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1. An ionizing radiation detector comprising a single

wafer of a detector material, the wafer having a
plurality of parallel sided grooves in a surface thereof
thereby defining between the grooves a plurality of
pargllel sided detector elements, opposing sides of each
element carrying opposing readout electrodes; and means
for applying a potential difference between the opposing
electrodes of each element to create an electric field
across the element.



OPI DATE 04/03/96 APPLN. ID

29879/95
AOJP DATE 18/04/96 PCT NUMBER PCT/GB95/01724

I

AUP529879

LT

€T

(51) Internaiional Pagent Classification 6 :

(11) International Publication Number;

WO 96/04572

352 Al
GOIT 1/24, HOLL 31/08, 31/0 (43) International Publication Date: 15 February 1996 (15.02.96)
(21) International Application Number: PCT/GB95/01724 | (81) Designated States: AM, AT, AU, BB, BG, BR, BY, CA, CH,

(22) International Filing Date:

(30) Priority Data:

9415584.3 GB

2 August 1994 (02.08.94)

(71) Applicant (for all designated Siates excepr US): IMPERIAL
COLLEGE OF SCIENCE, TECHNOLOGY & MEDICINE
[GB/GB}; Exhibition Road, London SW7 2AZ (GB).

(72) Inventors; and

(75) Inventors/Applicants (for US only): HASSARD, John, Francis
[GB/GB], Princes Gardens, South Kensington, L.ondon SW7
1LU (GB). CHOI, Peter [GB/GBJ; 10 Edith Terrace, London
SW10 0TQ (GB).

(74) Agenis: MAGGS, Michael, Norman et al.; Kilburn & Strode,

30 John Street, London WCIN 2DD (GB).

21 July 1995 (21.07.95)

CN, CZ, DE, DK, ES, FI, GB, GE, HU, JP, KE, KG, KP,
KR, KZ, LK, LT, LU, LV, MD, MG, MN, MW, MX,; NO,
NZ, PL, PT, RO, RU, 8D, SE, SG, SI, SK, TJ, TT, UA,
UG, US, UZ, VN, European patent (AT, BE, CH, DE, DK,
ES, FR, GB, GR, IE, IT, LU, MC, NL, PT, SE), OAPI
patent (BF, BJ, CF, CG, CI, CM, GA, GN, ML, MR, NE,
SN, TD, TG), ARIPO patent (KE, MW, SD, SZ, UG).

Published
With international search report.

685652

/(54) Title: TONIZING RADIATION DETECTOR

(57) Abstract

An ionizing radiation detector comprises a flat
substrate (30) having a plurality of eiched parallel ridges
(40) on one surface. The paraliel sides of the ridges
carry a thin layer of a conducting material, acting as
an electrode (50, 60). A particle or radiation beam
(70) to be dutected impinges on the ridges (40) in
a direction normal to the plane of the substrate, so
causing electron/hole carriers production within the
ridges (40). The carriers migrate to the electrodes ¢50,
60) in a direction perpendicular to the beam (70) thereby
inducing charge on the electrodes. The readout can be
extremely rapid, since the carriers need to migrate only
a very small distance to the side of the ridge.
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IONIZING RADIATION DETECTOR

The present invention relates to an ionizing
radiation detector, and in particular to a detector
suitable for detecting high energy radiation and/or
charged or neutral particles.

A typical prior art detector is shown in Figure 1.
The detector comprises a £flat sheet 10 of an insulating
material such as diamond, having thin gold electrode
coatings 12,14 on its upper and lower surfaces. The
upper electrode coating 12 comprises a plurality of
parallel readout strips which are aligned in a direction
perpendicular to the plane of the paper in the Figure,
and the lower electrode coating 14 comprises a further
plurality of readout strips aligned in a direction
parallel with the plane of the paper. A large potential
difference V is maintained between the electrode
coatings.

A charged particle following a path 16 through the
diamond produces electron-hole pairs 18,20, which
separate under the influence of the electric field and
induce a charge on the readout strips. The energy of the
particle can be determined by the amount of charge which
is coullected, and its position by the intersection of the
upper and lower strips receivihg the largest induced
charges.

There are a number of disadvantages with this type
of detector, in particular its relati.ely poor charge
collection efficiency. The charxge collection efficiency
is typically limited by the charge intrinsic life time
within the diamond, and this can only be made large if
expensive diamond is used, having a large recombination
length. In addition, the accuracy with which the
particle can be located in the x-y plane is limited by
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the inevitable cross-talk between the readout channels.
Finally, the detector is sensitive to particles coming in
from a wide range of angles, which means that it is not
particularly suited for imaging purposes. If imaging is
to be required, it is normally necessary to incorporate
a collimator in front of the detector to ensure that
particles travelling at an angle to the normal to the
detector surface are weeded out. Such ccllimators not
only add to the cost of decection equipment, but also
limit its sensitivity.

In an effort to improve detection efficiency, and to
avoid the use of collimators, there have been a number of
proposals to provide detectors which are deep in
comparison with their width. Typically, a bundle or
stack of several of these individual detectors are used
together. Examples are shown in US-A-4891521 and GB-A-
1559664. The devices shown in both of these documents
appears to be specifically intended for high-rate data
taking. The present invention, on the other hand, is
concerned with providing a device which is at least in
principle capable of extremely high time resolution and
spatial resolution when detecting an individual event.

It is an object of the present invention at least to
alleviate the problems of the prior art.

According to the present invention there is provided
an ionizing radiation detector comprising a single wafer
of a detector material, the wafer having a plurality of
parallel sided grooves in a surface thereof thereby
defining between the grooves a plurality of parallel
sided detector elements, opposing sides of each element
carrying opposing readout electrodes; and means for
applying a potential difference between the opposing
electrodes of each element to create an electric field
across the element.
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Also according to the present invention there is
provided an ionizing radiation {or photo) detector
comprising a substrate and a plurality of detector
elements, having generally parallel sides, extending
outwardly from a surface of the substrate, the sides
carrying readout electrodes.

Such detectors of the present invention have many
advantages, particularly for the construction of the type
of detector working on the photoconducting principle.
They are relatively cheap to manufacture, they can
provide high sensitivity, extremely fast readouts, and
they can provide very accurate positioning information
with minimal c¢ross talk between channels. It is
anticipated that detectors of this type will find a
multitude of uses, including medical imaging, high energy
particle physics, combustion and plasma physics, ultra-
violet detectors for use in astronomy and so on. ‘

The size of the detector elements determines the
ultimate resolution, the resolution being limited in the
present. invention merely by 1limitations in the

fabrication process. Detector elements can be
manufactured, for example by laser etching techniques,
having a width of 10 micrometres or more. For optimal

readout speed, it is preferred that the width of the
detector elements be less than the recombination length
of the material from which the detector elements are
manufactured, so that a large proportion of the ionised
electrons/holes reach the electrodes. The exact
preferred width of the elements will of course depend
upon the material used, but typically the width is likely
to be between 20 and 100 um. For special uses it would
be possible to build devices having gaps between the
ridges of as little as 1 um; however, as this would
require the use of ion beams the resultant device would
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inevitably be expensive.
The detector may be made from diamond, either

natural or artificially grown. The diamond, if
artificially grown, is preferably intrinsic (that is, not
doped). Suitable diamond growing techniques include CVD

(chemical vapour deposition) and plasma enhanced CVD.
These can be used as detectors for particles with energy
from a few eV upwards. A typical characteristic of this
type of diamond is that the carrier recombination length
is small compared with that obtained in natural type IIA
diamonds. The small recombination length normally
results in poor collection of the charge carriers
produced by an incoming particle in a detector of
traditional design. The proposed detector geometry,
liowever, enables the lateral dimension (width) to be
sufficiently small to match the mnmicrometre-size
recombination length of standard grown diamond, without
the need for expensive techniques to improve the quality
of the diamond to increase the recombination length.
Accordingly, the detector of the present invention is
able to make use of relatively cheap, poor quality grown
diamond (for example 6 um recombination length) which at
present is less desirable for use in detectors. It may
also use slightly higher quality diamond (but still not
of the highest quality) of between 80 and 100 um
recgmbination length.

Alternatively, the detector may comprise silicon or
GaAs, for example a single wafer of either of these
substances.

Preferably, the height of each detection element,
measured in a direction parallel to its sides, is
relatively large in comparison with its width, defined as
the distance between the parallel sides. The aspect
ratio (height/width ratio) is preferably at least as high
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as 10, and may be as much as 100 depending upon the
application. The use of high aspect ratios enable
detectors embodying the present invention to exhibit both
high sensitivity (because a particle being detected
traverses the entire length of the detector element) and
high speed (because the electrons/hole carriers only have
a very short distance to travel before they reach the
nearest electrode.

The greater the aspect ratio, the greater will be
the directional sensitivity of the device. With large
aspect ratios, it is possible to do away entirely with
the collimators which are frequently found to be
necessayy with prior art detectors used in imaging
applications. The device of the present invention should
both be directional enough, and spatially accurate
enough, to provide imaging without the use of separate
collimators, given an appropriate disposition of detector
elements, for example upper and lower orthogonal ridges
as described below. The ridge length is preferably large
in comparison with the ridge height and width.

It will be appreciated, of course, that the
invention is not restricted to devices having detection
elements which are higher than they are wide. Likewise,
the invention is not restricted to any particular
relationship between the spacing between the detector
elements and the widths of the elements themselves. 1In
some embodiments, it might be preferable to have very
narrow spaces between the elements (compared with the
widths of the elements themselves); in other embodiments
it might be preferable for the spacing between the
elements to be wider than the widths of the elements
themselves.

The detector preferably comprises a generally flat
wafer, with detector elements extending outwardly in a
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direction generally perpendicular to the plane of the
wafer. In use, the detector is designed to be positioned
so that <he incoming particle or radiation beam being
detected is normal to the plane of the wafer. In one
preferred embodiment, the detector elements comprise a
plurality of parallel ridges, etched, grown or otherwise
formed in the front surface of the wafer. Where location
in two dimensions is required, the wafer may be double-
sided with a first series of parallel ridges on one side,
and a second orthogonal series of parallel ridges on the
other side. Two sets of readout devices may be provided
so that the upper surface provides x position information
and the lower surface y position information.

Where the detector elements comprise a plurality of
parallel ridges, the lateral electrodes will produce a
relatively large capacitative effect. This can be
largely eliminated by arranging to match the impedance of
each pair of electrodes with the impedance of the readout
devices at the ends of the ridges (wires, amplifiers and
so on). Effectively, what one is doing is treating the
readout electrodes as transmission lines and matching the
impedance of those transmission lines. This results in
very much faster signal processing, and substantially
reduced signal loss.

Depending upon the exact configuration, in
particular the material of which the detector is made and
the aspect ratio, various types of particle may be
detected. Specifically, detectors embodying the present
inven _.ion could be used for all types of charged particle
detection and for photons. To obtain a greater signal
strength when photons are to be detected, a layer of
high-Z material may be placed on top of the detector
elements to c¢cause showering. Since the showering layer
is immediately in front of the detector elements, very
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normal collimators generally lose too large a proportion
of the sample. The detection of neutral particles such
as neutrons may be enhanced by filling the spaces between
the detector elements with an absorber material, such as
a plastics material.

According to a further aspect of the invention there
is provided an ionizing radiation (photo) detector
comprising a plurality of detector elements having
parallel sides, the sides carrying readout electrodes,
the detector Dbeing arranged to operate with the
electrodes parallel to an incoming particle or radiation
beam to be detected.

Preferably, the height of the detector elements, in
a direction perpendicular to the incoming beam, is
relatively large in comp rison with the width, defined as
the distance between the parallel sides.

With at least certain ewbodiments of the present
invention it is expected that charge readout times will
be less 50 ps, probably less than 35 ps.

The invention may be carried into practice in a
number of ways and several specific embodiments will now
be described, by way cf example, with reference to the
drawings, in which:

Figure 1 shows a prior art detector;

Figure 2 1is a cross-section through a detector
embodying the present invention;

Figure 3 is a perspective view of the detector of
Figure 2;

Figure 4a shows another embodiment, the electrodes
being connected in a bipolar voltage configuration;

Figure 4b shows the embodiment of Figure 4a, the
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electrodes being connected in a resistor chain
configuration; and

Figure 5 shows yet a further embodiment.

The preferred detector of the present invention is
illustrated in Figures 2 and 3. It is a diamond detector
and comprises a diamond substrate 30 having, on one
surface, a plurality of parallel etched diamond ridges

40. On one side of each ridge there is a positive
readout electrode 50, and on the other side a negative
electrode 60. These are preferably conductors, but

could instead be of a high-conductivity doped semi
conductor material.

In use, the detector is positioned so that the
substrate lies substantially normal to a particle or
radiation beam 70 to be detected. An individual particle
passing into one of the ridges creates ionised carriers,
which rapidly migrate to the electrodes 50,60 by virtue
of the large potential difference which is maintained
between them. Charge is thereby induced on the
electrodes, this charge being read off by readout devices
{not shown) at the ends of the ridges.

The substrate and the ridges are preferably of
diamond, which may either be natural or artificially

grown. The ridges may either be grown, with the
substrate, or they may be etched (for example with an
eximer laser). The electrodes 50,60 may be of any

suitable ohmic material, such as gold, tungsten, titanium
and so on. Standard deposition technigues may be used to
apply the metal as a thin coating to the sides of the
ridges. Typically, the device may be made by etching
the ridges, depositing the material, and then polishing
the top surface.

It will be appreciated from Figure 2 that the
sensitivity of the device shown can be increased by
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making the value of D (or the height of the ridges)
larger. The greater the height of the ridges, the larger
the amount of material which a particle has to pass
through, thereby increasing the ionisation within the
device. The height of the ridge will normally be matched
to the expected penetration depth of the particles to be
detected. The readout speed and efficiency is determined
by the width L of each of the ridges. Depending upon
the particular application, the value of L may be as
little as a few micrometers, or a larger value up to
about 200 um, and the value of D 10 um or more. The
signal-to-noise vatio is large, as there is negligible
cross-talk between signals emanating from individual
ridges. A typical substrate depth is around 100 um,
sufficiently thick to support the ridges and to be free-
standing without requiring an additional supporting base.

Preferably, the deévice makes use of relatively poor
quality diamond, having a recombination length of perhaps
6 um Or Sso.

The impedance of the readout devices (not shown) at
the end of the ridges is preferabkly matched with the
impedance of the electrodes 50,60, thereby increasing
readout speed and reducing signal losses.

There are a number of ways in which a potential
difference may be applied between the electrodes 50,60
shown in Figure 2. In its simplest form, a voltage
source may simply be connected Dbetween the two
electrodes. Alternatively, the electrodes may be coupled
to a resistor chain (not shown), the potential difference
between the electrodes thereby being defined by the
potential drop across the corresponding resistor.

Another embodiment is shown in Figure 4, in which
the electrodes are formed over the base and the sides of
the space between the diamond ridges 40. This means,
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effectively, that each electrode 50’ on the left side of
a ridge 40 is electrically coupled with a corresponding
electrode 60’ on the right hand side of the next ridge in
the sequence so that they together form a single U-shaped
electrode 61. In the embodiment of Figure 4a, first
alternate pairs of U-shaped electrodes €1 are coupled via
a first voltage source V,, and second alternate pairs are
coupled by a second voltage source V,. Such a bipolar
voltage configuration ensures that there is always a
constant potential difference V, - V, across each of the
ridges 40.

An alternative method of applying voltages to the U-
shaped electrodes 61 is shown in Figure 4b. Here, a
resistor chain is used to drop an input voltage V across
a plurality of series resistors R. The voltage across
each ridge 40 may be chosen by selecting appropriate
values for V and R.

It will be understood, of course, that a similar
bipolar voltage configuration or resistor chain voltage
configuration may be used in conjunction with the
embodiment of Figure 2.

%k typical potential difference across the ridge 40
may be in the region of 1 volt per um, Substantially
higher voltages could be used, if desipéd (since diamond
has a very high breakdown potential), but there is
generally no need for high potential differences since at
greater voltages the carrier speed rapidly saturates.

In a further embodiment (not shown} a further
parallel set of ridges, orthogonal to the first set, is
provided on the lower surface of the substrate 30. These
two perpendicular sets of ridges allow accurate x-y
positioning of each detected particle.

The spaces between the ridges may be filled with a
plastics material, or other absorber, thereby im roving
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the capability of the detector to detect neutral
particles.

Yet a further embodiment is shown in Figure 5.
Here, the spaces between the ridges 40 have become
extremely narrow, and they each contain a separate
electrode 62. Such an embodiment is, in many
circumstances, preferred since the narrowness of the gaps
between the ridges 40 produces only a small acceptance
loss compared with the embodiments of Figures 2,3 and 4.
The width of the gap, and hence the width of the
electrode 62, may depend primarily on how narrow a slot
can be cut into the diamond substrate. The electrodes 62
may be coupled together in any convenient manner so as to
produce a suitable potential difference across the ridges
40, for example using the approach of Figure 4a or of
Figure 4b.

The detection of high energy electromagnetic
radiation, such as gamma rays, may be improved by adding
a showering layer (not shown) on top of the ridges. An
incoming photon first strikes the showering layer, and
the resulting shower then penetrates into one of the
ridges below, providing a signal which be detected.

The ionizing radiation detector described abeove can
provide extremely rapid charge readout, probably within
35 ps and certainly within 50 ps. These readout speeds
cannot currently be achieved for any single pulse
detector of comparable sensitivity and positional

accuracy.
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CLAIMS:

1. An ionizing radiation detector comprising a single
wafer of a detector meterial, the wafer having a
plurality of parallel siaed grooves im a surface thereof
thereby defining between the grooves a plurality of
parallel sided detector elements, opposing sides of each
element carrying opposing readout electrodes; and means
for applying a potential difference between the opposing
electrodes of each element to create an electric field

across the element.

2. An ionizing radiation detector as claimed im Claim
1 in which the height of ezch detector element, measured
in a direction parallel to its sides, is relatively large
in comparison with its width, defined as the distance

between the parallel sides.

3. An ionizing radiation detector as claimed in Claim
2 in which the height/width ratio is greater than 10.

. En ionizing radiation detector as claimed in Claim
2 in which the height/width ratio is greater than 20.

5. An ionizing radiation detector as claimed in Claim
2 in which the height/width ratio is greater than 50.

6. An ionizing radiation detector as claimed in Claim
2 in which the height/width ratio is greater than 100.

7. An jonizing radiation detector as claimed in any o¢ne
of the preceding claims in which the width of each
detector element, defined asg the distance between the
parallel sides, is less than the <arrier recombination
length of the material of which the wafdr is made.
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8. An icnizing radiation detector as claimed in any one
of the preceding claims in which the width of each
detector element, defined as the distance between the
parallel sides, is less than 10 micrometres.

9. An ionizing radiation detector as claimed in any one
of the preceding claims in which the wafer is of diamond.

10. An ionizing radiation detector as claimed in Claim
9 in which the wafer is of natural diamond.

11. An ionizing radiation detector as claimed in Claim
11 in which the wafer is of artificially grown diamond.

12. An ionizing radiation detector as claimed in any one
of Claims 1 to 8 in which the wafer is of intrinsic

silicon.

13. An ionizing radiation detector as claimed in any one
of Claims 1 to 8 in which the wafer is of doped silicon.

14. An ionizing radiation detector as claimed in any one
of Claims 1 to 8 in which the wafer is of GaAs.

15. An ionizing radiation detector as claimed in any one
of Claims 1 te 8 in which the wafer is of a doped

semiconductor mateérial.

16. An ionizing radiation detector as claimed in any one
of the preceding claims in which the wafer is generally
planar, with the sides ¢f the grooves being generally
perpendicular to the general plane of the wafer.

17. An ionizing radiation detector as claimed in Claim
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1 in which the grooves are etched into the wafer,

18. An ionizing radiation detector as claimed in Claim
1 in which the detector elements are grown integrally

with the wafer.

19. An ionizing radiation detector as claimed in any one
of the preceding claims including absorber material

located within the grooves.

20. An ionizing radiation detector as claimed in any one
of the preceding claims including shower-creating
material in front of the detector elements.

21. An ionizing radiation detector as claimed in any one
of the preceding claims in which the detector elements
comprise a plurality of parallel ridges.

22. An ionizing radiation detector as c¢laimed in Claim
21 including readout devices adapted to read out signals
from the electrodes, at one end of the parallel ridges.

23. An iondzing radiation detector as c¢laimed in any one
of the preceding claims including readout devices,

adapted to read out a signal from the electrodes, the

readout devices Dbeing impedarice matched to the
electrodes. ’
24. An ionizing radiation detector as claimed in Claim
21 comprising a first plurality of ridges on one side of
the wafer, and a second plurality of orthogonal ridges on

an opposite side of the wafer.

35. An ionizing radiation detector as claimed in any one
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of the preceding claims in which each groove is narrower
than 100 um.

26. An ionizing radiation detector as claimed in any one
of the preceding claims in which each detector element
has a width of less than 100 um.

27. An ionizing radiation detector as claimed in any one
of the preceding claims in which one readout electrode of
each detector element is electrically coupled to one
readout electrode of an adjacent detector element.

28. An ilonizing radiation detector as claimed in Claim
27 in which the electrodes comprise a coating on the
parallel sides and on a base of the grooves.

29. An ionizing radiation detector as claimed in Claim
1 in which each groove is substantially entirely filled

with a readout electrode.

30. An ionizing radiation detector as claimed in ciaim
27 or claim 28 or claim 29 in which the means for
applying a potential difference is arranged to apply a
first voltage to first alternate electrically coupled
pairs of electrodes and a second voltage to second
alterna. = electrically coupled pairs of electrodes.

31. An ionizing radiatisn detector as claimed in any one
of the preceding c¢laims in which the means for applying
a potential difference comprises a voltage source and a

resistor chain.

32. An ionizing radiation detector substantially as
specifically described with reference to Figures 2 and 3.

e
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