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ABSTRACT

A brief review is given of the types of silicon and germanium detectors
used or presently being developed for nuclear experiments. Large-area siticon
and germanium detector telescopes for use in long-range particle detection and
identification are emphasized. Large area position-sensitive detectors are
also described.

Some results are presented regarding radiation damage and damage repair by
anealing, Evidence is also presented for the importance of producing large
area silicon crystals of adequate guality to reduce trapping problems to
negligible proportions.

I. INTRODUCTION

The past ten years have seen a remarkable change in semiconductor radia-
tion detectors and detector systems. High-purity germaniun(l) has opened
new applications in the gamma ray and particle telescope fields; large dia-
meter detector grade silicon has likewise improved particle telescope and
pasition-sensitive detector capabilities.

*This work was supported by the Directar's Office of Energy Research, Division
of Nuclear Physics, and by Nuclear Sciences of the Basic Energy Program, Office
of Health and Environmental Research of the U.S. Department of Energy under
Contract No. W-7405-ENG-48.
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Spectrometers of increased resolution and complexity are in demand by
experimental groups. Principal among these have been those employing the
newer high intensity medium energy machines (LAMPF, SIN, Indiana and TRIUMF),
or those involved in astrophysical research where weight and/or space limita-
tions place restrictions on the spectrometers that can be empioyed. To these
new and challenging requirements semiconductor detector spectrometers offer
the pessibility of energy resolutions of the order of 0.1% with wide dynamic
range, light weight and moderate cost.(g)

The application and development of semiconductor detectors have been
presented by several authors.(a’ 4) The applications can be broadly separ-
ated into two areas: charged-particle spectroscopy and photon spectroscopy.
The considerable achievements of semicanductor detectors in light, low-energy
particle spectroscopy, and in x-ray and gamma-ray photon spectroscopy are well
known. In this paper we will discuss almost exclusively the status and pro-
blems of detectors used with long-range charged particles. The applications
here separate almost naturally into two distinct areas; 1ight jon intermediate
energy (100 - 300 MeV) spectroscopy and relativistic heavy ion (100 - 400 Mev/
amu)} particle identification. We describe applications in both.

Before considering the medium-energy applications for semiconductor detec-
tors, we note that uses exist for these devices outside the traditional
nuclear science areas. For example, one of the current areas of material
scienca analysis, Rutherford Backscattering Spectroscopy (5) involves the
detection of low-eneray alpha (4He) particles. Backscattering spectroscopy
includes a menoenergetic beain souirce, scattering chamber, target assembly and
associated electronics as shown in Figure 1. The alpha beam hits the target
sample; the alpha particles backscattered from the target sample have an
energy distribution which is uniquely correlated with the target composition
to a depth of a few thousand Angstroms, This can be used to nondestructively
analyze the sample. An example of RBS capabilities is shown in Fig. 2,(6)
where the Transmission Electron Micrograph (TEM) of a phosphorus implanted
silicon wafer cross-section is shown above the backscattered spectrum from the
wafer.

The silicon wafers in this example had beca implanted with 120 keV phos-
phorous ions to a dose of 7.5 x 1015/cm2. Under high dose rate conditions
it is possible to produce 'banding' on the wafer. These bands, which have
visible colors associated with them, are regions of damage. The TEM cross
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section was formed by cleaving slices from the wafer and very carefully thin-
ning the specimens down to allow the TEM examination. The RBS spectrum was
obtained by using a 1.7 MeV 4He beam and aligning the sampie so that the

beam was channeled down the (1,1,1) crystal axis. The peaks labelled Gl, G2
and 63 correspond to the wafer surface, and damage regions D1 and 02
respectively in the TEM micrograph. The regions Fl and F, are relatively
damage free and appear as valleys in the RBS spectrum. Thke damage regions are
about 900 A in width and the total depth being studied is 2500 A. The R8BS
analysis is in close agreement (* 5%) with the TEM measurements.

II. SEMICONDUCTOR DETECTOR MATERIALS AND TECHNOLOGIES

A} MATERIALS AND DETECTORS

To assist the discussion in the subsequent sections, we need to examine
briefly some basic aspects of semiconductor detector technology. Foar this
purpose, we consider a semiconductor detector to be of the form shown in
Fig. 3 7 . Some of the physical properties of the semiconductor materials
used in semiconductor detectors are listed in Table 1.(8'g .

Germanium and silicon have been widely used in detector fabrication.
Excellent crystallinity, purity, crystal size, and extremely small trapping
concentrations for charge carriers are responsible for their wide use. Ger-
manium must be operated below 150°K to eliminate the effects of thc thermally
generated leakage current noise. Despite this need for cooling, germanium
detectors have revolutionized the field of gamme-ray spectroscspy and more
recently have begun to play an important role in charged-particle spectroscopy.

Silicon is used at room temperature in the majority of charged particle
applications, For Tow energy (<30 keV) X-ray detection silicon must be cooled
below 200°K to eliminate the leakage current noise. The small phatoelectric
cross~section of silicon makes it unsuitable for most gamma ray applications
and its use is principally in charged particle and X-ray detection.
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The compound semiconductors, cadmium-telluride (CdTe) and mercuric-iodide
(Hglz) were initially investigated as materials with high photoelectric
cross-sections and a wide energy band gap which would allow, theoretically,
room temperature operation of gamma ray detectors. At the present time these
materials are limited to rather small areas and very thin depletion layers,
and are finding applications in low-energy room temperature X-ray detection.
We consider only silicon and germanium detectors in the following sections.

B) ASPECTS OF DETECTOR TECHNOLOGY

1. Detector Contacts:

The charge produced by the incident radiation in the semiconductor crystal
is collected by applying an electric field, as shown in Fig. 3, across the
detector. The field is produced by reverse biasing a rectifying semiconductor
Jjunction. The contacts in Fig. 3 are shown as v and P* layers, which in
fact are present only with diffused,(lo) imp]anted,(ll) or epitaxial regrown
heavily doped 12 layers. Metals are also used to form rectifying contacts
called Schottky barriers or surface barriers(13) which for our purposes we can
regard as N and P* contacts.

Various approaches have been employed to produce rhin, low leakage cur-
rent contacts which will permit the application of the required electric
fields (~ 1000 volts/cm) to obtain ccmplete charge coliection. Table 2 lists
some of the present contact technologies in use on germanivm and silicon
detectors which will sustain the required fields while minimizing the bulk
leakage current.

2. Surface Passivation:

Leakage currents can also be generated on the surfaces (sides in Fig. 3)
of detectors. Various techniques are employed to minimize and stabilize these
surface leakage currents; growth' of silicon dioxide, ) encapsulation in
epoxy, coating with special paints.(14) deposition of insulator semiconduc-
tor films,(ls), and special shapes for the device itself.(lﬁ) Each of
these teckniques has an area of application and the large number of
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semiconductor detectors in use indicate that these passivation techniques are
reasonably successfui in controiling the surface leakage currents. In fact
multiple detector particle telescopes, which form the main topic of this paper,
are dependent on the availability of detectors with stable surfaces. The
development of detector arrays has also been dependent on this technology.

ITI. WMULTIPLE ELEMENT DETECTOR TELESCOPES

A} GENERA! CONSIDERATIONS

Germanium and silicon detectors with thicknesses greater than those given
in Table 1 are difficult to fabricate. The energy detection properties of
devices with thicknesses given in Table 1 are shown in Fig. 4 where the approx-
imate maximum particle energy that can be stopped in the detector is plotted
as a function of the atomic number of the partic]e.(17) To measure longer
ranged particles, a stack of detectors can be used as shown in Fig., 5. This
arrangement is called a multiple-element detector telescope. In some tele-
scopes position-sensitive detectors (drift chambers, multi-wire proportional
counters, or position-sensitive semiconductor detectors) are used at the
entrance to define the particle trajectory through the te]escope.(ls)

In applying semiconductor detectors to long-range particle detection, two
factors which are usually insignificant at lower energies need to be consi-
dered: nuclear reactions and multiple scattering within the detectors. Long-
range particles, have a high probability of being scattered out of the detec-
tor telescope during passage through the stack. For example, it has been
calculated that a narrow beam of 200 MeV protons will spread into 3 beam with
a ¢tandard deviation of 1 cm at the end of its approximately 10 cm track in
germanium.(lg) Therefore to reduce scattering losses, tight collimation or
large avea detectars need to be employed. For particlies having an atomic
number Z = 2 or greater, scattering can he ignored.

The calculated fraction of protons undergoing nuclear reactions in silicon
and germanium is shown in Fig. 6.(21) The neutrons, charged partictes, or
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gamma rays produced by these nuclear reactions have a high probability of
escaping from the detector and thereby causing a Toss of signal energy.
Energy is lost aleo in the reaction itself. For higher Z particles the
nuclear reaction probability increases slowly (~ A1/3).

Applications for these multiple-element detector telescopes can be classi-
fied into two groups: particle spectroscopy and particle identification. Par-
ticle spectroscop+ nornally involves detection of one species (e.g. protons).
The signals from the individual detector elements are used to reject those
particles that have undergone scattering or have been involved in nuclear
reactions.

In particle identifier applications, the individual signals from the
detectors are combined in a particle identifier (P.I.) algorithm to determine
the particle type. The procedure is an extension of earlier dual dztector
particle identifier a]gorithms.(zz)

P.I. = (E+ 4E)" " o T M1 22 (1)

where aE and E are energy signals in the aF and E detectors, T is the aE
detector thickness, and M, Z are the mass and charge of the particle. The
expoient n is chosen so that the P.I. signal is independent of the particle
energy (M ~ 1.73 for low-energy, low-mass particles). In a multiple detector
telescope, this P.I. algoritkm can be applied to various detector combinations
using, for example, one detector in the stack as the AE detector and the
remainder as the E. The identifications are compared and events which fall
outside the experimental statistical range are rejected as having been
involved in scattering or nuclear reactions.

To distinguish between heavy ions of only slightly different mass the par-
ticle energy loss through the telescope must be well known. This requires
thzt thickness uniformity of the detectors be small (< 1% ) and that the par-
ticle trajectory through the telescope be known. Position sensitive detectors
are commonly employed with these telescopes to establish the particie trajec-
tories. Further calibration with known beams are usually eimployed to determine
detector non-uniformities (both thickness and signal) and to establish the
overall telescope performance.
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B) DETECTOR CONSIDERATIONS

The availability of multiple-element particle telescopes has been depen-
dent on specific improvements of the detector material and innovations in
detectar processing. High-purity germanium has made possible germanium
particle telescopes. Prior to this, fabrication of germanium telescopes with
lithium-compensated germanium [Ge(Li)] detectors wa§ frustrated due to the
high 1ithium mobility in germanium and consequent decompensation during
handling of the detectors at room temperature. High-purity germanium has
circumvented this problem. Further, the development of implanted N+ and
P* contacts {~ 300 - 500 R) on these detectors has yielded detectors which
can be thermally annealed to remove radiation damage effects in the detector
without increasing the contact thickness. This latter point is very important
in application to particle identifier telescopes, since changes in the contact
thickness can produce gaps in the spectrum or alter the telescope signal
characteristics and thereby destroy the calibration accuracy.

Large-area silicon detector telescopes intended for long-range particle
detection normally employ Tithium-drifted [Si(Li)] detectors. Since standard
Si{Li) detectors have N+ contact regions of the order of 200 um, for par~
ticle identifier telescopes these contacts are reduced by either lapping, or
removing and replacing with a thinner Tithium diffusion or with a Schottky
barrier, thereby reducing or eliminating the effects of the contacts on the
particie identification.(23

C) POSITION-SENSITIVE SEMICONDUCTOR DETECTORS

As roted earlier position-sensitive detectors (PSD's) are located at the
telescope entrance to aid in heavy ion particle identification. Various tech-
niques have been employed in making semiconductor PSD's:(24) Lamport et a1(25)
employed individual stripes brought cut to a resistive divider, Nakamoto et a](26)
employed a resistive Tayer with 90° contacts. The problem that these techniques
are addressing is the linearization of the PSD's response. Figure 7(a) shows the
equipotential lines on a resistive Tayer on a circular disk. The equipotential
lines are actually contours of equal resistance. Consequently when employing
resistive charge division to locate the position of an eVenf, charge signals at
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points Yl and Y, will give the same response. Nakamoto proposed 90° contacts

to straighten these contours. Alternatively the scheme of Fig. 7(b) can be
employed where conducting metal stripes (not externally connected) are evaporated
onto the resistive layer thereby forcing the equipotential lines to be parallel.
The resulting output position signal has the form:

(Y i —1 Y
v a -R<Y<R (2)
out Rtota\ (R)* - =

where R(Y) is the resistance at the point Y along the Y-axis, Rtota] is the
total resistance across the device with diameter 2R. The response is nonlinear
but can be linearized. The scheme has the advantage of avoiding the muitipie
contact bonding required by Lamport's approach and should be less dependent on
resistive film uniformity than Nakamoto's scheme.

D) MULTIPLE-ELEMENT DETECTOR TELESCOPE PERFORMANCE

We now report on the results obtained in a few experiments that have
employed large area {~ 10 - 15 cmz) detectors in multiple-element detector
telescopes.

1. Multiple-Element Particle Identifier Telescopes:

An experiment on board the ISEE-C satellite uses a silicon detector teies-
cope consisting of ten 5 mm thick 15 cm2 Si(Li) detectors to measure the iso-
topic composition of cosmic rays.(so) The telescope was designed 1o resoive
the isotopes of Fe and this required detectors with thickness uniformity of
+ 0,2% (£ 10 ym) and total contact thickness of 0.3% (15 pm). These detectors
were assembled into a telescope shown schematically earlier in Fig. 5. The
three pairs of X -~ Y drift chambers positioned at the entrance to this telescope
locate particle trajectories to within 1 mm, thus allowing corrections to be
made for path length variations caused by the variable entrance angles of the
particles. During calibration at the BEVALAC, the scatter plet of ak (detectors
1 and 2) versus E {detectors 3 and 4) as shown in Fig. € was produced. The
elements neon to iron are clearly resoived for a 230 MeV/nucleon 56Fe beam and
a parafin target. In addition to resolving the elements, the isotopes are also
reSo]véd; the isotopic composition of manganese is shown in the mass histogram
of Fig. 9. The mass resolution here is 0.2 amu.
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The ISEE-C telescope has -been in orbit for almost three years dand has iden-
- tified several anomalies in the cosmic ray composition. Some recent results
obtained with this telescope are given in Fig. 10{a) which shows a scatter plot
obtained from cosmic rays as measured on the satellite, This plot is crmparable
to the calibration data of fig. 9. The mass histogram for the nitrogen compon-
ent of the cosmic rays is given in Fig. 10(b). 28

Another area where silicon particle identifier telescopes have been employed
is to study neutron rich Tight nuclei produced by heavy ion fragmentation.(zg)
The detectors in this telescope are simila- to those of the ISEE-C satellite
telescope, having very uniform thicknesses. As noted earlier, the detection of
Fe isotopes required thickness tolerances of about # 0.2%. The identifier capa-
bility of these telescopes is dependent on the detector uniformity. The toler-
ance on the thickness variations that can be allowed varies approximately as
1/Z2 of the incident particle, so that extension ot this technique to the
isotopes of elements with Z > 26 will be difficult.

In one fragmentation experiment conducted at the BEVALAC, a 200 MeV/Nu-
cleon 48Ca beam with a 1 gm/cm2 Be target was used to produce the neutron
rich Yight nuclei. The fifteen new particle stable isotopes identified are
shown in Fig. 11. The mass resolution again is approximately 0.2 amu.

2. Multiple-Element Spectroscopy Telescopes:

In many experiments involving Tong range particle detection where few
particle species are present, the capabilities of the multipie element tele~
scope can be employed to substantially improve the spec.ral resolution. 1In
these applications the detector thickness uniformity is not as critical as with
particle identification. What is important is the total stopping power of the
telescope. Because of its higher stopping power, greater detector thickness,
plus the capability of annealing radiation damage (either external or in situ},
multiple~element germanium telescopes are finding increased use in long range
particle spectroscopy. An eight-element, 10-cm2 high-purity germanium tele-
scope, 8.7 cm total thickness, was recently fabricated at LBL in which the
detectors have ion-implanted boron and phosphorus contacts. A similar five-
element telescope was recently reported hy Riepe et a]'(30) In this telescope
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a spectral rcsolution of approximately 0.25% was obtained for 95 to 156 MeV
protons. The beam contribution of 0.24% predominates; the detector contribution
was estimated to be 0.06% .

The spectral enhancement that is possible with particle telescopes is shown
in the measurements by Amann et a1(31) on pions. Figure 12(a) shows their
results on the detection of 50 MeV pions before enhancement. The broad peak and
background caused by the muons and positrons present was removed by gating on
the time when the events occurred. The improvement in background in the enhanced
spectrum, shown in Fig. 12(b) is evident--the spectral resolution improved from
2% unenhanced to 1% enhanced. Th's latter value is characteristic of the pion
beam. This example illustrates that not only the euergy loss measuremenrt, bui
also the timing of the particle event can be employed for spectral enhancement.

E) RADIATION DAMAGE

An important consideration in the use of semiconductor detectors in par-
ticle detection is their sensitivity to radiation damage. Low-energy radiation
damage has been extensively studied in both silicon and germanium detectors;
germanium has been examined more extensively at higher energies.

Neutrons are a prime source of radiation damage in semiconductor detectors.
A fluence of about 1010 neutrons/cm2 will produce noticeable effects in ger—
manium particle detectors. The deleterious effects produced by radiation damace
of the semiconductor detector material are the appearance of neutral hole traps,
and an increase in the jonized acceptor concentration. The hole traps cause
loss of signal charge while the increase in the acceptor concentration can alter
the material typeness. The hcle traps in fast-neutron irradiated germanium
detectors have been recently identified by Dartan et a1(32) as disordered
regions of germanium.

The increase in the acceptor concentration in germanium detectors in a
150 MeV p(p,n) experiment at indiana was recently documented.(33 High-purity
germal;um detector made from N-type germanium required a voltage of 1800 V for
full detector depletion. During the experiment the voltage required to deplete
the detector decreased indicating that the net impurity concentration !ND--NA |
in the detector was decreasing. The detector contacts would not permit applica-
tion of voltages greater than 300 V beyond depletion (2100 V initially), and the
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final operating voltage was 1000 V. The applied voltage was decrcased
throughout the expe:iment to maintain the 300 ¥ aver-depletion condiiion; the
spectral re~clution remained constant during the 120 hr. experiment (~ fluence
of 10g protons/cmz). This exarple demnnstrates that an understanding of the
damage effects can allow an experiment to proceed even though the detectors are
being damaged. .

Procedures have hoen developed for annealing radiation damage in high-purity
germanium. In general, the damage can be repaired by annealing the detectors
for relatively short times (~ 4 hrs) at 150°C. The exact mechanism involved in
this annealing process is not known, vut may be associated either by recombina-
tion with vacancies and interstitials or possibly by hydrogen, which is present
in the crystals, diffusing to repair the damage sites. We beiieve that lithium
in Ge(L1, detectors performs this role and hydrogen may act in a similar fashion.

In a tow cases w2 have observed radiation induced acceptor concentrations
which could not be appreciably altered by annealing. The annealing did, however,
fully restore the spectral response, so that the detectors could continue to be
used. The reasons for these cases aie not understood at the present time.

Silicon multiple-element telescopes employing Si(Li) detectors are generally
used in low-flux experiments where few neutrons are present. However, in other
areas where neutron and protron damage has been observed i4 individual Si(Li)
detectors precipitation of the lithium at the Jamage sites is believed to occur.
Recovery of this damage requires replacing the lithium by redrifting the device
{~ 100°C, 200 V bias) for several days. With low—flux densities and long =xpos-
ures, as freguently encountered in space applications, enough redrifting due to
the applied bias may occur to csimpensate for radiation damage effects.

IV. DISCUSSION

In the nreceeding sections we have considered a few applications where, due
to low particle flux or high probability of particle scattering, large diameter
semiconductor detectors are required. The availability of material for the
fahrication of these large detectors is, however, somewhat tenuous.
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The development of high-purity germanium has been one of the more noted
accomplishments in the detector field in the past decade. Several new analy-
tical techniques have been developed and the physics of ultra~pure germanium has
been substantially advanced.(34) Additional understanding of the purification
process is still actively being pursued. For example, the concentration of
carbon and carbon clusters which can cause acceptor levels in combination with
hydrogen has been found to be considerably higher than was guessed previousiy. 35)
Germanium material research has been focused on obtaining detector grade material.
While material is available for large-area (60 mm diameter} detectors, the high
cost (310 - $20/g) is somewhat indicative of the difficulties in its production.

In contrast to germanium, there has been little research published in wrecent
years on detector-grade silicon. Processing and econcmic factors have made most
silicon detector manufacturers dependent on silicon sources which are closely
allied with the semiconductor electronics industry. Detector grade material with
diameters up to 80 mm is available, but frequently is a by-product of the normal
crystal production. Optimization of the silicon crystal processing intended for
the electronics industry can lead to silicon that is less perfectly suited for
detector fabrication. A recent study on a few 50 mm diameter crystals where the
cooling rate during crystal arowth had been modified, indicated the presence of
micro-impurity regions in the crystals. The modifications improved the silicon
for its use in the electronics industry, but reduced the material quality for
detector applications.

Research and development on the compound semiconductor materials, cadmium
telluride and mercuric iodide is being conducted by a few groups. Progress in
crystal improvements here has been slow but promising. The recent development of
cadmium telluride crystals containing chlorine to eliminate polarization effects
is indicative of the progress being made.

The semiconductor detector material situation is not as advanced as we would
Tike. It is still evoiving. However the few experiments we have described
demonstrate that, with suitable material and processing, exciting results in
radiation measurement can be achieved with semiconductor radiation detectors.
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FIGURE CAPTIONS

Schematic arrangement of a backscattering spectromeier.

Comparison of a Transmission Electron Microscope (TEM) cross
section of a heavily phosphorus 1mp1an%gg wafer (above) and the
Rutherford Backscatter Spectrum (RBS)

A schematic represengation of a depleted semiconductor detector
showing the N* and P* contacts.

Maximum particle beam energy in MeV/nucleon that can be stopped in
a detector of thickness X versus the particle atomic number.

A multiple-element detector telescope with position sensitive
drift chambers at the entrance. This is ths configuration of the
telescope on board the ISEE-C Satellite. (1

Percentage of protons involved in nuclear reactions i? f}licon and
germanium as function of the incident protcn znergy.

Demonstration of the linearizing effects of metal stripes on the
position response of a position-sensitive detector.

aE, E scatter plot obtained from a 230 MeV/nucleon Fe56 peam

with a parafin target., Results were obtained during calibration
of the 1SEE-C part1c3% $elescope at the BEVALAC. The elements Ne
to Fe are separated.

Mass histogram for mangenese derived by app]{l g a particle
identifier algorithm to the data of Fig. 10

{a) aE, E scatter plot produced by cosmiz rays as measured by the
ISEE-C telescope

(b) The mass histogram obtained from the data shown in (a).(28)

Mass histogram of elements produced by fragmentation of a 200 MeV/
nucleon 38Ca beam on a Be target. The new particle stahle
F,

o SUUANE MR
44 45c] {29
{a}) 50 MeV pion spectrum without enhancement

{b) Pion spfgﬁsum after effects of muon decay and positron escape
are removed,



Material Net Impurity Atomic | Band | Hole-Electron | Thickness Planar Area | Typical
Concentrations Number | Gap Pair Formation | Required for Currently Depletion
{Np-Np | ions/cc (e¥) | Energy {eV) 90% Absorption | Availabie Region
of 60 keV y Width
High-Resistivity 1011_3ol4 14 1.12 | 3.6 (300°K) 32 m < 40 cm@ <1lm
Silicon
Lithium-Drifted ~ 109 <5m
Silicon .
(-
1]
High-Purity 5 x 109 _ 32 0.66 | 2.98 (77°K) 2.2 m < 30 em? 1-2 cm
Germanium 5 x 1010
Lithium-Drifted ~ 109 1-2 om
Germanium
Cadmium Teluride ~ 1011 48 52 | 1.47 | 4.4 (300°K) 0.3 mm <1emt cim
Mercuric lodide Semi- 80 53 | 2,13 | 4.2 (300°K) 0.4 m <1cm <1lm
insulator

Table 1. Properties of Semiconductors Employed in Semiconductor Detectors(8-9)



GERMANTUM SILICON
Technology N* p* N p*
Diffusion Lithium - Lithium Boron
Phospherus, Arsenic
Implantation Phosphorus Boron Phosphorus, Arsenic Boron
Schottky Barrier - Nickel, Chromium Aluminum Palladium, Gold
Gold, Palladfum
Solid Phase Epitaxy - Alum{num - Palladium, Platinum
Palladium, Platinum
Table 2. Contact Materials and Technology curvently employed with
silicon and germanium radiation detectors.
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