using a thin arc. The filler wire (PZ 6061)
had a diameter of 1.2 mm and was also of stainless steel. The
plasma gas was argon (6.5 |/min), the shielding gas a mixture of
argon (10 I/min) and COz2 (5 1/min). The diameter of the plasma
exit was 6 mm, and its distance to the workpiece was 15 mm.
Plasma-arc current 100 A at 50 V. Current in the filler wire 180 A
at 40 V. Both electrodes were positive with respect to the work-
piece. The rate of travel was 40 cm/min at a deposition rate of
95 grams of filler metal per minute. Under these conditions the
critical current through the wire at which the arc starts to rotate
is approximately 250 A.

Fig. 6. Weld bead of stainless steel (filler wire PZ 6061, diameter
1.2mm) on a 10 mm steel plate. Plasma gas 6.5 argon per
minutc, shielding gas 121 argon + 31 CO2 per minute. Nozzle
diameter 10 mm, distance from torch to workpiece 22 mm.
Plasma-arc current 100 A at 45 V. Current in the filler wire 400 A
at 40 V, both electrodes are positive with respect to the work-
piece. Travel rate 23 cm/min, deposition rate 300 g/min, bead
width 40 mm.
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are transferred per second. The detached droplets move
in an almost vertical path to the workpiece, with a
velocity of about 2.6 m/s.

With the rotating arc there is no question of the deep
penetration shown in fig. 4, since the electrical and
thermal energy is spread over a larger surface of the
workpiece. In this case a relatively wide weld bead is
formed (in fig. 6 nearly 40 mm) with shallow penetra-
tion in the metal sheet.

This welding method appears to be very suitable for
cladding chemical storage tanks and nuclear reactor
vessels with a corrosion-resisting layer of stainless steel.
The high deposition rate is an economic advantage in
such work. With a single welding torch a deposition
rate of 30 kilograms per hour has already been
obtained in our laboratory. This rate is high compared
with that obtainable with other methods.

W. G. Essers
G. Jelmorini
G. W. Tichelaar

W. G. Essers, G. Jelmorini and Dr Ir G. W. Tichelaar are with
Philips Research Laboratories, Eindhoven.
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A water-pressure operated control system for dishwashers

P. L. Holster, C. J. Th. Potters and H. F. G. Smulders

In the automatic washing machines at present on the market the various washing pro-
grammes are controlled by an electromechanical system. However, by using ‘fluid-logic’
elements it is now possible to make compact control systems that work entirely from the
water pressure. The experimental system for dishwasher control described in this article
is one of the results of investigations at Philips Research Laboratories.

Introduction

In an automatic washing machine the various parts
of the preselected programme (prewash, main wash,
rinse, etc.) have to be worked through automatically
in the correct sequence. Each part of the programme
requires in turn a number of successive operations
from the machine; for the main wash, for example,
these could be: filling to the high level while adding a
detergent, heating to 60 °C, washing and finally drain-
ing off the water. To make this whole process take place
automatically a fairly complicated control system is
needed.

For many of the machine operations the only pro-
gramming required is to set the operating time. A
control system for washing machines therefore always
contains a timer, consisting of a miniature synchronous
motor, or stepping motor, which drives a camshaft on
which cams operate switches controlling the various
parts of the machine. The whole system is generally
referred to as a programme timer. There are some
machine operations, however, where the most important
factor is not the operating time but the attainment of
a certain final state: filling to a specified level, heating
to a specified temperature. During these phases of the
process the programme timer therefore has to be
stopped until the final state is reached. This makes
the control system more complicated, especially where
some conditions have to be satisfied simultaneously.
For example, the heating may only be switched on if
the programme timer gives the command, and if the
drum has been filled to a specified level, and if
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the final temperature has not yet been reached; the
drum must be emptied when the programme requires,
or if a fault in the system makes the machine liable to
overflow. Such combinations of conditions can be
described with logic functiofis, in this case AND and
OR functions. To meet all these conditions, the control
system of a washing machine must therefore contain a
logic circuit as well as a programme timer. This logic
circuit controls the operation of the machine and is
controlled by signals from sensors that detect quanti-
ties such as level or temperature. In conventional
control systems all these components are electrical or
electromechanical.

A few years ago E. A. Muijderman of Philips Re-
search Laboratories proposed the idea of developing -
a control system for washing machines that would
work entirely from the water pressure, making use of
the new technique of fluid logic or ‘fluidics’ 1l Al-
though a water-operated logic circuit could also be
built with conventional hydraulic techniques, the result-
ing systems would be too complicated and too bulky
for this application. The camshaft drive is no problem;
there is sufficient energy available in the water mains
to allow a small hydraulic motor to be used for this
purpose. (The Dutch water-supply authority, for
example, officially guarantees a water pressure of
1 atmosphere at the tap, and in practice it is usually
much higher.) .

111 Fluidics, or fluid logic, is the term used to describe the use of
fiuids — gas or liquid — for carrying out logic or amplifica-
tion functions. Where a gas is used in the operation of fluid-
logic elements, the term gas logic or air logic is sometimes
used (in practice the gas is usually compressed air).
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To investigate the possibilities of systems operating .

from the water pressure we have made an experimental
control system for a dishwasher. We chose a dishwasher
because it works with a much simpler programme than
an ordinary washing machine. Before dealing with
this system we shall first discuss the logic elements
used.

The logic elements

In fluidics a distinction can be made between two
- groups of elements: those with and those without
moving parts. The elements without moving parts
work through the interaction of flowing fluids. We
therefore call them dynamic elements. The other group
includes a large number of devices in which com-
ponents such as diaphragms, valves, foils or balls
are displaced by the pressure of the fluid. This second
group of elements can be further subdivided into
static and quasi-static elements. In static elements
there is no fluid flow except during switching from
one state to another, while quasi-static elements allow
fluid to flow in one of the states— though the quantity
that flows is much smaller than with the dynamic
elements.

The logic elements used in our control system are
mainly quasi-static diaphragm elements, chosen be-
cause they are very simple and also reliable. While it
might seem that the restrictors in these elements could
easily become blocked, this was not found to happen
in practice. Other static elements that we could have
used instead would have required diaphragms of a type
too complicated for the manufacture of a single proto-
type. The water consumption of the quasi-static ele-
ments is not a disadvantage in the control of a washing
machine, since the water can be drained into the wash
unit. All the elements employed are binary, and their
input and output signals are either hydraulic or
mechanical.

The input elements, which are required to convert
mechanical signals (in this case the positions of cams)
into water-pressure signals, are quasi-static elements
with a valve, called baffle nozzles. The principle of this
element is illustrated in fig. 1. The water supply is
connected to the input 4. When the valve (the baffle)
B is closed, the pressure in the element, and hence the
pressure at the output F, is equal to the input pressure.
(We assume that no water is drawn off at the output,
which implies that only the pressure is used as the
output signal.) When the valve is opened, water flows
through the element from the input 4, through the
restrictor R along the valve and to the outside. The
restrictor is a constriction that acts as a flow resistance,
and a pressure difference appears across it during flow.
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As the valve opens and the flow through the element
increases, the pressure difference becomes greater and
the pressure in the element therefore falls. When the
valve is fully open, the pressure in the element, and
hence the output pressure, will be practically equal to
the ambient pressure. The baffle nozzle is thus an
analog device, the output pressure varying propor-

A B ‘
Fig. 1. Diagram illustrating the principle of the baffle nozzle.
A input to which the water supply is connected. B valve (baffle)
which opens and closes the outlet (the nozzle). When the valve

is closed, the pressure at the output F is the same as at the input.
When the valve is open, water flows through the element to the

- outside. Owing to the pressure difference across the restrictor R

the output pressure falls nearly to the ambient pressure, while -
the input pressure remains high.

tionally with the position of the valve. In our system,
however, only two positions of the valve are used:
‘open’ and ‘closed’, and the baffle nozzle therefore acts
as a binary element.

Fig. 2a shows the baffle nozzle as designed for our
control system. The valve B is opened against the
force of the spring S when the valve rod is raised (by
a cam on the camshaft of the programme timer).
Briefly the device operates as follows: when the pres-
sure at the input A is pa, the output pressure pr is
equal to pa when the valve is closed and is zero when
the valve is open. (In this article we take p to be the
excess pressure over the ambient pressure.) When the
input pressure of the element is zero, the output pres-
sure is always zero.

The baffle nozzle is usually used in such a way that
the valve is opened when the machine has to perform
a particular operation; the logic convention we have
adopted is therefore: B = 0 means ‘baffle closed’,
B = 1 means ‘baffle open’. For the water pressure we
have adopted a convention in which 4 = 0 means
‘water pressure at 4 low’, 4 = 1 means ‘water pres-
sure at A high’. With the aid of this description we can
easily verify that the baffle nozzle operates as an AND
gate with negation; Fisonly 1if 4 = 1and B = 0
(thus B = not 1): F = A.B. Fig. 2b shows the logic
symbol for the element.

Fig. 3a gives a cross-section of the diaphragm
element mostly used in our system. When the pressure
at the input 4 of this element is high and the pressure
at the input C is low, the pressure in the annular space
that communicates with 4 will make the diaphragm
flex downwards against the force of the spring S. A
connection is then established between input 4 and
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output F, and the output pressure will therefore be
high. If high pressure is applied at both C and 4, the
pressure will then be the same on both sides of the
diaphragm. The forces acting on the diaphragm are
now approximately equal and the spring S is able to
press the diaphragm against the seat, so that the con-
nection between 4 and F is broken. Since water can
flow away to the outside through the restrictor R, the
output pressure is low. The restrictor can be omitted
if the pressure drop is allowed to appear across a
water-transmitting element connected to the output.
If we regard the diaphragm device as a logic element,
we see that it works as an AND gate with negation, the
output pressure only being high if the pressure is high
at A and low at C: F = A.C (fig. 3b).

We can also regard the diaphragm device in fig. 3
as a flow amplifier (again of course with negation), for
if C = 0 a connection is established between 4 and F
and the flow of water can be large, while the input C
takes no water in either position. We make consider-
able use of the diaphragm element in our control
system as a flow amplifier in series with a baffle nozzle.
We do this because the baffle nozzle can only handle
very small flows: when water is drawn off at the output,
the output pressure drops even when the baffle is closed,
owing to the pressure difference across the input re-
strictor.

Since quasi-static elements take water in the ‘open’
position, the ‘high’ pressure will gradually fall across
a large number of these elements connected in series.
In such an arrangement the ‘low’ pressure will not
usually be constant either; even fully open valves will
form small flow resistances that will have pressure dif-
ferences across them, so that the low pressure will rise
above the ambient pressure. The two pressure levels
are therefore not defined as pressure values but as
pressure regions. In the system that will be described
here, the high level at a supply pressure ps is defined
by ps > p > 0.8 ps and the low level by 0.2 ps > p > 0.

The control system has to operate a number of
electrical switches (for the heating, the pump, etc.), and
output elements are therefore required that can convert
a water-pressure signal into a movement signal. This
is done by a pair of static diaphragm elements; the
simpler of the two is shown in fig. 4a. When the’ pres-
sure at A4 is high, the diaphragm M pushes the rod F
upwards against the force of the spring S (the space
above the diaphragm is freely connected with the
outside). The rod can operate a switch. If F = 0
denotes the rest position and F = 1 the upper position,
then 4 =1 corresponds to F==1. We can describe this
element by the simple relation F = 4; it operates only
as a signal transducer and does not perform a logic
operation. Fig. 4b shows the symbol used for it.

R i
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The second output element used in our system,
shown in fig. 5a, is somewhat more complicated. It
has two inputs and two diaphragms; fixed between
the diaphragms there is a disc D, of hard rubber. When
pressure is applied to the space between the diaphragms

| s
g/%F i

——F=AB

A
d
1

==

b

Fig. 2. a) The baffle nozzle used in the control system. B valve. §
spring. The valve is opened by raising the valve rod; this is done
by a cam on the camshaft of the programme timer. When the
valve is closed (B = 0) a high input pressure (4 = 1) corresponds
to a high output pressure (F = 1). When the valve is open
(B = 1) a high input pressure (4 = 1) corresponds to a low out-
put pressure (F = 0). If there is no input pressure (4 = 0) the
output pressure is always low (F = 0). b) Logic symbol for the
baffle nozzle; asingle line denotes a water-pressure signal, and a
double line a mechanical signal. The element acts as an AND
gate with negation, since F = 1 onlyif 4 = 1 and B = 0 (not 1).
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Fig. 3. a) The diaphragm element. 4 and C inputs, F output.
When the pressure is high at 4 and low at C, the diaphragm M
is pushed downwards so that a connection is established between
A and F. The output pressure is then high. If the pressure is high
at both 4 and C, the spring S can push the diaphragm upwards,
breaking the connection. The pressure at F can now leak away
through the restrictor R, which connects with the outside, so
that in this situation the output pressure is low. b) Logic symbol
for the diaphragm element. This element also acts as an AND
gate with negation: F= lonlyif 4 = 1and C = 0.
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Fig. 4. a) Output element that converts a water-pressure signal
into a movement (e.g. for operating an electrical switch). When
the pressure at input A4 is high (4 = 1), the rod F is at its highest
position (F = 1). The operation of the element is thus represented
by ‘the relation F = A; it functions only as a signal converter.

b) Logic symbol for this element. )
4
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via the input 4, the upper diaphragm flexes upwards
and bﬁshes up the rod F. (The lower diaphragm
flexes downwards at the same time, but this does not
matter.) If pressure is applied to the input B and not 4,
then the lower diaphragm flexes upwards; the disc .D
transmits this movement to the upper diaphragm,
which again pushes up the rod. The rod is of course
also displaced when both 4 and B are under pressure.
The element therefore operates as an OR gate: F =1
when 4 = 1 or B = 1 (or when both are 1). The logic
symbol for this element is shown in fig. 5b.

We have seen that both the element of fig. 3 and the
output elements belong to the group of diaphragm
elements. However, since the element of fig. 3 is by far
the most widely used in our system, we shall reserve
the term diaphragm element exclusively for this par-

ticular type, and where necessary indicate the output -

elements with their figure number.

21 =F=A+B

b

Fig. 5. a) Output element with two inputs 4 and B. Fixed between
the two diaphragms M3 and Mo is a solid disc D (of rubber).
The rod Fis in its highest position when the pressure at 4 or at
B is high, or when both pressures are high. The element thus
actsasan OR gate: F=1if A =1orB=1(orif A =1 and
B = 1). b) Logic symbol for this element.

(a]

Operation of a dishwasher

In most dishwashers the dishes and other articles
(the load) are arranged in racks and sprayed with jets
of water from one or two spray arms which rotate
because of the reaction from the jets of water. A prede-
termined quantity of water is taken for each washing
or rinsing cycle. It is pumped to the spray arms from
a sump at the bottom of the washing unit, drains back
after spraying, is pumped up again, and continues to
circulate in this way through the machine until the
washing or rinsing cycle is completed. The detergent
and the rinsing agent to prevent streaky drying can
therefore be introduced into the machine at any ap-
propriate point, and they automatically mix with the
circulating water. The sump contains the heating
element, and the used water is pumped away from the
sump on the completion of a washing or rinsing cycle.
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The water temperature is controlled by a thermostat,
the water level by a ‘pressostat’ connected to the sump
near the bottom.

In some machines the load is dried by blowing hot
air through it, in others it is heated by the final rinse to
a temperature at which the water still clinging to the
load evaporates. This method is of course cheaper but
takes longer.

In districts where the water is very hard, the machine
has to be provided with a water softener. This works
on the ion-exchange principle: the water is passed
through a solid which replaces the Ca and Mg ions by
Na ions. The Ca and Mg ions are retained in the soft-
ener, which therefore has to be regenerated occasion-
ally with Na ions. This is done at the end of the pro-
gramme by flushing the softener through with a
solution of NaCl.

The control system

Our control system was designed for a dishwasher
with a hot-air drier and water softener; the pro-
gramme is shown in fig. 6.

The load is first rinsed with cold water, then washed,
rinsed twice with cold water, then rinsed with hot
water containing rinsing agent, and finally dried. Dur-
ing the drying the water softener is regenerated; since
this inevitably leaves salt behind, the machine must
first be rinsed clean before starting the programme.
The figure shows the succession of machine operations
during the various cycles of the programme. The valves
of the input elements of the control system have to be
opened and closed to this pattern. The operation of
valve VI departs from the rule that an operation is
always carried out when the appropriate valve is open;
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