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Am open 800-kV ion=implantaüon machine

H. J. Ligthart and J. Politick

Conventional commercial ion-implantation machines are capable of implanting the usual 
donor and acceptor elements phosphorus, arsenic and boron in silicon. The accelerating vol­
tage of these machines is generally no higher than 200 kV. If heavier elements are to be im­
planted in heavier substrates, higher accelerating voltages are required. In scientific research 
the ion source should also be easily interchangeable. In ion-implantation machines for acceler­
ating voltages up to 1 MV, which are not normally commercially available, the high-voltage 
section is insulated from the environment by gas under pressure in a tank. Changing an ion 
source therefore takes a long time. The ion-implantation machine that has been developed at 
Philips Research Laboratories, however, has an ‘open’ high-voltage section, which is insulated 
from the environment by atmospheric air, so that the ion source can be changed very quickly.

Introduction

The object of ion implantation is to replace some of 
the atoms in a crystalline substance by other atoms 
that also fit into the lattice structure. The atoms of the 
element to be implanted are therefore ionized, acceler­
ated to a high velocity in an electrostatic field and then 
implanted in the substrate. The resulting damage to 
the lattice can be removed by means of a heat treat­
ment (annealing). Ion implantation is widely used in 
the manufacture of integrated circuits, for doping sili­
con with donors (e.g. phosphorus) or with acceptors 
(e.g. boron). An advantage of ion implantation as 
compared with thermal diffusion is that it is easier to 
control the concentration profile, i.e. the concentra­
tion (usually in cm-3) as a function of depth. There is 
also much less lateral diffusion, and annealing times 
can be kept much shorter 111.

Fig. 1 shows a diagram of the concentration profile 
produced by a single implantation. (Other shapes of 
profile can be obtained by combining several implan­
tations.) At a certain depth the concentration decreas­
es sharply to zero, since the ions have completely lost 
their kinetic energy. Theoretically the dose (in cm"2) is

Dr H. J. Ligthart and Dr Ir J. Politiek are with Philips Research 
Laboratories, Eindhoven.

equal to the integral of the ion-flux density f (in 
cm-2 s’1) over time at the substrate surface. The dose 
is also equal to the integral of the concentration over 
the depth after the implantation. In practice a narrow 
ion beam that describes a fine raster is used, instead of 
a wide beam that covers the entire surface of the sub­

Fig. 1. Diagram of a concentration profile. S sample, typically a sili­
con slice, whose surface intersects the plane of the diagram at the 
vertical axis, c concentration of implanted ions. 5 depth from sur­
face. 0 ion-flux density, t time.

111 W. K. Hofker and J. Politiek, Ion implantation in semiconduc­
tors, Philips Tech. Rev. 39, 1-14, 1980;
S. T. Picraux and P. S. Peercy, Ion implantation of surfaces, 
Sci. Am. 252, No. 3, 84-92, 1985.
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strate. The spacing of the lines of the raster is less 
than the half-width of the beam cross-section. The 
mean ion-flux density is therefore equal to the beam 
current divided by the area of the raster. It follows 
that the height of the concentration profile is propor­
tional to the beam current and to the duration of the 
implantation process. The location of the concentra­
tion profile depends on the kinetic energy of the ions 
and on the atomic numbers of the implanted element 
and the substrate material. If one of these two atomic 
numbers is increased, the profile moves towards the 
surface of the substrate. If the energy of the ions is in­
creased, the profile moves into the material.

In the investigation of new materials for integrated 
circuits, use is made of heavier substrate materials 
(for example gallium phosphide, gallium arsenide or 
indium phosphide, known as III-V compounds) and 
heavier donors and acceptors (e.g. tellurium and cad­
mium). In research on integrated circuits it is also nec­
essary to make deeper implantations, for example of 
oxygen ions to produce ‘buried’ SiO2 layers. This ac­
counts for the recent trend of implanting ions at higher 
kinetic energy.

Fig. 2 gives an idea of the collision processes that take 
place when ions move through a substrate. The dia­
gram shows the ion-energy loss per unit pathlength as 
a function of the square root of the ion energy; the dia­
gram is based on the LSS model (Lindhard, Scharff 
and Schiott)[2]. The straight line corresponds to the 
ion-energy loss resulting from collisions with elec­
trons. These inelastic collisions cause no damage in 
the substrate. The curve corresponds to the energy 
loss due to collisions with nuclei. These elastic collis­
ions do cause damage in the substrate. At a kinetic

Fig. 2. The calculated energy loss per unit pathlength of the ions 
moving in the substrate as a result of collisions with nuclei of 
substrate atoms (curve) and with electrons (straight line), as a func­
tion of the square root of the energy of the ions as given by the LSS 
model To obtain a result valid for all elements, the ‘reduced’ 
quantities q and £ are used for the path and the energy, respectively. 
If the ions have a higher kinetic energy than the threshold value Ei, 
the collisions with electrons predominate over those with nuclei. 
The slope of the straight line for the collisions with electrons is also 
a function of the atomic numbers of the ion and the substrate 
atoms. The diagram applies to the implantation of boron in silicon.

energy greater than Ei, at the intersection of the 
straight line and the curve, the inelastic collisions, 
which cause no damage, therefore predominate. (In 
implantations in silicon Ei is 17 keV for B+ ions, 
140 keV for P+ions, 800 keV forAs+ ions and2000 keV 
for Sb+ ions.) This means that with very deep implan­
tations, with ions of high energy, relatively little lat­
tice damage is caused at the substrate surface. Semi­
conductor structures already produced in the sub­
strate should not therefore be damaged by implanta­
tions at greater depth.

How do we obtain ions of high kinetic energy? In 
the first place, of course, by increasing the strength of 
the electrostatic field, i.e. by increasing the potential 
at the ion source. (The substrate is normally at earth 
potential.) A higher energy can also be obtained by 
using multiply charged ions. A third method is to use 
a ‘tandem’ accelerator.

In a tandem accelerator the ion source is at earth potential. Single 
negatively charged ions from the source are accelerated and turned 
into positively charged ions (possibly multiply charged) in a ‘strip­
per’, consisting of a gas in a cell at positive potential. In this charge 
reversal one or more electrons are stripped from the ions by collis­
ions with gas atoms. The positively charged ions then move towards 
the substrate, which is at earth potential. Disadvantages of tandem 
accelerators are that they have a low ion yield and are more compli­
cated than single-ended accelerators.

The yield of an ion source generally decreases as the 
charge of the individual ions increases. Since the use 
of multiply charged ions instead of singly charged 
ions therefore results in a lower ion-flux density, the 
implantation time must be longer to produce a certain 
maximum concentration; see fig. 1. If deeper and 
more highly doped layers are required, implantation 
of multiply charged ions may not always be the right 
answer. Very deep implantations therefore require a 
high accelerating voltage, especially when heavy ions 
have to be implanted in heavy substrate material.

At Philips Research Laboratories in Eindhoven an 
ion-implantation machine has been developed, inten­
ded not only for research on new IC technologies but 
also for other work such as improving the hardness, 
wear resistance or corrosion resistance of metal sur­
faces. The high accelerating voltage of the machine, 
800 kV, can be made even higher in the future. The 
machine was designed with an ‘open’ configuration, 
which means that the high-voltage section is not 
insulated by a gas (e.g. sulphur hexafluoride) under 
pressure in a tank, but is surrounded by atmospheric 
air at about 20 °C and at a relative humidity of less 
than 40 %. This makes it possible to change ion 
sources quickly. Some of the investigations on the 
machine are connected with the selection of ion 
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sources, since the effectiveness of the ion source 
largely determines the time required for an implanta­
tion. Fig. 3a shows the high-voltage section of the im­
plantation machine with the acceleration tube on the 
right (the lower of the two tubes projecting through 
the wall). Fig. 3b shows the low-voltage section; the 

lated from the environment by SF6 gas at a slight 
excess pressure. The cascade circuit is supplied by an 
alternating voltage at 24 kHz and a maximum ampli­
tude of 20 kV. The maximum voltage across each 
diode is therefore 40 kV. The generator can deliver a 
current of 2 mA via a copper-wire connection between

Fig. 3. Photograph of a) the high-voltage section and b) the low-voltage section of the 800-kV ion­
implantation machine.

ions travel through this after they have passed 
through the acceleration tube.

In the following we shall first describe the construc­
tion of the implantation machine, and then we shall 
consider a few ion sources. The article concludes with 
a few examples of implantations to illustrate the 
usefulness of the machine.

Construction of the implantation machine
Fig. 4 is a diagram of the machine. The high-voltage 

section contains the high-voltage generator G, the 
supply unit SU and the ion-source unit IU', see also 
fig. 3a. The low-voltage section contains the switching 
magnet SM, which directs the ion beam into one of 
the beam lines behind it. These beam lines terminate 
in the target chambers TCI and TC2, see also fig. 3b. 
The high-voltage section is surrounded by concrete 
walls 30 cm thick. The walls provide a shield against 
X-radiation due to the collision of electrons moving in 
the opposite direction to the beam. The walls of the 
high-voltage section are clad with metal foil to screen 
the environment from interfering electromagnetic 
fields.

The high-voltage generator G was designed by High 
Voltage Engineering of Amersfoort for a voltage of 
1 MV. It is a conventional cascade generator of the 
Cockcroft and Walton type [3]. The generator is insu- 

the corona sphere (the upper part of the generator) and 
the supply unit SU, giving a maximum power of 2 kW. 
The sum of the ion-beam current and the leakage cur­
rents cannot therefore exceed 2 mA.

The supply unit SU contains two dynamos, each 
supplying a power of 12 kW. The dynamos are driven 
via insulating shafts by motors at earth potential in 
the basement below the high-voltage section. The 
dynamos provide the electrical energy for the various 
circuits, equipment and vacuum pumps in the units 
SU and IU. The unit SU also contains rectifier circuits 
that supply direct current to the magnet coils, and the 
electronic circuits for controlling the ‘ion-optical’ 
elements in IU. The control circuits communicate 
with the control console in the low-voltage section via 
optical-fibre connections. SU therefore also contains 
optoelectrical and electrooptical converters.

The unit IU contains the ion source, which is at a 
positive potential of 30 kV with respect to its immedi­
ate environment. The ions therefore arrive with a

[21 N. Bohr, The penetration of atomic particles through matter, 
K. Dan. Vidensk. Selsk. Mat.-Fys. Medd. 18, No. 8, 1984 
(144 pages);
J. Lindhard, M. Scharff and H. E. Schiott, Range concepts 
and heavy ion ranges; notes on atomic collisions II, K. Dan. 
Vidensk. Selsk. Mat.-Fys. Medd. 33, No. 14, 1963 (39 pages).

131 S. Gradstein, A modern high-voltage equipment, Philips Tech. 
Rev. 1, 6-10, 1936;
A. Kuntke, A generator for very high direct current voltage, 
Philips Tech. Rev. 2, 161-164, 1937.
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Fig. 4. Diagram of the ion-implantation machine. G high-voltage 
generator. SU supply unit. DI, D2 dynamos. IU unit containing the 
ion source IS. SEP separator. The ion source is at a potential of 
30 kV with respect to the separator. A T acceleration tube. FU foc­
using unit. This consists of three magnetic quadrupoles, whose ac­
tion on the cross-section of the ion beam is illustrated in the separate 
diagrams on the left and right. N, S north and south poles of the 
quadrupoles. The beam cross-section in front of the quadrupole is 
shown in blue, the cross-section behind it is shown in red. SMswitch- 
ing magnet. DU1 and DU2 deflection units in the beam lines behind 
the switching magnet; see also fig. 6d. TCI and TC2 target chambers.

certain initial velocity at the separator, which deflects 
them through an angle of 90 ° by means of a uniform 
magnetic field. The field-strength is adjusted so that 
the required ions pass through the exit slit while the 
unwanted ions do not. This follows from the expres­
sion for the radius R of the circular path of an ion in a 
magnetic field of flux density B [4]:

1 1/ 2mEkin
B P (ze)2 (1)

where m is the mass of the ion, Ekin its kinetic energy, 
e the elementary charge and ze the charge of the ion. 
After the separator the ion beam enters the accelera­
tion tube A T, which passes through the concrete wall 
between the high-voltage and low-voltage sections. 
The ions obtain the required kinetic energy in the ac­
celeration tube. Turbomolecular pumps are connec­
ted to the ion source, the separator and the accelera­

tion tube; these pumps keep the pressure low enough 
for the mean free path of the ions to be sufficiently 
large.

Putting the separator at high voltage has the advan­
tage that the magnetic field does not need to be so 
powerful. If the separator were located after the ac­
celeration tube, then as eq. (1) shows the magnetic 
flux density would have to be five to six times higher 
for the same radius. The units SU and IU are mounted 
on insulating columns. Parts of these columns con­
nect metal plates, each at a defined potential; see 
fig. 3a. This is arranged by electrically interconnecting 
the plates by identical resistors, which have a total re­
sistance of about 3.85 GQ. Resistors are used in the 
same way to interconnect discs that distribute the po­
tential drop linearly along the acceleration tube. 
These resistors are contained in another tube above the 
actual acceleration tube (see fig. 3a) and have a total 
resistance of 10 GQ. The leakage currents through the 
resistors total 0.3 mA at 800 kV, so that the ion-beam 
current cannot exceed about 1.7 mA. In practice, 
however, the ion-beam current is always smaller.

In the low-voltage section the ion beam first passes 
through the focusing unit FU. This consists of a ‘mag­
netic triplet’, i.e. three magnetic quadrupoles in a row. 
Each of the quadrupoles corrects the beam cross-sec­
tion in the vertical and horizontal directions. This can 
be seen from the shape of the lines of force in the quad­
rupoles as shown in fig. 4. The strength of each of the 
outer quadrupoles is half that of the inner quadru­
pole. The result is that the group of three quadrupoles 
has a converging action. As the ions leave the separa­
tor they diverge, and the divergence increases in the 
acceleration tube because they repel one another, but 
the divergence is almost completely compensated by 
the magnetic-triplet focusing unit. This therefore acts 
as a positive lens, which produces very nearly a point 
image of the beam cross-section at the exit of the 
separator on the sample in the target chamber. Astig­
matism in the beam can be compensated by increasing 
the strength of one of the quadrupoles.

The ion beam next passes through the switching 
magnet SM, which works on the same principle as the 
separator in the high-voltage section. The direction of 
the field in the switching magnet is reversible, so that 
charged particles in the beam can be deflected clock­
wise or anticlockwise as desired, through an angle of 
± 20°. The switching magnet also removes neutral 
particles from the beam. A third and important 
function of the switching magnet is the elimination of 
unwanted ions produced by charge exchange.

The effectiveness of the double separation of par­
ticles, in the separator and in the switching magnet, 
can be seen in the implantation of phosphorus, for ex­
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ample. At moderate temperatures, phosphorus vapour 
consists of P4 molecules. However, at a temperature 
of 800 °C, which is almost always exceeded in the ion 
source, the dissociation

P4^2P2

commences. The source thus contains P+, P++ and 
P2+ ions. The P2+ ions may dissociate later in the 
reaction

P2+ —P+ + P.

If this happens at the inlet of the separator, the P+ 
ions have a kinetic energy here of a quarter of that of 
the P++ ions. (We assume that the energy of a P2+ ion 
is evenly divided between the P+ ion and the P atom.) 
It can be seen from eq. (1) that in this case the P+ ions 
and the P++ ions describe a path of the same radius in 
the separator and are therefore not separated. It is 
easy to verify that these ions do in fact become sep­
arated in the switching magnet. (If an electrostatic de­
flection unit were to be used instead of a switching 
magnet, the P+ and P++ ions would describe virtually 
the same parabolic path, so that these ions would not 
be separated.)

In each of the two beam lines following the switch­
ing magnet the ion beam can be moved horizontally 
and vertically by means of electrostatic deflection 
plates. At the entrance of each beam line there is a set 
of four short deflection plates, followed by a set of 
four long deflection plates, as shown in fig. 6d. The set 
of short plates is intended for deflecting ion beams of 
low energy, the set of long plates is for beams of high 
energy. The target chamber TCI is used for investi­
gating various kinds of samples for other applica­
tions, unconnected with the manufacture of inte­
grated circuits. Target chamber TC2 is intended for 
implantations for IC manufacture. The slices are 
placed in a drum, which can accomodate 29 slices of 
diameter 100 mm. To comply with the clean-room 
conditions required in IC manufacture, target cham­
ber TC2 is placed in a special enclosure with a down­
flow of filtered air. The vacuum is maintained by 
cryopumps to give a pressure of less than 10“7 mbar in 
the two beam lines and the target chambers[6].

Moving the beam over the sample

‘Triangular’ voltages applied to the horizontal and 
vertical deflection plates produce a uniform dis­
tribution of implanted ions over the specimen. The 
frequency of the triangular voltage for the horizontal 
deflection is 93 Hz; for the vertical deflection it 
is 800 Hz. Every 1/186 s the ion beam writes the pat­
tern shown in blue in fig. 5. This pattern has

Fig. 5. The path (in blue) that the beam traces out on the sample dur­
ing a half-period of the ‘triangular’ voltage for the horizontal de­
flection. S sample, typically a silicon slice. OFC opening of Faraday 
cup (FC in fig. 7). W wire frame, earthed via a milliammeter that 
measures the current z'w through the frame. The diagrams below 
and on the right correspond to the display on an oscilloscope screen 
when the vertical deflection in the oscilloscope is proportional to 
the current iw and the horizontal deflection is proportional to the 
triangular voltage Ph or tv on the horizontal or vertical deflection 
plates in the beam line. The diagram at the bottom of the figure is 
obtained with Vy set to 0; the diagram on the right is obtained with 
Ph set to 0. Ah and Av are the amplitudes of Ph and Pv. The scales 
for Ph and Pv are chosen such that the distances between the peaks 
are equal to the width and height respectively of the wire frame.

800/2 X 93 « 4.3 periods. In each second the beam 
writes 186 such patterns, all adjacent. After exactly 
one second the writing of 186 non-overlapping pat­
terns is repeated.

During implantation it is necessary to ensure that 
the beam direction does not coincide with an ‘open’ 
crystal direction (a ‘channel’) of the sample, other­
wise the penetration depth of the ions will vary 
considerably if the angle of incidence is not absolutely 
constant. Nor should the direction of the beam lie in a 
‘channel plane’. The sample is therefore rotated in its 
own plane through a predetermined angle and the 
beam meets the surface of the sample at an angle of 7° 
to the normal.

The usual requirement for the uniformity of an im­
plantation is that the dose should not vary by more 
than 1 % over the sample. This means that the trian-

141 J. F. Ziegler (ed.), Ion implantation, science and technology, 
Academic Press, Orlando, FL, 1984;
H. Ryssel and H. Glawischnig (ed.), Ion implantation tech­
niques (Springer Ser. Electrophys., Vol. 10), Springer, Berlin 
1982.

161 J. J. Scheer and J. Visser, Application of cryopumps in indus­
trial vacuum technology, Philips Tech. Rev. 39, 246-255, 1980.
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gular voltage should be highly linear. In addition, the 
field between the deflection plates should be homoge­
neous over the largest possible region. If flat deflec­
tion plates were used, the strength of the electric field 
would decrease towards the edges. The deflection of 
an ion would then depend on the position where the 
ion entered the region between the plates. (This posi­
tion depends on the deflection produced by the pre­
ceding plates and on the dimensions of the beam 
cross-section.) With flat deflection plates the dose can 
vary by a high percentage. We have solved this 
problem by adding a ‘lip’ at the edges of the plates. 
We determined the height of the lip with the ELOP 
and GELOP software packages181. Fig. 6 shows the 
shape of the deflection plates and the results of the 
computer calculations. For a lip 2.75 mm high the 
field is homogeneous over a very large region, and the 
dose produced by our implantation machine varies by 
no more than 0.5 % over the wafer.

The correct amplitudes AH and Ay for the triangu­
lar voltages on the deflection plates are set up with the 
aid of a wire frame around the sample; see fig. 5. The 
wire frame is earthed through a milliammeter. While 
the amplitude of the voltage for the horizontal deflec­
tion is adjusted, the amplitude of the voltage for the 
vertical deflection is set to zero. If the vertical deflec­
tion on an oscilloscope is then made proportional to 
the current z‘w through the wire frame and the horizon­
tal deflection on the oscilloscope is made proportional 
to the voltage between the horizontal-deflection plates 
in the beam tube, the image that appears on the screen 
corresponds to the lower diagram in fig. 5. The loca­
tion of the peaks on the oscilloscope screen shows 
how far the beam goes beyond the region inside the 
wire frame. The shape of the peak gives an idea of the 
half-width of the beam cross-section in the horizontal 
direction. A similar procedure is used for adjusting 
the voltage on the vertical deflection plates and esti­
mating the half-width of the beam cross-section in the 
vertical direction.

The total number of ions incident on the sample — 
which is a measure of the average dose — is deter­
mined with the aid of a Faraday ‘cup’. The opening in 
the Faraday cup is indicated by OFC in fig. 5. A dia­
gram of the cross-section of the Faraday cup is shown

Fig. 6. Calculation of the height d of the ‘lip’ on the deflection 
plates for the most uniform distribution of the electrostatic field. 
a) Cross-section of the deflection plates. At the points 1=1 to 5 the 
field-strength E, was determined by the ELOP and GELOP software 
packages[6]. pQ field-strength at the centre C: 120V/mm. b) The 
difference E, - Eo between the field-strengths at the points 1 to 5 and 
at the centre as a function of d. For d= 2.75 mm the differences for 
these five points are virtually negligible, c) Photograph of a short 
deflection plate with lip. d) Photograph of the assembly of short 
and long deflection plates.
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in Jig. 7. The cup ‘captures’ all positively charged par­
ticles that pass through the opening. The sum of the 
charges of all these particles is measured by a current 
integrator. Electrode Ej is at a low negative voltage, 
which ensures that secondary electrons generated on 
the outside wall of the cup do not enter the cup and 
affect the result of the measurement. Electrode E2 
captures the secondary electrons produced in the cup. 
Electrode E3 captures positively charged particles of 
low energy, produced by ion collisions inside the cup. 
Electrode E^ captures the ions from the beam that 
have passed through the opening of the cup. The cur­
rents through E2 and E3 also contribute to the meas­
ured result.

Fig. 7. Diagram of the cross-section of the Faraday cup FC with 
opening OFC; see fig. 5, and with the electrodes Ei-t. Electrode £4 
captures the ions from the beam. The result of the measurement 
with the current integrator connected to £4 is a measure of the im­
plantation dose. £1 repels secondary electrons from outside the 
cup. The charged particles captured by E2 and E3 contribute to the 
measured result.

The ion sources

As we have seen, it is very important that the ion 
source in an ion-implantation machine should give a 
high current of the appropriate ions. We shall now dis­
cuss five ion sources that are used in our implantation 
machine. It will be shown that each source has its 
characteristic advantages and disadvantages. As noted 
earlier, the ion source in an implantation machine for 
research should be easy to change.

Ions are produced by collisions between electrons 
and atoms. To produce a singly charged ion the col­
liding electron should have an energy above a thresh­
old value that is generally between 5 and 10 eV, de­
pending on the element. (This threshold value ex­
pressed in volts is called the ionization potential.) To 
change a singly charged ion into a doubly charged ion 
the electron must have an energy higher than a thresh­
old value of 15 to 30 eV. In general, doubly charged 

ions can be changed into triply charged ions at an 
electron energy higher than a threshold value of 30 to 
100 eV. In the plasma generated in ion sources the 
electrons are therefore made to travel the greatest pos­
sible distance at a kinetic energy sufficiently high to 
produce the required ions. In four of the ion sources 
described here the electrons acquire their kinetic ener­
gy from an electrostatic field between an anode and a 
cathode. The fifth source makes use of microwaves 
for the energy transfer. The electrons are made to 
travel a long path through the action of a magnetic 
field, which forces the electrons into a helical path, 
whose radius is given by equation (1). The pressure in 
the source is a compromise. On the one hand a large 
number of ions is desirable, so there must be sufficient 
gas to supply these ions. On the other hand, it is un­
desirable for multiply charged ions to lose their charge 
through collisions with other particles. A pressure 
smaller than 10-2 mbar is normally used.

The ions produced are drawn from the source with 
the aid of an extraction electrode, located a short 
distance — about 5 mm — from the actual source and 
at a potential of - 30 kV with respect to the source. 
The extraction electrode is at the same time the input 
diaphragm for the separator; see fig. 4. Since the 
plasma is a good conductor, the boundary of the 
plasma corresponds to an equipotential surface, so 
that the ions leave the surface of the plasma perpendi­
cularly. The gas pressure and the general discharge 
conditions in the source determine the shape of the 
plasma at the extraction aperture. Apart from the 
Maxwell-Boltzmann distribution, this shape and that 
of the extraction electrode thus determine the diver­
gence of the ion beam as it leaves the source.

The five ion sources will now be briefly reviewed. 
(The sources in their original version were a product 
of High Voltage Engineering.)

The hollow-cathode source

Fig. 8 shows the principle of the hollow-cathode 
source, also known by the name of its first manufac­
turer as the Danfysik source. A great advantage of the 
source is that both gases and solids can be ionized. 
These are evaporated in a ceramic oven. The maxi­
mum oven temperature is 1500 °C, which is high 
enough for many elements to reach a sufficiently high 
vapour pressure. To produce ions of elements for 
which this does not apply, it is necessary to start from 
compounds. The difficulty with the use of compounds 
is that many unwanted ions are produced.

In the hollow-cathode source the electrons for the 
plasma are supplied by a filament which connects two 

161 K. J. van Oostrum, CAD in light optics and electron optics, 
Philips Tech. Rev. 42, 69-84, 1985.
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40 mm

50 V VfU 30kV

Fig. S. The hollow-cathode source. Ov oven. A anode. K cathode, 
consisting of two parts. The two parts are connected by the filament 
Fil. Vfu filament voltage. E extraction electrode. I ion-beam 
current. The source contains a plasma that protrudes from the 
extraction aperture O.

parts of the cathode. A weak magnetic field is applied. 
A strong magnetic field is not necessary since the fila­
ment produces many electrons, giving rise to many 
ionizations. The anode-cathode voltage is low, about 
50 V, to keep the anode-cathode current within bounds. 
Because of the low anode-cathode voltage the spread 
in the ion energy is small.

The versatility of the source makes it particularly 
suitable for research applications. There are a few dis­
advantages: the low anode-cathode voltage produces 
few doubly charged and multiply charged ions, the 
filament has a life of less than 24 hours, and the high 
temperatures of the filament and oven can cause un­
wanted reactions.

The Penning source

The Penning source, see fig. 9, does not have the 
disadvantages of the hollow-cathode source that re­
sult from the use of a filament. The operation of the 
Penning source, which is comparable with the well- 
known Penning gauge [7], is based on ionization with 
a high electric field-strength. The voltage between the 
anode and the cathodes is therefore high, 3 kV, and is 
more than enough to generate triply charged and mul­
tiply charged ions. A strong axial magnetic field makes 
the electrons move back and forth along helical paths 
between the two cathodes. The magnetic field is exci­
ted by a coil (not shown) mounted around the source.

The source is simple and reliable in use, requires 
little maintenance, and can produce a high current of 
multiply charged ions. It can generate, for example, a 
current of 0.1 pA of Ar4+ ions. (These ions therefore 
have a kinetic energy of 3 MeV at an accelerating vol­
tage of 750 kV at the sample.) A disadvantage is that 

only gaseous elements and compounds can be ionized. 
Also, since the ions in the source move in a strong 
electrostatic field, their energy varies a great deal at 
the extraction aperture, so that the energy spread in 
the beam is considerable. If this energy spread is lim­
ited by using a narrow exit slit for the separator, the 
ion current is reduced. If a broad exit slit is used, un­
wanted ions pass through and the angular spread of 
the ion beam also increases.

Fig. 9. The Penning source. The symbols have the same significance 
as in fig. 8. This source does not have a filament, but operates with 
a strong magnetic field of flux density B.

The radial Penning source

The radial-extraction Penning source, shown in 
fig. 10, does not have the disadvantage of a large 
spread in energy because the ions are extracted from 
one place in the plasma, where they all have about the 
same kinetic energy. Except for the ion extraction, this 
source is almost identical with the conventional 
Penning source. It has permanent magnets of samar­
ium-cobalt for ease of construction.

Fig. 10. The radial-extraction Penning source. The symbols have 
the same significance as in figs 8 and 9.
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A disadvantage of this source is that it is necessary 
to use a high plasma density, which means that the 
anode-cathode current is high. The anode-cathode 
voltage associated with this current is about 500 V. 
The high current causes sputtering of cathode materi­
al, which means that the cathodes of the source have a 
shorter life than the cathodes of the conventional 
Penning source. This source is also only suitable for 
the ionization of gases, of course.

The sputter source

The sputter source, shown in fig. 11, has the special 
feature that it will ionize nearly all conducting solids 
whose melting point is not too low, including those 
with a very low vapour pressure (and usually a high 
melting point), e.g. tungsten and tantalum. This 
source also operates with a strong magnetic field; the 
anode-cathode voltage is about 180 V. The magnetic 
field is excited by a coil and can therefore be varied in 
magnitude.

The plasma is formed in argon gas. Ions of this gas 
collide with the cathode and sputter the cathode mater-

Fig. 11. The sputter source. The symbols have the same significance 
as in figs 8 and 9. The two parts of the cathode are coated with the 
element to be ionized.

ial. In the previous source this was a disadvantage, 
but here it is useful, because the two parts of the 
cathode are coated with the element to be ionized. The 
anode-cathode current must be high: 0.5 A. The ions 
formed at the part of the cathode near the extraction 
electrode contribute directly to the ion current. The 
ions formed at the other part of the cathode contri­
bute much less since they cannot easily pass the 
anode. Indirectly, however, this part of the cathode 
does contribute to the ion current by generating neut­
ral particles that are ionized later.

With the sputter source we have obtained currents 
of 30 pA with Ta+ ions, 30 pA with Ta2+ ions, 6 pA 

with Ta3+ ions and 2 pA with Ta4+ ions. (A current of 
1 pA corresponds to 6.25 X 1012 singly charged par­
ticles per second.) With other ion sources it is particu­
larly difficult to ionize tantalum.

The microwave source

In the microwave source, shown in fig. 12, energy is 
not transferred to the plasma by an electrostatic field 
but by a microwave electromagnetic field generated by 
a magnetron [8].

The frequency of the microwave circuit, which is 
connected to the source by a coaxial line, is tuned to 
the cyclotron frequency of the electrons. An equation 
for this frequency can be found by substituting 
Ekin = \ rn(2nfR)2 and z = 1 in equation (1):

The cyclotron frequency is thus the frequency of rota­
tion of the electrons in their helical path in a constant 
magnetic field; this frequency is independent of the 
kinetic energy of the electrons. If the energy increases, 
the radius of the path becomes larger, but the fre­
quency of rotation remains the same.

In our case the frequency of the travelling waves in 
the microwave circuit is approximately equal to

Fig. 12. The microwave source. This source is connected by a 
coaxial line CX to a magnetron MAGN, which supplies microwave 
energy to the plasma in the source. Ant antenna. See the captions to 
figs 8 and 9.

171 F. M. Penning, High-vacuum gauges, Philips Tech. Rev. 2, 
201-208, 1937.

181 J. Ishikawa, Y. Takeiri and T. Takagi, Axial magnetic field ex­
traction-type microwave ion source with a permanent magnet, 
Rev. Sei. Instrum. 55, 449-456, 1984.
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2.45 GHz. It follows from equation (2) that the flux 
density B of the magnetic field in the source must be 
equal to about 0.0875 T (tesla). This field is excited by 
a permanent magnet (not shown in the drawing). This 
means that it is difficult to adjust the strength of the 
magnetic field to the microwave frequency. The 
energy is transferred from the microwave circuit to 
the plasma by a T-shaped antenna.

Because of the relatively low energy of the electrons, 
most of the ions produced are singly charged. An ad­
vantage is that the spread of energy in the ion beam is 
small, since the source does not contain an electro­
static field. The source is only suitable for the ioniza­
tion of gases and gives a relatively large ion current, 
e.g. 400 pA of O2+ ions.

Examples of ion implantation
Implantation of oxygen in silicon

The implantation of a high dose of oxygen ions — 
up to 3 x 1018 cm-2 — at a fairly considerable depth in 
a single-crystal silicon slice makes it possible to pro­
duce ‘buried’ SiO2 layers. If the dose is not too high, 
the surface layer is more or less undisturbed since Ei 
for O+ ions in silicon is only about 30 keV; see fig. 2. 
It is therefore possible to produce integrated circuits 
at the surface on an insulating substrate. The transis-

Fig. 13. a) The concentration co of oxygen in silicon as a function of 
the depth s below the substrate surface. The curves show that the 
implantation of oxygen in silicon produces a ‘buried’ SiO2 layer as 
soon as the relative oxygen concentration reaches the stoichiometric 
value of 66.7 at.%, which corresponds to co = 4.65 x 1022 cm-3. 
Curve 7 corresponds to a dose of 1.5 x 1018 cm-2 and curve II cor­
responds to 2.5 x 1018 cm-2. The curves are the result of meas­
urements by the HEIS method (High-Energy Ion Scattering)!1!. 
b) Micrographs made with a Philips EM400T transmission electron 
microscope of cross-sections of a silicon slice with a buried SiO2 
layer: on the left with no annealing, on the right after annealing for 
two hours at 1200 °C. The second layer is always the amorphous 
SiO2 layer. The surface is at the top and is a (100) plane of the 
original silicon crystal.

tors of such a circuit on an insulating substrate inter­
fere with one another less, are faster, and are also less 
sensitive to cosmic or other radiation.

We have used a micro wave source to implant O2+ 
ions at an energy of 600 keV in silicon. During the 
implantation the sample was heated to a temperature 
of 500 to 600 °C. This high temperature ensured that 
the top layer did not become amorphous and that the 
surplus of oxygen ions could diffuse away upwards or 
downwards. Fig. 13a shows that as a result of this dif­
fusion the relative oxygen concentration does not con­
tinue to increase after the stoichiometric value corres­
ponding to SiO2, 66.7 at.%, has been reached. The 
total quantity of implanted oxygen ions thus deter­
mines the thickness of the SiO2 layer produced. After 
the implantation an annealing treatment is necessary 
to remove local oxygen precipitates from the upper 
layer and to correct for lattice damage. Fig. 13b shows 
cross-sections of the sample before and after annealing 
at about 1200 °C for 2 hours.

Implantations in metals

As noted, the properties of a metal surface can be 
improved by implanting ions. Hardness, wear resis­
tance or resistance to corrosion can be improved in this 
way. We have improved the corrosion resistance of 
copper by implanting aluminium ions. We used a hol­
low-cathode source that supplied Al+ ions with a maxi­
mum dose of 5 x 1017 cm'2 at an energy of 170 keV.

The copper samples were subjected to a corrosion 
test to IEC 68243 KD. At a temperature of 300K treat­
ed and untreated specimens were exposed to air con­
taining 15 ppm of H2S, at a relative humidity of 75 %. 
After 8 hours the untreated copper was found to have 
about 50 times the corrosion of the treated samples.

Fig. 14 shows the results of Auger analyses of the 
treated copper surface after the corrosion test. Pre­
sumably the implanted aluminium was first oxidized 
to A12O3, and the copper at the surface to Cu2O. The 
Cu2O is converted to Cu2S. The A12O3 layer finally 
prevents further corrosion.

191 R. S. Muller and T. I. Kamins, Device electronics for 
integrated circuits, Wiley, New York 1984, p. 374;
S. M. Sze (ed.), VLSI technology, McGraw-Hill, New York 
1983, p. 483;
W. G. Gelling and F. Valster, The new centre for submicron IC 
technology, Philips Tech. Rev. 42, 266-273, 1985/86.

1101 R. D. Rung, C. J. Dell’oca and L. G. Walker, A retrograde 
p-well for higher density CMOS, IEEE Trans. ED-28, 
1115-1119, 1981.

[11] D. Pramanik and M. I. Current, MeV implantation for silicon 
device fabrication, Solid State Technol. 27, No. 5 (May), 
211-216, 1984;
C. McKenna, C. Russo, B. Pedersen and D. Downey, Applica­
tions for MeV ion implantation, Semicond. Int. 9, No. 4 
(April), 101-107, 1986.

1121 J. Hilibrand and R. D. Gold, Determination of the impurity 
distribution in junction diodes from capacitance-voltage meas­
urements, RCA Rev. 21, 245-252, 1960.
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Fig. 14. Results of Auger analyses of a copper sample in which alu­
minium has been implanted to improve the corrosion resistance. 
After the implantation the sample was subjected to a corrosion test 
with H2S gas and humid air. The scales for the concentrations cs, 
Ccu, co and Cai of the four different elements in the sample are not 
comparable. The only known value is cCu = 100% for a depth s 
greater than 100 nm. Before the corrosion test the maximum rela­
tive value of cAi was approximately 25 at.%.

High-energy implantations of phosphorus in silicon

In CMOS technology the normal practice for making 
‘wells’ in the substrate 191 is to use low-energy ion im­
plantation followed by drive-in annealing. The an­
nealing enables the atoms of the implanted element to 
diffuse more deeply into the substrate. Disadvantages 
of this procedure are that lateral diffusion occurs, the 
heat treatment takes a good deal of time and it is only 
possible to obtain profiles whose concentration de­
creases with depth. What are wanted in the substrate, 
however, are wells in which the donor or acceptor con­
centration increases with depth, reaches a maximum 
and then decreases rapidly. Wells with a concen­
tration profile of this type are called ‘retrograde 
wells’ 1101. They can be made by means of high-energy 
implantations. In CMOS circuits formed from retro­
grade wells the resistivity at the bottom of the wells is 
lower, so that there are fewer rejects due to ‘latch-up’ 
— a kind of short-circuiting caused by the formation 
of parasitic thyristors via the substrate.

Almost any shape of concentration profile can be 
obtained by combining implantations of different dose 
and energy1111, so that the concentration profiles of 
the separate implantations are added together. In this 
way the particular profiles can be made that will 

ensure the best possible operation of the components 
of the integrated circuits. To obtain more information 
about such multiple implantations we have carried 
out a number of implantations at different energies 
and measured the corresponding concentration pro­
files. These were implantations of phosphorus in sili­
con at energies of 200 to 1400 keV, in steps of 200 keV. 
Up to 800 keV we used P+ ions and above it we used 
P++ ions. Fig. 15 shows the results. The profiles were 
determined by means of the capacitance-voltage (CV) 
method 1121.

Fig. IS. Result of concentration-profile measurements made by the 
CV method1121. The concentration cP of phosphorus implanted in 
silicon is plotted as a function of the depth s. The different curves 
correspond to implantation energies from 200 to 1400 keV. Virtual­
ly any implantation profile can be obtained by combining a number 
of these or other curves.

Summary. Since the high-voltage section of the ion-implantation 
machine developed at Philips Research Laboratories is not 
insulated by gas under pressure in a tank, changing the ion source is 
relatively easy. The machine is therefore particularly suitable for 
research. The accelerating voltage is high, 800 kV, so that heavy 
elements can be implanted in heavy substrates. There are two target 
chambers, one designed for treating silicon slices for IC manufac­
ture, the other designed for other samples, including metals. 
Implantations in metals can improve properties such as hardness or 
resistance to corrosion. The half-width of the beam cross-section 
and the location of the pattern of the beam scan on the sample are 
evaluated with the aid of a wire frame around the sample; the wire 
frame is earthed through a milliammeter. The implantation dose is 
measured with a Faraday cup. Five ion sources have been tested: 
the hollow-cathode source, the Penning source, the radial-extraction 
Penning source, the sputter source and the microwave source. 
Some examples are given to demonstrate the usefulness of the 
machine: implantation of buried oxygen layers in a silicon slice, 
implantation of aluminium to improve the corrosion resistance of 
copper, and the determination of a number of concentration pro­
files for phosphorus in silicon at different energies.
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A laser-Doppler displacement meter

R. J. Asjes, C. S. Caspers and C. H. F. Velzel

In the manufacture of products such as wire, textiles 
or paper the moving length of material can be meas­
ured by pressing a runner wheel with a revolution 
counter against the surface of the moving material. 
This widely used method has its problems, however. 
The runner wheel can easily slip, resulting in an in­
accurate measurement, and the material may be dam­
aged by the wheel, which has to be in contact with it.

At the Philips Centre for Manufacturing Technol­
ogy a displacement meter based on the laser-Doppler 
principle has now been developed. The instrument 
can be used for measuring displacements of widely di­
verse materials without being in contact with the mat­
erial and with an error of less than 0.2%. Before 
looking more closely at the instrument itself, we shall 
first touch briefly on the laser-Doppler principle.

When a laser beam is split into two beams that are 
made to intersect, an interference pattern is produced 
in the intersection volume; see fig. 1. This interference 
pattern consists of light and dark planes, parallel to 
the ‘optical axis’ and perpendicular to the plane of the 
drawing. A small particle moving through the inter­
section volume passes through alternate light and 
dark planes. When it passes through a light plane it 
will scatter light, but not when it passes through a 
dark plane. If 3 is the distance between the successive 
light planes, and vp is the velocity of the particle per­
pendicular to the planes, intensity variations in the 
scattered light can be observed, with a frequency

/d = • i1)3

The principle of a laser-Doppler velocity measure­
ment is that the frequency /D is measured and the 
velocity Up is calculated: the distance 3 can be cal­
culated from the geometry of the configuration and 
the wavelength of the laser light.

In the situation shown in fig. 1 the detector has to 
have a very wide frequency range, since a high veloc­
ity implies a high frequency and a low velocity a low 
frequency. At very low velocities this can present 

Ir R. J. Asjes, Ing. C. S. Caspers and Dr Ir C. H. F. Velzel are with 
the Philips Centre for Manufacturing Technology (CFT), Eind­
hoven.

problems. The difficulty can be overcome, however, 
by arranging for the planes of the interference pattern 
to move at a constant velocity vg. If we assume that 
the direction of ug is opposite to that of up, then the 
frequency of the intensity variations is

uD + vz
fm= (2)3

where fm is the modulation frequency observed, up is 
the velocity of the particle, fD is the Doppler frequen­
cy corresponding to the velocity up given by Eq. (1), 
and/g is the frequency observed when up = 0. In this 
way, intensity variations (at a frequency /g) are also 
observed when the particle itself is stationary, as the 
interference planes ‘pass over it’. The interference 
pattern can be made to move by using a circular grat­
ing as the beam splitter. (The lines of such a grating 
are arranged radially around the circumference of a 
disc.) If the grating is rotated at a constant angular ve­
locity, the planes in the interference pattern will also 
move at a constant velocity [1]. When the interference 
planes move in the opposite direction to the particle, 
the frequency observed increases in proportion to the 
increase in the velocity of the particle. In reality, of

Fig. 1. The interference pattern obtained by splitting a laser beam 
into two beams and then making them intersect. The pattern con­
sists of light and dark planes perpendicular to the plane through the 
two beams. If I is the wavelength of the laser light and <p the angle 
between either beam and the optical axis, then the distance d be­
tween the two maxima in the interference pattern is 3 = 2/(2 sin 0). 
The length of the interference pattern in the direction of the veloc­
ity and length measurement is
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course, there will not be just a single particle, but the 
surface of something like a cable or a wire, for ex­
ample. Such a surface will almost invariably contain 
enough small asperities to represent a stream of par­
ticles whose mean velocity is measured.

As appears from Eq. (2) either/m or /g can be kept 
constant. Usually it is preferable to keep /g con­
stant [11. This can be done by rotating the circular grat­
ing at a constant angular velocity. When the velocity 
Up changes, so too does the observed frequency /m. 
We have preferred, however, to keep /m constant (at 
least approximately)[2]. This is done by controlling 
the angular velocity of the grating — and hence /g — 
so that /m always has about the same value. In this 
way, velocity and displacement can be determined in 
principle from the angular velocity of the grating, 
which is continuously measured by tachogenerator 
(we shall return to this presently). Some calculation is 
still necessary, however, since we do not keep fm 
exactly constant. If we did, it would be only be neces­
sary to measure Jg to determine vp. However, keeping 
/m accurately constant would require an extremely 
refined control system. Keeping /m only approx­
imately constant means that the bandwidth of the 
processing electronics can be much smaller, and the 
velocity can be calculated very accurately from the two 
measured values of fm and /g.

We shall now look briefly at the mechanical part of 
the instrument (the ‘measuring head’) before dealing 
with the electronics in more detail.

The light source of the instrument (see fig. 2) is an 
HeNe laser with a radiated power of about 2 mW at a 
wavelength of 632.8 nm. The laser beam is focused on 
the rotating grating, and an image of the grating is 
produced on the moving surface of the object by the 
objective. Between the grating and the objective there 
is a diaphragm with two apertures, which passes only 
the two first-order beams and stops those of higher 
order. The light scattered by the object is focused on 
the detector, a silicon P-I-N diode, by a condenser, 
which consists of a combination of two plastic Fresnel 
lenses. These have a large diameter (so that they inter­
cept much of the scattered light), and they are flat, 
light and inexpensive. Each lens has two holes for the 
two beams to pass through; the detector is mounted 
between the two beams. The optical system described 
here contains a minimum of optical components. The 
focusing lens and the objective must have good imag­
ing characteristics and can be relatively small (about 
2 cm). The condenser, on the other hand, does not 
need to have such good imaging characteristics but 
it does have to be relatively large (about 10 cm), as we 
noted earlier. It is therefore convenient to use dif­
ferent lenses for objective and condenser. (The same

Fig. 2. a) Diagram of the ‘measuring head’ of the displacement 
meter. La HeNe laser. Li focusing lens. G rotating grating. D dia­
phragm that passes only first-order beams. L2 objective lens. Det 
detector. L3 condenser, consisting of two Fresnel lenses. Ob object 
whose displacement is to be measured. /w distance between the front 
of the measuring head and the object (working distance). 
b) Photograph of the measuring head. All the components are con­
tained in square mounts connected to each other by four steel rods. 
The cylindrical laser is on the right between the rods; the Fresnel 
lens can just be seen on the left.

lens is often used for both functions, which makes the 
optics fairly expensive since a large lens with good 
imaging characteristics is required.) All the compo­
nents are contained in a ‘measuring head’, made from 
components of a commercially available assembly 
system.

The electronic processing of the signal will be ex­
plained with the aid of the simplified diagram in^g. 3. 
The detector signal is fed to a preamplifier and a filter 
that passes frequencies between 420 kHz and 485 kHz. 
The signal passed by the filter is converted by a pulse 
shaper into a binary signal that drives a phase-locked 
loop consisting of a mixer (in our case an exclusive 
OR gate), a switch, an integrator and a voltage-con­
trolled oscillator. The amplitude of the input signal of 
the pulse shaper is used for keeping the switch in the

111 J. Oldengarm, Development of rotating diffraction gratings 
and their use in laser anemometry, Opt. & Laser Technol. 9, 
69-71, 1977.

[21 The idea of keeping the modulation frequency constant is due 
to M. P. Weistra of Philips Research Laboratories, Eindhoven; 
see Netherlands patent application No. 8301917, 31 May 1983.
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Fig. 3. Simplified block diagram of the signal-processing electronics, described in the text. fm fre­
quency of the input signal. A preamplifier. Fbandpass filter. PS pulse shaper. Mix mixer (here an 
exclusive OR gate). S switch. Cap capacitor (integrator). VCO voltage-controlled oscillator. 
Mix, S, Cap and VCO form the phase-locked loop PLL. Pres circuit for checking whether 
the amplitude of the input signal is smaller than the threshold voltage Kh- If it is, S is opened. 
Contr control circuit for the motor that drives the grating. Kef reference voltage. M motor for the 
grating. T tachometer.^ frequency of the interference-pattern movement. Ctr difference counter. 
latch counter-latching device. /D Doppler frequency corresponding to the velocity i>p (given by 
Eq. 1). pC microcomputer. Dis display panels that display the measured velocity up and the 
displacement /p.

phase-locked loop closed. When the amplitude of the 
detector signal falls below a threshold value Vth, e.g. 
if the signal is interrupted, the switch opens and the 
voltage-controlled oscillator continues to oscillate for 
about a second. In this way the system is protected 
from short interruptions. The input voltage of the 
oscillator is compared with a reference voltage Viei; 
the difference voltage is used for driving the grating 
motor. The effect of this is to limit the frequency of 
the detector signal to a band of a few kHz about a 
mean value of 455 kHz, which makes the analog part 
of the circuit considerably simpler I2]. The output 
signal of the phase-locked loop consists of pulses at 
the frequency fm. The frequency fg at which the inter­
ference pattern moves is obtained from a tachometer 
mounted on the shaft of the motor that drives the grat­
ing. The pulse trains from the phase-locked loop and 
the tachometer are fed to a latched difference counter. 
A microcomputer determines the sampling time ts 
(in our case 1/800 s) in which the frequencies fm 
and ft are subtracted one from another. After a 
time ts the contents of the counter amount to 
(Jm - /g)4 = /d x is. As this value is latched after each 
sampling interval, it is available for the micro­
computer during the next sampling interval. The com­
puter applies a calibrating factor, to give/D x 4 direct­
ly as the mean velocity over the sampling interval that 
has just elapsed. It also counts the successive values of

Table I. Some numerical data for the displacement meter. The sym­
bols are explained in figs 1 and 2.

Maximum measurable displacement 16 km
Maximum measurable velocity 12 m/s
S 0.02 mm
li 1 mm
lv (minimum) 60 mm
Zw (maximum) 75 mm

fo x 4 during a period of time, to give the displace­
ment that has occurred during that time.

It can be shown by error analysis that the inac­
curacy of the result of the measurement is about 
0.03% when the velocity of the object is constant[si. 
If it is not constant, an absence of signal (e.g. because 
of a brief interruption of one of the two light beams) 
can introduce an error in the measured displacement. 
However, if the signal is present for 90% of the time, 
the standard error is still less than 0.2% — much 
less than with conventional methods of displacement 
measurement. The principal data of the instrument 
are listed in Table I.

131 C. H. F. Velzel, Laser Doppler displacement meter with 
controlled grating speed, Proc. Int. Conf, on Optical 
techniques in process control, The Hague 1983, pp. 289-294.
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15)37 THEN AND NOW 1W7

Measuring instruments
By 1937 there was already a 

need for an easily operated test set 
that could be used for various elec­
trical measurements on devices 
such as ‘wireless valves’ (photo 
lower right)1*1. The operation of 
the test set was substantially auto­
mated by using a contact bridge 
with 140 contacts. Inserting the 
‘code card’ for a particular valve 
(photo lower centre) set the instru­
ment up correctly in a single opera­
tion. Certain effects such as short- 
circuits between electrodes or a 
broken filament were indicated by 
signal lamps; other characteristics 
could be read from a milliammeter 
with its scale divided into two regions: blue for ‘pass’, 
red for ‘fail’.

In 1987 instruments generally contain the most 
modern electronic components such as memories and 
microprocessors. Our example is the highly advanced 
PM3320 digital storage oscilloscope (large photo). 
This instrument can be used for measuring analog sig­
nals with a bandwidth of no less than 200 MHz. It 
does so with the aid of PZCCD memories 1**1 and ana- 
log-to-digital conversion with an accuracy of 10 bits. 
The oscilloscope also includes a memory that will store 
more than 4x4000 measured values. Mathematical 
manipulations, such as the multiplication of two sig­
nals, can be performed before display on the screen 
(lOcmx 12 cm). If the two signals represent current

and voltage, for example, a curve representing the in­
stantaneous power is obtained. The number of con­
trols is kept as small as possible by introducing eight 
variable-function ‘soft keys’ next to the screen (photo 
lower left). The actual functions in use are shown on 
the screen. Without this facility the PM 3320 would 
need more than 100 controls. The complete setting-up 
routines for certain frequently made measurements 
can also be stored in the memory of the instrument, so 
that it can be set up instantaneously at the touch of a 
key.

[*! From Philips Technical Review, February 1937.
t**1 See also H. Dollekamp, L. J. M. Esser and H. de Jong, P2CCD 

in 60 MHz oscilloscope with digital image storage, Philips 
Tech. Rev. 40, 56-68, 1982.
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Quantitative measurements by the Schlieren method

G. Prast

In many different areas of technology the tolerances for the dimensions of parts and compo­
nents are very strict. This means that inaccuracy of form and surface roughness must be as low 
as possible. Checking workpieces for these requirements can be difficult and sometimes it can 
only be done in the laboratory. In production conditions the Schlieren method may provide 
the answer. The combination of digital computation with this originally qualitative method 
from the last century allows us to use it for quantitative measurements.

Roughness and shape of surfaces
With the growing importance of optics — in the 

storage and exchange of digital information, for ex­
ample — optical components such as mirrors and 
lenses will make an even greater contribution to Philips 
products than in the past. The specifications for the 
shape and surface roughness of lenses and mirrors are 
extremely demanding. The shape of the aspheric ob­
jective lens in the tracking mechanism of a LaserVision 
or Compact Disc system — a lens that can take the 
place of a system of four spherical lenses for reading 
out the information on a Compact Disc — must not 
differ from the standard by more than 0.1 pm. Obvi­
ously, it only makes sense to manufacture these ex­
tremely precise optical components if we can find out 
whether the product meets the specifications. The 
moulds for pressing the lenses can be made with the 
COLATH high-precision lathe[1]. The normal practice 
so far has been to inspect the optical components 
afterwards. A number of optical components are then 
assembled to form a unit that must satisfy some easily 
checked criteria. This ‘post’-inspection can mean that 
the moulds have to be machined once again. It is bet­
ter to have a method that can be used to assess the 
quality of the mould when it is being made. If such a 
method can also be performed on the lathe itself, any

Ir G. Prast is with Philips Research Laboratories, Eindhoven. 

errors can be corrected immediately, without the need 
for repeated setting up, which can introduce new er­
rors. Making optical components is only one use of 
this high-precision machining technique, of course. 
The specifications for the shape and roughness of mach­
ined surfaces for other purposes may be just as strict.

Two types of measurements are widely used for de­
termining the shape and roughness of surfaces: mech­
anical methods and optical methods. In the mechani­
cal methods of measurement a thin stylus is moved at 
constant velocity over the surface. During the move­
ment the stylus is pressed lightly against the surface so 
that it follows its contours. The movement of the stylus 
perpendicular to the surface is measured and gives the 
roughness and shape of the surface. The mechanical 
methods have their disadvantages: they are time-con­
suming, sensitive to vibrations and cannot be used for 
all materials because of the direct contact between sty­
lus and surface. Nor are they very practical for inspec­
tion during production, because the workpiece usual­
ly has to be moved elsewhere for the measurement.

The optical methods of measurement do not have 
the disadvantage of direct contact between workpiece 
and measuring device. This category includes light­
scattering methods, interference methods and the 
Schlieren method. The Schlieren method is an ex­
ample of an originally qualitative method that has since 
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been made quantitative by using modern equipment 
and digital signal processing, so that it can easily be 
used in production conditions. In this article we shall 
look first at the principle of the method and then dis­
cuss its application in a special type of microscope.

Principle of the Schlieren method
The method was introduced in the middle of the 

last century by J. B. L. Foucault as a way of checking 
the quality of large astronomical mirrors. A few years 
later A. Topler discovered a new application: study­
ing inhomogeneities in the flow of gases, e.g. in wind 
tunnels. It was this application that gave the method 
its name. A ‘Schliere’ or ‘streak’ is a thin zone of loc­
ally different refractive index in a transparent object. 
Light incident on the Schliere emerges in a different 
direction from the direction it would take in the 
absence of any such inhomogeneity. The change in di­
rection is a measure of the inhomogeneity (or of the 
irregularity in the surface of an object if the light is re­
flected). A purely qualitative observation of a number 
of inhomogeneities in the refractive index of air can 
be seen in fig. 1.

Fig. 1. This picture, made by the Schlieren method, shows a bullet 
travelling through the air above two candle flames. This photo­
graph is taken from the book of note [2] (page 560).

Differences in the refractive index of parts of a 
transparent object are not always easy to observe. It is 
possible, however, to enhance the contrast between 
light beams that pass through parts of the object with 
different refractive indices. This is done by screening 
off a part of each light beam emerging from the ob­
jectt2]. Fig. 2 shows the principle of the method. 
Lenses and Ei produce an image of the light source 
B, and lenses L2 and L3 produce an image of the ob­
ject O on the screen S. Part of the beam is screened off 
by the knife-edge K at the point where the image of 
the source is formed. The ‘Schliere’ is therefore 
shown on the screen as a streak that is more brightly 
illuminated than the background, since a smaller part 
of the beam from the ‘Schliere’ is intercepted by the 
knife-edge, as compared with neighbouring locations. 
In this example the object is transparent, but the same 
measurement method can of course be used with a re­
flecting object. Light source and screen are then situ­
ated on the same side of the object.

By measuring the light intensity (illuminance) on 
the screen the location of any inhomogeneity in the 
object or of any irregularity on its surface can be de­
termined. Originally this method was mainly qualita­
tive, but now that accurate photodiodes are available 
(in our configuration we use a row of 1024 CCD 
photodiodes with dimensions of 13pmx 13 pm on a 
single chip), and large amounts of measured data can 
be processed rapidly by computer, quantitative meas­
urements are possible.

In the remainder of this section we shall derive 
these quantitative results. We shall initially assume 
that we have a configuration with ideal optical com­
ponents. Later we shall see that errors that arise be­
cause these components are not ideal can be elimi­
nated by using differential measurements.

Configuration with ideal optical components

In the arrangement shown in fig. 2, is an optical­
ly perfect lens and B is a light source that illuminates 
the object plane uniformly. A planar wavefront is in­
cident on the object. If we assume that the gradient in 
the optical pathlength sopt through the object at posi­
tion P is dsovJdx, then the wavefront, which was truly 
planar before it met the object, will have a correspon­
ding local deviation. There can be two reasons for a 
gradient in the optical path through the object. The 
refractive index in the object may differ from point to

[1] J. Haisma, W. Mesman, J. M. Oomen and J. C. Wijn, 
Aspherics, III. Fabrication, testing and application of highly 
accurate aspheric optical elements, Philips Tech. Rev. 41, 
296-303, 1983/84.

[2' H. Wolter, Schlieren-, Phasenkontrast- und Lichtschnittver­
fahren, in: S. Flügge, Handbuch der Physik, Bd. 24, Springer, 
Berlin 1956, pp. 555-645. 
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point, or the object may be thicker or thinner in some 
places. If it is thicker or thinner the relation between 
the gradient in the object and the deviation in the 
shape of the wavefront can be explained in the follow­
ing way. Consider an object of the shape shown in 

of the wavefront) is equal to dl(cln) and also to 
Az/c + (tZ-Az)/(c/«) + Edlc. The distance Ed by 
which the wavefront at the position Ax is ‘ahead of’ 
the wavefront at x = 0 is therefore Nd = Nz(n - 1). 
The tangent of the angle a between the wavefront and

Fig. 2. d) Example of a configuration for the Schlieren method. An image of a rectangular light 
source B is formed by two lenses (Li and L2 with focal lengths /i and f2) at the focal plane of the 
second lens (blue beam). Between Li and L2 there is a transparent object O. An image of the 
object is produced on the screen S by the lenses L2 and L3 (red beam). At the focus of the second 
lens there is a knife-edge K. The coordinate perpendicular to the knife-edge is X, and z indicates 
the direction perpendicular to the object, b) Half of a light beam originating from an arbitrary 
point P of the object is screened off by the knife-edge, c) If there is an inhomogeneity in the object 
at the position P, a light beam is deflected through an angle a. The result is that less than half of 
the beam originating from P is screened off by the knife-edge. The image of the light source 
produced at the focal plane of the second lens by the light incident on the object through point P 
is displaced by a distance A h. The inhomogeneity is visible on the screen as a streak brighter than 
its surroundings.

fig. 3, with a planar wavefront WF incident on it at 
time t. The position of the wavefront is indicated at a 
number of times separated by a fixed interval A t. In 
equal intervals At the wavefront travels identical opti­
cal pathlengths. (The optical pathlength is the product 
of distance and refractive index.) The object is made 
of a material with a refractive index n higher than that 
of the surrounding air. The velocity of the wavefront 
in the object is 1/n times the velocity in air. Conse­
quently, at positions where the object is thinner the 
wavefront reaches the position z = d earlier. The dis­
tance the wavefront has travelled at x = 0 between 
t + Ai and t + 3Ai is exactly equal to the thickness d 
of the object. At x = Ax this distance is d + Nd. The 
time 2 A 7 (the distance travelled divided by the velocity 

the z-axis is:

Nd Nz(n - 1) 
tan a = — =--------------.

Ax Ax

If 0 is small — the Schlieren method can only be used 
if it is — then a is also small and we therefore have:

Nz(n — 1) 
a =------------- .

Ax

The deflection of the light rays, which are perpendicu­
lar to the wavefronts, is therefore proportional to the 
ratio NzlNx, which is equal to the gradient dz/dx in the 
limit for small distances.

At the focal plane of L2 the image formed of the 
light source by light rays passing through point P is 
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displaced by a distance Eh = af2. This implies that the 
intensity of the light passing the knife-edge increases 
because of this gradient. With no gradient the light in­
tensity (Io) is proportional to | h, whereas with a grad­
ient (Io + AZ) it is proportional to + A/z, where h 
is the dimension of the image of the light source. The 
relative increase in intensity at the screen as a result of 
the gradient is

AZ Eh af2 hEI
~T = Th=Th 0T a= tFT' (1)

The gradient can thus be directly determined from the 
measured relative increase in intensity.

The sensitivity of the method is

dA(Z/Z0)
da h I ’

where h = (f2lj\)l, with I the dimension of the light 
source perpendicular to the optical axis and perpendi­
cular to the edge. By increasing J\ or reducing I the 
sensitivity of the method can be increased, within cer­
tain limits. The sensitivity cannot be increased indef­
initely, however, because the measurement range also 
depends on these two quantities. If Eh = af2>\ h, the 
image is either fully illuminated or fully blacked out 
and the image intensity is no longer linearly depen­
dent on the gradients. In addition, diffraction effects 
become significant if the dimensions of the light 
source become too small.

Fig. 3. The relation between the gradient in the optical path and the 
perturbation of the wavefront. The grey area represents part of a 
transparent object of thickness d, in which a wedge-shaped piece 
(with an apex angle 0) is missing. A plane wavefront WF is incident 
on the object from the left at time tj. The position and shape of the 
wavefront are shown at a number of times Zi to Ze at intervals of Az. 
The blue continuous lines represent the light rays, which are per­
pendicular to the wavefronts. At the height of the wedge the light 
rays leave the object at an angle a.

Configuration with real optical components

The above argument only applies for perfect optical 
components and uniform illumination of the object. 
In reality, neither condition can be satisfied. Never­
theless the Schlieren method remains useful because 
these drawbacks can be overcome by making four 
measurements of the light intensity on the screen S: 
with and without a knife-edge and with and without 
an object.

The intensity without knife-edge and without ob­
ject is given by:

Zo = cx,yhb, (3)

where cx,y is the position-dependent illumination of 
the plane where the object will be located, and h and b 
are the height and width of the image of the source 
that will be produced at the knife-edge. Next, the 
knife-edge is introduced in such a way that the actual 
edge is situated on the optical axis of the configura­
tion. Owing to imperfections in the positioning of the 
lenses, however, the centre of the image does not lie 
exactly on the edge but is separated from it by a dis­
tance ^Xty. With a knife-edge and without object the 
intensity is:

Io = cx,y(^h + ^Xiy)b. (4)

The knife-edge is then removed and the object put in 
its place. The intensity with object and without knife- 
edge is:

I' = cx,yhbTx<y, (5)

where Tx,y is the transmittance of the object. Finally 
the intensity is measured with both knife-edge and ob­
ject present:

Z = h + 6,X)y + UX^yf)bTXiy, (6)

where/is the focal length of the second lens. We now 
have two relative measurements of the light intensity: 
IoHo measured without an object and Z/Z' measured 
with an object. The difference Mx<y between these 
measurements is:

I Io ^X,y(^h + ^Xfy + aXyyf)bTX,y 
CX,yhbTXty

cx,y(2h + £x,y)b _ Ox,yf 
cxyhb A ( 9

Between MXty and ax<y we therefore find a simple re­
lation in which a correction is made not only for the 
imperfections of the lenses and the source but also for 
different diode sensitivities. The only requirement for 
the diodes is that they should produce a signal that is 
proportional to the incident light intensities. The 
measurements without an object are in effect a cali­
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bration of the measurement configuration and only 
have to be made once.

The Schlieren microscope
The Schlieren method is a useful means of meas­

uring thickness differences and refractive-index varia­
tions in transparent objects. The principle can also be 
applied successfully in a microscope. This is not self- 
evident, because in deriving the quantitive method we 
used geometrical optics, which cannot always be used 
directly for the theory of image formation in a micro­
scope.

It is possible to make f2 and f3 in fig. 2 large so as 
to obtain a high magnification. For example, with 
f2 = 30 mm and f3 = 400 mm we obtain a magni­
fication of 13 times. With the diode dimensions of 
13 pm x 13 pm we thus look at ‘points’ in the object 
of 1 pm x 1 pm. We have then in fact made a micro­
scope. However, we shall have to show in another way 
that the linear relation between the light intensity in 
the image and the gradient at the corresponding point 
in the object, as derived by geometrical optics, is pre­
served. This can be done by applying Abbe’s calcula­
tion of image formation in the microscope to the case 
where half the diffraction pattern formed at the back 
focal plane of the objective lens (the Fourier plane) is 
covered and the image is formed by the uncovered 
half. From the calculation given below it will be seen 
that the Schlieren theory remains valid as long as the 
diffraction orders in the Fourier plane overlap [31.

This condition can be derived as follows. A microscope forms an 
image of a reflecting object with a surface whose height follows a 
sine function: z = zo +1 Az cos Qx, where fi is the spatial frequency 
of the irregularity, z the coordinate parallel to the optical axis and x 
is the coordinate perpendicular to the optical axis and perpendicu­
lar to the knife-edge. An incident plane wave E = Eq cos(wr - kz), 
where E is the amplitude and k the circular wave number, is reflec­
ted:

E = Eo cos(a>t + kzo + kAz cosQx)
= Ea [cos(mr + kz0) cos(£Az cos fix)

- sin(cui + kz0) sin(£Az cos fix)].

For kAz ; 1 this becomes

E = Eq [cospiU + kz0)
— t kAz sin(coi + kz3 + fix) -j kAz sin(cur + kz0 - fix)]. (8)

The different terms in this expression represent the orders 0, 1 and 
-1 of the difraction pattern. At the focal plane of the objective 
they are imaged as three points spaced by fQik, where/is the focal 
length of the objective. In reality there is not just a single plane 
wave incident on the object, but a beam originating from the light 
source, which has non-zero dimensions. At the focal plane of the

Fig. 4.The location of the diffraction images of order -1,0 and + 1 
relative to the knife-edge. In fact the three images are only displaced 
at right angles to the edge, but for clarity they are shown here dis­
placed along the edge as well. AE indicates the centre of the image of 
height h, and C is the position of the knife-edge in the diffraction 
image. There are three regions: AA ' BB', where all three diffraction 
images pass the knife-edge. BB' CC, where only the zero-order 
and Ist-order diffraction images pass the knife-edge, and CCDD', 
where only the lst-order diffraction image passes the knife-edge. 
The images are spaced at a distance fQlk.

objective three images of the light source are formed, as shown in 
fig. 4. Light waves originating from the same point in the light 
source and reaching the same point in the image via different paths 
(the different orders) will interfere with each other. The amplitudes 
of the interfering light waves have to be added. After squaring and 
integrating over the light source we obtain the intensity pattern of 
the image.

Since one, two or three diffraction orders may pass the knife- 
edge, there are three different regions in the diffraction pattern:
• In the region between AA ' and BB', where all three orders of the 
diffraction pattern pass the knife-edge, the amplitude Eab of the 
wavefront is:

Eab = £o[cos(<uZ + kz3) - kAz cosfixsin(wr + kz0)},

or

e!b =
Eq [cos2(cur + £zq) - IkAz cos fixsin(cur + kzo) cos(a>t + kz0)],

with the condition that kAz •; 1. The surface is given by

Sab = \\h + i-fQ!k}b,

and the total intensity 7Ab in this region is:

AB = SAB/£iBdr = l^ + f-^jE026. (9)

• Next we consider the region between BB' and CC, where only the 
zero-order and lst-order diffraction images pass the knife-edge. 
Here we have:

Ebc = £o[cos(tor + Ezo) - | kAz sin(cui + kzo + fix)],

or

Ebc = E2[cos2(ojt + kz0) - kAz(cosz(cot + kzo) sin fix 
— kAz sin(a>t + kzo) cos(cur + kzo) cos fix)].

For the surface of this region Sbc = (fQlk)b. The total light 
intensity on this area is:

Ibc = | ----- 4 [1 - kAz sin fix]. (10)
2 k
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• Finally, for the region between CC' and DD', where only the 
Ist-order image passes the knife-edge:

ECd = Eo [ - i k&z sin(cuz + kz0 + Qx)],

or Ecd = 0 and hence also 7Cd = 0.
The total intensity of the light that passes the knife-edge is:

I = Jab + he + Icd

= 11 5 A---- +( + — (1 - k&z sin Qx) E^b

^E&^h + t-f^, (H)

from which it appears that the image intensity is indeed 
proportional to the gradient in the refractive index in the object, 
except for a constant term.

However, if is smaller than (fQ)lk, then light of the 
diffraction image of order -1 does not pass the knife-edge. We 
then have AB = 0, so that /AB = 0 and BC=±h + C The total 
intensity is then:

I = he =lEob(^h + <)(1 - MzsinQx). (12)

If we define a critical frequency Qcr for the spatial frequency of the 
irregularities on the surface such that light of the image of order - 1 
only just fails to pass the knife-edge

^cr = ^h+^klf, 

or

Then

t 9 t Zi ^cr &Z \^^b . (13)
\ is OX /

If the spatial frequency of the irregularities Q is smaller than Qa, 
then equation (11) applies and the gradient is proportional to the 
intensity of the image. If this condition is satisfied, the three diffrac­
tion images overlap. It is therefore immediately clear that, if the 
light source is made larger, the condition for ordinary Schlieren cal­
culations is satisfied up to higher frequencies. The critical frequency 
QCr also increases if £ is made larger. This means that the knife-edge 
should be adjusted so that part of the image of order - 1 passes the 
knife-edge. If the spatial frequency of the irregularities is greater 
than QCr, then equation (13) applies. There are still intensity differ­
ences in the image, but these are no longer proportional to the grad­
ient, since they are attenuated by a factor of Qa/Q with respect to 
the gradient.

The distance between the zero-order and Ist-order 
diffraction images of the source because of periodic 
irregularities in the object is d = (A/w)f, where w is the 
period of the irregularity and A the wavelength of the 
light. The dimension of the image of the source per­
pendicular to the optical axis is h, so that the 
Schlieren theory applies when h > (A I w)f or w/A>f/h. 
Irregularities at a small spacing (w small) can be seen 
if f/h is small. Unfortunately, this ratio also sets a

Fig. 5. Principle of the Schlieren microscope. Light from a light 
source is projected on to the object O by the lenses Li and Li, the 
diaphragms Di and D2 and the beam-splitter Hi. An image of the 
source is produced by the objective L3 at the focal plane, where the 
knife-edge is located. An image of the object is produced on the 
diode array S by lens ¿4. The second beam-splitter H2 and the eye­
piece Oc are used for focusing at the object. An auxiliary lens L3 
can be used for focusing at the back focal plane of the objective, 
where the diffraction image can be observed together with the knife- 
edge.

limit to the sensitivity of the method for determining 
the magnitude of the gradient (see equation 2) and we 
cannot therefore go on reducing f/h indefinitely. 
Practical values in such a measurement are f = 30 mm, 
h = 3 mm. The intensity Mx,y on the screen can be 
produced with present-day diode arrays to an accuracy 
(AMXiy) of 5 X 10 3.The intensity is proportional to 
the gradient in the optical path dsopJdx, which, for 
reflecting surfaces, is twice the roughness dz/dx on the 
surface:

Mx,y =
2/ 
h

The accuracy to which the height differences on the 
surface [A (dz/dx)] can be determined is therefore 
directly related to the accuracy to which the intensities 
can be determined:

dz h 3 , .
A — = — AMxy = --------5x IO-3 = 2.5 X IO’4 rad. 

dx 2f ,y 2x30
(14)

The height differences Az can be found by integrating 
the gradient dz/dx in the x-direction over the surface.
131 These calculations were made by G. Bouwhuis of Philips 

Research Laboratories.
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Fig. 6. The knife-edge K, which is connected to the system by a leaf 
spring LS, is correctly positioned by energizing a magnet. The 
movement takes place in the direction of the edge (y-direction), per-, 
pendicular to the optical axis (z-direction) and takes 50 ms. The 
edge of the knife is ground to prevent unwanted reflections in the 
direction of the diode array.

The inaccuracy of measurements over a distance of 
1 gm (integration over one diode) is

( dz\
Az = A — Ex.\ dx J

In integration over a number of diodes the inaccuracy 
increases with the square of the number of measured 
points (statistically independent measurements), so 
that

Roughness measurements over a distance of 10 pm 
can be made to an accuracy of 0.75 nm. In profile 
measurements over a distance of 500 nm height dif­
ferences can be determined to an accuracy of 5 nm.

The smallest distance in the object over which full 
contrast can be observed is w = (flh)k = (30/3)0.8pm 
= 8 pm. Since the contrast decreases very slowly with 
w, the resolution is of the order of 5 pm.

A Schlieren microscope is illustrated schematically 
in fig. 5. The microscope has a conventional illumina­
tion system, consisting of a lamp, two lenses, an 
aperture diaphragm and a field diaphragm. The only 
difference from a conventional microscope is that the 
objective is replaced by an achromatic lens with a 
focal length of 30 mm and a numerical aperture of 
0.2. This is necessary because it is not possible to 
place the knife-edge in the focal plane of a conven­
tional microscope objective. The total magnification 
produced by the objective and the second lens of the 
imaging system is 13 times. The first beam-splitter, 
Hi, is used for illuminating the object, the second 
one, H2, is required for viewing the image through an 

eyepiece and for focusing the microscope on the 
object. Since an experiment consists of four measure­
ments, two with the knife-edge and two without it, it 
must be possible to reposition the knife-edge at 
exactly the same place after it has been removed from 
the microscope. The light intensity is measured to an 
accuracy of 0.1%, so that the reproducibility of the 
position of the knife-edge must also be 0.1%. This 
means that the position of the knife-edge must be ad­
justable within 1 pm of the optical axis, i.e. 0.1% of 
the dimension of the image of the source. The design 
of the knife-edge can be seen in fig. 6. It is attached to 
the optical system by two screws and a leaf spring. 
This meets the requirement that the knife-edge must

Fig. 7. a) A measurement of the height differences (z) of a highly 
polished surface as a function of position (x) on a line across the 
surface. The two curves represent two measurements made with the 
Schlieren microscope along the same line on the surface. In this 
case the surface asperities are of interest. The results of the meas­
urements are digitally filtered with a highpass filter. This means that 
height variations of long wavelength (profiles) cannot be accurately 
reproduced. This appears from the fact that the two curves do not 
coincide, whereas small variations (roughness) in the two curves are 
indicated in the same way. b) A measurement of the height 
differences (z) on a surface that has been machined on a high- 
precision lathe by a diamond tool of radius 1 mm. This operation 
produces a pattern of grooves on the surface (see inset), with a pitch 
of 20 pm. The sharp edges found in such patterns are not visible 
because a lowpass filter cuts off the high spatial frequencies in these 
measurements.
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always coincide with the optical axis to an accuracy of 
better than 1 pm.

The optical system alone as described above is not 
sufficient for making quantitative measurements. The 
light intensities are determined by a linear array of 
1024 diodes, with a dynamic range better than 0.1%. 
The measured values are converted by an analog/digi- 
tal converter into words of 10 bits and stored in the 
memory of a microcomputer. The microcomputer 
controls the measurements, checks the state of the 
components of the system and performs simple arith­
metical operations (e.g. averaging). The actual calcu­
lations, the conversion of light intensities into grad­
ients and height differences, and the numerical pro­
cessing of the profile data, e.g. filtering or the deter­
mination of autocorrelation diagrams or Fourier spec­
tra of the profile, is performed on a minicomputer. 
Fig. 7 gives two examples of results obtained with the 
Schlieren microscope. Fig. 7a shows the roughness of 
a very smoothly polished surface, and fig. 7b the pat­
tern of grooves produced on a surface by a tool in a 
high-precision lathe.

The employment of the Schlieren method in a 
microscope is only one of the possible applications. 
Similar methods (e.g. the Foucault method) can be 
used for quantitative measurements in the same way 
as described above. The method can also prove useful 
in cases where it is necessary to determine whether 
products meet certain criteria. In such a situation a 
perfect workpiece can be used as a reference surface. 
Any variations from the standard can then be immed­
iately identified.

Summary. The Schlieren method, originally only used as a qualita­
tive method for displaying the presence of gradients in the refractive 
index of transparent objects, is used for determining the shape and 
roughness of surfaces. A gradient in the refractive index is made 
visible by screening off a part of a light beam incident on an object. 
Accurate diodes for measuring the light intensity and the use of 
computers now make it possible to employ this method for quanti­
tative determinations as well. The optical components do not have 
to satisfy any special conditions. Differential measurements are 
used, to correct for any imperfection in these components. The 
principle of the method has been successfully applied in a micro­
scope. It is easy to use and insensitive to vibration, and therefore 
suitable for use in production conditions.
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Television test decor

Picture quality with existing television technology is 
usually good. However, certain types of scene are no­
toriously difficult to capture and reproduce truly faith­
fully. Difficulties can arise if there are very large con­
trasts in brightness, strongly saturated colours, finely 
detailed patterns or highly reflecting surfaces. Re­
search on new and better television systems does not 
only consist of theoretical studies, there are extensive 
experimental tests as well. To give the clearest possible 

comparison with existing systems, special studio decors 
are used. These contain as much ‘difficult’ scene mat­
erial as possible, and the visual effect can be rather start­
ling. The photograph shows some experimental test 
decor recently in use in the television studio at Philips 
Research Laboratories, Eindhoven. (In the next issue 
of this journal we shall give a detailed account of a 
new high-definition television system, HD-MAC, 
which gives greatly improved picture quality.)
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H. J. Ligthart and J. Politick: An open 800-kV ion-implanta­
tion machine,

Philips Tech. Rev. 43, No. 7, 169-179, July 1987.
Since the high-voltage section of the ion-implantation machine developed at 
Philips Research Laboratories is not insulated by gas under pressure in a tank, 
changing the ion source is relatively easy. The machine is therefore particularly 
suitable for research. The accelerating voltage is high, 800 kV, so that heavy 
elements can be implanted in heavy substrates. There are two target chambers, 
one designed for treating silicon slices for IC manufacture, the other designed 
for other samples, including metals. The half-width of the beam cross-section 
and the location of the pattern of the beam scan on the sample are evaluated 
with the aid of a wire frame around the sample; the wire frame is earthed 
through a milliammeter. The implantation dose is measured with a Faraday 
cup. Several ion sources have been tested. Some examples are given to 
demonstrate the usefulness of the machine: implantation of buried oxygen 
layers in a silicon slice, implantation of aluminium to improve the corrosion re­
sistance of copper, and the determination of a number of concentration profiles 
for phosphorus in silicon at different energies.

R. J. Asjes, C. S. Caspers and C. H. F. Velzel: A laser-Doppler 
displacement meter,

Philips Tech. Rev. 43, No. 7, 180-182, July 1987.
In the manufacture of products such as wire and cable it is often necessary to 
measure the length of the quantity produced. The Philips Centre for Manu­
facturing Technology (CFT) has developed a displacement meter that operates 
on the laser-Doppler principle. A laser beam is split by a rotating grating into 
two beams that are made to intersect. In the volume where the intersection 
occurs an interference pattern of moving planes is produced. An image of this 
interference pattern is produced on the material whose length is to be meas­
ured. A particle that moves through the interference volume will scatter light at 
a frequency that depends on its own velocity and on the velocity of the planes 
of the interference pattern. This frequency is measured and is also kept more 
or less constant by controlling the rate of rotation of the grating as a function 
of the velocity of the passing material. The velocity and the displacement of the 
passing material can be calculated from the frequency actually measured and 
from the'frequency due to the rotation of the grating the velocity and the dis­
placement of the passing material can be calculated. The instrument is con­
trolled by a microcomputer and gives a reading of the velocity and the length of 
the material every second. The inaccuracy of the measurement is less than 0.2%.
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G. Prast: Quantitative measurements by the Schlieren method, 
Philips Tech. Rev. 43, No. 7, 184-191, July 1987.

The Schlieren method, originally only used as a qualitative method for display­
ing the presence of gradients in the refractive index of transparent objects, is 
used for determining the shape and roughness of surfaces. A gradient in the re­
fractive index is made visible by screening off a part of a light beam incident on 
an object. Accurate diodes for measuring the light intensity and the use of 
computers now make it possible to employ this method for quantitative deter­
minations as well. The optical components do not have to satisfy any special 
conditions. Differential measurements are used, to correct for any imperfec­
tion in these components. The principle of the method has been successfully 
applied in a microscope. It is easy to use and insensitive to vibration, and there­
fore suitable for use in production conditions.
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