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ABSTRACT

A basic understanding of the response of semiconductor detectors to ionizing
radiation is important for their proper usage and their further development. Such
devices may also be rsed to explore the energy deposition process in semiconductors.

The detailed response of an HPGe detector (~1 cm? hyperpure Ge with an
ion-implanted front contact) to ionizing radiation has been studied with regard to the
radiation ionization energy ratio, £;,,/E¢, using radioactive a and y sources and
accelerated jon beams ('H, 3**He, "Li). The data span the energy range of a few
hundred keV to a few MeV. Effects of temperature and bias voltage variation have
been investigated. The response to charged particles and y-rays have been measured
simultancdus]y by using 52Eu, ¥Co, and ¥'Cs y-ray sources.

Analysis of the results reveals:

(1) Contrary to earlier conclusions, a difference of ~1% between £ and ¢, , , has
been found in Ge, often showing £, , <& - results that are qualitatively in accord with
the observed behaviour for Si semiconductor detectors; these observations cannot
be explained by trapping or recombination effects during the stopping of the ion in
the sensitive volume.

(2) The functional behaviour of £./eo and £,/¢, exhibits a non-linear response of the
Ge detector as a function of ion energy for a given projectile, which is similar to
results observed for Si detectors; the ratios approach unity as the particle energy
increases - a result that is to be expected from fundamental considerations.

(3) Where comparisons can be made with earlier works, the present results for £,,,/¢9
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are in good guantitative agreement when similar assumptions are included, e.g. the
apparent window thickness of the Ge detector is assumed to be independent of ion
energy.

(4) The energy loss in the window of the Ge detector is found to vary with the
energy of the incident particle in a manner that does not agree with the stopping
power curve. The apparent thickness of this window region is observed to decrease
dramatically with increasing detector temperature (~30% decrease as T increases
from 80K to 175K). This observation suggests that the surface layer of the Ge
. detector does not consist of a simple passive dead layer. The reasons for this
behaviour are not presently understood.

(5) Pronounced channeling effects are evident in the pulse height spectra as the
incidence angle of the ions is rotated with respect to the detector surface normal.
These features arise from ion channeling effects in the ion—implanted entrance
window region. Monte Carlo calculations of the projectile energy loss under
channeling conditions are in qualitative agreement with experimental obser auuns.
However, such channeling effects do not account for the deviations of £;,,/e; from

unity.
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mechanisms of radiation interaction with semiconductors are still not satisfactorily
explained. In addition, a precise knowledge of the functional behaviour of €,,, for Ge
semiconductors is obviously essential if they are to be used for precise charged
particle spectrometry. Furthermore, studies of €, can in principle yield a better
understanding of radiation effects in semiconductor devices. This is the motive for
this thesis. Since the absolute value of £, in Ge has been measured accurately, only
a precise relative comparison of €;,, and g, is required. The absolute value of ¢;,, can
be derived easily from the well known g, value if the ratio €;,,/€, is measured. In the
following chapters, a detailed study of the response of an HPGe detector will be
reported for y—rays, p, a and Li particles in term of relative é—values and their

dependence on energy and temperature.
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to convert the information carried by the radiation into a measurable quantity is
called a radiation detector. A complete understanding of such interactions between
radiation and detector materials is necessary for improving detector fabrication to

enhance the attendant applications.

1.2  Development of ionization detectors and study of the ionization energy
Since the Geiger-MuUller radiation counter was introduced in 1928 [1], there
has been a continual development in radiation detection techniques in order to fulfil
the requirements for both pure and applied science. According to their functions,
radiation detectors can be conveniently divided into three broad groups: dosimeters,
track visualization recorders and counters. Among these, dosimeters measure the
int=grated effect of many ionizing radiations, track visualization recorders record the
individual trajectories of some radiation types, and counters detect and record
individual events caused by ionizing radiation. Counters operating in pulse mode can
measure the energy of radiation recorded and are therefore the most extensively used
in nuclear physics, materials science, efc. The basic types of counters are scintillators,
gas ionization chambers, liquid and solid state detectors. With the exception of
scintillators, all detectors are directly based on ionization effects produced when
ionizing radiation passes through the working detector medium, e.g ion pairs
collected in gas or liquid detectors and electron—hole pairs in semiconductor (solid
state) detectors. For radiation energy measurements, the response of ionization
detectors to radiation is most concerned with a determination of the so—called

“ionization energy", denoted &, which is the mean energy required to create one ion



pair or electron—hole pair by ionizing radiation. Research is mainly conducted in
three directions: the dependence of £ on the radiation type (¥, €7, a, - ), as well
as the energy and temperature.

Ionization chamber Gas ionization chambers, the oldest and most widely used
types ot radiation detectors, in which gases comprise the working medium. As
mentioned, the working principle of the ionization chamber is simply based on
collecting the ion pairs (ionized atom/molecule plus free electron) created by the
radiation or the secondary products of the radiation within the sensitive gas volume.
Since the density of gases is low, gas chambers tave to be made large in order to
fully absorb high energy radiation. Due to their size limitation, gas chambers are
more suitable to measure low energy electrons, charged particles or radiation
exposure (e.g. y—ray counting). The ionization energy is a crucial factor depending
on the nature of the radiation and the working gas. A typical value of ionization
energy is 30—35 eV/ion pair — a value larger than the binding energy of the least
tightly bound electrons, ie. a few eV. This £--value sets a lower limit on the enc.gy
resolution arising from statistical fluctuations during a series of ionization events in
the gas chambers. Extensive experimental and theoretical studies on ionization
energy for gases are reviewed in a recent ICRU report [2,3]. Studies mainly focused
on values for ionization energy in pure gases, noble gases and gas mixtures under
different pressures for radiation with different energies. The results have been
applied in studies of radiation dosimetry, charged particle spectroscopy, and in studies
of the radiation chemistry of gases. Especially the discovery of the Jesse eftect (i.e.

the observed increase in total ionization due to small concentrations of impurities)



provided important knowledge of energy pathways in the noble gases, which was later
applied to a variety of practical situations such as trace analyses of atmospheric
pollutants and the development of gas lasers. For basic understanding and
application, however, the studies are expected to be enhanced in terms of using more
charged particle radiation over a wide range of kinetic energy, improving the
precision of measurements and trying new experiments on the phenomena predicted
by the theory. Also the study of ionization energy with alkali vapours may be
pertinent to new energy—generation technologies.

Scintillatinn detector The scintillation technique is one of the oldest radiation
detection techniques and still remains one of the most useful methods available for
detection and spectroscopy of a wide assortment of radiation. Instead of collecting
ion pairs as in gas ionization chambers, scintillation detectors rely on the detection
and amplification of scintillation light quanta (i.e. visible photons) produced by
ionizing radiation in scintillating materials. This scintillation process is directly
associated with the scintillation material and ionization in the material due to the
interaction with ionizing radiation. Basically a scintillation detector containe a
scintillator and a photosensor; the scintillator can be a gas, liquid, organic or solid
luminescent material. The scintillator should ideally convert radiation energy to
detectable fluorescence linearly with an high efficiency; the scintillator should be
transparent to its own induced light and easily manufactured in large volumes. In
modern scintillation detectors, photomultiplier tubes are used as the photosensors.
Many types of scintillation detectors, such as alkali halides (e.g&. Nal), BGO and

organic scintillators are described in the references [4,5]. The advantage of solid



scintillation detectors is that they can be made much smaller than the equivalent
gas—filled detectors, due to the high density ratio (~1000) of solid scintillation
materials to gases. However, in scintillator detectors, the energy required to generate
one photoelectron is > 100 eV or more, which sets a major limitation to energy
resolution. This shortcoming cannot be overcome until better scintillators with higher
efficiency in the chain process of converting incident radiation energy to optical
signals are developed.

Semiconductor detector The efficient solid ionization detectors, Si and Ge
semiconductor detectors, are most commonly used in nuclear physics and ion beam
materials science. The development of these semiconductor detectors has brought
revolutionary changes in both pure and applied sciences. The reasons for their
superiority as a detector material derive from their special properties: (i) they can
be made in the form of highly uniform large single crystals; (ii) high resistivity by
virtue of their small carrier densities at certain temperatures; and (iii) long carrier
drifting length, small bandgap and a low density of traps and other recombination
centres. Compared to gas ionization chambers, semiconductor detectors have a
number of advantages. Their greater density makes it feasible to achieve complete
absorption of high energy particles ( e, p, @, ), X—rays and y-rays. The
detectors can be made more compact to be easily fit in high or ultrahigh vacuum
(UHV) systems. A relatively small value of the ionization energy (~3 eV) means
better energy resolution via smaller statistical fluctuations in the number of electron-
hole pairs produced by the ionizing radiation; the latter feature has improved the

accuracy of spectroscopic energy measurements. The development of semiconductor




detectors has progressed since about the 1950’s. In 1949, McKay [6] first
demonstrated the principle of recording a particles with a Ge point contact rectifier.
Soon after, improved Ge p—n junction diode detectors were developed, allowing for
the extraction of basic physical data from the measurement. In the beginning,
detectors were basically of the p—n junction type. From 1960 to the mid—1970’s,
however, semiconductor detectors developed dramatically. As a result of progress
in understanding more about semiconductors and their interaction with radiation,
material processing techniques, electronic pulse processing and ion beam
implantation, the new types of surface barrier (Schottky) and implantation types,
Li—drifted and high purity semiconductor detectors were achieved gradually with
reliable performance. In this period, studies on semiconductors concerning their
performance and response to ionizing radiation were very active. Since the 1970’s,
as the detector planar technique and integrated electronic circuits became feasible,
the technology of semiconductor detectors has become more mature. The important
innovation and development stages in the history of semiconductor detectors are
listed in Table 1.1 (see [7] for relevant references).

McKay already realized the importance of the ionization energy when he tried
to understand the behaviour of a particles in his prototype Ge detector (a p—n
junction diode). The £—value he obtained for ~5 MeV a particles in Ge was about
3 eV — a result quite close to the presently accepted value. In that early stage, the
e—value in semiconductors yielded reasonable estimates about electron~hole pair
production created by ionizing radiation, the effects of trapping and recombination

in the semiconductor detector, and the intrinsic energy resolution the detector coukd



Table 1.1 Summary of the development of semiconductor detectors*

Time table

Semiconductors

Detector Types

Point contact and p—n junction diodes

1949  Ge point contact diode
1950/1 Ge p~n junction diode
1959  Awu/Si surface barrier diode

1960 — 1970

Surface barrier (Scho':ky), implantation and Li drift detectors

1962 1D-—position sensing Au/Si diode with resistive back layer
Si(Li) drifted diode
Ge(Li) drifted diode

1964/6 lon implantation studics in Si

1965  Si, Ge X—ray diodes and FET preamplifier

1967 Ion implantation Si diode, 1D and 2D position sensing Si
diodes

Surface barrier (Schottky) and implantation detectors
plus planar technique

1970  Hyperpure Ge detector
1972  lon implanted Ge diode
1973  lon implanted AE/E Si detector telescope

Surface barrier (Schottky) and implantation detectors
plus planar technique

1980  Planar technology for Si detectors

1987  Various Si devices: drift chambers, variable telescopes, lowg
capacitance and current diodes, strip detectors, integrated
electronics

* Entries derived from ref. [4]

provide. In the 1960’s and early 1970’s [4, 8], studies actively focused on: (i)

absolute measurements of the ionization energy in Si and Ge for y, e~ and a particles

emitted from radioactive sources; (ii) theoretical studies of the correlation between

the ionization energy and the bandgap of semiconductors; (iii) trapping and

recombination effects; (iv) pulse height defect for heavy ions or fission fragments;

and (v) the Fano factor and ultimate energy resolution for such detectors. The

experimental study of the ionization energy tested the hypothesis that it is



independent of radiation energy, type of radiation and the bandgap of the detector
materials. Although some contradictory experimental results and a theoretical
prediction had been reported, in the end it was believed that: & had the same value
for incident ¥ and e~ independent of their energies; there was a difference in
e—values of ~1% for y and a’s in Si at 300K; there was no difference in the £—value
for y and a’s in Ge; and there was a small dependence of £ on temperature in both
Si and Ge. It must be mentioned that the early experiments were hampered by
limitations in the available electronics technology. Later Martini’s [9] relative
measurements showed that for energetic ions (p, d, @) with energies in the range
10—19 MeV, there was little difference between g and &, found in both Si and high
purity Ge detectors.

In 1985, scientists began to study the detailed response of Si surface barrier
detectors to light ions over the energy range of a few hundred keV to several MeV
with precise corrections for the energy losses arising from the detector entrance
"window" and nuclear collisions in the active volume: both these effects contribute
to the pulse height defect. A nonlinear energy response of Si detectors to charged
particle radiation was found experimentally [10—12]. This effect was described
empirically through a dependence of £,,, on the Si stopping power, wherein £, = £,
(Le. the value of € for y’s) at both low and high energy. These new data also
reported the Z,-dependence of the response of Si detectors to ions for the range
1sZ,<8. Recently, the nonlinear response of Si surface barrier detectors to 5§ — 70
MeV heavy ions (Li, B, C, O, Al and Cl) was studied based on extensive

measurements [13]. The ionization energy deduced for those heavy ions was found



to be up to 2.5% smaller than that for #!Am a particles. The nonlinearity of the

response of the Si detectors to heavy ions was also smaller than that anticipated from

an extrapolation of the early study [11]. The reported results for £ are summarized

in Table 1.2,

Comparing the results listed in Table 1.2, it is difficult to reconcile the results

of £, and ¢, for Si and Ge semiconductors, notwithstanding the lack of information

concern‘ng effects arising from non—ionizing energy losses. As yet, the detailed

Table 1.2 Summary of the studies on ionization energy in Si, Ge detectors

£ ionization

Si detector

Ge detector

£y (for y—ray)

€. (fore™)[14]

Same

Ep = 3.67 = 0.02 eV/e—~h pair
at 300K

Independent of their energies

Temperature dependence

Same

£qg = 2.96 = 0.02 eV/e—h pair
at 90K

Independent of their energies

Temperature dependence

Eq €4 fOr a few
McV a particles {14)

changes by ~1 % over a wide range
of temperature

No difference being found over
a wide range of temperature

€;on for accelerated
ions (1s52,<8) with
energy lcss than a
few MeV [10-12]

Difference 2 1 % compared with £,

Noanlinear response to radiation E
(due to weak E dependence of €,,,)

Unknown

Ep.da for 19 MeV =
E 210 MeV [9]

EqfEp = 0.994 = 0.0015 at 300K

E,/E, = 0.9989 £ 0.0015 at 90K }
Eql€q = 0.9963 = 0.0035 at 0K §

E,on for 5-70 MeV
heavy ion (Li, B, C,
O, Al and C}) [13]

E,n is up to 2.5 % smaller than £,
(5.486 McV)

Unknown




mechanisms of radiation interaction with semiconductors are still not satisfactorily
explained. In addition, a precise knowledge of the functional behaviour of &, for Ge
semiconductors is obviously essential if they are to be used for precise charged
particle spectrometry. Furthermore, studies of €, can in principle yield a better
understanding of radiation effects in semiconductor devices. This is the motive for
this thesis. Since the absolute value of ¢, in Ge has been measured accurately, only
a precise relative comparison of €;,, and &, is required. The absolute value of €;,, can
be derived easily from the well knuwn ¢, value if the ratio ;,,/¢, is measured. In the
following chapters, a detailed study of the response of an HPGe detector will be
reported for y—rays, p, @ and Li particles in term of relative £—values and their

dependence on energy and temperature.
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Chapter 2

SEMICONDUCTOR DETECTORS AND THEIR
INTERACTION WITH RADIATION

2.1 Bandgap and structure of semiconductor detectors
211 Semiconductors

The term semiconductor customarily refers to a class of materials with
resistivity between 102 and 10° Q-cm, i1..ermediate between conductors (~10-3 Q-
cra) and insulators (~10'4-102 Q-cm). Common examples include: (1) elemental
semiconductors of IV group of the periodic table, such as Si and Ge, and (2)
compound semiconductors, such as GaAs, InSb, AIP, GaP, CdS, ZnS, CdTe, ZnO,
PdS, PdTe. Although GaAs and related III-V compounds are gaining importance for
their potential uses associated with injection lasers and ultrafast electronic devices,
Si and Ge are the most important semiconductors with wide commercial applications.
Si and Ge atoms both have an half-filled outer electron shell (3s2 3p? for Si and 4s2
4p? for Ge) and form crystals with the diamond fcc structure. Figure 2.1 shows a
schematic of the band structure for electron energy levels in semiconductors. At
T=0K, the valence band is filled with electrons, which are bound to specific lattice
sites (forming covalent bonds) in the crystal and cannot migrate, and no free
electrons are in the conduction band. In intrinsic (pure) semiconductors, the number
of electrons in the conduction band (n) is equal to the number of holes (p) in the
valence band; this equilibrium is due to the balance the thermal excitation of

electron-hole pairs and their recombination, ie.

12



3
pen=cT % exp(- 2L (2.1)

where T = absolute temperature, E, = bandgap, k = Boitzmann’s constant and C
is a proportionality constant relating to the effective mass of e~ and h. In spite of
a weak temperature dependence of E,, the concentration of the e-h pairs changes

very quickly with the semiconductor temperature. For instance, at T = 300K the

Conduction band
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Figure 2.1 Bandgap structure of electron energy levels in semiconductors,
where there are no electron states in the bandgap except for states due to

impurities. Excitation and recombination processes are marked by the solid
and dashed lines.
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intrinsic e-h pair densities are 1.5%10'° cm~3 in silicon and 2.4x%10'3 cm™3 in
germanium. In the presence of an electric field in the semiconductor, the electrons
in the conduction band and the holes in the valence band are free to 'nigrate and
both contribute to the electrical conductivity of an intrinsic semiconductor. At the
same time, recombination will be gradually reduced with increasing strength of the
electric field.

Impurities in a semiconductor - even at trace levels - can substantially change
the population of conducting electrons or holes. Because the impurity (donor or
acceptor) energy levels are very close to the conduction or valence band (~0.01 eV
in Ge and ~0.04 eV in Si), the carriers can be easily excited thermally, thereby
contributing to the conductivity. Such a contribution depends on the net donor or

acceptor concentration and also weakly on the temperature of the semiconductor.

2.1.2 Planar semiconductor detectors

Planar Si and Ge semiconductor detectors basically can be classified as: (1)
Schottky surface barrier type, or (2) implantation type. Both types can be simply
described as a "pure” Si or Ge wafer with thin front and back conducting layers,
operating at a reverse bias voltage. The term "pure” means that Si and Ge wafers
can be either of mildly p-type, mildly n-type (10'5 donor atoms/cm?), lithium-
compensated or intrinsic (only rarely) semiconductors. The Schottky surface barrier
type refers to a semiconductor detector with thin front and back metallized layers.
Figure 2.2 shows an example of a thin metal layer deposited on an n-type

semiconductor, forming an intimate contact. Due to the higher electron carrier
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Figure 2.2 (a) Band structure at interface of the metal—semiconductor
contact; (b) bent band structure, (c) space charge distributions, and (d)

electric field in semiconductor, with a reverse bias applied across the interface.

concentration on the metal side, the energy band of the semiconductor bends up at
the metal-semiconductor interface and a space-charge distribution is established in
the semiconductor near the interface region. Therefore, a potential barrier, ¢p, exists
at the interface thereby impeding electrons in the metal from entering the
semiconductor; the magnitude of this barrier depends on the metal and the

semiconductor. When a reverse bias, Vy, is applied across the metal-semiconductor
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junction (low potential on the metal), the Fermi level of the metal and the energy
band of the semiconductor at the interface will be raised by an amount eVp, causing
more charge to accumulate on both sides of the interface, see Figure 2.2(b). The
negative charges are concentrated within a very thin layer on the metal side of the
interface and the positive charge distribution has to be built up by repelling the donor
electrons away in the n-type semiconductor. Since the donor concentration is uniform
and relatively small, the charge distribution in the semiconductor must be uniform
and extends further into the semiconductor from the interface, see Figure 2.2(c). The
corresponding electric field shown, in Figure 2.2(d), decreases linearly from the

interface according to:

- 22 (g-x) 22)

where < is the permittivity, N), is the donor density of the semiconductor, and d is the
depth of the charge distribution, called the depletion depth. The depletion depth is

a function of the reverse bia: applied,
= ( 2€V) 3 (2.3)

For implantation-type semiconductor detectors, the situation is different.
Instead of the metal front and back layers, the thin front and back conducting layers
are comprised of heavily doped n- and p-type layers or vice versa formed by
implanting donor- and acceptor-type atoms into the surface of "pure" semiconductor
wafers. That means that a p-n junction replaces the surface barrier contact at the

surface of the semiconductor detector. Figure 2.3 shows the change at a p-n junction
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when a reverse bias is applied across the junction. Because the n-type side is heavily
doped relative to a mildly p-type side (ie. Np»Np) and the depletion depth is
proportional to (Np)~ 2, the depleted region in the n—type region is negligible
compared with that in the p—type region under the reverse bias. The total depletion
depth is almost determined by Equation 2.3, substituting Np for Np. The electric
field under a reverse bias on the p-type side is similar to the surface barrier case, see

Figure 2.3(d).

®)

®)

©

-d, ° ‘.

Figure 2.3 Band structure change at interface of heavily doped n—type and
mildly p—type semiconductors. (a) without a bias; (b) with a reverse bias. (c)

and (d) show charge and electric field distribution with a reverse bias.
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Both types of semiconductor detectors are operated under a reverse bias
applied between the front and back conducting surfaces, similar to a diode with a
reverse voltage. On increasing the bias, the electric field penetrates deeper into the
wafer. The reverse bias value for which d is equal to the wafer thickness is called the
depletion voltage; at this value, the electric field reaches the back conducting layer.
The detector is said to be fully depleted at this point. Further raising the bias voltage
results in a constant increase of the electric field everywhere in the wafer. The
thickness of wafer that can be fully depleted using bias voltages below that value
which causes catastrophic breakdown depends on the purity of the semiconductor.
Depletion of over 1 cm thickness can be achieved for ultrapure Ge and generally no
more than several millimeters for Si. Figure 2.4 shows several different
configurations for fully depleted semiconductor detectors. There are several
advantages (e.g. larger sensitive volume) for the detectors operating in the fully
depleted condition, which will be mentioned in section 3.

The front conducting layer of detectors is conveniently called the entrance
"window", which is either a metal evaporated layer (including some oxide or sub-oxide
layer at the interface) or an heavily doped semiconductor layer. The "window" layer
is usually required to be as thin as possible. In principle, the higher bias will help in
reducing the thickness of the front and back layers, but this is not true for

implantation detectors [1).

2.2 Interaction of ionizing radiation with semiconductors

Si and Ge planar detectors are commonly used for measuring energies of
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Figure 2.4 Different configuration of a planar semiconductor detector and
electric field distribution under a reverse bias. The indicated p, n and metal
contacts refer to the thin heavily p—type, n—type semiconductor and metal

layers.

incident electrons, heavy charged particies (Le. light ions, heavy ions, or muons),
visible light, X-rays and y rays. Their working principle is based on the ionization
effect created by radiation in semiconductor detector materials. Although the final
results from the interaction of charged particles and electrons with semiconductors
consist of a number of ionization tracks containing electron-hole pairs, each has its
own manner of achieving that end. Thus, separate discussions are necessary. In the
following, the terminology "stopping power" refers to the energy loss per unit

pathlength.
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221 1 . f el it icond

The interaction of el -trons with semiconductor materials is important since
such an interaction is often involved in secondary processes following primary
interactions of other type of radiation (e.g. X or y) with semiconductor materials.
There are two major energy loss mechanisms: (1) collisional energy loss, caused by
inelastic Coulomb collisions with bound atomic electrons of the semiconductor
resulting in ionization and excitation; (2) radiative energy loss, arising from the
emission of Bremsstrahlung radiation in the electric field of the atomic nucleus and
of the atomic electrons, which increases with increasing electron energy and only
produces low-energy photons for typical electron energies. The ratio of radiative to
collisional stopping power is approximately equal to (4/37) Z, a; (v/c)?, where ay is
the atomic fine structure constant, v is the velocity of electrons, c is the velocity of
light, and Z, is the atomic number of the medium.

Since most interactions are collisions between the incident and target electrons
of equal mass, the path of the incident electron is a tortuous one. Therefore, some
electrons can be completely stopped in a semiconductor layer thinner than the range

of these electrons. The stopping power and range for electrons can be obtained from

theory [2].

The most important parameter of heavy charged particles (ions) is their
atomic number, which determines to a large degree their interaction with

semiconductor materials. The outer shell electrons of charged particles may be




stripped off at high velocity or the ion can capture electrons from the atoms of the
target medium at lower velocity when they penetrate the detector.

The energy loss for energetic heavy charged particles traversing a medium
occurs via collisions with electrons and nuclei in the medium. Collisions with the
electrons cause excitation and ionization of the bound (valence or core) electrons.
Those ionized electrons (or d-rays) with enough kinetic ene:gy can subsequently
induce secondary ionization and excitation, and eventually dissipate all their kinetic
energy in the semiconductor. This type of collision is inelastic and the corresponding
energy loss of the ions is called the electronic energy loss. The second kind of
collision arises through (screened) Coulomb scattering between the incident charged
particle and a target nucleus. A vacancy in the lattice can be created and further
jonization or excitation will occur as the recoiling nucleus slows down. The
probability for heavier particles to have nuclear collisions with the atoms of the
medium increases with the projectile mass at fixed energy. Energy transfer to the
nucleus (or atom) will be described in detail in a later chapter. This type of energy
loss is called nuclear energy loss. The electronic energy loss dominates for the higher
energy region and the nuclear energy loss dominates at lower energy, Le. close to the
end of the particle range. The paths of heavy charged particles in the detector
medium are virtually straight, except near the end of range. The density of electron-
hole pairs due to ionization along the track of the incident particles is higher for
heavier particles. For charged particles with an energy less than 10 MeV, the ranges
are no more than 1 mm in Si and Ge semiconductors. Conveniently, the dE/dx (total

stopping power) is divided into the electronic and nuclear stopping power regimes,
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which can be found in reference [3,4]. Figure 2.5 shows an example of the ratio of
the nuclear stopping to the total stopping as a function of the energy for “He ions in

Ge.
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Figure 2.5 The ratio of the nuclear stopping (S,) to the total
(nuclear+electronic) stopping (S,+S,) is shown as a function of the energy for
“He ions in Ge. Nuclear stopping has insignificant contribution to the total
stopping in the high energy region. The ‘He energy scale for the upper panel

is also in keV.
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A photon is an uncharged energy quantum, which can interact with solid
materials through three major processes: photoelectric absorption, Compton
scattering and pair production. Photons either disappear entirely or are scattered
through significant angles in the former two processes respectively, where the
Compton scattering will lead to a transfer of some of the original photon energy to
a recoil electron (of course, photons may penetrate through a thin absorber without
losing any of their energy). The probabilities per atom for these three processes
depend on the photon energy and on the atomic number of the medium.
Photoelectric absorption dominates at low photon energy (up to a few hundred keV),
pair production dominates at photon energies exceeding 5-10 MeV, and Compton
scattering is the most probable process in the energy range intermediate between
these two extremes [5].

1) Photoelectric absorption

In this process, a photon interacts with an absorber atom in a manner such
that it is completely absorbed by the atom; an energetic photoelectron is ejected
from one of the atom’s bound orbits having an energy E.=hv-E, ( E, is the binding
energy of the photoelectron). As a consequence of free electron capture or
rearrangement of electrons within the residual ion, characteristic X-rays or Auger
electrons can be generated. The X-rays are reabsorbed in the neighbouring atoms
through photoelectric absorption involving less tightly bound electrons, unless they

escape from the detector. The probability per unit pathlength, 7, for photoelectric

absorption can be estimated from the expression




t'COﬂSC.XEZ:.S (2'4)

v

where the exponent, n, has a value between 4 and 3.

2) Compton scattering

The incident photon can interact directly with individual electrons in the
absorber via a Compton scattering process. In such a process, the photon is
deflected from its incident direction, transferring a portion of its energy to tne (recoil)
electron. The energy transferred to the recoil electron depends on the energy of the
incident photon and the scattering angle. The cross section for Compton scattering
is well described through the Klein-Nishina formula [5]. The y-ray energies of many
radinactive sources fall in the energy region where Compton scattering is
predominant. The distribution of the energy transferred to the electrons exhibits a
continuous spectrum which can be calculated by averaging over all Compton
scattering angles with the appropriate cross sections. For instance, the maximum
energy of a Compton-scattered electron for the case of a photon of energy hv
scattered to 180° from a free electron is given by

2m,c2hv

E =
m,c?+2hv

&

(2.5)

3) Pair production

This process must occur in the Coulomb field of a nucleus. When the photon
energy exceeds 1.02 MeV, ie. twice the rest-mass energy of an electron, it is
energetically possible for the photon to disappear and create an electron-positron

pair with the sum of their kinetic energies equal to hu-2n1c2. After travelling a short



distance, the positron will annihilate and produces two annihilation photons, each
with an energy mqc? (0.511 MeV).
Overall, the attenuation of the primary photons by the above competing

processes follows an exponential law:
I=I,e™*t (2.6)

where I is the incident photon flux, I is the photon flux transmitted through a
thickness, t, of the absorber and a is the linear attenuation coefficient. Therefore,
for a thin semiconductor layer, there exists a finite probability (1-exp[-at]) that the
full energy of an incident photon can be totally absorbed (e.g. photoelectric effect)

to generate electron-hole pairs in the layer, albeit with low interaction efficiency.

2.3 Response of Si and Ge detectors to ionizing radiation

The respornse of Si and Ge detectors to ionizing radiation is very important for
understanding the basic interaction of the radiation with matter as well as for
applications of semiconductor detectors. Insome situations, the results obtained from
the detectors could be misinterpreted due to a lack of a complete understanding of
the detailed detector response. In principle, the response depends on the properties
of the radiation and the parameters of the detector. The common features and
difference in the response of the detectors to radiation will be described

phenomenologically with respect to the physical mechanisms.

2.3.1 Charge collection and ionization energy

There are always a certain number of electron-hole pairs existing due to



equilibrium between the thermal generation of electron-hole pairs and their
recombination. In the absence of an electric field in the detector, these electrons and
holes move randomly within the semiconductor. When a reverse bias is applied to
the detector, in the depleted region the electrons drift towards the positive electrode
and holes drift towards the negative electrode. The migration is the net result of the
random thermal motion plus the drifting parallel to the direction of the applied field.
The drift velocity is proportional to the applied field for low or moderate electric

field strengths:

Vo= E

Va=BnE 2.7

where E is the electric field magnitude and .. i), are the proportionality constants,
or mobilities, for electrons and holes, respectively. In semiconductors, u. and u, are
approximately equal, which indicates that the drift velocities along the direction of the
electric field for electrons and holes are approximately equal at the same electric field
strength. At high electric fields, the drift velocity reaches a saturation value and then
becomes independent of the electric field. The electric field required to reach the
saturation velocity depends on the detector temperature. Since lattice scattering
become more important at higher temperature, the carriers require higher electric
field to reach their saturation velocity, e.g. uy=450 cm2sec™! V-1 for holes in Si at
room temperature requiring an electric field exceeding ~10° Viem.

Most semiconductor detectors are commonly operated using a bias higher than
the depletion voltage in order to obtain larger and more uniform electric fields in the

active volume of the detector. The electric field normally in the active volume of the



detector ensures a saturated drift velocity for the charge carriers (except for thick Si
detectors at room temperature).

Since the saturated velocity in Si and Ge semiconductors are ~107 cm/s, the
collection time for electron-hole pairs generated from a single radiation interaction
event in the active volume of the detector can be very short, depending on the
physical dimensions of the detector. For instance, the charge collection time for a
typical dimension of 1 mm or less will be less than 10 ns. This estimate suggests that
the response of the detector to a single radiation interaction event in its active
volume will produce a fast charge pulse output. If there is no loss of the electron-
hole pairs, the total amount of charge collected should equal the number of electron-
hole pairs created by the single radiation interaction event, iLe. proportional to the
energy deposited in the depleted volume by the radiation. The proportionality
constant is called the "ionization energy”, € (E=¢eN,_,), which is the average energy
required for creating one electron-hole pair in a semiconductor detector by the
radiation. The collection of the thermally generated electron-hole pairs can make a
small contribution to the output signal, which is reflected in the leakage current of

the detector (measured without radiation).

2.3.2 Spectra for energetic charged particles and photons

Using appropriate electronics, the output charge pulses from the
semiconductor detector (analog signal) can be converted via an analog-to-digital
converter (ADC) to counts in the channels of a multichannel analyzer (MCA). The

channel number is linearly proportional to the amount of charge collected; the
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number of counts record the corresponding number of events. Thus, the energy
spectrum of the incident radiation can be recorded, provided the detector is large
enough to fully absorb the incoming particles.
(1) Electrons

The full energy peak corresponding to the total electron energy used to create
e-h pairs in the active volume of the detector will be observed in the spectrum.
Those electrons that deposit only part of their energy in the active volume of the
detector will produce peaks at lower energy. Backscattering of the incident electron
or the escaping of their secondaries from the entrance window (the front conducting
surface) can have a significant effect on the response of the detector. Such
piienomena are most pronounced for electrons with low incident energies and for
target materials with high atomic numbers; for such cases, the backscattering fraction
can be as high as 50% [3). This process will cause partial energy peaks for some of
the incident electrons which strike the detector. The spectrum for monoenergetic
incident elections shows a nearly flat background extending from zero to the full
energy peak. There is only a small energy loss of the incident electrons in the
entrance window of the detectors, except for low energy electrons.

2 Heavy charged particles

For monoenergetic ions, a full energy peak will be recorded by the
semiconductor detector if the depletion depth of the detector exceeds the particle
range. But the incident ions will lose part of their energy in the entrance window of
the detector, since the energy deposited by the incident ion in the window

(conducting layer) of the detector will not create any stable electron-hole pairs. In



general, heavy ions will lose more energy than light ions of the same incident energy
in the detector window. Since the electronic stopping power for light ions of the
same energy is larger in Ge than in Si, G- detectors can be used for measuring more
energetic ions. For example, the maximum thickness for (uncompensated) Si
detectors is ~5 mm, which is equivalent to the range of 120 MeV a particles, and
~1.5 cm thickness for Ge detectors, which corresponds to the range of 300 MeV a
particles.

(3) Photons

Similar to the case for energetic electrons, large detectors and low photon
energy will only increase the detection efficiency for y-rays. Hence the full energy
peak mainly due to the photoelectric process will be seen for all detector sizes, in
which the total energy of the incident photon is dissipated in creating electron-hole
pairs in the detector active volume. For small detectors, as used in this thesis, the
Compton spectrum extends from zero to the maximum energy close to that

determined by Equation 2.5, which is lower than the full energy peak.

2.3.3 Resolution and Fano factor

The response function of semiconductor detectors to monoenergetic charged
particles or photons exhibits a nearly-Gaussian distribution based on experimental

observations. The energy resolution of detectors is defined as

r=EWHM (2.8)

where Hj is the peak centroid and FWHM is the full width at half maximum height
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of the peak. There are several sources of fluctuations which contribute to the
resolution of a detector, such as statistical fluctuations in the collected charge,
electronic noise, electric drift, microphonic noise, etc. Since most of these
contributions are symmetric and independent, the overall distribution tends toward
a Gaussian shape. Adding them in quadrature, the overall FWHM will be expressed:
(FWHM)2, .., = (FWHM)?,,. + (FWHM) ... + (FWHM)? o + -

The total FWHM can be directly determined from the spectrum; the individual
contributions can be estimatz=d under certain conditions.

The energy resolution is a key parameter for judging the quality of detectors,
which will give a measure of the energy peak spread for detectors exposed to
monoenergetic radiation. Two peaks are resolved when their separation is larger
than the detector FWHM at the corresponding energy. Ia the following, some of the
important noise contributions are discussed.

The statistical fluctuation occurs in the process of generating electron-hole
pairs in the active volume of the detector by a quantum of ionizing radiation. While
the primary incident charged particle or photon, or the ionization shower products
(electrons, holes, recoil nucleus or photons) create electron-hole pairs in the detector,
other processes of smaller energy losses are always involved, such as vibrational
excitation of the crystal lattice, displacement of the lattice atoms, defect creation, efc.
Such energy loss involved in these processes is not enough to create electron-hole
pairs. Thus, the mean ionization energy for creating one electron-hole pair is about

three times the bandgap energy in semiconductor detectors. And also for a given



energy deposited by radiation in the detector, the total number of electron-hole pairs
created is subject to statistical fluctuations. In the ionization process, the generation
of charge carriers does pot follow a Poisson model, indicating that all events along
the ion track are not independent. The Fano factor, F [4,6,7], has been introduced
to describe the variance, @, in the total number of electron-hole pairs measured for

the actual process, ie.

1
o:(ﬂ') 2
e
1
R=2.35(%—)3 (2.9)

where F=1 for the Poisson process. The experimental determination of F is difficult,
since all other contributions to the total FWHM (resolution) must be precisely known
or estimated reliably. For y rays and electrons, the Fano factor ranges from 0.09 to
0.3 for Si detectors without evident changes observed with the temperature, and
0.08—-0.3 for Ge detectors at ,77K [7-9]). For charged particles, the energy loss in the
detector window causes problems in determining F reliably.

(2) Electronic noisc and electronic drifting

The electronic noise here refers to the noise coming from the detector leakage
currents and the preamplifier-amplifier-analyzer system including the connecting cable
between the detector and preamplifier. For leakage current, one source is the bulk
leakage current of detectors, which comes from the fluctuations in the number of
thermally generated electron-hole pairs in the active volume of the detector. The

bulk leakage current can only be reduced through temperature reduction of the

detector crystal (sce Equation 2.1). Another source is from the fluctuation in surface
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leakage current related to the fabrication of detectors. Damage or contamination at
the interface between the surface conducting layer and bulk crystal of detectors can
cause severe leakage and breakdown problems.

There is one kind of noise called Johnson noise, which is associated with series
resistance or poor electrical contacts to detectors, including the series resistance of
the undepleted region of partially depleted detectors.

(3)  Energy loss straggling for heavy charged particles

The energy loss of heavy charged particles moving through a thin layer of an
homogeneous medium is determined by many individual collisions. The energy loss
for particles with the same initial energies that follow the same path is not identical
due to statistical fluctuations in the energy loss. Fluctuations in the electronic energy
loss give rise to electronic energy loss straggling, which depends on the incident
particle and the target (medium). At high velocities where electronic collisions make
the dominant contribution to the energy loss, energy loss straggling, €2, can be

approximately described by the Bohr theory [10}:

Qi=4nz,2Z,e'Nt (2.10)

where Z, is the atomic number of the projectile, Z, is the atomic number of the
target, e is the electron charge, N is the number of target atoms per unit volume, and
t is the target thickness. The Bohr straggling formula, which is independent of the
particle energy, often overestimates the energy loss straggling at lower velocities [10].
Although the energy loss of incident particles in the entrance window will not

contribute to the total number of electron-hole pairs generated in the detector, the
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energy loss straggling in the entrance window will affect the residual energy
distribution of the particle after passing through the window, which certainly will
degrade the detector resolution. In fact, some authors [11] have used the measured
resolution to try to extract the detector window thickness.

(4)  Trapping effects

Trapping centres in semiconductors are associated with impurities and crystal
imperfections, which produce energy levels in the energy bandgap. The carriers can
be trapped by these energy levels and the average time a carrier remains trapped
before being thermally detrapped is called the detrapping time, which depends on
both the depth of the trap and the temperature. If the detrapping time is of the
same order of, or longer than, the pulse-shaping time used in the amplifier, then a
net loss of charge results. The variation of trap concentration at different locations
in the detector results in different carrier losses from one event to another, which will
add fluctuations to the output signal, particularly at low temperature. Significant
trapping effects in detectors will give rise to a low energy tail on the peaks observed
for a monoenergetic source of radiation. But for heavier ions, the low energy tail
may arise from recombination effects. The bandgap in Ge (0.7 eV) is smaller than
in silicon (1.1eV), leading to smaller trapping effects in Ge compared to Si detectors
[9]).

As a conclusion on overall noise sources, electronic noise and drifting are
usually the limiting factors that determine the resolution for photon peaks in
semiconductor detectors; energy loss straggling in the entrance wirdow of the

detector will make the dominant contribution to the energy resolution for heavy
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charged particles.

2.3.4 Temperature dependence of the output pulses and pulse height defect

The temperature effect on the response of Si and Ge detectors to radiation
basically depends on the variation of the ionization energy with the temperature of
detectors. It has been shown that the bandgaps of Si and Ge semiconductors
decrease with increasing temperature, sce Figure 2.6, and the ionization energy for
y-rays, electrons and some light ions is approximately linear with the bandgap for Si
and Ge detectors (and generally true for the bandgaps of different semiconductors,
see refs. 12 and 13). Therefore, the output pulse height will be subject to changes
due to the variation of £ with the temperature of detectors.

The pulse height defect was observed in the 1960’s [11], when Si detectors
were used to measure the energy of fission fragments. The pulse height defect is
commonly defined [11] as the difference between the true energy of the heavy ion
and its apparent energy which is determined from an energy calibration of the
detector obtained using alpha particles, e.g. see Figure 2.7. Many studies have shown
[14-17] that the pulse height defect in semiconductor detectois can be ascribed to
three effects: (1) the energy loss of heavy ions in the entrance window/dead layer of
detectors, which can be calculated using the stopping power if the window thickness
is known; (2) the energy loss of heavy ions arising from nuclear collisions, for which
the cross section can be large for heavy ions at low energy; (3) charge carrier
columnar recombination in the dense electron-hole plasma generated along the track

of an heavy ion; the heavier the ion, the more dense is the plasma along the particle



track. Although a pulse height defect occurs in detectors for light ions as well, such

a defect is often too small to be easily observed.
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Figure 2.6 Temperature dependence of the indirect bandgap in Si and Ge

semiconductors.

2.4  Ionization energy in Si and Ge semiconductor detectors
Figure 2.8 shows experimental results for the temperature dependence of the

ionization energy in Si detectors, measured in the late 1960’s and early 1970’s. The



E (MeV)

Channel

Figure 2.7 The energy of ions versus the measured pulse height (in channel

number) obtained using a Si surface barrier detector (taken from ref. 15).

data exhibit the same tendency of ¢ versus temperature and the difference of £, and
¢, is ~1% in each experiment. But the absolute values of £ vary from one experiment
to another, which may be due to a different charge loss in collection of electron—hole
pairs. It is not very clear from the reports if and how the window and nuclear energy

losses for a particles have been determined and how the temperature dependence
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Figure 2.8 Temperature dependence of the ionization energy measured for

a, e, and y in Si semiconductor detectors (after ref. 19).

of the window energy loss was considered, which may affect the linear relationship
between ¢, and the energy bandgap of the semiconductor derived from experiments.
The energy dependence of €, in Si detectors has been carefully studied [18]. For

light ions, the number cf electron-hole pairs, Ny, was described by

N,

L)

(B _dE’ __[F dE’ 2.11
h fu 1B fnsneo-k(db’/dx) (211)

where E=E,,, — AE,. AE, is the window energy loss, AE, is the nuclear energy loss,
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dE/dx (dE/dx>0) is the stopping power for ions and k is a constant having the value
2-3 x 1074 nm/e-h pair. Figure 2.9 shows the schematic of the energy dependence

of £;,,(E) for protons and a’s in Si detectors, based on €i5, = &g - k(dE/dx), where

o o U ——
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Figure 2.9 Energy dependence of the €;,,/€o for p and @ in Si semiconductor

detectors, predicted by Lennard et al [20].

k = 2.8 x 10"* nm/e-h pair. The experimental study [21] has shown that £,,, = &
-~ k(dE/dx) is not quite suitable for heavy ions. ¢€,, changes very slowly with

increasing stopping power above the value of 1.5 keV/nm. The plasma effect needs
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to be considered, since the local plasma is so dense that strong electric fields are not
likely to penetrate.
Figure 2.10 exhibits the temperature dependence of ¢, and &, for Ge detectors

{22]. No difference was found between €, and &, within experimental uncertainty.
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Figure 2.10 Temperature dependence of the ionization energy measured for

« and y in Ge semiconductor detectors.

A linear dependence of £ on the Ge energy bandgap was observed. Again,
corrections for the window and nuclear energy losses were not discussed in detail.

For the energy dependence of the ionization energy, data are only available
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for p, d, and a particles in the energy range 10-19 MeV, which shows little energy
dependence of ¢ for light ions and y—rays in Si and high purity Ge detectors. This
observation suggests that at high velocities, the ionization energy of energetic ions will

approach &g in both Si and Ge detectors.
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Chapter 3

EXPERIMENTAL SETUP AND CALIBRATION

The study of the response of Ge semiconductor detectors to ionizing radiation
requires precise measurements of the energies of the incident radiation and precise
control of the experimental conditions. The experimental setup comprises the Ge
detector/working chamber, beam flight line, scattering chamber, signal processing
system, power supply and reference pulse device. Experimental parameters such as
vacuum, noise, temperature control, pulse shaping, linearity of the whole system,
thickness of beam scattering foils, efc. are the crucial factors to be adjusted or

determined.

3.1  Test chamber for Ge detector

The detector chosen for this study was an Ortec HPGe charged particle
detector (Serial No. 30-338A, Model No. GG-020-075~7) with an active area of
75 mm? and a maximum sensitive depth of 9.8 mm. The front surface of the detector
was a 40 keV boron-implanted layer (implantation dose 104 ions cm~2); the back
contact was a 300 um lithium diffused layer. The operating bias applied to the
detector was 1000V although total depletion was obtained for approximately 400V.
Under the operating bias, the electric field of 1 kV/cm in the detector corresponds
1o a drift velocity of ~8 x 106 cm/s for electrons and holes at T = 80K, which is very
close to the saturated drift velocity value [1,2). The specified detector capacitance

when fully depleted is ~7 pF. Initially, a Ge detector fabricated by R. H. Pehl’s
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group at the Lawrence Radiation Laboratory was used. Unfortunately, the detector’s
operation was unsuccessful, which was possibly due to surface contamination
occurring during transit.

The experiments were performed in a high-vacuum chamber (volume ~500

cm?) in which the Ge detector was housed. Figure 3.1 shows a schematic diagram

|
1
|
I LN, cold trap
|
|

Figure 3.1 Test chamber for the Ge detector for the simultaneous
measurement of y— and a—spectra using radiative sources. The y source was

removed for the application of ion beams.



of the experimental setup. In the chamber, the rear surface of the planar detector
is tightly fastened to a massive copper mount which is in the form of a cooling
reservoir.  An indium foil gasket was used to make good thermal contact at the
interface. The detector mount system was placed on the axis of a high precision
rotary mechanism with the rotation axis passing through the front surface of the
detector. The mounting allowed the detector to be tilted to any angle between + 50°
(with respect to the surface normal) with an uncertainty of +0.017°. Thermal
isolation between the detector mount and the rotary mechanism was assured via four
small teflon fittings. Two metal bellows were connected to the cooling reservoir in
order to provide for fast LN, cooling while at the same time maintaining adequate
rotating flexibility of the detector. By using a continuous flow of LN, through the
mounting assembly, the detector could be cooled from room temperature to 80K
within 20 min. The temperature was monitored by two thermocouples: one was
placed on the front surface of the detector chassis and another was directly in contact
with the LN, reservoir. In order to search for temperature gradients within the
detector assembly, the thermocouples and their connecting wires were calibrated at
three temperatures: 77K, 195K and 273K. Less than 0.6K difference was found
between the readings from the two thermocouples over the temperature range
80K-170K (see Figure 3.2), thereby indicating that the temperature distribution in
the detector was uniform, i.e. the heat loss through the signal wire and other contacts
was negligible. The face of the detector was surrounded by a large LN,—cooled cold
trap which provided a substantial improvement in the local vacuum and suppressed

condensation on the Ge crystal surface. In the experiments, this trap was cooled for
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approximately 30 min before cooling the detector housing itself. Using a 4000 I/s

cryopump, the test chamber was evacuated to a pressure of ~1.3%10"6 Pa,
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Figure 3.2 The behaviour of the temperature of the detector front chassis
and the wall of the LN, reservoir (with warm LN, trap). The top curve
marked with T; — T, represents the temperature difference of the detector

with its reservoir.

The setup shown in Figure 3.1 corresponded to that used for experiments with
radioactive a—sources. A circular @—sources was used in the experiments: a mixed
source containing the @ —emitters 2Py, 2! Am and 2/Cm (E, = 5157, 5486 and 5805
keV, respectively [3]), with an active area ~5 mm2 The distance between the

detector and the a—source was ~7 cm. A variety of y—ray sources (132Eu, %Co,



13Cs, 133Ba, *Mn, 2Na) was used for calibration purposes during the course of these
measurements.

The setup of the test chamber when using incident ion beams from the
accelerator was slightly different from that in Figure 3.1: specifically, the front port
of the chamber (i.e. the bottom port shown in Figure 3.1) was connected to a large
vacuum vessel (denoted the ‘time-of- flight’, or T-O-F, chamber) and associated beam

line to introduce the beam through to the detector with the @—source removed.

3.2 Electronic system
The electronic setup for the Ge detector consisted of the detector,
preamplifier, amplifier, multichannel analyzer, a reference test pulse generator as well

as the detector power supply, see Figure 3.3. One of the major considerations

Ge detector S . ]
el e S N N W
= "ﬂ,mm l--— < Amplifier —- = — !
preamplifier ! [ :
LI o |
. MCA
= _ o

HYV bias ' Testi ing pulse |

Figure 33  Schematic diagram of the Ge detector and its associated
electronics. The Ge detector is in the vacuum chamber and the preamplifier

is directly mounted to the flange of the test chamber.
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concerned the minimization of the electronic noise level. Since the noise picked up

between the detector and preamplifier controls the signal/noise ratio, which is
independent of the input capaciuance, noise reduction for this component was a
priority. The best method chosen from several configurations that were tested
resulted in grounding the detector chassis (L.e. the bias voltage had negative polarity)
through its mount to the chamber, using a short (~25 cm) coaxial signal wire (with
a reasonable spaci..g between the signal wire and the shielding) between the detector
and the preamplifier; the preamplifier was directly attached to the vacuum chamber
flange so that the input wire passed through the flange into the vacuum chamber
without any connector. To prevent any other effect from changing cables between
the electronic devices, exactly the same cable was used for each connection. The
charge sensitive preamplifier was a Model 5091 (Electron Control Corporation, eV
Products Division), providing low noise (~0.7 keV FWHM, according to
manufacturer’s specification sheets) for a load capacitance of 0—100 pF; with an
Ortec 142AG preamplifier, the comparable figures were 3 keV at 0 pF and 5 keV
at 100 pF. The pulse rise time for the eV —5091 preampiifier was ~9 ns using a 22
pF load capacitance. The eV-5091 preamplifier was thus found to be superior to the
Ortec 142AG for the present measurements.

The main amplifier (Ortec 572) used a shaping time of 1 us; variation of this
parameter in the range 0.5—4 us produced no observable change in the relative pulse
heights. The pole —zero of the amplifier was optimized, and the pileup rejector was
used although the total count rate was always < 103 s~!. The y—ray resolution was

best using 1 us shaping time. Since the signal risetime in the detector is at most ~125




ns, Le. much shorter than the shaping time, this shaping time of 1 us was therefore
a reasonable choice. The actual risetimes for y—rays ranged from ~50 to ~85 ns as
measured using a Tektronix 2430A digital oscilloscope.

Two types of multichannel analysing systems were used: (i) a Canberra Series
90 (MCA1) for measurements using a—sources, and (ii) a Nucleus PC MCA (MCA2)
for measurements using accelerated ion beams. All spectra were recorded in a 4096
channel MCA and stored in a computer for later analysis. The total system
resolution for MCA1 was ~2.8 keV for 1.4 MeV y—rays and ~14.7 keV for 5.5 MeV
a—particles (#'Am); for MCA2, the corresponding values were ~3.1 keV for 1.4
MeV y—rays, ~6 keV for 1 MeV protons and ~16 keV for 2.5 MeV *He ions. A
precision pulse generator operated at 60 Hz was used to relate measured pulse
heights, thereby eliminating any nonlinearity in the analog-to-digital converter (ADC).
The output pulse height of the pulse generator was controlled by a precision Kelvin-
Varley voltage divider containing 3—decade dial switches and a variety of attenuator
switches. The (input) risetime for the test pulses was ~30 ns; after the preamplifier,
the risetime became ~38 ns. The offset of the reference pulse corresponding to a
dial reading of zero was adjusted to yield a zero output. The maximum pulse heights
for both 1.3325 MeV y-rays and test pulses close to the y peak was reached for a
shaping time of 1 us; thus, the ballistic deficit [4—6] cf the amplifier should be

minimized.

3.3 Calibration of the test pulse against y-rays

In order to eliminate non-linearity in the ADC, the pulse output of the
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precision generator was used as a reference in all spectra. The linearity of the pulse
generator was confirmed for y—ray energies from 0.1 to 1.4 MeV by using three
different Ge detector-preamplifier combinations and different pulse amplitudes with
the same amplifier-ADC system, since the photopeak pulse height is known to be
precisely linear with y—ray energy [7]. The differential linearity of the pulse
generator for all pulse amplitudes was found to be better than 1.5x 10" 4% for both
a 200 cm~3 planar HPGe spectrometer and a 92 cm~3 coaxial Ge(Li) spectrometer
(resolution ~1.7 keV for both) at LN, temperature, and 0.04% for the Ortec HPGe
detector at 80K. The temperature dependence of the linearity was only examined for
the Ortec HPGe detector with the Ortec 572 amplifier and MCA.2 system for the
temperature range 80K-165K, and similar results were found. For the Ortec HPGe
detector, the small photopeak efficiency was the limiting factor in the precision of the
linearity measurements. It was verified that the pulse height measured for y—rays
was independent of the geometrical orientation of the y—ray source with respect to
the HPGe detector. To determine precisely the positions of ¥ peaks and the test
pulses in the calibration spectra, both peak centroids and the most probable positions
determined by a near-Gaussian fitting procedure were used - no difference was found
between the two choices. Test pulses were placed on both sides of each y peak; the
pulse values were cycled in time during the accumulation of the y-rays to minimize
small electronic instabilities. Each y peak position in test pulse height units (called
P.H.U. - dial number of the test pulse) was derived by a linear interpolation from the

positions of its two satellite test pulses, which is based on the reasonable assumption

that the MCA s linear within a short range of channels, ie.
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(P,-P,)
Y (G, -C,)

x (C,=C,) +P, 3.1

where Py, P,, P, represent the peak positions for the two satellite test pulses, and
y—rays in PH.U,, and C,, C,, C, denote the same peak positions in the channel
numbers of the MCA. The zero offset of the pulse generator was minimized and had

a negligible effect on the interpolated data compared with uncertainties arising from

other sources. Even so. the calibration data were still fitted by
E,=A*P,+B (3.2)

where Py is the photopeak pulse height (in P.H.U.) of the y—rays having an energy
of E, (MeV) and A and B are fitting parameters representing the slope
(MeV/P.H.U.) and intercept (MeV), respectively. Figure 3.4 shows an example of
the calibration of the test pulse against 132Eu y —ray energies at 80K, with the data
listed in Table 3.1. The temperature —dependence of the calibration 2nd the data are

displayed in Figu-e 3.5 and Table 3.2, respectively.

Table 3.1 52 Eu y—ray energies and their pulse height values at 80K

2Eu ¥i Y2 Y3 V4 Ys Yo V&

E./ (MceV) (.244693  0.344272  0.778850  (.964007  1.08581S 1112050 1.40806

PH(P.H.U.) 0070224 (098794 0223458 0276510 0311472 0.319043  (.403895
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Figure 3.4 (a) An example of the y—test pulse calibration; the linear fit, E,
= AP, + B, shows A = 3.48653 = 0.00030 MeV/P.H.U. and B = (-1.70 =
0.80) x 10~4 MeV. (b) Residuals (experimental value - fitted value) at each
data point. These are expressed as a percentage of the fitted value: see Table
3.1 for the data.
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Figure 3.5 Temperature dependence of the y—test pulse calibration. The
linear fitting parameters, A and B, are listed in Table 3.2. Each set of data
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Temperature (°C) B (= <80 x 105 MeV A (= =3.0 x 104 MeV /PHU

-193.3 9.34476 x 10 3.4864683
-189.1 -1.67794 x 107 3.485071
-179.4 -1.77984 x 10+ 3.479861
-169.1 -2.44322 x 103 3.473704
-159.0 8.94977 x 1073 3.466577
-148.9 1.17610 x 10+ 3.460052
-138.5 -9.36104 x 10° 3.451891
-127.4 7.78793 x 10° 3.443838
-119.5 3.12891 x 10° 3.436358
-107.2 1.23914 x 104 3.427676

3.4 The setup and targets for beam application

The UWO 1.7 MV Tandetron ion accelerator was used as a tunable source
of energetic ions. The schematic of the setup is shown in Figure 3.6: after
momentum selection, the ion beam was steered (via the 45° beamline) into the T-O-
F scattering chamber. The ion beam direction was determined by two adjustable
apertures having a separation of 1 m. The beam focus was adjusted by a quadrupole
located upstream from the analysing magnet. A target holder capable of holding up

to 10 samples was located in front of the T-O-F chamber. The target holder could
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be tilted about its vertical axis which passed through the surface of thin targets. The
target holder was electrically isolated from the frame of the vacuum chamber and
equipped with a front secondary electron suppression plate, thereby providing for
reasonably accurate beam current integration from the target. The direction of the
beam was aligned with the centre of the target holder and the centre of the 0° port
at the back of the T-O-F chamber. The Ge working chamber was connected at the
20° port position at the back of this chamber; the circular detector subtended a solid
angle, Q = 1.8 x 107¢ sr. (£10%) with respect to the beam spot at the position of
the target holder.

The incident beam was scattered through a self—supporting thin foil mounted
on the target holder to forward directions, including the direction of 20° to the Ge
detector. The intensity of the scattered beam is governed by the Rutherford
scattering cross section and the intensity of the incident beam. A movable Si detector
(SBD1) on the ‘railway track’ at the back of the T-O-F chamber was used to monitor
the intensity of the scattered beam to ensure that the scattered beam intensity was
low enough to avoid any catastrophic damage to the Ge detector.

Three group of targets were mounted on the target holder in the T-O-F
chamber for different purposes: (1) a quartz and a phosphor target, which could be
fluoresced by the beam to give a visual indication of the beam spot location to ensure
that the ion beam impacted at the desired spot on the target; (2) thin Al (35 pg/cm?),
BC (12 pg/cm?) and CaF, (74 pg/cm?) targets with Ta backings to facilitate the
energy calibration of the accelerator (see next section); (3) a thin Au self—supporting

foil (pt=68 pg/cm?) and a Au/C (sandwich target) self—supporting foil (pt,,=9.6
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ug/cm? and ptc=11.2 ug/cm?) used to scatter the beam . An additional 2C (7.3
pg/cm?) target on a silicon substrate was also used in another chamber for the
purpose of the energy calibration, see below.

In the experiments, the thin self—supporting Au foil was used to scatter the
proton beam, and the self—supporting Au/C foil was used to scatter heavier ion
beams. A fixed Si detector (SBD2) with an aperture of 5 mm diameter, located at
a distance 12 cm away from the reference point of the target holder at a scattering
angle of 152.3° with respect to the beam direction, was used to record the intensity
of backscattered particles. First of all, this setup was purposely set for measuring the
thicknesses of the scattering foils, in order to determine the energy of the scattered
ions precisely. Secondly, this setup also eliminated the nced to transfer these delicate
foils to a different location for analysis.

The thicknesses of the thin scattering foils were determined via Rutherford
backscattering in situ. The Rutherford backscattering analysis [8] is a nondestructive
method based on detecting the incident ions elastically backscattered from the target.
The yield (Y) or number of the scattered ions recorded by a detector at a laboratory

scattering angle, 0, follows

Y=0,0Q0,(0,E) N, (3.3)

where Q, is the number of the incident ions, € is the solid angle subtended by the
detector, N, is the target foil thickness in atoms/cm? 0. (6, E) is the screened
Rutherford scattering cross section {9}, and E is the average energy of the projectile

ions in the target foil. o, can be written as
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z2z2F(Z2,,2,,E) £(8) (3.4)

0..(0,E) = 52

where F(Z,, Z,, E) is the screening correction factor due to incomplete penetration
of the incident ion (Z;, M;) through the electron shells of the target atom (Z,, M,)
and f(0) is the angular factor depending on both the mass ratio M;/M, and 6.

The screened cross sections can be calculated. By comparing with the yield
from the thin target with known thickness, the thickness of the unknown target foil,
N,. can be easily obtained

!/ /
Y o
N,=N! ,Q" s¢ (3.5)
Y'Q, Osc

where the primed and unprimed quantities refer to targets of known and unknown
thickness, respectively. A Si(Bi) target with a surface Bi concentration of 4.9x10!3
atoms/cm? (+ 2%) was employed as a standard target. The analysis beam was 1.5
MeV “He with ~30 nA (£ 2nA) beam intensity and a size of 2X2 mm2. The spectra
were recorded by SBD2 for a norma!* incident beam (for instance, see Figure 3.6b).
The yield of ions backscattered from the C and Au in Au/C self—supporting foil
correspond to the areas of C and Au peaks in the spectrum. Therefore, the results
are pt=68 ug/cm? for Au self—supporting foil, and pt,,=9.6 ug/cm? Au and ptc=11.2
ug/cm? C for Au/C self—supporting. foil with 10% uncertainties. Note that o is
known as the (screened) Rutherford elastic cross section at the energy used above,
especially for «-=C scattering {10].

3.5 Energy calibration of the Tandetron accelerator

The energy calibration of the Tandetron ion accelerator was a critical factor
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in minimizing uncertainties in this experiment. Since the energy of accelerated ions
depends on the charge of the ions and the terminal voltage (GVM) reading, the
energy calibration involved a calibration of the GVM reading (in MV) of the
accelerator. Assume that negative ions are extracted from the ion source; the energy

of the ions after acceleration is

Eion=(1+Q) eVp+eV,,, (3.6)

where q is the charge state of the ions after the stripper gas, Vg is the true GVM
voltage and Vi, is the injection voltage, Le. the sum of the extraction voltage and the
preacceleration voltage. Two resonant nuclear reactions were applied for the
calibration: (i) the resonance at 991.9 (£0.04) keV with a width of 0.10 keV for the
27Al(p, y)®Si reaction (Q=11.586 MeV), and (ii) the resonance at 1747.6 (+0.9) keV
with a width of 0.077 keV for the *C(p, ¥)'*N reaction (Q=7.5507 MeV) [11]. By
substituting the known resonant energies and the injection voltage into Equation 3.6,
the GVM readings can be obtained. The calibration is to establish the assumed
linear relationship between the expected GVM reading (Vg) and the actual GVM
reading (V), by which the true energy of ions can be calculated for known V¢ and
Vinj-

The y-ray yields from the nuclear reactions were detected by a 5"x5" Nal(T1)
scintillator, which was mounted at a distance of ~8 cm from the targets via a special
re-entrant flange, see Figure 3.6b. The total calibration time required to scan both
resonances was ~30 min. due to the large detection solid angle. As mentioned
before, the thin Al (35 pg/cm?) and '3C (12 upg/cm?) targets with the tantalum

backings were used for the calibrations. The proton beam current on the target was



~200 nA with an area 6—7 mm?2; the suppression voltage used to ensure the integrity
of the beam current integration was +200V. Tne energy for y—rays produced in the
reactions ranged from 4—15 MeV according to their Q-values. Therefore, to improve
the statistics of the collected data, the y yield over 4—15 MeV was integrated for each

spectrum. Figure 3.7 exhibits the integrated y yields from each nuclear reaction as
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Figure 3.7 Measured y yield near the resonant energies of 991.9 keV and
1747.6 keV for the ZAl(p,y)®Si and '3C(p,y)'“N nuclear reactions. The
resonant GVM values are: V¢ = 0.46592 x 0.00015 MV at the half way point
for the former, and Vy = 0.84380 = 0.00015 MV at the peak position for the
latter (not including the half target thickness correction ~0.00039 MV). E,
= 59 keV.
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Figure 3.8 The linear relationship between the expected terminal voltage
Vg and the actual GVM reading Vy is assumed based on the data from the
two nuclear reactions. This has been verified by the additional two points of

calibration at low and high energies.

functions of the GVM reading (V) in the vicinity of the resonant energies: the same
beam dose (Le. integrated charge) was used for each datum in each plot and the data
have been corrected for the beam-independent background. The measured V- at the
resonance was chosen as the GVM reading at the half-height between the minimum
and maximum yields for ’Al(p, y)®#Si. For 13C(p, y)!*N, the measured resonant Vy

was the GVM value at the peak position after correcting for the projectile energy loss
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in the thin '3C target. The two calibration points were fitted with a linear function,
see Figure 3.8. Therefore, for any given GVM reading Vr, the corresponding beam
energy could be derived according to the calibration and Equation 3.6. The typical
uncertainty for the resonant Vy was <0.15 kV, which arose from the instability
(~0.1 kV) of the GVM reading and the error in t~e¢ determination of the resonance
position (i.e. the measurement). Therefore, the final uncertainty for the ion energies
can be calculated, e.g for proton and helium beams, see Tables 6.1 and 6.2. The
accelerator was calibrated before and after each pulse height experiment and was
found to be very consistent within 0.5 keV at each calibration point over several
months.

To ensure the integrity of the above two—point calitration procedure, two
further measurements were made: (1) the y-yield from the F(p,ay)!%0 nuclear
reaction at 340.46 (+0.04) keV with a width of 2.4 keV [11] was used to confirm the
calibration at low energy; (2) the broad resonance in the 2C(a,x)'?C elastic
scattering yield at a scattering angle of 170° at 4265+5 keV [12] was scanned to
confirm the calibration at higher energies, see Figures 3.9 and 3.10 The extrapolated
energy values from the two—point calibration agreed well with the resonant energy
within 1.0 keV for the former case and 2.5 keV (the error for measured Vy value is
about 0.8 kV) for the latter one. The y-yield from the #Mg(a,y)*®Si nuclear reaction
(resonance at 3199.8+1.0 keV with a width I'=1.8 keV) was also measured, but the
y-ray yield was not large enough to warrant using this reaction for routine calibration

purposes {3].
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Figure 3.10 The backscattering yield of '2C(a,a)'?C measured near the
resonant energy of 4.265 MeV. The horizontal scale is converted from Vy
data based on the two point energy calibration, in which the target thickness
correction is included. The resonant energy is found to be 4.2675 = 0.0024
MeV.

3.6 Experimental method

The purpose of this work is to study the response of the Ge detector to
ionizing radiation by comp - ing pulse heights produced by light energetic particles
(p, 3*He, "Li) with those produced by monoenergetic y—rays. An earlier

measurement for particle energies below 10 MeV was based on separate



mcasurements for y—rays and particles, wherein the "window effect” and nuclear
energy loss of the particles could introduce more uncertainty in the results and make
the comparison more difficult. The novelty of the method used here js that a direct
comparison of the detector’s response to energeti icles —rays was mad

simultaneously measured particle-y mixed spectra accompanied by a series of
reference pulses, where the characteristic y lines (peaks) in the spectra provided an
instant calibration of the test pulses. Based on the y calibration, the energy* peak
of the incident monoenergetic particles in the test pulse height units could be

converted to the standard energy units, ie.
E,(ion) =N, e, (3.7

where N, is the number of electron-hole pairs created by the incident particles in
the active volume of the Ge detector. On other hand, the energy* of the incident
particles was derived from knowing the energy loss of the incident particles in the
window of the de.estor and the contribution of non-ionizing energy loss due to

nuclear collisions, Le.
E, (ion) =E0-AEW—AEn=Ne—heion (38)

where Ej is the energy of the incident particles before entering the detector. By
taking the ratio of Equation 3.8 and Equation 3.7, a value for €,,,/ £3 can be obtained,
which will demonstrate the behaviour of the Ge detector to energetic partictes (i.e.

a few MeV) relative to its response to y—rays.

*The encrgy refers to the cnergy dissipated by the incident p-riicles in the active volume of the Ge
dctector,



To summarize, the energy loss of the incident particles in the front window of
the Ge detector and part of the nuclear energy loss during the stopping process of
the particles in the active volume of the Ge detector do not contribute to the
production of electron-hole pairs, which are two crucial and dominant corrections for

calculating the deposited energy of the incident particles in this study.
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Chapter 4

NUCLEAR ENERGY LOSS

The response of semiconductor detectors to energetic particles depends on the
interaction of the particles with the detector material. Except for the ionization
effect, which is responsible for the production of the charge carriers, there are also
other non-ionizing competing processes, in which some of the energy of the particles
is expended in displacing the lattice atoms or generating defects, or transferred to

lattice vibrations.

4.1 Stopping power of charged particles in solid media

The interaction of energetic particles with a solid medium (target) arises from
the Coulomb interaction via inelastic ccllisions with the electrons and elastic collisions
with the nucleus in the medium. The charge state of the projectile is known to be
important in such Coulomb interactions. At high velocity, the electrons of the
incident particle will be fully stripped, and partially stripped at low velocity. The
stopping power is used to describe the rate of energy loss of the projectile in the
target. The totzl stopping power can be conveniently divided into two separate parts:
(1) the electronic stopping power (S.) due to the energy transferred to the target
electrons; and (2) the nuclear stopping power (S,) due to the energy transferred to
the target nuclei. Possible correlations between the two processes are usually ignored
[1].

The electronic and nucl:z stopping cannot be measured separately.
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Generally, the electronic stopping power for heavy ions is scaled to that of protons
and helium, where the latter have becn derived from measurements. The electronic

stopping can be described by the Bethe formuls [2] at high energy

S

d(z*y2 2
_Ane’(z) 22[1n<——2m°" ) -B%-1n(1-p2) -—C) (41)

where e and mg are the charge and mass of an electron, Z; and v are the effective
charge and relativistic velocity of the incident ion, Z, is the target atomic number, C
is from the shell effects, <I> is the mean target ionization potential and f=v/c. At
low velocity, the electronic stopping is proportional to v°, where n ~ 1. Nuclear
collisions are simply treated as the elastic scattering of two heavy nuclei, which can
be described classically by screened Coulomb scattering. The nuclear stopping can
be calculated by using appropriate interatomic potentials. From the conservation of
et.2rgy and momentum, the energy of the projectile transferred to the target atom for
each collision is

aM M,

T(E,p) = ————
F (M, + )2

Esin? ﬂz_P_) =Tmsin29—(211 (4.2)

where M, and M, are the masses of the projectile (Z,) and the target atom (Z,),
respectively, and p is the impact parameter; T, = 4M;M,E/(M;+M,)? and 8 is
the projectile scattering angle in the centre —of —mass coordinate system. The nuclear

stopping power, S,(E), is the average nuclear energy loss rate obtained by integration
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over all impact parameters

S (E) = f:"Tdo (T,E) = fop'“T(E. p) 2 pdp (4.3)

By using the universal intciatomic potential [1], the nuclear stopping } “ver

(eV tm?atom) can be expressed

8.462x107152,Z,M, S, (€) (4.4)

S,(E) =
(M, +M,) (2,27 +2;%)

where S, (¢) is the reduced nuclear stopping

Sale) = 2(e+0. 0113nZ(11€T2]1-2.2t1803.€1)9 5993¢-%) for e<30 @)

S, (e) = -}%%52- for €>30 (4.6)
and ¢ is the (dimensionless) reduced energy defined as

a,M, _ 32.53M,E “7)

" Z,Z,e% (M, +M,) ) 2,2, (M, +M,) (2,2 +2;%%)
where E is in keV, M; and M, are in amuy, and a, is the universal screening length.
The probability of a nuclear collision occurring can also be roughly ¢stimated using
the Rutherford scattering cross section, Gie. proportional to (Z,ZyE). The
probability increases rapidly with decreasirg energy. Nuclear stopping dominates at
low projectile energies, reaching a maximum close to €=1 and then decreasing as

E -0

4.2 Nuclear (non-ionizing) energy loss

Considering the process of ionization by incident energetic particles in the
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depleted volume of semiconductor detectors, the electronic collisions (responsible for
projectile stopping) mainly lead to electron—hole pair production. When a particle
approaches the end of its range, nuclear collisions play a major role in the energy loss
process, wherein the energy of the projectiles is ‘ransferred to target atoms by atomic
scattering, given by Eq. 4.2. The scattered target atoms (i.e. recoils) will undergo a
similar process as they slow down. The probability for those recoiling target atoms
to create further ionization is quite small for the casc of light incident ions. A large
portion of the transferred energy does not lead to the production of electron—hole
pairs in detectors. Therefore, the energy of an incident particle inferred only from
tie number of electron—hole pairs in the detector has to be corrected by the non-
ionizing part of the nuclear energy loss, which is one of the factors responsible for the
pulse height defect.

As an approximation, the non-ionizing part of the nuclear energy loss for light

ions in the Ge detector can be estimated by
(B _[* - E, S, 4.8
AE, fo dE, fo s, dx Nfo s, 9E (4.8)

where R is the range of the incident particles in the detector material having an atom
density, N. The total stopping values are derived from the empirical stopping
formula in refs. [3] and [4]. The neglect of the ionizing effect caused by the scattered
target atoms causes an overestimate of the correction for the non-ionizing nuclear
energy loss.

A second order correction can be made by considering the energy loss of a

primary recoil target atom through secondary recoils, Le. the nuclear energy loss of
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Ge atoms in Ge crystal. Assume that the energy of the primary Ge recoil is T, the

portion of T transferred by further nuclear collisions can be calculated [5] by

17 Sa(B) 4.9
N =2), 5B 5B L (49)
Then Equation 4.8 can be modified to
E, 1 Ta(E)
5 _ 2 - 4.10
Ey=|] —-—S(E)fo O(T) Tde (T, E) dE (4.10)
For the case of Rutherford scattering
28 _ 212,80 (M, + ;) 4.11
tan 2 2EPM, ( )

by using Equation 4.2 the cross section can be simplified as
do=2npdp= (na’/4) (dt/t?) (4.12)

where t=€2T/T,(E) (4.13)

According to Lindhard’s previous contribution [6], the scattering cross section can be

expressed in a simple form [1]

do = (mal2/2) £(t¥2)dt/t3/? (4.14)

where the function f(t'2) wns determined numerically using the Thomas—Fermi
potential, ie. Equation 4.3. By introducing a dimensionless range p = Rkg =

RNmalyy, Equation 4.10 becomes

E

n

=1 2 €&, . de, . f€ 1/2y 4 -1/2 4.15
ZNna,,ykEkao (3 fo O(t) £(t1/2) tM2dt de (4.15)

with k. = E/c and y = 4M;My/(M;+M;)2 The numerical value of f(t'7?) is taken
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from ref. 1 for this integration. The results should give a good estimate of the noi:-
jonizing nuclear energy loss, since the second order correction represents <10% of
the nuclear energy loss calculated by Equation 4.8. As a cross check, the non-ionizing
nuclear energy losses were calculated by the TRIM Monte Carlo program [1]. All
the data for 'H and *He in Ge are shown in Figures 4.1. The other nuclear energy
loss data used are 25.2 keV for 3.76 MeV "Li and 7.2 keV for 2.48 MeV 3He in Ge.
The values obtained by TRIM agree well with those from Equation 4.15.
Unfortunately, there are no accurate experimental data available for comparison with
the calculations. The experimental resuiis of nuclear energy loss for heavy ions in
silicon were usually obtained from the energy difference between nonchanneled and
channeled ions in silicon detectors [7]. But they are more or less subjected to the
improper correction of the detector window energy loss for channeled and
nonchanneled ions. The nuclear energy loss mentioned in later chapters refers to the
non-ionizing nuclear energy loss calculated by Equation 4.15 or from the TRIM

program.
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Figure 4.1 The nuciear energy loss, AE,, is calculated using: (1) Equation 4.8
(solid line); (2) Equation 4.15, which includes the recoil ionization effect

(dashed line); (3) TRIM calculation with 5000 incident ions (circles).
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Chapter 5

MEASUREMENTS OF THE EFFECTIVE WINDOW
THICKNESS OF THE Ge DETECTOR

The window of a planar semiconductor detector usually refers to its front
and/or back conducting layer. It is the layer through which the incident particles
must penetrate to reach the active (i.e. depletion) volume of the detector. Although
the icnization effect in such layers is also caused by the penetrating particle, the
lifetime of the created electron-hole pairs is too short to enable such charge carriers
to be collected. Therefore, the energy loss of the incident particles in the window
layer will not contribute to the total production of electron-hole pairs created by the
incident particles in the detector, Le. the effective incident energy of the particles is
less than the original energy by the amount of the window energy loss. If one
assumes that the window comprises simply a thin layer of material, the eneigy loss
of the energetic particles in the window should approximately follow the stopping
power curve, Le. the energy loss increases with increasing energy of the incident
particles and decreases after reaching the energy corresponding to the maximum in
the stopping power, e.g. see ref. 1. Although a thin window is desired for particle
detection, there always exists a certain limitation due to either technical difficulties
or the nature of the materials. For surface barrier semiconductcr detectors, a strong
electric field in the detector can penetrate into the window region to make the
apparent window thickness smaller [2] - an effect which depends on the type of the

inierface layer between the window and the underlying bulk detector crystal. The
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equivalent thickness of the window layer can be estimated by measuring the window

energy loss for an incident charged particle and dividing by the appropriate stopping

power.

5.1 Window structure of the Ge detector

According to the manufacturer’s (EG&G Ortec) description, the window of
the Ge detector was formed by implanting 40 keV boron ions into the surface of the
Ge detector crystal at a total fluence of 10'4 jons/cm?, which can produce a ~0.1-0.15
pm thick boron implanted layer at the surface of the Ge crystal (see ref. 4). As an
approximation, the implantation damage can be estimated from the density of

displaced lattice atoms [3]:

sp—En_pg L 5.1
N, st,Rp os,,ZEd (3.1

where E, is the energy deposited in nuclear collisions by the incident ions and
secondary recoils, E; is the displacement energy of the lattice atoms, R,, is the range
of the incident ions, and Q is the areal densitv of implanted ions. Choosing the
values E4=15 ¢V and S,= 5.65 X 10® eV/cm [4] for 'B in Ge, the damage is
calculated to be Ny = 1.9 x 10?!/cm?, which implies that only ~4.37% of the lattice Ge
atoms would be displaced for an implantation dose of 10'4 /cm? (the atom density for
Ge is 4 43 x 102 atoms/cm3). It is believed that this calculation is only valid for
room temperature implantation where a significant annealing occu:s, since more
damage will occur at a lower temperature. For example, the normalized disorder due

to implantation increases to 100% as the temperature of the Ge substrate drops to
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LN, temperature for such an implantation dose [5]. Studies have shown that room

temperature is the preferred temperature for implantation to create a good
conducting layer in Ge {6,7], without any necessity of higher temperature annealing.
Assume that the implantation for the Ge detector was done at room temperature.
Therefore, the implantation dose was below that value necessary to render the
surface layer amorphous, ie. the window layer retains some semblance of crystalline
structure [6). However, the implantation could certainly provide a boron (or charge
carrier) peak concentration of 10!%/cm? in the window layer, which is enough to make
the surface of the Ge crystal into a conducting layer [7,8]. Unlike the surface barrier
semiconductor detector, the window thickness of the Ge detector depends on the
boron distribution in the surface layer. Figure 5.1 shows a Monte Carlo [4]
simulation of the boron distribution in amorphous Ge based on LSS theory [9].
Although the projected range of the boron ions is ~0.10 um, the conducting layer
extends at least to a depth of 0.175 um and certainly differs from the ideal uniform
distribution (see dashed rectangle distribution in Figure 5.1a). Figure 5.1b shows the
distribution of vacancies due to the implantation, where the peak occurs near 650 A
and the average damage is quite close to the above estimate. The actual distribution
of boron in the Ge detector used here is difficult to estimate without knowing the
details of the Ge crystal direction and the implantation parameters (e.g. temperature).
But unlike other elements, the unique characteristic for boron implantation is that it
can create a quite uniform boron distribution in Ge [7,10]. As the depletion region
extends to the interface between the window and the bulk of the Ge detector at

400V, corresponding to total depletion, the window layer is expected to remain




constant with a further increase in the bias [11].
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5.2 Measurements of the energy loss in the window of the Ge detector

There are basically three ways to estimate the window thickness of
semiconductor detectors, ie. Bohr straggling method, absorption edge technique, and
the detector tilting method.

As mentioned in Chapter 2, Rohr straggling [12] in the window layer will

gentribute to the total FWHM of the energy peak for monoenergetic incident ions,

(2.35Q) 2= (FWHM) 2,,4; - (FWHM)? (5.2)

where (FWHM), is the contribution from the electronic noise, which can be
measured using the FWHM of the test pulses. Using the Bohr straggling equation,
i.e. Equation 2.10, the window thickness can be derived. It has been found that the
measured straggling is less than Bohr straggling [12]. But even after such a difference
has been considered, the calculated window thickness seems to be always larger than
the actual values and sometimes the change of the Bohr straggling in the detector
window does not reflect the changes of the window thickness (see the later discussion
in this chapter).

The absorption edge technique is a complicated method, which relies on the
variation of the detector efficiency for X—rays with an energy near the absorption
edge of the detector window material [13]. As the energy of the incident X—ray
increases further above the absorption edge (e.g. K or L edge), the energy of the
corresponding photoelectrons in the window layer also increases. Therefore, the
detected yield will change as soon as some of the photoelectrons start penetrating
through the window layer into the active volume of the detector. By measuring such

small changes in the X—ray yield, the window thickness of the detector can be
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estimated. The uncertainties of the published data are usually ~15—-20%.

The detector tilting method is the most effective and accurate way to obtain
the effective window thickness of the detector, which is suitable for this experiment.
It relies on measuring the variation of the pulse height of the incident monoenergetic
ions with the tilt angle of the detector with respect to the incident beam direction, see
Figure 5.2. Since the implanted boron atomic density is only ~0.01% of the Ge
atomic density in the window layer, the window energy loss is dominated by the

stopping power of the incident particles in Ge. If there is no directional dependence

Incident beam

Ge detector

Figure 5.2 Relative position of the Ge detector with respect to the incident
beam direction in the detector tilting method. The rotation axis of the
detector is perpendicular to the paper through the front surface of the

detector.



of the energy loss rate of the window layer of the Ge detector (e.g. crystalline effects),

the output pulse height of the Ge detector for monoenergetic incident particles

should depend on the tilt angle, 64, in the following manner:

where the pulse heights P, Py, P; are measured values in test pulse height units
(P.H.U.). By fitting Equation 5.3 to the output pulse height data for different 64~
values of the Ge detector, the parameters Py and P, can be determined. The value
of P, corresponds to the window energy loss, the value of Pg-P, is equal to the pulse
height of the incident particles for 04,=0°, and P, corresponds to the pulse height
of the incident particles for zero window thickness of the Ge detector. Thus, the
window energy loss of the incident particles can be calculated by substituting P, for

P, in Equation 3.2 or by

P
AE' =1
w Po

(E,~AE) (54)

where Ej is the incident energy of the particles, and AE » amw non-ionizing energy
loss of the incident particles, such as the nuclear energy ¥ - (AE,) and/or the energy
loss of emitted a’s due to a finite source thickness (AE;), excluding the window

energy loss. The AE,, values from the two methods above agree very well, within <

1%.

The first attempt was 10 use a triple a emitting source (E,(¥°Pu)= 5156.6

keV, E,(#'Am)= 5485.6 keV, and E_(*Cm)= 5804.82 ke V [14]) for determining the




window energy loss of the Ge detector. The bias of the Ge detector was 1000V.
Figure 5.3 shows a iypical @—y mixed spectrum containing three a—peaks in the high
energy part (see Figure 5.3a) and 52Eu y—ray peaks in the low energy part (see
Figure 5.3b). The positions 0” e 2!Am and 2Cm a, peaks in the spectra were
determined by fitting a Gaussian function with a low energy exponential tail. The
peak position for the #°Pu @, was obtained by fitting two such functions
(corresponding to @, and @; having a scparation of 12.8 keV and a relative intensity
ratio a,/ay, = 0.206), since the resolution (14.7 keV) of the Ge detector could not
totally resolve the two 2%Pu a peaks (5156.6 and 5143.8 keV) [14]. The results for
the measured pulse height data as a function of 0y, are shown in Figure 5.4, where
the smooth fitted curve is located within the uncertainties of the data. The window
energy losses determined by Equation 3.2 and Equation 5.3 were 108.1x2.2 keV for
%Py, 102.1 = 1.5 keV for #!Am and 98.9 + 2.0 keV for 24Cm at 80K. Surprisingly,
the window thicknesses (derived from stopping power values [9]) are 0.502 = 0.010
pm for %Py, 0.495 = 0.010 um for #!Am and 0.491 = 0.010 um for 2*Cm,
(equivalent Ge thickness at 80K), which are much larger than the thickness claimed
by Ortec and predicted by the TRIM calculation. For the & source, similarly, the
equivalent source thickness was measured by tilting the source with respect to a fixed

silicon detector for each a group, yielding AE; = 3.8 keV * 1.9 keV.
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Figure 53 Typical spectrum observed for the triple a—source with a }532Eu
y—emitting source. (a) y peak, together with two reference test pulse peaks
in the low energy portion of the spectrum; (b) a peaks with the reference
peaks in the high energy portion of the spectrum.
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detector tilting angle to find the effective window thickness of the Ge detector

and the surface normal. The smooth curve is a fit: P = Py—P; sec(6—6,).

In a continuing effort to measure the window thickness of the Ge detector for
different charged particles at different energies, accelerated proton (*H*) and a
(*He*) beams were used. Since the C/Au self-supporting foil (ptc=11.2 ug/cm? and
P1a,=9.6 ug/cm?) was used for a particles, the incident ions can be scattered from
both C atoms and Au atoms. The energy of the scattered ions is determined by the

(energy independent) kinematic factor:

k=

) 2
E =[ (M7 -M?8in?0)? +M1cosﬂ] 5.5)

1
E, T2




where M, is the mass of the incident ion, M, is the mass of the scattering (target)
atom, @ is the scattering angle of the incident ion with respect to the direction of the
incident beam, and Eg (E, ) is the energy of the incident (scattered) ions. Specifically,
Ka-c=0.96044 and k,..,,=0.99755 at 6=-20°. The energy of the a particles scattered

to 20° from the Au atoms and arriving at the Ge detector can be calculated by
E=k(E,-S(C)N,- %S(Au) N,,) - -21-5’(Au) N, ,sec20° (5.6)

where $(C) is the mean stopping power of @’s in the (upstream) C layer of the
scattering foil, S(Au) and S°(Au) are the mean stopping powers in the (downstream)
Au layer of the scattering foil before and after scattering, respectively. The energy
of the a particles scattered from the C atoms can be calculated in a similar fashion.
The intensity of the a particles scattered from Au relative to that from C atoms is
equal to the ratio of the two scattering cross sections weighted by the relevant atomic
areal densities, ie. approximately (Zo,NAJ/ZcNc)?>=(79%9.6/67.2)2=173.4 based on
the corresponding Rutherford scattering cross sections. However, as for '2C(a,a)!2C
backscattering (see chapter 3), non-Rutherford behaviour may occur for the a—12C
forward scattering cross section, especially in the energy region near 4.265 MeV
where the measured cross section for the '2C(a,a)!2C backscattering exceeds the
Rutherford value by a factor ~130. At the incident energies chosen, the scattering
yield from Au aioms always dominated the spectrum and those peaks were selected
for the measurements. For protons, only the self-supporting Au foil was used, since
the Au and C scattering peaks cannot be separated using the thin Au/C foil and the

energy loss of protons is still quite small even in a slightly thicker Au foil. The energy



of the protons scattered from the Au foil was calculated by substituting ptc=0 in

Equation 5.6.

Typical spectra for incident protons and a’s can be found in Figure 5.5a—b.

Using again the detector tilt method as was used for measurements with « sources,

the window thickness was measured for 'H and “He at energies varying between 500

keV and a few MeV. The pulse height data show a large discrepancy from the

behaviour predicted by Equation 5.2 at several 6,4,-values, particularly for tilting
angles in the range —10°<6,,<10°, even though the results were reproducible.

Therefore it was found that based on the pulse height measurements at a few

selected angles, the window thickness of the detector (in keV) could not be

determined with an accuracy <10% for H and <5% for “He and also varied with the
choice of measuring angles. These variations will greatly affect the comparison of the
ionization energy for y—rays and particles. Furthermore, for several particular tilting
angles of the detector, the measured a peaks showed a large high energy shoulder

which did not appear for the proton peaks at the same angles, see Figure 5.6.

In order to investigate the details, two further measurements were made for

1.5 MeV “He and 1.2 MeV protons as follows:

(1)  The pulse heights of the scattered protons and a particles were measured for
detector tilt angles from —47° to 45° in 1° increments (normal incidence
corresponds to an incident angle 64, ~—2.5"); the positions of the a peaks
with a high—energy shoulder were determined by fitting a Gaussian function
with a low energy exponential tail to the main part of the a peaks, excluding

the high energy shoulder; the results surprisingly revealed structure on the
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tilting pulse height data wherc.n the measured pulse heights at some angles were

higher or lower than the expected values, see Figure 5.7. Unfortunately this

behaviour also occurred at the detector angles which had been chosen earlier, which

explained why the window thickness could not be determined accurately if

measurements were made only at a few selected angles, such as 0°, £5°, +10°, ...

(2) The pulse heights were measured in detail using small angular steps around
those detector angles where anomalous structure had been observed; the
angular dependence of these data suggested the existence of channeling effects
in the Ge detector; a dctailed study of such @ channeling effect will be
discussed in the next section.

In Figure 5.7, most of the pulse height data follow the curve shape defined by
Equation 5.3. For convenience, the data showing peaks with higher energy shoulders
for a particles and bigger or smaller pulse height values with relatively poor
resolution for protons were called anomalous data here. These data were excluded
in the process of determining the fitting parameters for the window thickness. There
is no prescription that defines how to reasonably determine the positions of those
anomalous pulse height peaks with high energy shoulders or to identify them as
random pulse height peaks. The stopping power of the ions in those directions is
different from the random value so that changes in the pulse height do not truly
represent the random energy loss in the window layer. However, even with the
inclusion of these anomalous data, the window thickness could still be detcrmined
with +1% agreement with that from the data excluding the anomalous data. In

Figure 5.7, the solid and dashed lines represent the fitted curves including and
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excluding the anomalous data, respectively. The window energy loss was finally

determined within +2% for a’s and x3-€% for protons.
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Figure 5.7 Pulse height data as a function of the detector tilting angles for
1.197 MeV 'H and 1.479 MeV “He beams. The dashed curves (overlapped
with the solid curves) is the fit of P = Py—P; sec(6—6;) to all the data for
each group data. The solid curves are the fits only to the data excluding those

data at the anomalous angles.

5.2.2 Energy and temperature de €
The copendence of the apparent Ge detector window thickness on incident

energy was measured at 80K for protons with energies in the range 0.5-3 MeV and
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for 4He with energies in the range 1—4.5 MeV, Figures 5.9 and 5.8, respectively. The
window thicknesses obtained using a *He beam and a sources were quite consistent,
showing a maximum value at 2.2 MeV but not following the widely accepted energy
dependent stopping (‘He in Ge) power curve for a particles. This observation
suggests that the energy loss of a particles in the thin window layer is not simply
proportional to the mean stopping power of a particles in the window layer, which
is difficult to understand based on the results from ref. 1, where the energy loss of
light ions in the Au window of Si surface barrier detectors followed the corresponding

stopping power curve.

150 T r Y v T T T T
T=80K

140 |- J
130 E

120 .

110 }+ ]

Ge WINDOW LOSS (keV)

100 .

m [ 4 A 'l " i " i o 1
10 20 3.0 40 5.0 6.0

INCIDENT ENERGY E_ (MeV)

Figure 5.8 Energy loss measured for a particles in the window of the Ge
detector as a function of the mean incident energy, E, = Eg — AE,/2. The

curve of a polynomial fit is only a guide.
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Figure 5.9 Energy loss measured for protons in the window of the Ge
detector as a function of the mean incident energy, E, = Eq — AE,/2. The

curve of a polynomial fit is only a guide.

Dividing the measured energy loss values by the corresponding stopping power at the
mean proton or a particle energy, the window loss can be converted into an
equivalent Ge thickness in microns, see Figure 5.10. The window thickness for a’s
increases with « energy and saturates in the region 4—5 MeV, while the window
thickness for protons shows a value of 0.30 um with ~10% fluctuations over the
entire energy range. Since the stopping power maximum of protons in Ge occurs
near 100 keV, the window thickness for a 'H beam with the energies above 500 keV

may have already reached a saturated value. For "Li and *He, the equivalent window
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Figure 5.13 Equivalent Ge thickness of the Ge detector window obtained by
using 'H and ‘He beams and Ziegler’s stopping powers [9]. It shows that a
strong energy dependence of the window thickness for a particles and nearly
constant effective window thickness (within 10%) for protons with different

energies.

thicknesses are 0.500 um (E;; = 3.764 MeV, AE,, = 280.0 = 2.0keV, and S = 559.7
keV/um) and 0.455 um (E(*He) = 2.487 MeV, AE, = 1203 = 1.8 keV and S =
270.3 keV/um). All these data suggest that the window of the Ge detector may not

be a simple conducting layer or there are other effects existing. The conclusion which



can be drawn here is: there may be another thin layer under the ion—implanted
conducting layer which can cause a path dependence of the energy loss of the
incident particles to compete with the process of electron—hole pair production;
such extra energy loss is probably due to the existence of trapping centres, which also

contribute to the so—called window energy loss, ie. the fitting parameter P,, if the

tilting technique is used. ote that thi vari indow _thi s
represents the first evidence for such an effect.

In order to examine the response of the Ge detector at higher temperatures,
the temperature dependence of the apparent window thickness of the Ge detector
must be known accurately. Considering the larger window energy loss for a particles
than for protons, a particles were selected for analysis. First the temperature
dependence of the detector window was measured using 5.486 MeV *'Am «a
particles. Since the temperature of the Ge detector could not be fixed arbitrarily at
any temperature above 80K, the measurements of the window energy loss were
performed in a dynamic fashion, i.e while the detector temperature was rising.
Specifically, the pulse heights of the a particles were measured at tilt angles of 0° and
30° alternatively as the temperature of the Ge detector increased. During the course
of measuring each spectrum, the temperature of the detector had changed = 2° (~10
min.; the temperature rising rate of the detector can be reduced by keeping the LN,
trap and the wall of the Ge chamber cold); the counting time was dictated by the
« source strength. From the data of pulse height versus the temperature of the
detector, the pulse height at each angle for a given temperature (80K=T <170K)

could be easily interpolated by polynomial fitting. Therefore, the window energy loss



at different temperatures was derived by applying Equation 5.2 and Equation 5.3:

P(0°) -P(30°)
sec30° -1

P(0°) + P,

P, =

(5.7)

B,

For the accelerated a particles, the beam intensity was not a problem so that
each spectrum was acquired in ~1 min., within which time the temperature of the Ge
detector changed by less than 0.2°. The pulse height data were taken at the fourteen
‘unanomalous® angles successively as the temperature increzsed, e.g. see Figure
5.11. Then, by fitting Equation 5.3 to the fourteen interpolated pulse height data (see
Figure 5.12) at a given temperature, the temperature dependence of the detector
window energy loss was obtained. For example, Figure 5.13 shows the temperature
dependence of the window energy loss for @ particles at three different energies. Of
course, the latter method should provide a more precise measure of the window
energy loss than the two angle determination mentioned above.

Figure 5.14 summarizes both the energy and temperature dependence of the
window energy loss for a particles. Two unanticipated results are revealed, which
makes the window problem even more complicated. First, the window energy loss
changes dramatically with detector temperature, ie. the window energy loss at
T=173K (-100°C) was reduced to ~70% of its value at 80K. Secondly, the
maximum value of the window energy loss seemed to gradually shift from ~2.2 MeV
at 80K to ~1.5 MeV at ~173K, approaching the stopping power maximum. Once
again, the measurements suggest that the window may be more complicated than a

simple conducting layer. The window problem will discussed further in section 5.4,
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5.2.3 Bias dependence of the window thickness

As mentioned in chapter 2 and the beginning of this chapter, the electric field
can penetrate into the window layer of semiconductor detectors {2]. It is believed
that a stronger electric field can reduce recombination of electron—hole pairs created
by the incoming radiation. On the other hand, a stronger electric field may cause
further multiplication of electron—hole pairs. To inspect how the bias of the Ge
detector affects the window thickness, the window energy loss was measured for
several values of the bias voltage: 400V, 700V, 1000V and 1200V, using a 2.5 MeV
a beam. No change of the window energy loss was found with the bias and the data
agreed well with the previous measurement at a bias of 1000V, see Figure 5.15. This
observation indicates that increasing the bias above the value required for total
depletion does not cause the electric field to penetrate into the window layer any
further. The a pulse height increased by ~0.3% when the bias rose from 400V to
1200V, while the 1.4 MeV y—ray pulse height only increased by ~0.06%. Since the
ionization of y—rays is not localized, the plasma density is lower for y’s than for a
particles. The increase of @ pulse height with increasing bias is likely due to carrier

recombination, see section 6.3.
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53 Channeling and Monte Carlo simulations

Channeling of energetic particles occurs when the particles are aligned with
a major symmetry direction of a single crystal — either axial or planar; the channeled
particles are gently steered by the atom rows or planes, without having close
encounters with the lattice atoms and thereby reducing significantly any small impact
parameter events such as elastic backscattering. A parameter called the critical angle
is introduced to describe the channeling alignment such that channeling only occurs
if the incident angle of the particles with respect to the direction of a major axis or
atomic plane of the crystal is less than the critical angle. Theoretically, the critical
half-angle can be estimated [12], which depends on the specific axial or planar

direction and has the form

z.Z 1/2
,1/2,( A z) (5.7

where Z, is the atomic number of the target atom, and Z, and E are the atomic
number and energy of the incident particle, respectively. Because the region between
the atomic rows or planes has a lower electron density, the stopping power for
channeled particles may be significantly different from that for nonchanneled
particles. According to the equipartition rule of energy loss [15] the energy loss of
projectiles due to close collisions equals that due to distant collisions at high projectile
velocity. This rule then suggests that the stopping power for channeling directions
can be reduced by as much as a factor of two.

From the tilting measurements for the detector window thickness, the

anomalous pulse heights were always found near 64, —values of —38°, —30°, —20°,
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-5°%,12°, 24°, 33° (see Figure 5.7), where @ peaks with high energy shoulders and
proton peaks with higher or lower pulse heights as well as larger FWHM can be seen
in the spectra. The small step angular tilting measurements have shown a different
result: for proton beams, the pulse height increases sharply at the anomalous detector
angle within ~0.1°, see Figure 5.7; for ‘He beams, the high energy shoulders of the
a peaks gradually develop to become high energy peaks near the detector angles of
—5.5° and 33.25°, see Figure 5.16—18. At other "abnormal” angles, these features
are not so prominent as those at —5.5° and 33.25°. Clearly, the results strongly
suggest that channeling effects are present in these data. Later, the manufacturer
(EG&G Ortec) acknowledged that the Ge crystal was cut from a (100) crystal in
order to reduce the cost, rather than cut off—axis as suggested by the Ortec technical
literature. It appears that the detector angle of ~—5.5° most likely corresponds to
(or close t0) the <100> axial direction and that planar channeling is occurring for
the detector tilt angle of 33.25°. In order to confirm this suggestion, detailed data
using a two—axis goniometer are needed. In the spectra, the high energy a(Au) peak
must correspond to channeled a particles.

The energy separation between the double a(Au) peaks at the channeling
angles is so large, eg. 30—40 keV for 1.5 MeV a’s, that only the channeling effect
of a particles in the detector window layer could reader such a large separation.
Although the difference in the nuclear energy loss for channeled and nonchanneled
particles can make a small contribution to the separation (the total nuclear loss for
a particles incident in a random direction is ~9 keV), the major part of the energy

difference of the channeled and nonchanneled ions must originate from channeling
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of incident ions in the partially damaged window layer.
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Figure 5.16 Channeling effect in the Ge detector for ~1.477 MeV « particles

scattered from the Au/C foil near the normal incident angles to the detector.
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The critical half—angles for axial channcling in Ge <100> are 0.64° for 1.5
MeV “He and 0.51° for 1.2 MeV 'H [12], and smaller critical angles are expected in
planar directions. Channeling is not only restricted by the critical angle containing
the parameters in Equation 5.7, but also depends on the beam spread (+0.1° used
here) and crystal perfection. In channeling spectra for a particles, the higher energy
a(Au) peak must correspond to channeled a particles due to a smaller electronic
stopping power than that for nonchanneled particles, which comprise the lower
energy a(Au) peak. For 1.2 MeV protons, the window energy loss is so small that
the channeled and nonchanneled peaks cannot be totally separated with the existing
resolution. At lower energy, the double peaks of the channeled and nonchanneled
protons can be seen. It is also evident that pulse heights for nonchanneled peaks
near or at the anomalous detector angles show smaller values than the expected
random values, e.g the dips on the pulse height curve in Figure 5.7. This
phenomenon arises from those particles incident at angles near to the critical angle
which may experience an increased stopping (compared to random) {16]. An
increased probability of such close collisions for incident particles means that the
particles penetrate through the high electron density region in Ge, leading to a larger
energy loss than for random directions.

Figures 5.19—5.23 show several examples of channeling spectra for different
ions with different energies. It seems that alignment of incident ions at 6,,=33.2°
is better than at 64,~5° —6°, so that the channeled and nonchanneled peaks can be
separated well at 04,=33.2° with less continuum yield between them, and the

highkcr—Z ions channel better than lower—Z ions due to their larger critical angle for
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channeling. If we assume that the energy difference between the channeled and
nonchanneled peaks is due only to the channeling of particles in the detector window
layer, the stopping power ratio for channeled and nonchanneled particles can be
estimated, see table 5.1. The window energy losses (AE,,) for the detector are the
values for normal incidence, which corresponds to a dial reading of 64,~—2.5°. The
energy is the projectile energy before entering the detector window. The peak

positions were chosen according to the most probable values.

Table 5.1: Stopping ratio for channeled and nonchanneled particles

Ion beam E, det. window 05t Ew—Eooncs (Gset) Sct/Snonch

4946keV'H  25.7keV (NI)  33.33° 12(+£2)keV 62% (66%)
758.7keV ‘He  97keV (N.L)  6.75° 20(+3)keV 79%
758.7keV *He 97 keV (N.I)  33.42°  50(x3)keV 58% (65%)
1.477MeV ‘He 124 keV (NI)  5.83° 32(£3)keV 74%
1.477MeV ‘He 124 keV (NI)  33.17°  73(x4)keV 52% (58%)
3.764MeV 'Li 280 keV (N.IL)  5.67°  101(x5)keV 64%
3.764MeV 'Li 280 keV (N.I)  33.17°  194(=5)keV 44% (51%}

The smallest energy loss ratio for channeled and nonchanneled particles in the
detector window is ~44%; no correction has been made to allow for a reduced
nuclear energy loss for channeled particles. The magnitude of this effect is not easy
to estimate, as it depends on the beam energy, crystal quality, channeling direction

in the crystal, and the temperature of the crystal. From previous studies [17] and an
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approximate calculation based on the random and well—channeled backscattering
spectra of 1.5 MeV “He in a GaAs crystal, the channeled particles will be gradually
dechanneled linearly with penetration depth - up to 40—80% of the incident ions at
the end of the ion tracks. This is close to the situation in the channeling spectra near
-5°, where a flat continuum yield extends from nonchanneled peaks to the
channeled peaks. In the channeling spectra near 33.3°, the channeled peaks are well
separated from the nonchanneled peaks, suggesting that the particles can channel
through to the end of their tracks with reduced nuclear energy losses. If no nuclear
energy loss for the channeled particles is assumed, the stopping power ratio in Table
5.1 will be the values in parentheses. It was found that the stopping power of
channeled protons in the axial directions of Ge crystals was about 30—48% of the
random stopping power for proton energies from 1.5 MeV to 6.57 MeV [18], based
on backscattering measurements.

In order to verify the assumption of channeling in the detector window, a
Monte Carlo simulation was used to study the channeling of monoenergetic ions in
thin Ge crystals [19]. Only the energy distribution of transmitted ions through a thin
Ge crystal were recorded. In the Monte Carlo program, a modified binary collision
model was used for collisions between incident ions and lattice atoms, taking into
account the influence of the nearest lattice atoms. The maximum impact parameter
between channeled ions and lattice atoms was 2 A. The Ziegler—Biersack— Littmark
(ZBL) "universal potential" [9] was used in the calculation of the deflection function.
A three —component model was applied to the energy loss in each ion—atom collision

[20,21]. This model assumes that the random stopping cross section is a sum of the
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stopping cross section for the core and the valence électrons, where the stopping for
valence electrons is further divided into the stopping due to single particle excitations
of valence electrons and plasmon excitations {21]. The trajectory of each ion was
followed and energy losses in each collision were summed. The residual energies for
all transmitted ions were recorded regardless of their angular position. The energy
spectrum of transmitted ions was finally convoluted with the intrinsic resolution of the
Ge detector. The surface of the Ge crystal is set at (100) and the crystal orientation
could be changed by 0°<6<6° and 0° s¢=<360°. Figures 5.24—-5.26 show some of
the simulated results for 1.5 MeV « particles channeling in the (100), (110) and (310)
planar directions of a 0.3 um thick Ge crystal. The nonchanneled peaks (low energy
peaks) show slightly higher or lower pulse height than the pulse height of the random
energy loss of @’s in the Ge crystal, and the energy loss ratio of channeled (higher
energy peaks) and nonchanneled &’s in the Ge crystal is ~67% for the (100) plane,
~52% for the (110) plane and 71% for the (310) plane, which qualitatively agrees

with the experimental results.
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5.4 The window of the Ge detector

The window of the detector has to be reconsidered after the channeling effect
was observed due to the cutting of the Ge detector crystal near the (100) plane.
First, since the critical half—angle of 40 keV boron ions channeling in the <100>
axial direction of Ge crystal is about 7°, it is possible that channeling effects could
occur during boron implantation if the incident angle of the boron ions with respect
to the <100> direction is less than 7°. Therefore, the range of implanted boron ions
could exceed its value for ainorphous Ge. According to the carrier concentration
measurements {7,10], 20 keV boron implantation (104/cm?2) in the <111> and
<110> directions of the Ge crystal gave a flat and high charge carrier concentration,
~10'%/cm?2, up to depths ~0.35um and ~0.6um, respectively.

The results reported here for the equivalent window thickness of the Ge
detector (see Figure 5.10) have shown the boron distribution depth must be larger
than the value of 0.1 um predicted by the TRIM calculation — the "random" range.
This observation indicates that channeling did occur during implantation of boron
ions into the Ge detector crystal. It is very difficult to estimate the boron
penetration. Regarding the large change of the window energy loss with the
temperature of the detector, the temperature dependence of chanrieling for “Li ions
near the detector tilting angle of 33.2° was examined to check whether the thickness
of the window layer changed with the temperature of the Ge detector. The energy
difference between the channeled and nonchanneled peaks decreases about 34% as
the temperature of the Ge detector went from 80K to 150K, close to the change of

the window energy loss with the temperature, see Figures 5.27-5.28, which suggests
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that the thickness of the window layer does decrease with increasing temperature of
the detector. The energy loss straggling effect in the detector window should then
make a smaller contribution to the FWHM of a monoenergetic & peak as the window
layer decreases. But the measurements of the temperature dependence of peak
FWHM —values for a particles and for test pulses show that a smaller change of the

measured straggling, (FWHM)Z—(FWHM)Z.,; putse —(FWHM)Zc,m, than that predicted
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by Bohr straggling in the window, see Figure 5.29.
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The energy loss straggling for a particles in the C/Au scattering foil is only about 2
keV. Thus, the change of the apparent window thickness with the crystal
temperature is not simply due to a variation of its thickness with the temperature.
It may be possible that there are many defects at the interface of the boron
implantation layer and the Ge bulk crystal, which can cause defect—related
recombination of the electron—hole pairs along the path of the incident particles in
the interface layer. The total amount of the carrier loss due to such recombination
should depend on the length of the projectile track in the interface layer. Therefore,
this effect will be included in the measured window energy loss (i.e. in the parameter
P;), without distorting the curve shape of the detector window PH-64, data. On the
other hand, since all the data from the tilting measurements follow the curve defined
by Equation 5.3 very wel, it suggests that this tilting method must be reliable. Such
defect—induced recombinaiion seem to be enhanced at a lower temperature so that
extra electrons or holes created by a particles are exhausted and the apparent
detector window layer becomes thicker. This is similar to the temperature
dependence of trapping effects discussed by Ryan in his early study [22].
Additionally, with regard to channeling effects, a fit to all the tilting data should be
appropriate since the parameter desired is the average energy loss in the window,
which means averaging over all directions including those exhibiting channeling
effects. The origin of the projectile energy dependence of the window energy loss

remains an open question.
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Chapter 6

IONIZATION ENERGY FOR CHARGED PARTICLES IN Ge

Since the ionization energy, &g, is known and independent of y—ray energy, it
is easier to obtain the ionization energy for ions, £, by comparison with &, rather
than to measure g, directly. In order to perform the comparison experimentally,
many parameters must be known precisely, such as the detector window energy loss,
nuclear energy loss and the energy of the incident ions. In previous chapters, the
y—ray calibration of the test pulses, the detector window energy loss, and the
calculation of the nuclear energy loss, elc. have been carefully determined. In this
chapter, the detailed method of how to derive the ratio £,/ will be described based
on experimental data. The response of the Ge detector to energetic ions is discussed

in terms of £,

6.1 Pulse height measurements and determination of &,,,/g,

The advantage of the method, measuring the response spectra of the detector
simultaneously for y and energetic ions, is that £,/g, can be determined very
accurately. Therefore, it provides important information about the response of the
Ge detector to energetic ions. In the following, a detailed description for deriving
£,0n/€¢ from the pulse height measurements is given.

When using accelerated ion beams, the incident ions are scattered by a thin
self-supporting film into the Ge detcctor at a scattering angle of 20° with respect to

the incident beam direction. The energy, Eg, of the incident ions before entering the
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Ge detector was determined from the calibration of the Tandetron accelerator and
considering the energy loss in the scattering foil (C/Au or Au) and the kinematic
factor. Assuming that Eg is the energy of the energetic ions bombarding the
scattering foil, then Eq can be calculated by Equation 5.6 for a Au/C scattering foil.
For the case of the self-supporting Au scattering foil, Nc = 0 in Equation 5.6. The
kinematic factor, k, used for 'H, 3He, 4He and "Li ions scattered from Au atoms to
20° in the forward direction are 0.99938, 0.99815, 0.99755 and 0.99571, respectively.
After considering the window and non-ionizing energy losses, the effective energy of
the incident ions dissipated in creating electron-hole pairs in the Ge detector can be

calculated
Ex‘on=Eé_AEw-AEn (6.])

When using radioactive a-sources, the source thickness (see Section 5.2) must also

be considered and then Equation 6.1 becomes
E;n=E,-AE,-AE,-AE, (6.2)

The source energy loss, AE,, is also measured by the tilting technique where now the
source is tilted with respect to the detector rather than vice versa. The number of
electron-hole pairs is proportional to the measured pulse height and is given by the

following relations:

E

ion

N, = P for @ particles (6.3)
ion
E
Ny,= —;f for y-rays (6.4)

The ratio £;,,/€q can be obtained, directly based on the pulse height data, window,
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nuclear and source energy losses. In this experiment, the ratio €;,,/€q is obtained

from

€ion = Ejon

= " E (65)

where ¢, represents the average ionization energy for the energy E;;,, and E, is the
energy corresponding to the ion pulse height based on the calibration of y—ray
energy versus the y pulse height measured simultaneously in the same spectrum (see
Equation 3.2).

Since channeling effects occur for a normal incident angle of the Ge detector,
the pulse height values at normal incidence were derived from the fitting parameters
of the detector window tilting data, ie. Po—P,, see Equation 5.3. At the same time,
the window thicknesses were obtained from the P,/P, ratio, see Equation 5.4. Again,
as for the window energy loss, the pulse height values at normal incidence derived in
this manner were determined from ~40 measurements rather than from a single

measurement.

6.2 Ionization energies for 'H, “He, *He, "Li at 80K

The ratio of ionization energy for light ions and y-rays were measured for the
Ge detector at T = 80K, with a detector bias voltage of 1000 V. The results are
shown in Figures 6.1 and 6.2, and listed in tables 6.1 and 6.2 where E, is the y—ray
energy corresponding to the same pulse height of the ions in the same row. For
protons, the Au self-supporting foil (68 ug/cm*) was used and the C/Au (11.2 ug/cm?

/ 9.6 ug/cm?) self-supporting foil combination for the other ions.
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The uncertainties in the incident energies in the first column of each table
arise from two sources: (1) the uncertainty in the energy calibration of the Tandetron
accelerator; and (2) an estimated 10% uncertainty in the measured thickness of the
scattering foils. The former uncertainty reaches a minimum between the energies
corresponding to the terminal voltage values found at the calibration energies and
gets larger at both lower and higher energies, while the latter one decreases with
increasing energy (i.e. as the stopping power decreases).

The derived uncertainties of window energy loss in P. H. units from fitting are
about 1%, except for higher energy protons. The uncertainty in the nuclear energy
loss for ions is difficult to estimate because values are based on calculations (see
Chapter 4). For all cases, 20% uncertainty in the nuclear energy loss has been
assumed in deriving the overall estimate of the uncertainty in &,,/g¢, since the
difference of the nuclear energy loss calculated by different approxin.ations is <20%,
see Figure 4.1.

In Figures 6.1 and 6.2, the ionization energy ratios for 'H and “He approach
unity as the energy of the ion increases. The largest difference of the ionization ratio
observed is ~1.1% except for E, < 1.5 MeV. Note that AE/E,,, only amounts to
less than half of the difference of the £,,,/¢¢ ratio from unity. The variation of ¢, and
£, with energy is quite similar to results obtained for Si detectors, see Figure 2.9.
Obviously the rapid rise of £,/g, starts at an energy higher than that corresponding
to the stopping power maximum and the ratio becomes larger than unity at E, < 1.1

MeV. This observation may suggest that there is trapping effect during the course

of carrier transportation. In principle, the trapping effect will be reduced at higher
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temperature because of a shorter detrapping time of the carriers [1]. There is no
clear evidence of a trapping effect for protons and y—rays, see section 6.4.

In nrder to examine more details about €,,,, the differential change of €.,/€q
with the ion energy rather than the average ionization energy ratio tabulated in tables
6.1 and 6.2 must be investigated. Using the data in tables 6.1 and 6.2, the variation

of €;0/€¢ With the stopping power is derived by

eion(E) = AEion(E) (66)
€, AE,

as shown in Figure 6.3. In this manner, corrections for the window energy loss and
nuclear energy loss become less significant in affecting the ionization ratio, and the
uncertainty in the differentials may not increase because some of the systematic
errors can be cancelled in taking differences. The ionization ratio is almost constant
for 'H, while for “He the ratio increases as the stopping power decreases. It is
believed that the ratio €,/eq will remain a: unity.below the stopping power of 0.20
keV/nm in the high encrgy region. If we assume that the ionization energy for
protons and *He is the same as that for y—rays above 5 MeV, then the predicted
average value of £,/¢, at 15 MeV is 0.9975(+0.0010) at 80K. Martini’s data [2] show
very close agreement for 10-19 MeV proton, deuterium and a particles in a Ge
detector at a temperature of 90K, Le. their results yield £,/e, = 0.9989 + 0.0015 and

£./es = 0.9963 *+ 0.0035.

6.3 Bias dependence of the measured ionization energy

As mentioned in chapter 3, the window energy loss of the Ge detector for
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Figure 63 The differential ratio D(g) of &;,,/€¢ is based on the data in tables
6.1 and 6.2, and calculated by [Ej,n(i+1)—Ei,(i)l/[E,(i+1)—E,(i)]. The
corresponding stopping power is chosen at the mean energy,
[Eion(i+ D +E,;4(1)]/2.

~2.5 MeV «a particles remains constant when the bias (V,) of the Ge detector
changes from 400 V (total depletion voltage) to 1200 V. Figure 6.4 shows how &,/gg
varies with the bias of the detector for 2.5 MeV a’s. Based on a linear fit of £,/gq vs
Vi1, the minimum value of g,/e; for 2.5 MeV a particles is 0.988 for an infinitely

large electric field value (1/V, - 0). However, the actual value of ./, for Vy, = o

136




may

0.994 T T r

0.993 T = 80K /
s

0.992

T
"y

0.991

em/c-:0

0990

0.989

0.988 |

0987 1 " A " A " L A i i i
0.0 0.5 1.0 1.5 2.0 2.5 3.0

1000/V,

Figure 6.4 Bias dependence of g,/gy obtained for 2.483 MeV a particles at
T = 80K. The solid line is a linear fit to the data.

be between 0.988 and 0.989. Such a small variation of £, with the bias may be
explained by a recombination effect. (The plasma density of electron-hole pairs
created along the ion track is much higher for “He ions than for y—rays, which may
increase the recombination of electron-hole pairs created by the passage of a charged
particle.) In principle, a large electric field in the detector should reduce the
recombination or trapping, especially for ions. For y—rays, the density of ~—h pairs
associated with electron energy loss is sufficiently low that there should bec no plasma

effect (see ref.2 in chapter 2). That is why the a pulse height increases by a larger
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fraction than that for y’s, see Figure 5.15. As a conclusion, any reduced
recombination and/or trapping effect for the bias voltage exceeding 1000 V can
contribute at most ~0.2% to the derived ionization energy ratio, £;,,/€o The infinitely
large electric field (or bias) does not mean that the recombination can be eliminated
completely because the penetration of the electric field (even when infinitely large)
into the electron—hole pair plasma may be limited. So the recombination effect for

ions may always exist and always acts to increase the measured value of &;,,/g¢. For

light ions, the recombination is less than that for heavy ions due to the lower plasma
density. Additionally, the changes observed for y and a pulse heights with the
detector bias are not likely caused by a charge carrier multiplication effect, because
the charge multiplication requires a minimum electric field of 10° V/cm in
semiconductor detectors [3], which is much larger than the bias (10° V/cm) used here.
If charge multiplication were occurring in the detector, a high—energy tail in the
peaks should be detected for monoenergetic radiation; such tails have not been
observed. The capacitance of the Ge detector can also change with the bias (e.g C
« V02 for implanted Ge detectors at a bias less than the fully depleted voltage, see
ref. 4 ), which may affect the output pulse amplitude of the preamplifier. However
for charge —sensitive amplifiers, if the duration (7,) of the input pulse is shorter than
the falling time constant (t; = RycearackCrecanack) Of the preamplifier, the changes in
the input capacitance (of detectors) no longer has an appreciable effect on the output
voltage (of the amplifier) [S]. In this experiment, the 7,/r; ratio is ~102  Even so,
the small changes (0.06%) in the y pulse height and part of the change in the « pulse

height with the detector bias from 400 V to 1200 V may be caused by a small
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variation of the detector capacitance with bias.

64  The temperature dependence of & and g,

The temperature dependence of ionization energy is another important feature
of the detector response, which is essentially related to the variation of the bandgap
with temperature. To measure the change of ionization energy with temperature
requires a precise measurement of the window energy loss. Since the window energy
loss for protons is small, it is difficult to measure its change with the detector
temperature. The temperature dependence of window energy loss was therefore
measured only for a particles, which provides the basis for deriving £, at different
temperatures.

First, the value of &y was derived using !32Eu, ¥Co, and '*’Cs y sources in the
temperature range 80 K — 170 K. By adopting the value ¢, = 2.962 eV/e-h pair at
80 K [6], the results are shown in Figure 6.5, where the ¢; data obtained here and
Stuck’s data [7] agree very well.

The ¢, and &, data were also measured simultaneously at various
temperatures. The results are presented in the form of the €,/g, ratio, which certainly
will reflect the change of the ionization energy for a particles with detector
temperature. As seen in Figure 6.6, the percentage difference of €, and £y becomes
smaller ai higher temperatures of the Ge detector. The reason for this behaviour is
complicated, as it may result from an interplay of the recombination in the bulk and
the interface layer between the window and the bulk of the detector, the bandgap

change and the trapping effect. The window energy losses for deriving ¢, were
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corrected carefully at each temperature for different a energies. The window energy
loss corrections decrease with increasing temperatures. If the window energy loss
were assumed to be independent of the temperature, the ¢, curves would behave
differently. Figure 6.7 shows a comparison of the measured £,(T) with that derived

assuming a constant correction for the window energy loss (the values were chosen
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at 80K). For instance, the £,(T) curve for 5.5 MeV a particles becomes parallel to
the £o(T) curve if AE(T) = const. is used for the detector window energy loss
correction. In previous studies [6,7] of the ionization energy for a particles in Ge
detectors, a constant window thickness was always assumed for boron—implanted Ge

detectors and all « particle energies used exceeded 5 MeV, so that the temperature
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dependence of ¢, always followed that of £, Therefore, the previous results for £,(T)
[7] can also be reproduced here by assuming a constant window thickness at all
temperatures (for ~5 MeV a’s). Again this observation demonstrates that the quality
of the Ge detector used here is similar to those used in the previous studies [7].
Figure 6.8 shows the bandgap dependence of the ionization energy for a’s and

¥’s in the Ge detector obtained in this work. The linear relation of gg with the Ge
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Figure 6.8 lonization energy of y rays and a particles as a function of the
bandgap. <he straight line is a fit of £y data and curves marked by 1, 2, and
3 correspond to E, = 1.177, 5.485 and 2.483 MeV.
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indirect bandgap gives a slope of 1.934 and an intercept of 1.535 eV, which values
agree with previous results [7] within 3%. But a non-linear change in £, with the
indirect bandgap can be seen clearly, particularly at low temperature. This is the
first time that such a non-linearity of ¢, has been observed. If a constant window
energy loss were used for £, with 2!Am a particles, a linear relationship of &, with

the bandgap would be obtained here (also see refs. 6 and 7).

6.5 Trapping and recombination effect in the Ge detector

It is necessary to specifically discuss the trapping effect together with the
observations of the energy, bias and temperature dependence of £, and £¢. The
trapping effect refers to the phenomenon of charge (or carrier) loss in the charge
collection process, in which those carriers that are trapped by defects in the detector
are not subsequently detrapped during the charge collection time.

Since the rear surface (300 um Li drifted layer) of the Ge detector is positively
biased and connected to the input of the preamplifier, the output of the detector is
based on the collection of electrons generated in the ionization process. For the ions
used here, the ranges (< 50um) in the detector are only of the order of 10-3 of the
detector depletion depth. Thus, the electrons created by energetic ions have to travel
almost the entire depletion distance to be collected. Therefore, the electron trapping
effect will be almust the same for all ions, which will not affect the window tilting
measurements, Le. the pulse height data with the detector tilting angle will still follow
the curve shape defined by Equation 5.3. Possibly the pulse heights for ions at the

normal incidence angle (i.e. Py - P,) can be affected. Similar to the recombination
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effect, trapping can be reduced via a strong electric field inside the detector, which
may be the factor causing the increase of the bias depender-e of the y and a pulse
heights. However, it is unlikely that the trapping is significant in the Ge detector
used here. Since the carriers (electron) created by each y ionization event will travel
a distar~e corresponding to 1/2 depletion depth on average before being collected,
the trapping effect will also be reduced bv 50% or less (depending on the plasma
density). If it is assumed that 0.06% increase of the y pulse height with the bias
changing from 400 V to 1200 V is caused by a reduction of the trapping effect, one
would expect 0.12% or more increase of the pulse height for 2.5 MeV a’s. But such
pulse height increases may be due to a detector capacitance change with bias. In
addition, the fact that the previous data [7] for £ and ¢, (#' Am) can be reproduced
here suggests again that trapping is negligible, although the n—type Ge detector with
a net bulk impurity concentration of 8 x 10'9 (30 keV FWHM for 5§ MeV a) was
used in ref. 7 and the p—type ultra—high puritt Ge detector material with impurity
concentration < 10'0 js used here. Note that Li, B, and P are shallow donors or

acceptors and therefore do not act as traps.

6.6 Comparison of the ionization energy in Ge and Si detectors

As a conclusion of this study, it is necessary to compare the ionization energy
of light ions in Ge and Si detectors in order to provide more information for
understanding the basic ionization process and the response of semiconductors. The
discussion will concentrate on the following three aspects and some further

experiments will be suggested based on the present study.
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(1) €ion/€p ratio

Similar to Si detectors, the largest difference of the ionization energy for light
ions and y rays in a Ge detector are found to be ~1% at 80K and to approach zero
as the energy of the ion increases. The energy dependence of €;,,/€q for protons and
a’s has a similar trend with that found for Si detectors. The &;,,—S(E) curve appears
different from one obtained for Si detectors [9]. €;,n/Eq is approximately unity in the
low stopping power region (at high energy end). Above the stopping power of 0.20
keV/nm, the data show an average slope Ag;,,/AS of 2.5¢¢ X 10~4 nm/e-h pair, which
is not close to the slope obtained for Si detectors [10,11]. From the data in table 6.1,
it is possible that €,/¢, for larger stopping power values (2 0.09 keV/nm) will behave
similarly to €./, , but no data are available in this region. Obviously more
measurements of £, at higher stopping power are required, ie. at lower incident
energies.

(2) Apparent pulse height change with the temperature

Two possible factors that can affect the pulse height for ions in detectors as
the temperature of the detector changes are contributions from the change of the
window thickness and ionization energy with the temperature. In Figures 6.9 and
6.10, the change of the apparent pulse heights versus the detector temperature are
presented for the Ge detector (in this >tudy) and for the surface barrier Si detector
[12]. From 173 K to 80 K the apparent pulse heights (number of electron—hole
pairs) of « particles in the Ge detector decreases by 2—3% compared with < 1% for
a Si detector.

(3) lonization energy versus E,
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Unlike earlier published data for Si and Ge detectors, the g, data in the Ge
detector show a nonlinear change with the bandgap (see Figure 6.8). The
temperature dependence of the detector window energy loss is an important
correction for such a nonlinear phenomenon to be scen. Measurements of the
cffective window thickness of the boron—implanted Ge detector, based on the tilting
technique, have proved that tr.e implanted window thickness cannot be accurately

determined using the energy loss straggling method [7]. This observation raises a
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question as to how to make the window correction for ionization energy measured
in Si detectors. It is not clear how the window thickness of Si detectors was
measured as a function of temperature, even though a linear change of the surface
barrier window and no change of the ion—implanted window were claimed [7,13].
It is still possible that the temperature dependence of the window thickness can be
so large that the linear relation between €, and the bandgap for Si detectors will be
affected by such a window correction, even though the window energy loss (at room
temperature) for Si dewectors in previous studies [2,7] were claimed to be very small

(0.5% effect on g,).

6.7  Conclusions
Summarizing the results obtair: d from the experimental studies performed
here, several points should be emphasized:
(1)  Contrary to earlier conclusions, we can assert that there is a ~1% difference
between ¢, (light ions at lower energy) and &, often exhibiting £,,, < &

71 his conclusion cannot be explained away by trapping or recombination effects

during the stopping of the ion in the sensitive volume — both of which would
act in the opposite direction to yield data whereby £,,, > &.
(2)  For very erergetic ions, £,,, = &g, which is to be expected on an intuitive basis.
(3) The apparent window thickress measured for the detector under study varies
with ion energy and temperature in a manner that suggests that this surface
layer does not consist of a simple passive dead layer. The reasons for this

Lehaviour are not understood.
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(4) Where comparisons can be made with earlier works, the present results for
the ratio €,,/go are in quantitative agreement when similar assumptions are
included, e.g. when we assume that the apparent window thickness does not
depend on ion energy.

(5) The behaviour observed for Ge is in qualitative, but not quantitative,
agreement with data measured for Si detectors.

(6) Channeling effects on the incident ions are readily observed for the
ion—implanted entrance window region; however, such effects are not

responsible for the intrinsic devia:ons of the &,/eq—ratio from unity.

Further measurements along the lines of those described herein would benefit
from an intensive study of the ion—implanted window region, ie. €,/e, should be
determined using different conditions (implant dose, energy and high—T annealing)
for fabricating the front contact. As well, the detector crystal should be cut off—axis
to minimize or eliminate channeling effects for both implantation and ion detection.
This remark is motivated by the unexplained behaviour observed for the energy loss
of ions, in particular a’s, transmitted through the front contact as a function of ion
energy and temperature. Such measurements for Si detectors at different
temperatures may also shed light on the physical processes that are occurring in this
complicated interface region. It would be interesting to extract defect profiles for

such semiconductor detectors, as their role may dominate the observed window

energy loss behaviour under charged particle detection.
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