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DIVAC — an experimental optical-fibre 
communications network

J. van der Heijden

Nowadays ‘optical communication’ usually means the exchange of information with the aid 
of optical fibres. The term is also applicable, however, to visual communication by semaphore 
or similar methods. In France between 1793 and 1852, for example, a visual communication 
network designed by Claude Chappe was in use. This worked with a system of moving arms 
that could be viewed by telescope from distances of up to 20 km. The network eventually had 
556 stations and covered a total length of 4000 km [*L Although this network was very suc
cessful, it probably delayed the introduction of the electric telegraph in France by 20 years 
or more.

Today something similar is happening. The introduction of optical-fibre networks is being 
delayed by the presence of conventional networks that work well, although optical fibres 
undoubtedly have distinct advantages over conventional copper cables for many communica
tion applications.

To provide a general insight into the many possibilities offered by optical-fibre networks the 
DIVAC project was set up (DIVAC is an acronym for the Dutch words standing for digital 
connection between subscriber and exchange via optical fibres). In the DIVAC project ex
perience is being gained not only with new technologies but also with new services. The parties 
cooperating in the project are the Dr Neher Laboratory of the Netherlands Posts and Tele
graph Service, the Delft and Eindhoven Universities of Technology, Philips’ Telecommuni- 
catie Industrie B. V. and Philips Research Laboratories.

IntroductionA term encountered more and more widely today is ‘information society’. The thinking behind this term is that we are now experiencing a transition from an industrially oriented society to an information- oriented society. The production of goods — mainly concentrated in western countries since the industrial revolution — will, it is considered, move increasingly to the countries of the third world. (The changes in the textile industry are a particular case in point.) The , western countries will then become more engaged in ‘intellectual production’, that is to say in generating and disseminating information and in providing the necessary tools for that purpose.We shall not enquire here into the social and political implications to which these changes would lead.
Ir J. van der Heijden is with Philips Research Laboratories, Eind
hoven.

What is relevant in this context, however, is that the changes have been made possible by a number of technological developments, two of which will be mentioned here. The first is the transition from analog to digital information transmission. The second is the move towards ever-higher signal frequencies, partly brought about by the perfection of optical fibres as a medium for signal transmission 111.In telecommunication digital signal transmission has a number of interesting advantages. Since the sig- 
[*] G. R. M. Garratt, The early history of telegraphy, Philips 

Tech. Rev. 26, 268-284, 1965.
[11 A. P. Bolle, Het gebruik van glasvezelkabel in lokale telecom- 

municatienetten, Staatsuitgeverij, ’s-Gravenhage 1982 (in 
Dutch).
G. Mogensen, Wide-band optical fibre local distribution sys
tems, Opt. & Quantum Electronics 12, 353-381, 1980.
N. Bjornandersen, M. Earl, O. Holst and E. Mumford (eds), 
Information society — for richer for poorer, North-Holland, 
Amsterdam 1982.
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Fig. 1. Comparison of the dimensions of an optical-fibre cable and a coaxial cable, both with six 
cores. Left: general view; right: close-up. The copper conductors in the centre of the coaxial cable 
supply the signal amplifiers. The external diameter of the coaxial cable is 62 mm, the external 
diameter of the optical-fibre cable is 8 mm.

nals are built up from discrete voltage levels, there is less interference from the environment. A distorted signal can be restored during transmission or afterwards. Different digital signals can be ‘multiplexed’, so that they can be transferred as a single combined signal. The electronics required for multiplexing digital signals can be integrated more easily than the circuits required for multiplexing analog signals.
The techniques that can be used for multiplexing digital signals in 

optical-fibre cables are known as TDM (time-division multiplex), 
WDM (wavelength-division multiplex), SDM (space-division multi
plex) and FDM (frequency-division multiplex). In TDM bit-groups 
of different signals follow one after the other in time. In WDM, sig
nals formed from light of different ‘colours’ are transferred along 
a fibre simultaneously. In SDM a separate fibre in the cable is used 
for each signal. In FDM, signals of different frequency are added 
together. This originally analog method is used in digital technology 
for multiplexing signals with different bit rates, and can only be 
used here by virtue of coding techniques that modify the frequency 
spectra of the separate signals to prevent them from overlapping.

The modern optical-fibre cable for communication applications has exceptionally low attenuation — less than 1 dB per kilometre — which means that fewer repeaters are required than with coaxial cables. It also 

has various other advantages. The signal is not susceptible to interference from electromagnetic fields set up by nearby cables or other sources. An optical-fibre cable is also much smaller in diameter and lighter than a coaxial cable (see fig. 1), so that an optical-fibre cable can often be found accommodation in an existing cable duct. Then again, the raw materials for manufacturing the glass optical fibres are widely distributed in the Earth’s crust. Finally, the price of optical-fibre links is still falling, so that they can already compete economically with coaxial-cable links — especially when the costs of the repeaters are taken into account. For this reason optical-fibre cables are already in use for connections between telephone exchanges.Many homes in Western Europe are connected to a telephone network consisting of pairs of copper wires and to coaxial-cable systems for broadcast-signal transmission via a central antenna; see Table I. The telephone network can be used for two-way communication, whereas the broadcasting network is intended for purely one-way communication. Limited intervention by the user is possible only in the case of Videotex (picture information is obtained here by making telephone connections).A local optical-fibre star network, which connects an exchange directly to a number of subscribers, offers 
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many more possibilities than present-day communication networks. With such a network the user can obtain a wide variety of information, and he can also communicate with the exchange or with other users. The optical fibre that connects the user’s home to the exchange can be made to carry different signals simultaneously through the use of multiplexing methods, and signals can be sent in both directions simultaneously by using light of different spectral composition. In local optical-fibre star networks the present communication facilities can be combined with newer services such as video telephone, pay television, videolibrary services, electronic shopping and electronic banking.The concept of ‘service’ should be understood as a facility offered to the user via the exchange and the optical-fibre star network. A service can be a programme, a video signal, a bit stream or a stream of photons, depending on the level at which it is being considered. A hierarchical model of this kind can be assigned to any service; see fig. 2. The user is not interested in the technical aspects of the video signal, nor in the method of manufacture of the cable that enters his home. He is however interested in the programmes he can watch on the screen of his television set. At the various levels in the hierarchical model different persons or bodies are involved: users, tele- vision-set manufacturers, network controllers, suppliers and installers of cable networks, programme suppliers and broadcasting organizations. The rules observed by the persons and bodies involved rest to a large extent on government regulations. The advantages of integrating all existing and new services in a multiservice network are that if new systems are installed the costs are relatively low and the user can benefit from a multiplicity of services, which can be extended as required.In countries like Canada, West Germany, France and Japan experiments on a limited scale with local
Table I. The degree of penetration of telephony and central-antenna 
systems (CATV) in some countries of western Europe.

Number of telephone 
connections per 100 

inhabitants [21

Number of CATV 
connections per 100 

families [31

Belgium 37 85
Denmark 64 61
Finland 50 44
France 46 44
Netherlands 51 65
Switzerland 73 59
United Kingdom 50 14
West Germany 46 41

VIDEO SERVICE

Fig. 2. Hierarchical model of a service (the video service). AID ana- 
log/digital, DIA digital/analog, E/O electronic/optical, 0/E op- 
tical/electronic.

optical-fibre networks have already been undertaken or will be carried out in the near future [4]. The object of these experiments is to gain knowledge and experience with new technologies, to assess the reaction and acceptance of the persons and bodies involved, and to encourage the enactment of appropriate legislation, rules and regulations (e.g. should the users pay for the services individually or as a package). Standards institutions can also be encouraged to consider the standardization of signals, signal processing and equipment.An experimental local optical-fibre network has also been designed in the Netherlands. This design has resulted in a trial system that was put into operation some time ago. The project is called DIVAC (an acronym for the Dutch words standing for ‘digital connection between subscriber and exchange via optical fibres’). The trial system differs from other experimental networks: all the signals are digitized, and it includes a very large number of services. To make it more readily accessible to interested parties, the system has been accommodated in a laboratory, and comprises one exchange and two ‘subscribers’. The participants cooperating in the project were: Eindhoven University of Technology (audio activities), Delft University of Technology (design of the video switching network), Philips’ Telecommunicatie Industrie B.V. (design of the optical units), the Dr Neher Laboratory of the Netherlands PTT (telephony), and Philips 
121 The world’s telephones, AT&T Long Lines, Morris Plains, NJ, 

1981.
[3] Cable TV communications in Western Europe, CIT Research, 

London 1982.
141 J. van der Heijden, Fibre optic broadband multiservice net

works, Proc. 9th ECOC (invited & post-deadline papers), 
Geneva 1983, 8 pp.
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Research Laboratories (coding of video signals and new services). The integration of all these fields to form a complete system was undertaken by a working group in which all the partners were represented. The system was accommodated in the Geldrop Projects Centre of Philips Research Laboratories, Eindhoven. It was in operation there for more than a year, gave full technical satisfaction and attracted a great deal of interest, both at home and abroad. The system has recently been transferred to the Dr Neher Laboratory at Leidschendam to be used for demonstrations.In the following we shall first look at the system aspects of DIVAC and at the services made available. Some of the technical features will then be discussed, and a few of the services will be examined in more detail.
The systemAs we have just seen, DIVAC is a laboratory system, with one exchange and two subscribers. The subscribers are each connected to the exchange by two optical fibres 5 km in length, partly incorporated in a twelve-core cable; see fig. 3. The experimental network is the simplest form of a star network with long arms, each subscriber being connected to the exchange without the intermediary of distribution stations. (A telephone network is built up in the same way; in a cabletelevision network, on the other hand, the subscriber is usually connected to the exchange via intermediate distribution points.) The subscribers to DIVAC can communicate with each other via the exchange, but they also have access to services offered by the exchange, originating from outside sources such as broadcasting stations or generated in the exchange itself.Most of the signals that enter the exchange or are generated in the exchange are analog signals. The subscriber sets (which are mainly modified standard sets) usually work with analog signals. Since the optical
Table II. Possible successive operations on the signals in DIVAC.

analog/digital conversion
switching
electronic multiplexing (TDM and/or FDM) 
electronic/optical conversion
optical multiplexing (WDM)

in the exchange

optical demultiplexing 
optical/electronic conversion 
electronic demultiplexing 
switching
digital/analog conversion

at the subscriber’s 
home

Fig. 3. Part of the experimental system in the laboratory. The reels 
of optical-fibre cable are on the left, and a demonstration display 
for the signal transfer can be seen on the right.

fibres in DIVAC only carry digital signals, analog-to- digital conversions and vice versa are required. In addition to these conversions the signals on the way from exchange to subscriber have to undergo electronic/optical and optical/electronic conversions, and may also have to pass through switching networks. The various possible successive operations are summarized in 
Table II.Because of the general lack of standardization in digital signal processing, we had to design most of the signal-processing equipment for DIVAC ourselves. It is therefore rather bulky and expensive. Standardization and the use of integrated circuits should make future equipment less costly and more compact.
ServicesThe following services are available for users of DIVAC:• Distribution of audio signals. The subscriber receives 31 stereo signals simultaneously with the appropriate station and programme identifications (SPI)[8]. The definition of the audio signals in DIVAC is sufficient to give ‘Compact Disc’ quality for the subscriber’s audio reproduction.• Telephony. The subscriber has four telephone channels available. These signals can be fed to a ‘data- phone’, which is a combination of a loudspeaking telephone and a data terminal. It can be used at the same time for telephone calls and data transmission. For example, ‘electronic shopping’ with the dataphone 



Philips Tech. Rev. 41, No. 9 DI VAC 257

can be followed by ‘electronic payment’. It is also possible to receive ‘electronic mail’, an ‘electronic newspaper’ or an ‘electronic telephone directory’.• Distribution of video signals. Selection television is used in DIVAC: the subscriber can operate a switching network via a control signal on a telephone channel to select the two video signals that he can receive simultaneously. When the system specification for DIVAC was adopted in 1981, the available bandwidth allowed the transmission of only one video signal per colour in an optical fibre. With the improved quality of fibres it would now be possible to transmit several 

of being used as a ‘video baby alarm’. DIVAC also includes a connection to the electronic documenthandling system MEGADOC [7], which uses digital optical recording (DOR) discs. It is also possible to send in personal video recordings for local television.
Some technical aspectsThe fibres used for the transmission of optical signals are glass graded-index fibres with a core diameter of 50 pm and an outside diameter of 125 pm. The two fibres per subscriber transmit light at wavelengths of

sources signal switching and 
conversion multiplexing

optical optical
multiplexing demultiplexing

switching and signal sets 
demultiplexing conversion

telephone

data

MEGADOC

video 
library

video

audio

manager's 
terminal

telephones

dataphone

multi
functional
TV

audio 
system

exchange subscriber

Fig. 4. Block diagram of the laboratory system. The signal sources in the exchange are shown on 
the left, the user sets are shown on the right. The signal operations, running from left to right, are 
summarized in Table II. D/D indicates conversions of digital signals into differently defined digital 
signals (e.g. for bit rate); see also the caption to fig. 2. The distribution of the electronic signals 
among the optical signals is as shown in Table III. The bandwidths of analog signals and the bit 
rates of digital signals are indicated beside the appropriate connecting lines, as are also the light 
was elengths of the optical signals. The equipment for processing the signals at the user end is con
tained in a connection box, which can be made more compact in future by using special integrated 
circuits.

optical fibre 
network

video signals per colour by means of TDM. Another reason for using selection television is that some video services are only individually available. For instance, in addition to seven broadcast video channels and one channel for local television the user also has a videolibrary channel available. There are also two channels for pay television and a further three channels for test signals. The video library in the DIVAC laboratory system offers a choice from a total of 150 feature films, children’s programmes and musicals, together with encyclopaedic information and interactive study courses.• Broadband services. The broadband services provided include the video telephone, with which the subscriber can send and receive image and sound signals simultaneously[6], and surveillance television, capable 

820, 845 and 1300 nm, in wavelength multiplex. (In the present state of the art the number of wavelengths per fibre could be larger and one fibre per subscriber would be sufficient.) Table III indicates how the signals for the various services are distributed among the two fibres and the three wavelengths. Fig. 4 shows a block diagram of the DIVAC trial system, giving the bit rates and bandwidths of the various signals.
'51 G. C. M. Gielis, J. B. H. Peek and J. M. Schmidt, Station and 

programme identification in FM sound broadcasting, Philips 
Tech. Rev. 39, 216-225, 1980.

161 Some general aspects of the video telephone are discussed in 
the introduction to: E. A. Aagaard, P. M. \an de Avoort and 
F. W. de Vrijer, An experimental video-telephone system, 
Philips Tech. Rev. 36, 85-92, 1976.

[71 J. A. de Vos, Megadoc, a modular system for electronic docu
ment handling, Philips Tech. Rev. 39, 329-343, 1980.
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All of the video signals except two are digitized by means of a one-bit/two-bit line-coding operation [8], resulting in signals at 140 Mbit/s. For comparison, one of the two remaining signals is digitized by pulse-code modulation (PCM), with a sampling rate of 14 MHz, and eight bits and two added bits per sample. After a five-bit/six-bit line-coding operation, with the object of removing the direct-voltage component from the signal, a signal is obtained with a bit rate of 168 Mbit/s. The other remaining signal is first frequency-modulated with a 22-MHz carrier and a frequency deviation of 11 MHz, and is then amplitude-limited (‘clipped FM’)[9].The digitized signal of the broadband services (starting from the source ‘MEGADOC’ in fig. 4) has a bit rate of 140 Mbit/s. After a one-bit/two-bit linecoding operation the resultant bit rate is 280 Mbit/s. The coding removes the low-frequency components, so that the frequency spectrum of the broadband-services signal supplements that of the telephone signal, and both signals can be combined by frequency multiplexing; see Table III. The digitized telephone signal consists of a multiplex (TDM) of four signals for digital speech or for data transmission, and of the control signal that operates the switching matrices for the video signals and the broadband services. The resulting bit rate of the narrowband telephone signal is 384 kbit/s. After a six-bit/eight-bit line-coding operation a bit rate of 512 kbit/s is obtained with no high- frequency components. The narrowband and broadband signals are added together at the transmitting end and are separated by filters at the receiving end.Each of the analog signals of the 31 stereo-audio signals is sampled at a rate of 64 kHz. With 12 or 14 bits per sample this results in a PCM signal. Bits for station and programme identification are then added to each signal. Multiplexing (TDM) of the 31 signals results in a bit rate of 65 Mbit/s, from which, after a one-bit/two-bit line-coding operation, a signal with a bit rate of 130 Mbit/s is obtained.
Table III. Distribution of the various optical signals among the 
wavelengths and fibres A and B, with the corresponding bit rates.

Optical 
fibre

Wavelength 
[nm]

Direction Service Bit rate 
[Mbit/s]

exchange 
1 

subscriber

subscriber 
1 

exchange

A 820 X telephone 0.512
A 820 X broadband 280
A 1300 X telephone 0.512
A 1300 X broadband 280
A 845 X audio 130
B 820 X video 1 140
B 845 X video 2 140

Fig. 5. The telephone adapted for DIVAC, with keys for abbre
viated dialling, automatic redialling, and for cancelling an incorrect 
digit (R). It has a small screen for displaying a dialled number or a 
caller’s number.

Fig. 6. The manager’s terminal. This can be used to connect the 
user to the MEGADOC system and to show stored documents on a 
screen. The manager’s terminal can be extended to include other 
functions such as electronic mail and access to data bases.

Some examples of servicesThe telephone modified for DIVAC is shown in 
fig. 5. It has a small display of 32 characters in two lines. The keyboard contains extra keys for new functions such as ‘abbreviated dialling’ and ‘automatic redialling’.

Fig. 6 shows the ‘manager’s terminal’. This terminal can be used to connect the user to the MEGADOC system and to display documents on a high-resolution screen. Document retrieval requires the high bit rate of 20 Mbit/s. In the trial configuration of DIVAC the manager’s terminal is confined to the MEGADOC 
t8) E. Roza, An optical 1 -bits video link, Proc. 7th ECOC, Copen

hagen 1981, 4 pp.
tel The various modulation techniques and some coding methods 

are described by F. W. de Vrijer, Modulation, Philips Tech. 
Rev. 36, 305-362, 1976. 
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facility, but in a practical situation other functions may be added such as electronic mail and access to data bases.The screen of the ‘multifunctional’ television set, which can be used for a wide variety of video facilities, is shown in fig. 7a and b. The first figure shows the picture that the user receives as soon as he switches on the set. From this ‘menu’ he can select entertainment, communication or education, using his remote-control unit. If, for example, ‘video library’ is selected, a connection is made to the computer of the electronic video library and the picture shown in fig. 7b appears on the screen. The computer at the same time records the charge for the use of the video library. Selections from successive menus can give feature films, interactive courses, children’s programmes or subjects from a video encyclopaedia. The information is stored on LaserVision video discs. The ‘juke box’ that retrieves these discs and puts them on a LaserVision player is shown in fig. 8. The computer controls this

u

Fig. 7. The screen of the multifunctional television set, a) when the 
set is switched on, b) after the user has selected ‘video library’. The 
services can be selected using the TV remote control unit.

Fig. 8. The ‘juke box’ forming part of the video library in the ex
change. The juke box consists of modules, each containing a Laser- 
Vision video player, a storage rack for fifty LaserVision discs and a 
retrieval and transport system. The mechanical system is arranged 
so that a player can also receive discs from other modules. The 
entire system is controlled by the computer of the video library.

juke box and also controls the transfer of the information on the disc to the user requesting it. The computer can also keep a record of such requests. This record can be used for combining requests so that the same information can be sent simultaneously to more than one user; the subscriber charges can be arranged to encourage this more efficient mode of operation.
Summary. The DIVAC project has resulted in an experimental op
tical-fibre communications network, which connects an exchange 
with two ‘subscribers’. Five organizations have participated in this 
trial project, with the object of gaining experience with new tech
nologies and assessing the reactions of potential users and bodies. 
Various digital signals, for telephony, audio, video and broadband 
services can be carried simultaneously and in two directions by 
means of TDM, WDM and FDM on a pair of optical fibres for each 
subscriber. The various services made available include selection 
television. The subscriber uses this to operate a switching network 
to select the required service: broadcast television, local television, 
a video library or pay television. The video library contains a col
lection of LaserVision discs, and has a control computer, a number 
of LaserVision players and a mechanical retrieval and transport 
system.
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Porosimeter measurements on magnetic tape

H. F. Huisman and C. J. F. M. Rasenberg

To record half an hour of music with his Telegraphone in 1898 Valdemar Poulsen required 
nearly 4 km of piano wire. Today this can be done with about 85 m of thin magnetic tape, 
which takes up very much less space. The high quality demanded of a magnetic tape requires a 
complicated manufacturing process, conducted entirely in clean-room conditions. To deter
mine the correct design data and for supervising the production process advanced analytical 
methods are necessary. In one such method used in the PDMagnetics magnetic-tape factory 
(PDMagnetics is a Du Pont-Philips joint venture), the porosity of the magnetic lacquer layer 
is measured with an extremely sensitive mercury porosimeter.

IntroductionMagnetic tape plays an important part in modern society. After the development of the Compact Cassette for sound recording at the end of the sixties[1], and its international standardization, audio magnetic tape 3.81 mm wide is now produced in large quantities throughout the world. As a consequence of the growing popularity of the video cassette recorder there is a considerable demand for 12.7-mm video magnetic tape. Because of its high information density video tape has to meet a much tighter specification than audio tape.In the design and manufacture of magnetic tape the aim is to store as much information on the tape as possible within the wound volume. This can be achieved by applying a carefully distributed and structured magnetic material to a very thin carrier. Thus, modern magnetic tape consists of a polyester base material 7 pm to 25 pm thick coated with a thin layer of lacquer; the coating consists of a polymer binder with y-Fe2Os, CrO2 or metal-powder particles embedded in it. The particles have a length of about 0.5 pm and a diameter of about 0.1 pm. The ratio of particle volume to coating volume must be as high as possible because of the electromagnetic requirements for the tape.
Dr H. F. Huisman and Ing. C. J. F. M. Rosenberg are with 
PDMagnetics, Oosterhout.

During the manufacturing process a suspension of magnetic particles in a binder solution is poured on to the base material. (By analogy with paint manufacture the magnetic particles are usually referred to as ‘pigment’.) Before the solvent has entirely evaporated, the needle-shaped particles are oriented in the longitudinal direction of the tape by means of a magnetic field. After this operation the particles must stack in such a way that the binder with the embedded particles takes up the minimum volume. The ratio of particles to coating in this stacking arrangement, on condition that the space between the particles is entirely filled with binder, is called the critical pigmentvolume concentration (CPVC).The suspension of magnetic particles in the binder solution is not stable. The mobility of the particles is increased by adding dispersing agents or stabilizers[2] and stirring the solution. Magnetic forces cause the formation of clusters of needle-shaped particles, which are found in the lacquer coating on the tape; 
see fig. 1.The concentration of particles in the magnetic layer must of course be as high as possible, but if the concentration is too high interstices form between the clusters, and pores form in the actual clusters. In practice a concentration slightly above the critical pigment-volume concentration is found to give the best
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Fig. 1. Transmission electron micrograph of magnetic tape etched 
with hydrochloric acid. The white areas are clusters of CrOa par
ticles. The black areas give the locations of the clusters of FeaOa 
particles; these particles were removed on etching. The FeaOg/CrOa 
volume ratio was 95:5. The length of the line in the photograph 
corresponds to 1 pm in the sample.

results. After the drying process the interstices and pores are compressed and to some extent completely closed by calendering the tape, which consists in passing it between a number of extremely smooth rollers under pressure. The calendering improves the surface quality of the tape, so that there is less wear as the tape travels past the heads and the guide pins in the recorder. This improved surface quality also reduces the average distance between tape and head, so that reproduction of the higher frequencies is also improved.If the tape is not calendered, interstices and pores caused by exceeding the critical pigment-volume concentration cause tape wear and shorten the useful life of the tape. Irregularities in the tape due to an excessively high local concentration of pores may even cause loss of contact between tape and head, resulting in a ‘drop-out’, i.e. a brief loss of information. In some cases, on the other hand, pores in the tape are desirable. In video tape, for example, pores may be created by certain additives at a fairly critical pigment concentration. In the cured coating these pores are partly filled by lubricant that was dispersed in the liquid lacquer. During use the lubricant diffuses to the tape surface and gradually becomes available to improve the sliding of the tape. These deliberately introduced pores are smaller in cross-section than the unwanted pores. It is obviously very important to keep the number of pores and their dimensions under careful control during the manufacturing process.A method of measuring the porosity of materials was described as long ago as 1945 I3]. In this method the materials are first immersed in mercury, the pres

sure is then increased and the change in the mercury volume is measured. This is the principle of the type 200 Carlo Erba mercury porosimeter, which we have used. Since this instrument was designed for measuring the porosity of powders, and since only small quantities of material are used in measurements on magnetic tape, it was necessary to improve the sensitivity of the mercury porosimeter. We therefore modified the instrument to make it ten times more sensitive. The results of measurements with the modified porosimeter can be used to calculate the total number of pores and their dimensions.In the rest of the article we shall first consider the construction of the porosimeter and the interpretation of the curves obtained. We shall then show how the porosity information is obtained from these curves, and finally we shall discuss some actual measurements.
The mercury porosimeter and the penetration curveThe principle of the mercury porosimeter is illustrated in the diagram of fig. 2. The sample — a rolled- up piece of magnetic tape — is introduced into a quartz-glass dilatometer with a calibrated neck. The dilatometer is evacuated and filled with mercury. The dilatometer is then placed in a pressure vessel filled with ethanol, in which the pressure is gradually raised to about 2000 bars. The mercury is forced into the interstices and pores of the sample, so that the total volume of mercury and sample is reduced, producing a drop in the mercury level. The compression acting on the dilatometer decreases its internal volume. This effect alone would cause an increase in the mercury level. In addition the mercury and the sample are compressed.The different changes in volume result in a fall in the mercury level in the neck of the dilatometer. This fall is measured with a metal pin. After a certain pressure increase the pin is screwed downwards until it touches the surface of the mercury. This is detected by a sharp decrease in the electrical resistance between the pin and a contact in the base of the dilatometer. The rotation of a disc attached to the pin gives a measure of the mercury level in the neck. (The accurate determination of this angular displacement by means of a light source with a photocell and a hundred slits
111 P. van der Lely and G. Missriegler, Audio tape cassettes, 

Philips Tech. Rev. 31, 77-92, 1970.
121 G. Frens, H. F. Huisman, J. K. Vondeling and K. M. van der 

Waarde, Suspension technology, Philips Tech. Rev. 36, 
264-270, 1976.
H. L. Ritter and L. C. Drake, Pore-size distribution in porous 
materials, Ind. & Eng. Chern. Analyt. Edn 17, 782-786, 1945; 
L. C. Drake and H. L. Ritter, Macropore-size distribution in 
some typical porous substances, ibid., 787-791. 



262 H. F. HUISMAN and C. J. F. M. RASENBERG Philips Tech. Rev. 41, No. 9

arranged around the circumference of the disc is one of the modifications we have introduced.)When tape with initially open pores is measured in the porosimeter the result shown by curve A in fig. 3a is obtained. The linear parts 7, 2, 3 and 4 of this curve each belong to a different part of the compression and penetration process. Part 1 of the curve, almost coincident with the -AKaxis, corresponds to the filling of the spaces between the turns of the tape. Part 2 corresponds to the compression of the tape, without the mercury penetrating into the pores. Part 3 corresponds to the penetration of mercury into the pores. Part 4 shows the change in the volume of the mercury, the dilatometer and the sample with the filled pores.

Fig. 2. Diagram of cross-section of part of the interior of the 
mercury porosimeter. Sa sample. Hg mercury. Dil quartz-glass 
dilatometer. E ethanol, whose pressure is slowly increased during 
the measurement. W pressure vessel. CP contact pin. BC contact 
in base of dilatometer. S screw with 1 mm pitch. D disc containing 
100 slits evenly spaced around the circumference. After each in
crease in pressure, 5 is screwed downwards until the electrical resis
tance measured between CP and BC has fallen almost to zero. The 
change in the volume of Hg is obtained from the rotation of D. 
This is measured by counting the number of slits in D that have 
passed the light source L and the photodiode PD.

Fig. 3. The change - AFin the volume of the mercury (Hg in fig. 2) 
as a function of the pressure p. a) For magnetic tape with initially 
open pores. A measured curve: 1 filling the spaces between the 
rolled-up tape, 2 compression of the tape, 3 penetration of mercury 
into the pores, 4 remaining change in volume of mercury, dilatom
eter and sample (with filled pores). B correction line to allow for 
the changes of volume corresponding to lines 1 and 4. A - B pene
tration curve, the difference between curve A and correction line B. 
b) Curve from measurements on tape in which the pores have been 
closed by calendering.

Since we are not interested in the changes of volume corresponding to 7 and 4, we correct the measured curve A by using line B, which represents these changes in volume alone. The result is the curve A - B, which we shall refer to as the ‘penetration curve’. For this correction and other operations on the result of the measurement, as described below, the instrument is connected to a Philips PM 4410 microcomputer, which also controls the measuring process[4], see fig. 4. During this process the pressure is continuously increased by certain amounts — the size of step can be adjusted — and commands are given to measure the change in volume. The pairs of points (/?,△/) thus obtained provide the result, which is displayed on a Philips PM 8151 digital plotter.When magnetic tape whose pores have been closed by calendering is measured with this system, a different curve from curve A is obtained. Part 3 is then very small, but part 4 has a larger slope because of the increase in the compressibility of the sample (see fig. 3b). It is therefore possible to see from the shape of the measured curve how the tape has been calendered.
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Calculation of some pore parametersInformation on the pores in the magnetic tape can be deduced from the shape of the penetration curve 
(A - B in fig. 3a) if a simplified pore geometry is assumed. We shall assume that the pores do not widen with depth (no ‘ink-bottle’ pores) and are cylindrical in shape.It is known that the surface of most solids is not wetted by a drop of mercury. This implies that the contact angle 0 of the mercury droplet is in most cases 

forceFi (= — 2nm cos 0), due to the surface tension cr (in N/m), has to be overcome by the force F2 (= n^p), due to the pressure in the mercury; see fig. 5b. From this we have the Washburn relation2(7 cos 0 
p =---------— • 0)This equation shows that the pressure required for the penetration of mercury into the pore is related to the equivalent pore radius.

Fig. 4. Photograph of the complete measurement system. Left, the Carlo Erba type 200 mercury 
porosimeter; top right, Philips PM 8151 digital plotter; bottom right, Philips PM4410 micro
computer, which controls the measuring process and calculates the results.

greater than 90° (see fig. 5a). For mercury and the coating of magnetic tape the contact angle is between 130° and 160°. The consequence is that mercury will not spontaneously penetrate into an evacuated pore of the tape, but that a certain pressure p is required in the mercury. The relation between p and the radius for a cylindrical pore has been calculated by E. W. Washburn [5]. The radius r of this simplified pore will be referred to here as the ‘equivalent pore radius’. The 
141 H. F. Huisman, C. J. F. M. Rasenberg and J. A. van Winsum,

An improved mercury porosimetry apparatus — some mag
netic tape applications, Powder Technol. 36, 203-213, 1983.

[5] E. W. Washburn, The dynamics of capillary flow, Ph', s. Rev. 
17, 273-283, 1921.

161 H. M. Rootare and C. F. Prenzlow, Surface areas from mer
cury porosimeter measurements, J. Phys. Chern. 71, 2733-2736, 
1967.

With the aid of fig. 5b we can also derive the expression given by H. M. Rootare and C. F. Prenzlow for the total theoretical surface area of all the pores[6]. The work that must be performed to force the mercury vmcompletely into the pores is equal to f p^V, where Pm 0is the total pore volume; Rm is therefore equal to the change in the volume of the mercury during the penetration process. This work must be equal to the work performed by the force Fi, integrated over all the pores. Hence
L Vm

/ (~2nra cos 0)d/ = f pdV, 0 0where / is the displacement of the mercury in the direc-
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tion of the pore and L is the total length of all the 
Lpores. Putting J 2nrdl equal to the total pore area S o(and hence neglecting the ‘bottom’ of the pore), we find _ 1 W
S =-------- JpdV, (2)<7 COS 6 oWwhere /pdV corresponds to the hatched area in o

fig. 6a, so that the total pore area can be calculated from the penetration curve.We are also interested in the distribution of the volume of the pores as a function of the pore radius, expressed as dV/dr. The relative pore-volume distribution is equal to dV/(Vodr), where Vo is the volume of the sample. With the aid of equation (1) this can be rewritten as 1 dK = p2 dr
Vo dr 2ct Vo cos 3 dp 'In the part of the penetration curve that corresponds

b

Fig. 5. a) A drop of mercury on the surface of a solid. 0 contact 
angle. Since 6 is greater than 90°, the surface of the mercury is not 
wetted, b) Penetration of mercury into a cylindrical pore of radius 
r. Since 6 90°, the mercury must have a pressure p. Fi resultant
of the forces acting on the mercury surface at the pore wall and due 
to the surface tension. (In reality the operating line of Fi coincides 
with the centre-line of the pore.) F2 downward force in the pore 
cross-section, due to the pressure p in the mercury. For the mercury 
to penetrate into the pore the condition F2 I must be fulfilled.

Fig. 6. a) Calculation of the total pore area from the penetration 
curve (see fig. 3a). The hatched area is a measure of the total pore 
area. total pore volume: change in mercury volume in the 
porosimeter during the penetration process, b) Calculation of the 
relative pore-volume distribution dV/(Vidr). This distribution can 
be found, except for a constant, by differentiation of the cur. e 
from o. The pore radius r- —2acos 6/p must then be plotted along 
the horizontal axis in the opposite direction.

to the filling of the pores, the pressure changes very little, so p may be taken equal to the mean value pm (see fig. 6tz). The required pore-volume distribution is then equal to 1 dK = p2m dK
Vo dr 2crVocos3 dpThe relative pore-volume distribution as a function of 

r can thus be obtained, except for a constant, by differentiating the penetration curve, taking Ar = V- Vo and using r = ~(2ucos0)!p from equation (1); see fig. 6b. For normal values of the surface tension and the contact angle, <7 = 0.485 N/m and 9 = 140°, the pressure range from 1 to 2000 bars corresponds to a change in the equivalent pore radius of 7.5 pm to 3.75 nm.
Some results of measurements

Fig. 7a shows the measured relative pore-volume distribution of iron-oxide tape with a pigment concentration that is higher than the critical concentration.
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The average equivalent pore radius is about 40 nm; the spread in the values of the pore radii is small. From repetitions of such measurements it was found that variation of the pigment concentration up to values far above the critical concentration caused little change in the pore-volume distribution. The total pore volume does change, of course. The equivalent pore radius thus appears to be fairly constant and only depends on the wetting and packing properties of the magnetic particles.Fig. lb shows the influence of the curing time of the coating on the effect of calendering. In an incompletely cured coating the pores can easily be closed under the pressure of calendering. On some tapes for which the curing times between the drying and calendering were not the same, measurements were made of the pore volume per unit mass, VmjM. It was found that after a curing time of more than a week the pore volume was still not constant. The curing of the coating is obviously a slow process. The usual method of measuring the degree of curing is to determine the remaining quantity of isocyanate hardener. This can be done by means of infrared spectrometry. This analysis is not very reliable, however, since the pigment absorbs most of the useful infrared radiation. A wet-chemical analysis is also unreliable because the lacquer layer becomes insoluble after a certain amount of curing.A method of determining the critical pigment concentration is shown in fig. 1c. The graph gives the measured relative pore volume Fm/Fo as a function of the pigment concentration in percentage by weight. If the critical pigment concentration is exceeded, the porosity of the lacquer layer increases sharply. The critical pigment concentration is found from the intersection of the line through the measured points with the horizontal axis. This determination is much more accurate than the usual method, measuring Young’s modulus of samples with different pigment concentra-
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Fig. 7. Some results of measurements, a) The relative pore-volume 
distribution dl//(I/odr) as a function of pore radius r, for iron-oxide 
tape with a pigment concentration higher than the critical value. 
b~) The ratio of pore volume Um to mass M for five tape samples, as 
a function of the time t between drying the lacquer layer and calen
dering. The time t thus determines the degree of curing of the 
lacquer layer. The pores in an incompletely cured layer can easily be 
closed by calendering. The continuous rise of the line through the 
measured points shows that the layers are not completely cured at 
the time of calendering, c) Determination of CPC, the critical pig
ment concentration, in percentage by weight. The relative pore 
volume Kn/G of a number of samples is measured and plotted as a 
function of the pigment concentration C in percentage by weight. 
Ko volume of the sample. The CPC can be found from the point of 
intersection between the line through the measured points and the 
C-axis, since the pore volume increases approximately linearly 
when the critical pigment concentration is exceeded, d) The same 
measurements on uncalendered (a) and calendered (b) metal
powder tape. In calendered tape the pores are thus partly closed 
and the critical pigment concentration is slightly higher.
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Table I. Effect of calendering on the relative pore volume and use
ful life of metal-powder magnetic tape with a pigment-weight con
centration of 73.5%, as a result of measurements. The useful life is 
indicated on a relative scale with values of 1 (short) to 5 (long).

Relative pore volume 
(percentage)

Relative 
useful life

Degree of calendering

31 1 uncalendered
18 1 lightly calendered
6 3 normally calendered
4 4-5 intensively calendered

appears from Table I, which gives the relative pore volume and relative useful life of four samples of metal-powder tape subjected to different calendering conditions. The pilot-production proces that gave the measured results in the bottom line is now the standard method in the PDMagnetics tape factory at Oosterhout.
tions. The latter method is hardly feasible for magnetic tape since the coating has to be measured without the base material. It would also be very difficult to calender unsupported layers of lacquer.Fig. Id shows the effect of calendering on the total pore volume of metal-powder tape. The graph gives measured results comparable with those in fig. 7c for uncalendered (a) and for calendered (b) tape. Calendering thus results in less porosity and, as pointed out earlier, increases the useful life of the tape. This also

Summary. With a commercial mercury porosimeter, modified in 
various ways to give higher sensitivity, measurements can be made 
of the pore volume, the total pore area and the pore-volume distri
bution of magnetic tape. In calculating the results the curve giving 
the change in mercury volume as a function of mercury pressure 
has to be corrected for the compressibility of the mercury and the 
change in the volume of the dilatometer. The total pore area and the 
pore distribution are obtained by integration and differentiation of 
the corrected curve. From pore-volume measurements on different 
tape samples the critical pigment concentration can be determined. 
If this concentration is exceeded, pores are formed, but this negative 
effect can be eliminated by calendering.
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Scandium for X-ray tube anode

The photomicrographs above were made during an investigation into suitable materials for the anodes of X-ray tubes for X-ray fluorescence spectrometry. They show a scandium surface after heat treatment in vacuum. Interference contrast has been used to make the crystallites in the surface clearly visible (a). A higher magnification (Z?) exposes the surface structure of the crystallites themselves, revealing features such as steps (right) and pits (below).X-ray fluorescence spectrometry is a method of nondestructive testing in which a specimen is irradiated with X-rays. Absorbed X-rays can release electrons from the K or L shells of the atoms. When the sites which then become vacant are filled by other electrons, 

X-ray fluorescence radiation may be emitted. The wavelength of this radiation depends on the nuclear charge of the atom, not on the chemical valence state. X-ray fluorescence can therefore be used to determine the constituent elements of a specimen. For efficient excitation the wavelength of the incident X-rays should not be much longer than that of the excited fluorescence radiation. In this respect scandium seems to be an attractive anode material. Since the wavelength is fairly long (AscKa = 0.303 nm) lighter elements (carbon to calcium) can be detected more easily than with an X-ray tube that has a chromium anode, such as the tubes commonly used in X-ray fluorescence spectrometry.
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Optical aspects of the Silicon Repeater

S. Wittekoek

The Silicon Repeater, designed for the repeated projection of photomasks on a silicon wafer 
in the fabrication of integrated circuits in our laboratories, has been briefly described in an 
earlier issue of this journal [*L Meanwhile some substantial improvements have been made: 
the equipment is now faster and a larger silicon wafer can be exposed with higher resolution of 
details. The article shows that the Silicon Repeater owes its excellent specifications — largely 
determined by physical limits associated with the use of visible light — to the advanced design 
of the optical system.

IntroductionAt the start of each process step in the manufacture of integrated circuits an intricate and highly detailed light pattern (the photomask) has to be projected on to the thin film of photosensitive lacquer (photoresist) that covers the surface of the silicon wafer. Because of the continuing developments in IC manufacture the performance required of the imaging equipment also has to show a steady improvement: photomask details are becoming smaller, IC dimensions and wafer diameters larger, and the production rates required continue to grow.At present the method most widely used in IC manufacture is the projection of the photomask on to the wafer surface by means of visible light. The projection equipment used generally gives an actual-size image of the mask, extending over the entire surface of the wafer. This procedure has some disadvantages. The 5-inch wafers currently used require a projection lens system with a large image field, so that the numerical aperture must remain small to minimize imaging errors at the edges111. This small aperture limits the resolution of the objective lens. Another serious drawback of 1:1 projection is that it is virtually impossible to make the large masks required completely without faults. There are other disadvantages: departures from flatness of the wafer can cause blurring of the image, no allowance can be made for wafer deformations, and it is difficult to modify the projection equipment to suit larger wafer dimensions.
Dr S. Wittekoek is with Philips Research Laboratories, Eindhoven.

The wafer stepper designed at Philips Research Laboratories, which we have called the ‘Silicon Repeater’, does not expose the wafer in its entirety but only parts of it in steps. A photomask that contains much less information is projected on to the wafer at a fifth of full scale. After each exposure step the wafer is rapidly and accurately displaced through a distance of say 10 mm, and the next part of the wafer is then exposed. Because of the small image field the projection lens has a numerical aperture of 0.3, a high value, giving a high resolution. The objective can be refocused at each step, so that departures from flatness of the wafer need not cause blurring in the image. At every step allowance can also be made for wafer deformation during manufacture, by aligning the wafer in relation to the photomask.The masks for the Silicon Repeater have details five times larger than those in the masks for 1:1 projection. They are therefore not so difficult to make — partly because they contain less information. Faults in the mask can sometimes be corrected or repaired. A disadvantage is that a tiny speck of dust — and this can appear even in clean-room conditions — is repeatedly projected on to the wafer and can render it useless. This problem can be solved, however, by fitting an extremely thin ‘pellicle’ on both sides of the mask.
[*1 A. G. Bouwer, G. Bouwhuis, H. F. van Heek and S. Witte

koek, The Silicon Repeater, Philips Tech. Rev. 37, 330-333, 
1977.
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The improved (‘Mark 2’) Silicon Repeater is shown in^g. 1. The optical system is illustrated schematically in fig. 2 and the principal numerical data are summarized in Table I. The mechanical movement can thus displace the wafer through 10 mm in 0.3 s with 
of interference between the incident beam and the beam reflected from the wafer surface. This has the result that the widths of linear tracks are not constant after development. The projection lens is required to have a high resolution and hence a large aperture angle

Fig. 1. The Mark 2 Silicon Repeater, an improved version of the earlier Silicon Repeater designed 
at Philips Research Laboratories and described in this journal [*]. The improved Silicon Repeater 
can expose sixty 4-inch silicon integrated-circuit wafers per hour.

an accuracy of 0.1 pm. This short displacement time partly accounts for the considerable production rate of sixty exposed 4-inch wafers an hour. The exceptionally high mechanical accuracy required is achieved by using a wafer table mounted on air bearings, hydraulic servocontrol and a laser-interferometer measuring system. The details of the wafer-table control system will not be discussed in this article, which is concerned solely with the optical aspects of the equipment.In designing the optical system of the Silicon Repeater it was necessary to satisfy a number of more or less conflicting requirements 1 [2]. To avoid chromatic aberration in the projection the mask should ideally be exposed to monochromatic light. However, this causes intensity differences in the photoresist because 

on the image side. However, a large aperture angle entails a small depth of focus, and any departure from flatness of the wafer must not cause blurring or variation in the magnification of details.The problems indicated above have been solved in the Silicon Repeater in the following way. The mask is illuminated by a high-pressure mercury-vapour lamp of high luminous output. The radiation at two different wavelengths in the spectrum of this light source 
[1] In one method of 1:1 projection the image errors are minimized 

by limiting the image field in one direction to a few millimetres. 
The mask and wafer are then moved through the image field 
together. However, the numerical aperture with this method is 
no larger than 0.16.

[21 S. Wittekoek, Step-and-repeat wafer imaging, Solid State 
Technol. 23, No. 6 (June), 80-84, 1980.
R. Kramer, R. Vervoordeldonk, S. Wittekoek, R. Beem and 
G. van der Looij, Philips wafer stepper: characterization and 
processing experience, Proc. SPIE 334, 95-104, 1982.
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is used: 405 and 436 nm, corresponding to the h and g lines respectively. With practical photoresist thicknesses between 0.7 and 1.1 pm this method is virtually free of interference effects. A two-sided telecentric

Fig. 2. Drawing of the optical system. LS high-pressure mercury- 
vapour lamp, 350 W. EM elliptical reflector, Mi and Mi flat reflec
tors. (Mi is at the same time a multilayer interference filter that 
only reflects radiation at wavelengths below 450 nm.) BF bandpass 
filter (also a multilayer interference filter), which passes radiation of 
395 to 440 nm. S shutter, necessary because the mercury-vapour 
lamp is not switched off between the projections. Ffield lens. C con
denser. /optical integrator, whose operation is explained in fig. 3. 
Ca carousel for two masks; masks can be changed in 1.5 s. A/mask. 
TM mask for test patterns. AS optics of alignment system. PO pro
jection optics consisting of two parts. FM motor for displacing the 
lower part of PO for fine focusing. FF optical System for fine 
focusing. WT wafer table. GF mechanism for adjusting the upper 
surface of the wafer to a predetermined height (coarse focusing) 
and perpendicular to the optical axis. (In WTthe spherical bearing 
for the angular displacement is shown but not the bearing for the 
vertical adjustment.)

optical system [3] has been designed for the projector. This has a numerical aperture of 0.3, and is corrected for the narrow wavelength range from 400 to 440 nm. (It is more difficult to design an optical system for a 
range of wavelengths than for a single wavelength.) To obtain optimum focusing the upper surface of the wafer is first positioned with a levelling mechanism for coarse focusing and angular adjustment (see fig. 2). An automatic fine-focusing system comes into operation at each projection step. The residual focusing error is less than 0.3 pm.The origin for the displacements is accurately determined by aligning the wafer relative to the mask in such a way that the exposures corresponding to the successive process steps are in exact register. The alignment system makes use of gratings, located both in the mask and on the wafer. The total registration error, summed vectorially for thex- and jt-directions, does not exceed 0.25 pm.We now go on to consider first the exposure of the mask and wafer, and the projection of the mask on to the wafer. We shall then consider the alignment of the wafer in relation to the mask.

Table I. Some numerical data for the Mark 2 Silicon Repeater.

Dimensions:
Mask (maximum)

Mask diagonal, maximum 
Diameter of silicon wafer

Area of wafer movement
Smallest detail in projection 
Wavelengths for mask illumination 
Wavelength for alignment system

Time:
Exposure per projection 
Wafer displacement (10 mm) 
Mask-changing time (carousel) 
Total exposure (4-inch wafer)

Tolerances:
Non-parallelism of wafer
Capture range for automatic focusing
Capture range of optical alignment

system

Accuracy:
Max. focusing error
Max. alignment error
Max. positioning error
Max. orthogonality error of wafer 

movement
Max. registration error

(x and y summed vectorially)

Miscellaneous:
Numerical aperture of objective 
Magnification of projection optics 
Max. non-uniformity of exposure 
Number of automatically interchange

able masks

from 50 mm x 50 mm 
to 60 mm x 30 mm
70 mm
7.5, 10 or 12.5 cm 
(3, 4 or 5 inch) 
135 X 135 mm2
1.25 pm
405 and 436 nm
633 nm

0.2 s
0.3 s
1.5 s
1 min

3 pm/cm 
± 35 pm

88 pm

0.3 pm
0.08 pm
0.1 pm

0.1 arc second

0.25 pm

0.3
0.2 x
2 Io

2
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Exposure of the maskSince we wish to expose the maximum number of wafers per unit time, the exposure for each projection must be short and the luminous intensity on the wafer therefore high. In addition, to produce integrated circuits of the highest quality, the illumination of the exposed areas of the wafer must be highly uniform. This means that the mask must also be uniformly illuminated with light of the highest possible intensity.The optical system for the exposure of the mask is shown in the upper part of fig. 2. The compact light source of the 350 W mercury lamp is located at one of the focal points of an elliptical reflector. An image of the light source is thus produced at the other focal point, which is located just in front of the integrator I. (The function of the integrator will be discussed later.) The reflector Mi is at the same time a multilayer interference filter [4], which only reflects radiation of wavelength less than about 450 nm and passes the rest. The reflector and the bandpass filter BF, which is also an interference filter, together ensure that more than 90% of the radiation in the wavelength range from 395 to 440 nm is transmitted. More than 95% of the radiation in the rest of the wavelength range is stopped. After spectral filtering, spatial losses

Fig. 3. Operation of the optical integrator I; see fig. 2. (For clarity, 
M2 has been omitted, so that Z and F are shown rotated by 90°.) 
/ consists of 168 rod lenses (only five are shown) of focal length fi. 
The lower and upper surfaces of the integrator are each virtually 
coincident with a focal plane and a principal plane of the rod lenses. 
F field lens of focal length/F- C condenser lens of focal length fc. 
M mask, a) The function of the condenser lens C. An image of the 
light source LS (see fig. 2) is produced as LS' just in front of the 
integrator. The integrator also functions as an optical-fibre system, 
so that the lower side of the integrator may be regarded as a 
‘secondary light source’ LS". The condenser C produces an image 
LS'" of this in the diaphragm of the projection optics (see also 
fig- 6)- b) Function of the field lens F. The intensity distribution of 
LS' (and hence of LS") is not homogeneous, as indicated diagram- 
matically by the bell-shaped curve at the top of the figure. With the 
aid of F, each rod lens spreads out the incident light over the full 
surface of the mask; the intensity of the incident light on one rod 
lens corresponds to the area of a hatched part under the bell-shaped 
curve. The illumination of Mis therefore much more uniform than 
the intensity distribution of LS'.

and scattering, the power of the light that reaches the integrator is only 4 W. The amount of light incident on the mask has a power of about 2 W and the wafer finally receives about 1 W of light. This power is one of the factors that determine the number of wafers that can be exposed per hour.The operation of the integrator will be explained with reference to fig. 3. The integrator consists of a large number — 168 — of small rod lenses, whose focal length is almost the same as their physical length. The integrator and the field lens have the important task of‘smoothing out’ thenon-homogeneous distribution of the luminous intensity of the lightsource image. The integrator also acts as a fibre-optic system with an aperture angle such that nearly all the light that reaches the second focal point of the elliptical mirror is transmitted. The lower side of the integrator can therefore be regarded as the actual light source for the projection system. An image of this ‘secondary light source’ is produced by the condenser in the diaphragm of the projection lens.
Exposure of the waferWhen the photoresist is developed after exposure in the Silicon Repeater, patterns must remain that faithfully reproduce the mask pattern at a fifth of full scale. There is the problem here of interference in the transparent photoresist, between the incident light and the light reflected from the surface of the wafer. 
Fig. 4a-d shows what would happen if the photoresist was exposed to monochromatic light only. If there is a step in the layers of silicon oxide and aluminium originating from previous process operations (fig. 4zz), the thickness of the photoresist varies at the step (fig. 4b). For a linear trace there is also a variation in the width of the positive photoresist that remains behind after development (fig. 4c), which comes about in the following way. In the ideal case the intensity of the light incident on the wafer varies with position perpendicular to the direction of the line to give a ‘rectangular’ pattern. However, since the optical system is not perfect, the sides of the intensity curve are not absolutely vertical. The amount of radiant energy absorbed in the photoresist varies correspondingly, but in addition it varies as a function of the film thickness (fig. 4d). The linewidth after development is therefore not the same for different film thicknesses.We have found a solution to this problem by making simultaneous use of two kinds of monochromatic 
[31 The projection optical system was designed by the firm Cerco 

of Paris and given the name of ‘Super Tulipe’.
[41 H. Köstlin and G. Frank, Thin-film reflection filters, Philips 

Tech. Rev. 41, 225-238, 1983/84.
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light, originating from the g and h lines of the mer- cury-vapour spectrum. This was achieved by means of the spectral filtering from 395 to 440 nm mentioned above. The intensity functions given in fig. are

e -0.8

Fig. 4. Monochromatic as against bichromatic illumination of the 
silicon wafer, a) The various layers. Si silicon substrate, Ox silicon 
oxide, Al aluminium, R positive photoresist of thickness d. (When 
a positive photoresist is used the illuminated zone is removed in the 
development.) Because of the step in the layers Ox and Al, d is not 
the same everywhere, b) The thicknes d as a function of the posi
tion q. c) When monochromatic illumination produces a linear 
track (of nominal width /nom) in R the linewidth varies at the posi
tion of the steps in Ox and Al. (p and q are position coordinates in 
the plane of the wafer.) d) The origin of the linewidth variation 
with monochromatic illumination. Zr is the light absorbed per unit 
area of R and is plotted as a function of p. The light incident on R 
does not have perfectly sharp transitions, so that the sides of the 
curve for Zr slope slightly and are rounded. Because of interference, 
Zr is also dependent on d. Left: The variation of Zr for a value d' of 
d that gives a minimum in the light absorbed. Right: The variation 
of ZR for a talue d that is Â6/4n smaller than d'-, Àg wavelength of 
the monochromatic light, n the corresponding refractive index of 
the photoresist. Zmjn minimum light intensity necessary to dissolve 
R on development. The linewidths after development are equal to 
l(d') and l(d' - Ag/4n). e) The difference 1(d) — l(d — as a 
function of d for monochromatic illumination (dashed lines) and 
for bichromatic illumination (continuous lines). The dashed lines 
have been calculated for light of the g line (436 nm), the continuous 
lines for light of the g and h lines (405 nm) together. With bichrom
atic illumination the linewidth variations partly cancel out. The 
range d = 0.9 ± 0.15 pm in which there is little linewidth variation 
is shown shaded.

thus added for both wavelengths. Fig. 4e shows the beneficial effect of this bichromatic exposure [5]. (A difficulty is that a projection-lens system corrected for two wavelengths is more difficult to make than a system corrected for a single wavelength only.) With bichromatic exposure the linewidth variations approximately cancel out in a given range of film thicknesses. If we wish to limit the variation of the linewidth to ±0.1 pm, we can allow the thickness to have a spread of ± 0.15 pm for a photoresist film of thickness 0.9 pm. (In practice film thicknesses outside this range may have to be used, in which case the spread in

Fig. 5. Scanning electron micrographs of 1.1-pm-wide photoresist 
tracks over 1-pm steps of SiO2 in the centre of the image field a) for 
bichromatic illumination, b) for monochromatic illumination. In 
the latter case there is undesirable variation in the track width. The 
steep edges and uniform width of the tracks in a are typical of the 
quality of the exposure and projection optics.
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linewidth will be greater and at the most equal to the variation with monochromatic exposure.)
Fig. 5 shows scanning electron micrographs of tracks of width 1.1 pm resulting from (a) bichromatic and (b) monochromatic exposure. In case (b) the undesired variation in linewidth can clearly be seen.

The optical projection systemThe first part of the optical projection system — the collimator — produces an image of the mask at infinity, while the second part — the objective — produces an image on the upper surface of the wafer; see 
fig. 6. To focus the image of the mask on the surface of the wafer it is only necessary to move the objective.The special feature of the projection system is that both the entrance and exit pupils are located at infinity (two-sided telecentricity), so that the axes of symmetry of the light beams from the object and to the image are parallel to the optical axis. The entrance and exit pupils are both images of the diaphragm D in the common focal plane of the collimator and the objective. Fig. 6 also shows the image LS'" in D of the secondary light source LS” (see fig. 3a). This image does not completely fill the aperture of the diaphragm. The ‘relative pupil filling’ cr is defined as the ratio of the diameter of the light-source image to the diameter of the diaphragm aperture. The pupil filling determines the degree of coherence in the exposure of the wafer. With increasing cr the coherence decreases; when cr = l the exposure is incoherent. It will be shown later that the modulation transfer function of the projection optical system depends on the coherence. Fig. 6 also shows the aperture angle a, which determines the magnitude of the numerical aperture 
n sin a and hence — with the wavelength of the light — the resolution of the projection optics.The collimator consists of three elements and its focal length fco is 330 mm. The objective consists of thirteen elements and its focal length /Ob is 66 mm. The magnification is equal to the ratio /ob/Zco = 0.2. The numerical aperture is 0.3 and the diameter of the image field is 14 mm. With this relatively small diameter, the image distortion is less than 0.2 pm.The imaging quality of the optical system can be evaluated by means of the modulation transfer function (MTF), which gives the variation of the modulation transfer M as a function of the spatial frequency f in line pairs per mm. The shape of the MTF curve depends mainly on the wavelength, the aperture and the relative pupil filling <7. Fig. 7 shows some theoretical MTF curves for different values of <7. With increasing coherence (i.e. with decreasing cr) the resolution decreases but the modulation transfer for low frequencies increases. In practice it has been 

found that a modulation transfer of at least 0.6 is required to produce an image of a particular detail on the photoresist in such a way that it will not be lost after development. From fig. 7 it might therefore appear that the pupil filling <7 ought to be as small as possible. However, the resulting high degree of coherence causes unacceptable diffraction effects (‘ringing’). A good compromise is <7 = 0.7. This value cor-

Fig. 6. Diagram of the optical projection system 131 with magnifica
tion 0.2. The optical system consists of two parts, the collimator Co 
and the objective Ob. M mask. W wafer. PPQOi, PPcO2, PPObi, 
PPOb2 principal planes. Fcoi, Fco2, Fobl, Fob2 focal planes; Fco2‘and 
FObi are coincident./co focal length of collimator. fob focal length 
of objective. The optical system is telecentric on both sides (both 
the entrance pupil and the exit pupil are at infinity). The entrance 
and exit pupils are both images of the diaphragm D in the com
mon focal plane Fm2, Fob\. The image LS" of the light source (see 
fig. 3«) appears at D as LS'". Owing to the ‘parallel’ path of rays 
between Co and Ob, only Ob has to be moved for focusing, without 
any change in magnification. The aperture angle a determines the 
numerical aperture, which is equal to 0.3.

[5) S. Wittekoek, Optical lithography for microcircuits, Proc. 
Microcircuit Engineering 80, Amsterdam 1980, pp. 155-170.

I61 B. van der Eijk and W. Kiihl, An X-ray image intensifier with 
large input format, Philips Tech. Rev. 41, 137-148, 1983/84.
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Fig. 7. The modulation transfer M of the projection optics as a 
function of the spatial frequency f in line pairs per mm with the 
relative pupil filling a (the ratio of the diameters of LS’" and D, see 
fig. 6) as parameter. In a wafer stepper a high modulation transfer 
at low spatial frequencies is more important than a high resolution 
(the value of 1/(2/) for M--0).

responds to / — 600 Ip/mm at M = 0.6, so that, in favourable conditions, details of about 0.8 pm can still be made visible in the centre of the image.
FocusingAfter a wafer is introduced it is first clamped to the wafer table by means of gentle suction and then brought into coarse focus within ± 10 pm from the image plane of the projection optics; see fig. 2. At each projection the objective section of the projection optics is then displaced in such a way that the deviation from correct focus is less than 0.3 pm (fine focusing). This is necessary because the wafer might still not be truly flat, even though it is clamped against the flat surface of the table, and the error could increase during the process steps.The fine focusing is done by means of an optical focusing device as illustrated in fig. 8. The light from a semiconductor laser is focused on to the wafer surface. After reflection from this surface, another image of the laser is formed on the wafer surface by a lens and reflectors. This second image of the laser is of the same size and inverted with respect to the first. Any beam asymmetry caused by the structure is therefore compensated by the double reflection on the wafer. Finally, the light beam is focused on to the photodiodes Di and Di. Vertical displacement of the objective lens has the effect of moving the laser image on the photodiodes.The motor used for displacing the objective is incorporated in a control loop in which the difference between the output currents of the photodiodes is used as feedback. The displacement therefore stops when the two output currents are identical. The optics of the focusing system are arranged in such a way that the virtually constant distance between the objective and the wafer surface corresponds to the image distance.

The quality of the exposure and projection optical system described above is demonstrated by the sharp delimitation and uniform width of the tracks in fig. 5a and fig. 9.

Alignment of the waferIn the successive process steps the exposed zones on the wafer must be in exact register with each other. The wafer therefore has to be brought into alignment with the mask. To make this alignment possible the wafer is provided with alignment marks before the actual process steps start. These consist of phase gratings used in reflection, which are etched into the wafer. The alignment marks on the wafer are compared with similar marks in the mask, which consist of amplitude gratings used in transmission.The alignment marks are illustrated in fig. 10. The marks Gri etched into both sides of the wafer are used for the alignment of the complete wafer at the start of a series of projections for a step in the process. Each wafer has two of these alignment marks, each consisting of four separate gratings. The pitch of the two

Fig. 8. The optical fine-focusing system (see also fig. 6). The light 
from the semiconductor laser La is focused on to the surface of the 
wafer W through the prism Pr with a half-silvered surface, two mir
rors and two lenses. The light is reflected from W to form another 
image of La on W by means of a mirror, the lens L\ and a mirror 
M3. Mirror M3 and the intersection point of the rays with W are 
located at the focal planes of ¿i. After the second reflection from 
W, a final image of La is formed on the photodiodes Di and Dz. 
The difference signal produced by Di and Dz is used for controlling 
the focusing motor (FMin fig. 2) for the vertical movement of the 
objective Ob.
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Fig. 9. Scanning electron micrograph demonstrating the quality of 
the exposure and projection optics. Photoresist tracks are shown 
with a width of 1.2 pm and a thickness of 1.2 pm on a silicon-oxide 
film with a thickness of 0.3 pm.

Fig. 10. The alignment marks consisting of phase gratings applied 
to the ‘virgin’ wafer. The marks Gri serve for aligning the wafer 
in relation to the mask at the start of a series of projections. There 
are two alignment marks Gri, each consisting of four gratings, ap
plied to opposite sides of the wafer. The two left-hand gratings of 
Gri have a pitch of 16 pm, the two right-hand gratings a pitch of 
17.6 pm. The dimensions of Gri are 400 pm by 400 pm. The align
ment marks Grz serve for alignment at each projection and are 
mainly used when the wafer has nonlinear deformation. For each 
projection zone (shown shaded) there is one alignment mark Grz 
consisting of two gratings. The gratings of Gr2 have a pitch of 
16 pm. The dimensions of Grz are 80 pm by 400 pm.

gratings on the left is 16 qm, that of the two on the right is 17.6 qm.The marks Grz are only 80 qm wide. They are located between the projection areas (shaded), which are intended for the actual circuits on the wafer. These gratings are used for realignment before each projection. Each projection zone has an alignment mark 

Grz, consisting of two separate gratings. The pitch of these gratings is 16 qm.When a wafer is introduced into the Silicon Repeater the wafer table is displaced in such a way that the two marks Gri on the wafer coincide in turn with a mark on the mask. The computer in the wafer stepper then calculates, from the measured coordinates of each mark, the origin for the displacements and the angle that the line through the two marks makes with the x-direction of the table movement. The wafer is then rotated through this angle.If a nonlinear deformation of the wafer is suspected, the marks Grz can be used to align the wafer for each projection. The marks Grz can also be used when the Silicon Repeater is used with a 1:1 projector in IC manufacture (‘mix-and-match’ procedure). A 1:1 projector as mentioned in the introduction can be used for the process steps that do not require such high accuracy. The processing time for a wafer can then be reduced. When a 1:1 projector is used the gratings are applied to the wafer with this projector at the start of production. Deviations due to image distortion produced by this projector are then recorded on the wafer by the positions of the marks Grz. When these marks are used for aligning the wafer at each projection in the Silicon Repeater, the quality of the integrated circuit is almost unaffected by errors due to the 1:1 projector.The alignment system is illustrated in fig. Ila [7]. One of the alignment gratings on the wafer W is illuminated through a prism by a helium-neon laser at a wavelength of 633 nm. The reflected radiation is diffracted by the grating. In diffraction, light is reflected only at an angle of fh to the normal to the grating surface and in a plane perpendicular to the grating lines, where sin0k = kklp\ k is the order and A the wavelength of the reflected light, and p is the pitch of the grating. In the common focal plane of collimator and objective there is an order diaphragm, made from material that transmits the light for illuminating the wafer but not the light from the helium-neon laser. The order diaphragm has holes in it at locations such that light of order k = 1 and k = -1 reflected from the grating at a wavelength of 633 nm is transmitted; see fig. 116. This light is then incident on the mask. Here, as a result of interference, a periodic pattern is again formed with a pitch 2.5 times greater than that of the grating on the wafer. The position of the mask does indeed correspond to a five-fold magnification, but only the images of the second harmonics (with 
k = 1 and k = - 1) of the gratings are formed on the
[71 G. Bouwhuis and S. Wittekoek, Automatic alignment system 

for optical projection printing, IEEE Trans. ED-26, 723-728, 
1979.
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Fig. 11. The optics of the alignment system, a) A reflection phase 
grating on the wafer W is illuminated through the lower prism by a 
helium-neon laser HN with a wavelength of 633 nm. The projection 
optics produces an image of this grating on a corresponding trans
mission amplitude grating on the mask M. The gratings lie with 
their lines perpendicular to the plane of the drawing, so that align
ment can take place in the x-direction. The order diaphragm OD, 
which is located at the common focal plane Goz, Kobi (see fig. 6), 
transmits the light for illuminating the wafer but stops most of the 
633-nm light. The operation of the other components of the align
ment system is explained in fig. 12. b) The order diaphragm OD and 
the lower prism, shown in perspective and on a rather larger scale. 
The material of the diaphragm has two holes for alignment in the 
x-direction (there are two other holes, not shown, for alignment in 
they-direction), which transmit only the light of order 1 and - 1 at 
a wavelength of 633 nm. c) When the intensity I of the 633-nm light 
transmitted through the grating on the mask is measured as a func
tion of the wafer displacement x, the curve shown in the upper part 
of the figure is obtained. Its spatial period is 8 pm if the gratings on 
the wafer and mask with pitches of 16 and 40 pm coincide. The 
upper signal is sensitive to electrical interference and the maximum 
or minimum cannot easily be detected. To get around this difficulty, 
the signal is modulated at a frequency of 50 kHz, as indicated in the 
lower figure (for a constant i afer velocity). This modulation is 
explained in fig. 12.

wafer, resulting in a doubling of the spatial frequency. Assuming that the 16-pm grating of the alignment mark G/t is observed, then the corresponding grating on the mask must have a pitch of 40 pm. A measurement of the intensity of light I at a wavelength of 633 nm that is transmitted through the grating surface in M would show that this varies with a spatial period of 8 jim when the wafer is displaced; see fig. 11c, 
above. In principle this can be used for aligning the wafer in relation to the mask. In such a case, however, the wafer must not be more than ± 4 pm from the correct position, and the accuracy with which the position of the minimum or the maximum of the periodic signal can be detected is not particularly high. The alignment accuracy can be increased by modulating the output signal from the alignment system by a signal at a fixed frequency, as illustrated in fig. 11c, below. This will now be explained, and also a method for increasing the capture range of the alignment system.
Signal processing in the alignment systemThe detection system is illustrated in detail in 
fig. 12a, which also indicates the function of the various optical elements. Before the light at a wavelength of 633 nm reaches the mask, it first passes through a polarizer and a biréfringent crystal. In this way the light is first linearly polarized and then split into two beams whose planes of polarization are rotated through —45° and +45°. The beams are also displaced relatively by half the pitch of the grating (i.e. by 20 pm). The light then passes through the mask and an optical modulator. This consists of a quartz crystal to which a 50-kHz alternating voltage Kef is applied in such a way that the polarization plane of the light is rotated by — 45° during the positive part of

Kef and by +45° during the negative part of Kef. The light next passes through an analyser that has the same principal direction as the polarizer. Finally the light reaches a detector. The electronic signal from the detector is amplified and then processed in a phasesensitive detector, to which Kef is also applied.Fig. 126 shows the operations performed on the light in the various optical elements, on the left for positive Kef and on the right for negative Kef. Fig. 12c indicates the electronic processing performed on the signal from the detector at three different places in the
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circuit and for three different positions of the wafer. Because the output signal is modulated by the alternating voltage Kef the phase-sensitive detector responds strongly to variations in alignment. In this way variations down to 0.02 pm can be detected. The out-
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Fig. 12. Signal detection in the alignment system, a) The various optical and electronic com
ponents, and the effect of the optical components on the state of polarization of the 633-nm 
laser light. P polarizer. BE biréfringent crystal, splitting the light into beams A and B (shown as 
lines) with plane of polarization rotated -45° and +45°, and displaced -10 pm and + 10 pm. 
Kef 50-kHz alternating voltage. MOD optical modulator: periodic rotation of the plane of polari
zation by -45° (during positive Kef) and +45° (during negative Kef). AN analyser. DET optical 
detector, which produces a direct voltage proportional to the light intensity. AM alternating- 
voltage amplifier. PSD phase-sensitive detector, b) Effect of the optical components on the beams 
A (red) and B (blue) during positive (left) and negative (right) Kef- The position of the wafer is 
such that the beam-/! and beam-B images of the wafer grating are displaced 10 pm to the left and 
10 pm to the right in relation to the mask grating. In this position DET therefore only receives a 
signal from beam B on the left and only receives a signal from beam A on the right, c) The elec
tronic signals after DET (left-hand column), after AM (centre column) and after PSD (right-hand 
column). In the upper row the wafer is in the position x (as in b\, in the centre row it is in the posi
tion x - 2 pm, and in the lower row in the position x + 2 pm. (The square-wave voltage after DET 
is in reality sinusoidal; see fig. 11c.) The alternating voltages produced at positions x - 2 pm and 
x + 2 pm by AM are shifted in phase by - 90° and + 90° with respect to Kef - Since PSD responds 
both to amplitude differences and to phase differences, PSD produces a direct voltage that is 
highly sensitive to small displacements of the wafer.
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be very small. It has already been mentioned that the pitches of the two left-hand gratings of Grt in fig. 10 are equal to 16 pm and those of the two right-hand gratings to 17.6 pm, resulting in pitches of 40 and 44 pm for the corresponding gratings on the mask. The detector DEZ’has four quadrants, so that the degree of overlap between the gratings of pitch 16 and

Fig. 13. Scanning electron micrographs of 16-K memory circuits of 
the static-RAM type (random-access memory) in NMOS tech
nology. In each micrograph the corners of a memory cell are indi
cated. From bottom to top the dimensions of a cell are 28 pm by 
38 pm, 21 pm by 28.5 pm and 17.5 pm by 21 pm. (The dimensions 
quoted first are measured horizontally in the photograph.) The in
crease in packing density of the circuits was achieved by process im
provements and mainly by using the Silicon Repeater for the upper 
circuit. The centre and lower circuits were both made with the aid 
of a 1:1 projector. In the circuits ‘pits’ are visible, for making con
tact between the aluminium tracks running from top to bottom of 
the photograph and the underlying diffusion layers. The pits in the 
upper circuit are clearly much more accurately centred with respect 
to the tracks. This is due to the high alignment accuracy of the 
Silicon Repeater.40 pm and the gratings of pitch 17.6 and 44 pm can be measured at the same time. The capture range of the alignment system is considerably widened by taking the simultaneous production of a minimum in the output signal of both detector systems as the alignment criterion (rather like a vernier). The coincidence of the two minima is repeated with a periodicity of 8(8 + 0.8)/0.8 = 88 pm in the displacement of the wafer. The capture range of the alignment system is thus increased 11 times, and is sufficient for the use of automatic wafer feed with mechanical pre-alignment.

Fig. 13 shows that the packing density of a memory circuit can be considerably increased by using the Silicon Repeater in its fabrication. The circuit shown in the upper part of the figure was made with this wafer stepper, the two others with a 1:1 projector. The upper picture clearly shows that the depositions made in the successive process steps are in much more exact register because of the highly advanced alignment system of the Silicon Repeater.The development of the Silicon Repeater was the work of a group of research workers, in particular of H. J. Bartelings (electronics and software), A. G. Bouwer (mechanical design), T. Fahner (focusing system), G. C. van de Looij (exposure), R. H. Munnig Schmidt (servosystems) and J. E. van der Werf (alignment system). The author of this article was responsible for coordinating the development project.
Summary. With the Silicon Repeater sixty 4-inch silicon wafers for 
integrated circuits can be exposed per hour. This high production 
rate is possible because of the high intensity and the high efficacy of 
the illumination from a 350-W high-pressure mercury-vapour lamp 
with an elliptical reflector. The illumination of the mask is highly 
uniform, partly through the use of an optical integrator. Linewidth 
variations due to interference in the photoresist are largely avoided 
by using light at two wavelengths (405 and 436 nm). Image details 
of 1.25 pm can be produced, through the use of a specially designed 
two-sided telecentric projection system with high resolution, and 
because the repeater has a focusing system that reduces focusing 
errors to 0.3 pm or less. An alignment system ensures that the expo
sures for the successive steps of the process are in accurate register. 
This system uses phase gratings on the wafer, which are brought 
into register with amplitude gratings on the mask. Alignment errors 
as small as 0.02 gm can be detected.
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J. van der Heijden: DIVAC — an experimental optical-fibre communications network,Philips Tech. Rev. 41, 253-259, 1983/84 (No. 9).
The DIVAC project has resulted in an experimental optical-fibre communica
tions network, which connects an exchange with two ‘subscribers’. Five orga
nizations have participated in this trial project, with the object of gaining ex
perience with new technologies and assessing the reactions of potential users 
and bodies. Various digital signals, for telephony, audio, video and broadband 
services can be carried simultaneously and in two directions by means of TDM, 
WDM and FDM on a pair of optical fibres for each subscriber. The various 
services made available include selection television. The subscriber uses this to 
operate a switching network to select the required service: broadcast television, 
local television, a video library or pay television. The video library contains a 
collection of LaserVision discs, and has a control computer, a number of 
Laser Vision players and a mechanical retrieval and transport system.

S. Wittekoek: Optical aspects of the Silicon Repeater, Philips Tech. Rev. 41, 268-278, 1983/84 (No. 9).
With the Silicon Repeater sixty 4-inch silicon wafers for integrated circuits can 
be exposed per hour. This high production rate is possible because of the high 
intensity and the high efficacy of the illumination from a 350-W high-pressure 
mercury-vapour lamp with an elliptical reflector. The illumination of the mask 
is highly uniform, partly through the use of an optical integrator. Linewidth 
variations due to interference in the photoresist are largely avoided by using 
light at two wavelengths (405 and 436 nm). Image details of 1.25 pm can be 
produced, through the use of a specially designed two-sided telecentric projec
tion system with high resolution, and because the repeater has a focusing system 
that reduces focusing errors to 0.3 pm or less. An alignment system ensures 
that the exposures for the successive steps of the process are in accurate register. 
This system uses phase gratings on the wafer, which are brought into register 
with amplitude gratings on the mask. Alignment errors as small as 0.02 pm can 
be detected.

H. F. Huisman and C. J. F. M. Rasenberg: Porosimeter measurements on magnetic tape,Philips Tech. Rev. 41, 260-266, 1983/84 (No. 9).
With a commercial mercury porosimeter, modified in various ways to give 
higher sensitivity, measurements can be made of the pore volume, the total 
pore area and the pore-volume distribution of magnetic tape. In calculating the 
results the curve giving the change in mercury volume as a function of mercury 
pressure has to be corrected for the compressibility of the mercury and the 
change in the volume of the dilatometer. The total pore area and the pore dis
tribution are obtained by integration and differentiation of the corrected curve. 
From pore-volume measurements on different tape samples the critical pigment 
concentration can be determined. If this concentration is exceeded, pores are 
formed, but this negative effect can be eliminated by calendering.
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