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The high—purity silicon sensor a.rra?'s )Fresented in this thesis can
ide&llykb%used in the imaging of sott X-radiation with energies between
8-20keV.

Long term ionization effects can occur in semiconductor soft X-ray

sensors due to the build up of trapped charge in the insulator

layers. Because of this, devices which employ functional oxide layers are

xsnore sensgt.ive to radiation damage than their junction counterparts,
ect. 2.2.6.

The realization of large (7.6 x 7.6 cm2) high—purity silicon soft X-ray
sensor arrays of small elements (20 x 20 um?) based on the double-layer
metalization design detailed in this thesis is feasible. An array with these
gpecifications would have a spatial resolution of 6 um in both the

z—and the y—dimensions and would be large enough to use in
experimental systems, Sect. 3.2.

Although a number of incompatibilities exist in the co—inteqratiou of

radiation sensors and electronics on the same high-purity silicon

substrate, the benefits such a system would provide, e.g. minimum

parasitic capacitances, minimum total power, size and wiring costs and

xsnaximtim signal-to—noise ratios, justify future research into this area,
ect. 5.4.

The function of a radiation detector is inherently coupled to
its own destruction and thus only has a limited lifetime, Sect. 2.2.6.

The stress associated with deposited—diaphragm films realized through
silicon micromachining techniques limits the sensitivity and the size of
deposited—diaphragm silicon capacitive pressure sensors. These
problems can be avoided through the use of bulk—diaphragm structures.
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Only those universities with their own material science and
integrated—circuit processing facilities can significantly contribute to the
field of information technology.

In order to decrease medical costs and patient trauma and increase the
success rate of surgical operations, traditional surgical therapy should be
replaced by minimal invasive therapy based on endoscopic procedures.

Thorough consideration of the anatomical structure of the human body
and the physical effects of meat consumption leads to the conclusion that
the human body is better suited to a vegetarian diet than one that
includes meat. Of the twenty—two amino acids, all but eight can be
synthesized by the human body itself, and these eight "essential amino
acids" exist in abundance in nonmeat foods.

The stifling of an individual's creativity, physical and mental growth or
self—ddcivelopment at any stage of life is one of the greatest human
tragedies. ,

The increasing evidence of political scandals in the United States at all
levels of government increases the feeling of helplessness and
powerlessness of the American people, who have come to feel their
individual vote is uninfluential.

The requirement that every resident in the Netherlands must have
medical insurance justly insures the physical and mental care of the
entire population, which results in one of the lowest rates of child
mortality at birth in the world and eliminates discrimination in the
receival of care based on income.

An emancipated workforce can only be created if society is willing to
guarantee that equal opportunities exist in all occupations for both sexes
and instills in their children that this is a worthwhile effort.
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INTRODUCTION

1.1 SENSORS IN ELECTRONIC MEASUREMENT AND
CONTROL SYSTEMS

Electronic measurement and control systems, e.g. multimeters, oscilloscopes,
computers, etc., can be depicted in a functional block diagram consisting of three
units: an input transducer, an electronic modifier and an output transducer {1.1].

INPUT OUTPUT

—— MOODIFIER -— —

TRANSDUCER TRANSDUCER

Fig. 1.1 Functional block diagram of an electronic measurement and control
system [1.1].

A physical or chemical quantity to be measured, such as light intensity, gas
flow, temperature, magnetic—field intensity or pH, is converted in the input
transducer into an electrical signal. A transducer converts a measurand from one
signal domain into another. Signal conversion in transducers is always based on
energy conversion. Therefore, six signal domains can conveniently be
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distinguished: radiant, mechanical, thermal, electrical, magnetic and chemical
[1.1]. Electrical energy is currently the preferred energy signal form at the output
of the first unit, the input transducer. These specialized transducers are often
called sensors.

The electrical signal is modified in the second unit. The signal modification can
take many forms, e.g. signal amplification, signal comparison or signal storage.
However, the energy form of the signal is not altered in the modification unit.

In the output transducer, the electrical signal is converted into an alternate
signal form, so that it can be perceived by one of our senses. One common
conversion occurs in a display, where an electrical signal is converted into a
radiant signal. Electrical signals are also commonly converted into mechanical
signals, e.g. in acoustic devices. When the electrical signal is converted into a
signal that gives rise to an active operation, the output transducer is called an
actuator.

The development of advanced, inexpensive electronic measurement and control
systems for a wide range of fields has been stimulated by the availability of
superior microelectronics. The first silicon (Si) bipolar transistor was introduced
in 1959 and since then developments in the field of microelectronics have been
continual. Remarkable advancements have been made in the fabrication of silicon
integrated circuits using silicon planar—processing technologies. The cost of
producing silicon integrated circuits has dramatically decreased, while the level of
device sophistication has significantly increased. As a result, there has been a
continual improvement in the performance/price ratios of microelectronic
devices.

However, most of the research has been focused on electronic modifiers, e.g.
microprocessors and static and dynamic RAMs. A great challenge is currently
heing presented to researchers working in the area of sensors and actuators, as
these two units of the functional block diagram, Fig. 1.1, i.e. the input and output
transducers, are presently the weak links in electronic measurement and control
systems. High performance, low cost sensors and actuators are in high demand for
the transduction of many physical and chemical effects and for interfacing
electronic modifiers to the outside world. The performance capabilities of
scientific (robotic, automotive and air-transport), medical (medical imaging and
automated infusion) and entertainment—oriented (home video) control systems
can be greatly updated by the availability of sophisticated, inexpensive sensors
and actuators.

Many technologies existed, and still exist, for the fabrication of sensors,
including those based on piezoelectric materials, polymers, metal oxides, thin and
thick films and optical-glass fibers, as well as those based on semiconductor
technologies [1.1]. However, only silicon—based sensor technologies have uniquely
been able to progress directly by reaping the benefits of the expertise and the skill
gained in the development of the silicon integrated circuit and its fabrication
technology.

Through the use of the diverse, sophisticated silicon planar technologies
available, silicon sensors can be batch—fabricated in a wide variety of geometrical
dimensions, together with signal-processing electronics on the same chip. The
signal-processing electronics can be dedicated to on—chip signal amplification
(thereby reducing the noise and disturbances associated with the connections to
discrete units), to signal comparison (i.e. to a reference standard), to signal
standardization (providing TTL or other compatible output voltage levels), to
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analog—to—digital or to digital-to—frequency conversion. On—chip signal-
processing electronics can also be designed for the elimination or compensation of
offset or nonlinearities (i.e. cross—sensitivities or temperature effects). A standard
signal with high accuracy and reliability can therefore be obtained at the sensor
output, thus improving the sensor's specifications and applicability.

In addition to the well-developed technology available for processing silicon
sensors, silicon displays many other characteristics desirable for sensor
fabrication. Silicon exhibits many physical and chemical effects, which may be
used for sensing purposes [l.li These include self—generating as well as
modulating effects.

No auxiliary energy sources are necessary to produce a self—generating effect.
Examples of self-generating effects in silicon include the photovoltaic effect used
in radiant—signal sensors, the Seebeck effect used in thermal-signal sensors and
the Galvano—electric effect used in chemical-signal sensors [1.1]. Silicon also
displays numerous effects that require the presence of additional encrgy sources in
order to obtain a signal output. These effccts are called modulating effects.
Examples in silicon include the photoelectric effect used in radiant—energy
sensing, the piezoresistive cffect used in mechanical-signal sensing and the Hall
effect employed in magnetic sensors for the measurement of magnetic—field
strengths [1.1].

Tandem transduction occurs when an intermediary signal is used in the
conversion process. An example of such a process can be depicted by an infrared
radiation sensor based on a silicon thermopile, which converts incident infrared
radiation into an electrical output signal [1.1]. A material layer deposited on the
silicon sensor next to one end of the silicon thermopile absorbs the incident
radiation. This absorption causes a local increase in the temperature of the
sensor. The absorbing material thus converts the incident radiation into a local
increase in temperature. A temperature difference, then existing between the two
ends of the silicon thermopile, creates a measurable output voltage across the
terminals of the thermopile. A temperature difference is thereby converted into
an electrical signal gl.l].

Silicon also displays desirable mechanical properties. The elasticity limit in
silicon is higher than that in steel and silicon does not display hysteresis when
subjected to repeated stress. Moreover, the micromachining of many highly
sensitive three~dimensional mechanical sensors has proven very successful [1.2].
However, the magnetic permeability and piezoelectric coefficients of silicon are
negligible. In order to compensate for this, magnetic and piezoelectric thin—film
deposition techniques have been developed, which are compatible with silicon
integrated—circuit technology [1.1].

Although there have been many successful silicon—based sensor designs
manufactured with standard bipolar, NMOS or CMOS processing sequences, the
fabrication of silicon—based sensors usually follows, in some form or other,
nonstandard processes [1.1]. A combination of the bipolar and the NMOS
processes will sometimes satisfy the fabrication requirements of a given silicon
sensor, while in other designs, the standard processing steps remain the same, but
the time, temperature, impurity level, dose or energy may need to be altered.
Additional processing steps must often be added during the fabrication of many
sensor designs, e.g. the deposition of piezoelectric or magnetic thin or thick films
[1.3{. Other silicon—based sensors require special materials [1.4], e.g.
nuclear-radiation sensors and millimeter—wave devices are typically processed on
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high~ohmic silicon wafers [1.5-1.6]. The extra equipment and materials necessary
are often expensive and the technologies are not as well known. Batch fabrication
is often impossible when a particular step or sequence of steps can only be
performed on a few wafers at a time. The bonding and encapsulation of silicon
pressure and chemical sensors still remain great problems and impeding obstacles
to further development [1.7]. All these nonstandard procedures cause the
turnaround time to increase and the yield to decrease. In addition, silicon has a
limited temperature range of operation, =50 to 150 ©C.

Although the development of silicon sensors has remarkably progressed from
the knowledge acquired from the sophistication of silicon microelectronic circuits,
their integration into electronic measurement and control systems is still very
narrow. Intensive research in the area of silicon integrated sensors and actuators
aims at providing solutions to these numerous challenges in order to allow their
rapid infiltration into many scientific, medical and entertainment—oriented
systems. However, of all the existing sensor technologies, silicon and other
semiconductor—based sensor technologies are of particular importance, because
they offer the possibility of integrating the sensor and the signal-processing
circuits on the same chip in the construction of a smart sensor [1.8].

Silicon is not the optimum semiconductor in every respect. The electron and
hole drift mobilities at 300 K in pure, defect free germanium (Ge) (3900 and
1900 cm?/ Vs, respectively) and gallium arsenide (GaAs) (8500 and 450 cm?2/Vs,
respectively) are equal to or higher than those values in pure, defect free silicon
(1350 and 480 cm2/Vs, respectively) [1.9]. This permits the fabrication of Ge and
GaAs semiconductor devices with higher frequency responses. Germanium has a
higher atomic number (32) than silicon (14), which leads to its higher efficiency in
the detection of high—energy electromagnetic radiation. Gallium arsenide is a
direct bandgap semiconducting material, permitting the fabrication of many
electro—optical devices that cannot be made with silicon technology [1.8].

However, due to the relatively narrow bandgap of germanium (0.67eV),
devices fabricated in Ge display high junction—leakage currents and therefore
must be operated at low temperatures. As gallium arsenide is a compound
semiconductor, GaAs purification and growth technologies are more complicated
than those of Si. In addition, the thermal oxide of silicon (SiO2) is unparalleled in
its dielectric and interfacial properties, and silicon, as well as its thermal oxide,
are inert in many hostile environments. Silicon is therefore the principle material
used in the fabrication of most semiconductor integrated circuits, devices and
sensors [1.10}.

1.2 RADIANT-SIGNAL DOMAIN
1.2.1 Introduction

The radiant—signal domain has always attracted and maintained considerable
interest in the sensor field. Radiant sensors are based on the most fundamental
and well-known principles of physics and have been thoroughly characterized
[1.1, 1.4, 1.9]. Semiconductor—radiation sensors are considered to be the first
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semiconductor sensors developed. However, the radiant—sensor field is not by any
means considered to be a static or dying field, as can be seen by the continual
advancements and new developments in solid-state imaging devices, in
high-speed photodetectors for the ultraviolet and infrared regions and in sensors
for nuclear radiation 1.1, 1.4].

The radiant—signal domain is concerned with electromagnetic radiation of all
frequencies, as well as nuclear—particle radiation.

1.2.2 Electromagnetic radiation

Electromagnetic radiation includes, among others, microwaves, far and near
infrared light, visible light, ultraviolet light, soft X-rays, X—rays and gamma
photons. Figure 1.2 displays the entire electromagnetic spectrum and the names
associated with the various frequency ranges, while the light spectrum is
expanded and shown in Fig. 1.3. The visible-light spectrum, i.e. that region of the
electromagnetic spectrum to which the human eye is sensitive, lies within the
light spectrum spanning the region of approximately 0.4 t0 0.7 um.

Differences between the various types of radiation lie in their characteristic
frequencies and in their origins [1.9]. The extensions of the regions named above
tend to overlap with their bordering spectral regions, as photons of a given energy
can emanate from different origins. Light photons are emitted when an electrical
discharge is passed through heated solids or gases. X—rays result from transitions
between states of the orbital electrons or may be produced by the deceleration of
an electron beam. Gamma photons-are produced in nuclear processes originating
from a nucleus or from a fundamental particle [1.11].
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Fig. 1.2 The electromagnetic spectrum [1.9].
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Important experimental work performed with vacuum tubes by several
scientists: Herz, Hallwachs and Lenard, in the late 1800s provided evidence of the
corpuscular properties of electromagnetic radiation and laid the ground work for
modern quantum theory [1.12,]. In 1900 Planck derived an empirical formula,
which was a modified version of an accepted classical function, to characterize the
spectral distribution of blackbody radiation on the assumption of discrete—energy
quantization. Einstein applied these ideas to the photoelectric effect and
demonstrated in 1905 that electromagnetic energy is not distributed continuously
in space but quantized in small bundles called photons. The energy of a photon Ep
i[s dir]ectly related to its frequency and inversely proportional to its wavelength
1.11

Ep=hv=he/\ (1.1)

where h = 4.136 x 10-5eVs is Planck's constant, v is the frequency of the
electromagnetic radiation in Hz, ¢ = 2.998 x 108 m/s is the speed of light in
vacuum and ) is the wavelength of the electromagnetic radiation in m.
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Fig. 1.3 The light spectrum [1.9].

1.2.3 Nuclear—particle radiation

Nuclear—particie radiation includes, among others, alpha particles, beta
particles and neutrons. Alpha particles were shown by Rutherford to be the
charged nuclei of 4He atoms [1.13]. They are emitted when heavy elements
undergo natural radioactivity or from the bombardment of a target with nuclear
radiation. Alpha particles belong to a class of charged particles called
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heavy—charged particles, which includes all charged nuclei from protons and
deuterons to the heaviest fission fragments. The particles in this class may carry
any charge from ¢ to Zg, where ¢ is the electronic charge and Z is the atomic
number [1.13].

Beta particles are fast electrons, which may be emitted through natural or
induced radioactivity, or may be produced by the acceleration of electrons in an
electric field. They have the mass of an electron and are negatively charged. Beta
particles belong to a separate class of charged particles, sometimes referred to as
light—charged particles, which also includes particles called positrons. Positrons
are produced by natural or induced radioactive decay. They have the same mass
and charge magnitude as those of electrons, but their charge is positive [1.13].

The neutron is a neutral particle, with a mass slightly greater than that of a
proton. It belongs to a class of particles called uncharged particles. Lacking
charge, particles in this class cannot cause ionization and therefore cannot be
detected by electromagnetic interactions. The detection of uncharged particles
requires the transfer of its energy to a charged particle, which can subsequently be
detected. Polyethylene or other layers are often deposited onto a radiation
detector, so as to create charged particles when uncharged particles interact
within the layer [1.13].

Although sensors used for the detection of nuclear particles are very similar to
those used for the detection of electromagnetic radiation, it is the purpose of this
thesis to discuss sensors for high—energy electromagnetic (specifically soft X-ray)
radiation. In view of this, nuclear—particle radiation will not be discussed further.
The term radiant is now dealt with only in the context of electromagnetic
radiation.

1.2.4 Scosors for radiant signals

Early devices used for the detection of electromagnetic radiation within the
light spectrum, Fig. 1.3, included detectors based on thermal transduction
principles, i.e. thermopiles and pyrodetectors, as well as vacuum photodetectors
[1.14]. Conventional methods of detecting higher energy electromagnetic
radiation, i.e. (soft and hard) X-rays and gamma photons, were originally, and
are still, based on the use of photographic films, gas—ionization chambers and
scintillating crystals [1.13]. Sensors for detecting (soft and hard) X-ray and
gamma radiation will be simultaneously discussed at this point, as their
requency spectrums overlap and the sensors employed for their detection are
gften the same. Sensors for soft X—ray detection are more thoroughly discussed in
ect. 1.3.

1.2.4.1 Photographic film

Photographic film is the oldest detector of X-rays. The advantages of film
include its ability to record a complete spectrum simultaneously from pulsed
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sources, its excellent two—dimensional spatial resolution (on the order of 10 ym in
both the z— and the y—dimensions) and a range of photon energy response of 3 —4
orders of magnitude. One disadvantage of film involves the difficulty in
quantitatively relating the film density to the incident photon energy or intensity
[1.15-1.16]. When one photon interacts with an X-ray film composed of silver
bromide (AgBr), one silver grain (Ag) is formed after development of the film.
This leads to an exposure saturation etfect, as one AgBr particle develops into an
Ag grain only once. Moreover, film does not provide an instant response. The
instantaneous response provided by solid—state detectors often gives them a
distinctive edge over photographic films. In addition, the sensitivity and dynamic
range of certain solid—state sensor arrays have been found to be two to three
([)rders of r?agnitude higher than those values associated with photographic films
1.17-1.18].

1.2.4.2 Gas—ionization chambers

The detection of X-rays and gamma photons in gas—ionization chambers is
based on the creation of electron—hole pairs upon the absorption of incident
electromagnetic radiation in an inert gas and on the subsequent collection of this
charge at boundary electrodes (when the detector is under the presence of an
electric field). The charge carriers drift toward the bounding electrodes. The drift
velocity and the charge—collection efficiency are dependent on the electric field
and the nature, the temperature and the pressure of the gas. Inert gases are most
often used, as they do not capture electrons. For simple gas—ionization chambers,
the amount of charge carriers collected at the contacts is given by the formula

Q= ghv/e (1.2)

where ¢ is the charge of an electron, hv is the energy of the incident radiation and
¢ is the ionization energy, i.e. the energy required to create one electron—hole pair,
Sect. 2.1.3. In most gases, ¢ is on the order of 30 eV. If the voltage placed across
the electrodes is increased, as is the case in proportional-multiwire detectors and
in Geiger counters, charge—carrier multiplication will occur and Eqn. (1.2) will no
longer hold. A multiplication factor must be included, which is exponentially
proportional to the applied voltage. One great advantage associated with these
devices is that large area gaseous detectors can be fabricated relatively easily.
Gaseous detectors are modulating sensors, as an external voltage supply is
necessary to create the electric field, which is required to efficiently collect the
total charge created by the incident radiation. Both one— and two—dimensional
position—sensitive gaseous detectors have been fabricated [1.15-1.16].
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1.2.4.3 Scintillation detectors

A scintillation detector is a tandem transducer. The incident high—energy
electromagnetic radiation is first converted by a scintillating (fluorescent) crystal
with an activator into light quanta. The absorption of incident radiation brings
the crystal atoms into an excited state. Energy is transferred to the activator
within 0.3 nsec. Photons, with energies lower than that of the original radiation,
are emitted upon a return of the atoms to the ground state. The light emission
occurs within 230nsec. These photons are subsequently (conventionally)
transduced into electrical energy by a photomultiplier tube (PMT). The primary
scintillator detector systems of choice for applications in nuclear medicine,
nuclear fuel science, geophysical and environmental science, space science and
high—energy physics employ Nal(Tl) crystals. BGO and CdWO, crystals arc
often used for X—ray spectroscopic studies [11.19].

Rapid advancements in nuclear—medical instrumentation were achieved in the
1960s due to Nal(T1) scintillator technology. Nuclear—medical studies require the
efficient imaging of gamma photons emitted from functional organs within the
body, where they have been concentrated. Nal(T1) scintillator gamma cameras,
i.e. Anger cameras, are still the standard instruments used in nuclear medicine.
An Anger camera is composed of a large scintillator plate, which is optically
coupled to an arrangement of numerous PMTs and a pulse arithmetic unit. An
estimate of the z—y coordinates and the energy of each detected event is recorded.
Other detectors have been built from a matrix of small scintillator blocks, each
optically coupled to its own PMT.

An advantage of Nal(T1) scintillator detectors is that Nal(Tl) crystals can be
made very large in order to image whole organ systems. In addition, scintillator
crystals are usually fabricated from heavy materials with high atomic numbers
and thercfore have better absorption efficiencies than those detectors fabricated
from silicon or germanium. However, inefficient processes are involved in the
conversion of high—cnergy clectromagnetic radiation into light quanta by the
scintillator and light quanta into electrons by the photomultiplier tubes. These
inelliciencies limit the detector's spatial and energy resolutions. Scintillator
detectors also suffer from afterglow, which occurs up to 150 msec after the light
emission, low scatter rejection, low contrast ratios, low clarity of boundary
definitions and low uniformity [1.15-1.16, 1.19].

1.2.4.4 Scemiconductor—radiation sensors

While television served as the prime stimulus for the replacement of vacuum
tubes by semiconductor detectors in light applications, the lower ionization
energy of semiconductor materials (approximately 3eV) proved to be the
motivating factor involved in the introduction of semiconductor detectors into
applications for the detection of high-energy electromagnetic radiation
[1.15-1.16]. The same radiation will generate approximately an order of
magnitude more charge in a semiconductor detector than in a gaseous detector,
Eqn. (1.2). This leads to a significant improvement in the energy resolution of the
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detection system. Moreover, the probability of absorption of incident radiation is
directly related to the density of the detecting material, Sect.2.1.2.
Semiconductor detectors, having higher densities than gaseous detectors, can be
fabricated much thinner than their gas counterparts.

Other advantages of a semiconductor detector include an excellent bandwidth
and count—rate performance, a linearity of performance over a large range, a good
stability and a low noise. Furthermore, a wide variety of semiconductor detector

eometries are obtainable due to the advanced processing technologies developed
or the fabrication of semiconductor devices.

As in reverse—biased gaseous detectors, the detection of X-rays and gamma
photons in reverse—biased semiconductor detectors is also based on the absorption
of incident electromagnetic radiation, the ensuing creation of electron—hole pairs
and the subsequent collection of this charge at boundary electrodes. The number
of charge carriers ideally collected at the contacts is also given by Eqn. (1.2).

A number of parameters are important when comparing the usefulness of
different semiconductor materials for the detection of high—energy
electromagnetic radiation. These include the net concentration of dopant atoms,
the bandgap, the ionization energy, the drift and diffusion lengths and the atomic
number(s% of the semiconductor substrate material [1.20].

Given that the magnitude of the reverse-bias voltage placed across a
semiconductor detector is sufficiently high to deplete the entire substrate
thickness, the detector's sensitive volume will equal that volume existing between
the boundary electrodes. Fully depleting the substrate creates a relatively high
clectric field in a thick sensitive volume, which ensures the fast and complete
collection of the charge generated within the detector. The expression for the
({iep}etion width of a one—sided abrupt p*—n junction, appropriate for Ny >> Ng is

1.9

172

2 = [M (1.3)

qNg

where €, and ¢s; are the permittivity of free space and the dielectric constant of
silicon, respectively, V; is the sum of the built—in and the reverse-bias voltages
and Nq is the donor impurity concentration. Since the breakdown phenomenon
limits the reverse—bias voltage that can be applied, the only way to achieve large
depletion layers is through the use of high—purity (or compensated) silicon
material, Sect.4.2. Large ingots of high—purity monocrystalline silicon and

erma,niur? readily fulfill the demand for a low net concentration of dopant atoms
1.20-1.22].

The thermal generation of carriers decreases as the bandgap increases.
Therefore, to reduce the background current, one would like to maximize FEg.
With respect to this demand, silicon is superior to germanium, due to its larger
bandgap. Negligible values for the junction—leakage current of Ge detectors can
only by obtained by operating the device at liquid nitrogen temperatures.

However, as the bandgap increases, the ionization energy, e, also increases. As
¢ increases, the total number of electron—hole pairs generated by a given radiation
source, N,, decreases, as N, = hv/¢. The energy resolution, which is directly
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proportional to Ny, Sect. 2.2.3, will also decrease.

In order to be collected, the charge—carrier drift and diffusion lengths must be
larger than the distance the carriers have to migrate in the depletion layer or in
the undepleted layers, respectively, before reaching a contact (or the depletion
layer in the latter case). If these lengths are long, the signal becomes independent
of the incident photon's point of absorption within the detector's sensitive
volume. The drift and diffusion lengths for electrons and holes are given
respectively by

Lar-e;-h = HeshTesh & (1'4a)

2
Leah = [De,hTeyh] (1.4b)

where pe,n represents the charge—carrier mobility for electrons or holes, 7e,pn
represents the charge—carrier lifetime for electrons or holes, & represents the
electri[c—ﬁe]ld strength and De,p, represents the diffusion constant for electrons or
holes [1.20].

Relatively high charge—carrier mobilities and long charge—carrier lifetimes can
be obtained in Si and Ge substrates due to the remarkable achievements in their
crystal growth and purification technologies [1.21-1.22]. These values in
compound semiconductors such as cadmium telluride (CdTe), mercuric iodide
(Hglp) and GaAs are from one to one hundred thousand times lower, due to the
dif%iculty in fabricating high—purity material [1.20].

The efficiency for the photoelectric absorption of incident radiation is
proportional to the atomic number of the semiconductor material to the power 5,
Sect. 2.1.2. With respect to this demand, compound semiconductors such as
CdTe, Hgly and GaAs have a definite advantage over Si and Ge.

Values for the net concentrations of dopant atoms in the purest materials
available, the bandgaps, the ionization energies, the mean electron and hole
mobilities, the mean electron and hole lifetimes and the atomic numbers of
various semiconductor materials are found in Table 1.1 [1.20-1.21].

Research on CdTe and Hgly began in the mid—1960s and in the early 1970s,
respectively, in an effort to find semiconductor materials with higher atomic
numbers for use in the detection of high—energy photons [1.23—1.24;. Due to their
higher atomic numbers (48 and 52 for CdTe and 53 and 80 for Hgly), the
efficiencies for X— and gamma-radiation detection are significantly higher than
those values associated with Si and Ge, Sect. 2.1.2. The bandgaps of CdTe and
Hgly (1.56 eV and 2.13 eV, respectively) are large enough to allow the fabrication
of detectors for use in room temperature X-ray and gamma photon spectrometry
with excellent energy resolutions. CdTe and Hgly have also been used in the
fabrication of miniature probes for diagnostic purposes, which can be operated at
body temperature with good energy resolutions {1.20, 1.23—1.24].

There are however disadvantages associated with the use of these
semiconductor materials. As is true of all crystal growing methods, especially
those associated with the production of compound semiconductors, it is difficult
to grow large volume crystals that are highly uniform in purity, stoichiometry
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and charge—collection properties. There are currently three methods available for
the fabrication of CdTe crystals: the zone melting method, the travelling heater
method and the Bridgmann method. High—quality crystals can be produced using
the zone-melting method, but the resistivities are low. High—resistivity crystals
can be produced using the other two methods, but they tend to have severe
problems with polarization, i.e. with time dependent changes in the depleted
thicknesses or in the charge—collection properties {1.23].

Table 1.1  Parameter values for wvarious materials used in fabricaling
semiconductor—radiation sensors [1.20-1.21].

Material |Ng—Na| Eg ¢ Ite fn Te Th VA
2
s [ev] [ev] [ |SE g
Vs Vs
Si 3x1010 1.12 3.61 1350 480 5x10°3 5x103 14
Ge >5x109 0.67 2.98 3900 1900 2x10% 2x10° 32

CdTe 1012-1013  1.56 4.43 1050 100 Ix106 1x10°6 48,52

Hgl Semi— 2.13 4.2 100 — 1x10°6 2x106 53,80
insulator

GaAs 1012-1013  1.42 4.7 8500 450 5x108% 5x10°8 31,33

Single Hgly crystals can be grown from the vapor phase or by solution
regrowth. However, the fabrication of Hgly detectors is even more difficult than
that of CdTe due to the softness of the material, its agressivity against many
materials (e.g. aluminum (Al) and gold (Au)), its small thermal resistance, its
solubility in most solvents and its toxicity. In addition, Hgls is unstable at
temperatures above 70 °C and it is nearly impossible to apply metal contacts to
the semiconductor, as the mercury tends to amalgamate with metals. The low
charge—carrier mobilities associated with Hgly cause incomplete charge
collection, which limits the sensitive thickness of the detector, even when very
high electric fields are applied [1.24]. Furthermore, the yields of both compound
semiconductors are very low, their availabilities are restricted and their prices are
high. Thus, although CdTe and Hgly detectors have demonstrated good
performances as room temperature X-ray and gamma photon spectrometers,
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their crystal growth methods and their long term stabilities have to be improved.

GaAs was also investigated for its usefulness in nuclear—radiation detection in
the early 1960s, when high-resistivity, compensated crystals became available
[1.20, 1.23]. However, the performances of the fabricated detectors were poor due
to strong trapping effects. Upon the development of liquid— and vapor—phase
epitaxial techniques to grow high—purity GaAs films on either GaAs or on Si
substrates, Schottky diodes 60 —80 gm thick and 1.5 mm in diameter were
fabricated, which obtained excellent energy resolutions of gamma photons [1.23].
However, as high—quality epilayers cannot be grown in excess of 100 um, the
efficiencies of such devices are very small and therefore they cannot find
applications in X—ray or in gamma photon detection [1.23].

Due to their well-developed processing technologies, silicon and germanium
were the first semiconductor materials used to fabricate semiconductor—radiation
detectors [1.20]. Silicon was primarily used to image light photons, while
germanium, with its higher atomic number, was used in the detection of higher
energy electromagnetic radiation. However, the material requirements for the
fabrication of semiconductor-radiation sensors are very different from those
requirements for the fabrication of standard integrated circuits. Extremely pure
material is required, so that deep depletion depths, long effective
charge—collection lengths and low concentrations of deep trap centers can be
obtained. The lithium—-ion compensation technique was introduced in the early
1960s to increase the purity of silicon and germanium substrates and to allow the
production of thicker detectors that would require lower reverse—bias voltages f{or
full depletion. Lithium—drifted detectors up to 10 mm thick can currently be
fabricated and are known for their excellent energy resolutions [1.25].

The lithium—drift procedure involves the initial diffusion of lithium on one side
of a p—type wafer (with a nominal resistivity of 1000 Q—cm), thus forming an
n*—contact. A groove is then cut into this side of the wafer with an ultrasonic
cutter. The evaporation of gold follows on the reverse side of the wafer to form the
p*—contact. The surface is subsequently treated to minimize leakage currents.

The detector is then heated to 110 — 150 ©C and a reverse—bias voltage (on the
order of 500 — 1000 V) is applied. This procedure causes the lithium ions to drift
from the n*—contact into the p-type bulk. The lithium ions compensate the boron
impurities, thus producing a nearly intrinsic device [1.25].

The lithium—drift process is relatively simple and very little equipment is
necessary. However, surface passivation techniques are very difficult. In addition,
lithium tends to form complexes with oxygen, which is generally present in silicon
and germanium crystals. This cffect and the presence of microdefects in the
crystals cause interfercnces in the drift process. Moreover, lithium ions drift at
relatively low temperatures, especially in germanium crystals. Both Ge(Li) and
Si(Li) detectors must be stored at liquid nitrogen temperatures. Ge(Li) detectors
must also be operated at 77 oC, although Si(Li) detectors can be utilized in some
applications at room temperature [1.25].

High—purity germanium ingots with excellent crystal structures, extremely
small trap concentrations and impurity concentrations on the order of
1 x 100 cm3 became available in the early 1970s, primarily for use in the
fabrication of gamma photon detectors [1.20, 1.22]. The purification procedures
were based on float—zone refining techniques rather than on compensation
techniques. Room tempcrature handling and storage of high—purity Ge is
possible, although these detectors must be operated below 150 K in order to
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eliminate the effects of thermally—generated leakage—current noise. As this
material has almost all the advantages of Ge(Li) without the problems associated
with lithium drift, it basically replaced Ge(Li [1.221.

More recently, high—purity silicon crystals with resistivities from
500 — 50,000 Q—cm, lifetimes from 100 — 5000 usec and low defect densities have
become available. This material is fabricated either through the use of the
float—zone growth and refinement methods or by neutron transmutation,
Sect. 4.2 [1.21]. High—purity silicon is used in the fabrication of devices that must
operate under a high voltage, i.e. power devices, thyristors and radiation sensors.
Due to its higher bandgap, in most applications, high—purity silicon does not need
to be cooled. However, cooling the detector will %ower its leakage current and
noise, Sect. 2.2.1.

1.3 SOFT X—RADIATION
1.3.1 Soft X-—ray sources

Significant research has been devoted to the development of sensors to detect
electromagnetic radiation in the light spectrum, as well as in the X— and gamma
radiation regions. However, very little effort has been expended for the
development of sensors for the detection of soft X-rays, i.e. electromagnetic
radiation with energies from approximately 2—-25keV. In the past, there has
been little need for such sensors, because there have been very few sources of soft
X-rays and therefore very few applications. However, due to the recent
development of intense soft X-ray sources and efficient optics, soft X-ray
systems have been found to be powerful research tools for use in many areas of
science and medicine, e.g. in such applications as X-ray microscopy, X-ray
spectrometry and digital—subtraction angiography [1.26-1.28]. An urgent need
now exists for the development of both one— and two—dimensional
position—sensitive soft X-ray sensors.

A summary of the fundamental properties of three different X—ray sources:
X-rtay tubes, plasma sources and storage (or synchrotron) rings, is given below.
Additional sources of soft X-rays originating from the decay of radioactive
elements, which are used in preliminary experimental work and for the purpose of
calibrating detectors, are also discussed.

Photons in the soft X—ray region are emitted due to X—ray transitions during
the decay of certain radioactive sources. 241Am decays by alpha decay with a
432.4 year half-life producing 237N, L and M X-rays, which have energies below
25 keV. Since the early 1970s, radioactive 241Am sources have been extensively
used in the absolute efficiency calibration of Si(Li) detectors. 241Am is ideal for
the absolute efficiency calibration of detectors within the 1—60keV energy
range, as it has M X-ray lines between 2—-6keV, a well-defined La line at
13.9 keV and L3 and L+~ transitions, which cover the energy range 15 —23 keV. It
also has gamma photon transitions at 26.3, 33.1, 43.5 and 59.5 keV [1.29].

The relatively broad X-ray spectrum emitted from an X-ray tube is
determined by the target material and typically consists of a few characteristic
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lines. Spectral shaping of the radiation is possible by means of filters. The
radiation has isotropic characteristics with typical focal spots on the order of a
few millimeters. The quality of the X—rays produced can be adjusted by varying
the voltage across the tube or the current flow through the tube f1.30—1.31].

Plasmas are ionized gases. Conditions within a plasma are described by several
parameters: the density of the electrons, the ionization states of the constituent
atoms and the electron and jon energy distributions. Plasmas hotter than 106 K
emit radiation in the X-ray region. High—temperature plasmas have been used
since the early 1970s for the production of controlled fusion reactions, but have
Flore recel]ltly been investigated for the production of intense soft X-ray sources

1.32-1.37|.

Three methods to generate plasma sources involve the electrical discharge of a
capacitor bank. The discharge occurs across a vacuum gap in the vacuum spark
method, across a fine wire in the exploding wire method and through a
low—pressure gas existing between two cylindrical electrodes in the plasma %ocus
method. Plasmas can also be generated when a high—power laser pulse is focused
on a solid material (the laser focus method) [1.36-1.37].

Considerable research is currently being carried out on laser plasmas. The
spectra from laser plasmas consist of many lines that originate from resonant
transitions. The range of the radiation emitted falls between approximately
1 -6 keV, while the available repetition rates are from approximately 1 — 10 nsec.
The soft X-ray intensity can be manipulated by varying the target and the laser
pulse characteristics. Up to 1012 photons per pulse can be emitted at a brightness
of 2 x 1016 (a.u.) [1.36]. The brightness is defined as the flux emitted by the source
per unit source area and per unit of solid angle. Spot sizes from 50 ym to 100 gm
have been realized [1.35]. The ability of laser plasma sources to provide the rapid
emission of an intense, soft X—ray spectrum from a small volume has recently led
to investigations of its use in such applications as X-ray microscopy, X—ray
spectrometry and X-ray diffraction [1.35-1.37].

Synchrotron radiation is white electromagnetic radiation emitted by electrons
ghu > 100 MeV) moving at relativistic velocities through an external magnetic
ield [1.38]. The most effective sources of synchrotron radiation are electron
storage rings, as they cycle and accumulate beams with very high intensities. The
emitted radiation is strongly focused in the forward direction of the particle
motion due to the relativistic velocity [1.38].

Synchrotron radiation is naturally collimated and is characterized with a broad
spectral range, a high polarization and a pulsed—time structure, in addition to a
high intensity {1.39]. Moreover, an electron storage ring produces synchrotron
radiation with a small beam spot size in a stable, high—vacuum environment.
Spot sizes on the order of 0.5 mm are typical. Synchrotron radiation provides five
orders of magnitude more continuum vacuum ultraviolet and soft X-radiation
than X-ray tubes. The wavelength of synchrotron radiation can be finely tuned
and selected with crystal monochromators over a wide energy range, from
approximately 1 —35 keV. Due to its high original intensity, the intensity of the
monochromatic radiation remains sufficiently high for experimental use. The
intensity after monochromation of the other radiation sources is too low for
practical use. Due to the fine collimation and low divergence of the beam, sharply
defined reflections are obtained making high data resolution accessible. This
unique combination of properties in one soft X-ray source has opened up wide
new areas of research in many scientific disciplines [1.39].
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1.3.2 Methods of soft X—ray detection

There are four basic soft X-ray imaging topologies. These are based on soft
X-ray photon to visible-light photon conversion, on soft X-ray photon to
electron conversion, on soft X-ray photon to heat conversion and on direct soft
X-ray photon detection.

The first detection scheme, i.e. soft X—ray photon to visible-light conversion,
is based on the coupling of a scintillator crystal or a phosphor layer to an
image—intensifier module (termed a fiber—optic demagnifier or a demagnifying
electro~optic unit). The image—intensifier module is further coupled to a silicon
photodiode or to a CCD imaging array [1.40}[. Problems with this type of
detection scheme involve the loss in the overall efficiency due to the intermediate
conversions and due to the demagnification process. These problems include
matching the emission of the scintillator or the phosphor to the spectral response
of the silicon detector and the transmission losses involved in the fiber—optic
coupling system [1.40]. In addition, the elevated cost of fiber—optic faceplates,
priced at approximately US$ 500 each, eliminates this as a possible method of soft
X-ray detection for most applications.

The second topology involves the use of materials that convert incident soft
X-rays to electrons. Although several different materials that provide this
conversion are currently being investigated, this field is still relatively
undeveloped at this time [1.40].

Another method of soft X-ray detection is based on the transduction of
incident soft X-rays into heat with the subsequent measurement of the
temperature increase, i.e. it is based on the use of a (tandem) thermal sensor. The
soft X—ray is first absorbed in a material, possibly one other than silicon. Its
energy is then converted to heat and the temperature increase is measured by the
change in the resistance of a thermistor. One type of thermal detector used is a
bolometer, which consists of three parts: an energy absorber, a semiconducting
thermometer and a support structure to carry away the applied heat and to
establish electrical contact to the thermometer fll-‘“]- The advantage of this type
of detector is that, due to the very small measurement uncertainty, an energy
resolution of 1 eV full-width at half-maximum (FWHM) can be expected, if the
detector is operated at 0.1 K and if there is no noise associated with the
thermalization of the soft X-rays. This can be compared to a minimal
100 — 200 eV FWHM for direct silicon detectors operating at room temperature
conditions. However, the sensing material must have a very small heat capacity
so that very small temperature rises can be sensed (the energy of a 1 keV X—ray
only corresponds to 4 x10°17 calories or 1.6x10°16J) and so that random
fluctuations of the temperature of the sensing material will have a small
magnitude. The detector must also be thick enough, to insure a high efficiency for
the absorption of incident soft X-rays, and be able to operate at 0.1 K. In
addition, to optimize the performance of thermal detectors, the temperature
sensor must have a high temperature coefficient of resistance, as well as a
resistance that can be matched to the preamplifier to minimize noise. Due to all
the constrictions placed on bolometers for the detection of soft X—rays, they have
to date found very little application in this area [1.41].

Another type of thermal detector that may have application in the soft X—ray
region is that based on the use of a thermopile. This type of thermal detector
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system also consists of three basic elements: a radiation absorber with an
absorbance close to unity, a temperature sensor to mecasure the temperature
increase of the absorber due to radiation absorption and a heat sink to serve as a
temperature reference. Thermopile—type sensors have been used extensively in
the infrared, visible and ultraviolet spectral regions, but have not yet been
applied in the soft X—ray region [1.42]. One major problem exists in the search of
a suitable radiation absorbing material.

The final topology, direct X—ray detection, involves no loss in overall efficiency
through intermediate energy conversions. The range of photon energies for which
high—purity silicon sensors can serve as direct detectors depends on their sensitive
volumes. When fully depleted, high—purity silicon sensors 0.38 mm thick are
employed, the intrinsic quantum efficiencies for (soft) X-rays with energies
between 2-25 keV are 95—15%, Sect.2.1.4. However, two difficulties are
associated with this type of detector, namely their small physical size and the
reduction of the useful detector lifetime through the radiation damage caused by
the direct exposure of the silicon sensor to soft X—rays [1.40]. The small physical
size of the detection system can be overcome if many individual sensors or sensor
arrays are placed in the formation of a large array, given that a reasonable
uniformity exists between the individual sensors. Moreover, silicon sensors based
on p—n junctions are less prone to radiation damage than MOS—based devices and
experiments have shown that this damage can be annealed by ultraviolet
illumination, Sect. 2.2.6 [1.18].

1.3.3 Direct soft X—ray sensors

Standard methods for direct photon detection in the soft X—ray region include
the use of photographic films, gaseous detectors and high—purity Ge diodes and
Si(Li) diodes, all of which have been described in Sects. 1.2.4.1 — 1.2.4.4. More
recently, silicon detectors designed for operation in the optical and near infrared
region of the electromagnetic spectrum, i.e. P-I-N diodes, photodiode matrices
fmd CCD] arrays, have also been employed as direct soft X-ray sensors
1.43-1.45].

As mentioned above, the instantaneous response provided by solid—state
detectors gives them a distinctive edge over photographic films. Due to their
higher densities and lower ionization energies, solid—state detectors have better
stopping powers and energy resolutions than gaseous detectors. Because silicon
has a larger bandgap than germanium, silicon detectors can be operated at room
temperature, whereas germanium detectors need to be cooled to around 77 K in
order to limit their leakage currents.

Through slight device modifications, silicon—based optical imaging devices
such as P-I-N diodes, photodiode matrices and CCD arrays have been
successfully used as detectors for the lower soft X-ray region [1.43-1.45].
However, these devices are not optimally suited for the detection of soft X—rays
at the higher energy confines of the soft X—ray region. Soft X—rays are primarily
absorbed in silicon by the photoelectric process, Sect. 2.1.2. The efficiency of the
sensing device for the photoelectric absorption of incident electromagnetic
radiation at intermediate photon energies (including the soft X-ray region) is
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determined by the absorption coefficient for photoelectric interactions, ape, and
the photon absorption length, which is the inverse of the absorption coefficient,
ape’l. In order to ensure the total useful absorption of incident electromagnetic
radiation, the thickness of the sensitive region (depletion region plus one diffusion
length) must be several times the absorption length. This thickness is
comparatively small for standard silicon optical-imaging devices. In addition, the
photoelectric absorption coefficient, ape, for photons of intermediate energy
decreases by a factor proportional to the incident photon energy to the
power —7/2,  Eqn. (2.5). Therefore, for the total absorption of photons, the
thickness of the sensitive region of the device must increase by the same factor.
There is also an intrinsic problem associated with the absorption of intermediate
and high—energy photons in silicon due to its low atomic number (Z = 14), as the
photoelectric absorption coefficient, ape, is also proportional to the atomic
number of the absorbing material to the power 5, Eqn. (2.5). For this reason,
semiconductors with high atomic numbers are often used for the detection of
gamma photons.

In order to directly detect photons at the higher energy confines of the soft
X-ray region, large sensitive volumes can be obtained in silicon through the use of
high—resistivity or compensated silicon material, Sect. 4.2. Higher efficiencies can
often be obtained with devices processed on Si(Li) substrates due to the increased
thicknesses of the starting materials. However, compared with compensated
silicon material, high—purity silicon contains fewer generation-recombination
centers, which makes the fabrication of devices with lower leakage currents and
lower device noise possible. Moreover, the deterioration of detector performance
through the redistribution of compensating doping atoms is avoided when
high—purity silicon is used as the substrate. Other advantages associated with the
use of high—purity silicon include the ability to utilize standard integrated—circuit
fabrication techniques in order to process multielement detectors with high
quality surface—passivation layers, asymmetric, nearly abrupt p—n junctions and
thin, noninjecting contacts, as well as the ability to anneal radiation damaged
detectors [1.26].

Si(Li) detectors have successfully been used in many soft X-ray applications.
However, problems in the material selection, fabrication and evaluation of these
detectors still exist [1.46].

In the sphere of high—purity silicon, deep—depletion MOS CCD imagers
fabricated on high-ohmic silicon (substrate resistivity in the range of
2 — 5 kf2—cm) have been reported [1.45] and the first results of a fully depleted p—n
junction CCD using the principle of the semiconductor drift chamber have been
announced [1.47]. The fabrication of such structures however is very complex.
Another disadvantage of MOS CCD structures as X-ray detectors is their
insufficient radiation hardness [1.18]. When CCD imaging devices based on MOS
capacitors are directly irradiated with soft X-rays, radiation damage results.
Evidence of this damage is demonstrated by increased reverse currents, flat—band
voltage changes and reduced charge—transfer efficiencies. Radiation damage due
to the exposure of p—n junction devices to soft X—rays is also associated with an
increase in the reverse current. However, significant damage (i.e. increases in the
reverse current by a factor of 10) generally does not become evident until after an
exposure dose of approximately 1x 107 rads. In addition, investigations have
shown that this damage can be annealed by ultraviolet illumination, Sect. 2.2.6.

Soft X-ray sensors fabricated on high—purity silicon (substrate resistivity
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4 kf)—cm) have the potential to overcome the material problems associated with
lithium~—drifted silicon detectors and the fabrication complexity of deep—depleted
CCD detectors and thus become useful in scientific imaging applications.

1.3.4 Applications

Recently, there has been much interest in developing synchrotron radiation
and repeatedly—pulsed plasma soft X—ray sources for use in scientific and medical
applications. High—purity silicon soft X—ray sensors and sensor arrays are ideal
devices for use in those measurement techniques that employ low—energy X-rays,
which include X-ray microscopy, X-ray spectrometry, X-ray tomography,
nondestructive evaluation and structural analyses, digital-subtraction
angiography and mamography [1.26-1.28, 1.40—1.46].

Many beam lines have become available at synchrotron and pulsed—plasma
facilities around the world. This presents an opportunity for a great variety of
experiments to take place with a wide range of photon intensities. It also creates a
demand for one— and two—dimensional position—sensitive soft X-ray sensors for
the collection of high—quality data. Other applications arise in the maintenance of
quality control of these radiation sources. Diagnostic procedures must be carried
out to monitor the performance of these sources in terms of the beam dosimetry
and the beam tracking. Soft X—ray sensors are also required in beam monitoring
applications [1.32-1.40].

1.4 AIM OF RESEARCH

Due to the recent progress made in the fundamental research and technological
applications of soft X-radiation and due to the current availability of soft X—ray
sources, the development of one— and two—dimensional position—sensitive soft
X-ray sensors for the collection of high—quality data has become necessary. The
aim of this work was to investigate the fundamental properties of
two—dimensional position—sensitive soft X-ray sensor arrays fabricated on
high—purity silicon.

In order to accomplish this aim, a processing sequence first had to be
developed. A simple process involving the fabrication of two junctions, i.e. a
frontside p*—n~ junction and a backside high—low n*~n" junction on high—purity
silicon, was initially investigated to realize basic soft X-ray sensors. Two
additional steps were then added to the initial sequence in order to realize
resistive structures to be used for resistive coupling purposes. These steps
included the low—pressure chemical-vapor deposition ( LPCVDt) of a polysilicon
layer and the subsequent doping of this layer by phosphorous diffusion, performed
in order to dope the polysilicon and lower its resistivity. Two groups of
fundamental structures were thereby obtained, i.e. the basic p*—~n"—n* diodes and
these diodes, each with a polysilicon resistive structure in series. These two
groups of basic structures came to form the fundamental elements of two groups
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of sensor arrays. One group of arrays consisted of matrices of p*~n—n* diodes,
while two—dimensional arrays of such diodes, each with a resistive structure in
series, made up the second group.

However, a double-layer conduction process was necessary in order to realize
two—dimensional position—sensitive high—purity soft X-ray sensor arrays. Initial
attempts involved the use of polysilicon lower conductors and aluminum
conductors in the second layer. However, high—purity soft X-ray sensor arrays
with improved characteristics were obtained upon the perfection of a
double-layer metalization process. This process was based on the initial basic
process with the addition of two processing steps: a low—temperature deposition
of silicon dioxide and a second layer metalization.

The organization of the thesis is centered on the theoretical characterizations
of the elemental soft X—ray sensors and the two—dimensional soft X-ray sensor
arrays (Chapters2 and 3, respectively), on the fabrication of the sensors and
sensor arrays (Chapter4) and on the experimental results obtained from
measurements performed on the sensors and sensor arrays (Chapter5). A
summary concludes the work.
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2

THEORY OF HIGH-PURITY SILICON
SOFT X-RAY SENSORS

2.1 INTERACTIONS OF ELECTROMAGNETIC RADIATION
WITH SILICON

2.1.1 Introduction

The theoretical operation of high—purity silicon soft X—ray sensors is analyzed in
this chapter. Two types of basic elemental structures are examined. Both consist
of p*—n—n* diodes realized on high—resistivity silicon. The readout of one group
of clemental structures is direct, i.e. via nearly perfect conductors (aluminum) to
aluminum bonding pads, while each elemental structure in the second group is
first connected in series with a highly—doped polysilicon resistive structure before
being connected to an aluminum bonding pad. To confirm the theory, both types
of clemental structures were fabricated by the author in the Integrated—Circuit
Laboratory at Delft University of Technology with the support of the staff
members. The fabrication of the sensors is thoroughly discussed in Chapter 4,
while the experimental results are presented in Chapter 5.

Realization of the p*—n—n* diodes involved the fabrication of two junctions on
high—resistivity n"—type silicon substrates: a frontside p*—n" junction surrounded
by a p*~guard ring and a backside n"—n* high—low junction. The diodes and guard
rings were realized through the same frontside boron implantation, while arsenic
was implanted on the wafer backsides to fabricate the high—low junctions. The
resistive structures were realized through the deposition and doping of polysilicon
by low—pressure chemical-vapor deposition (LPCVD) and phosphorous diffusion
techniques, respectively. Lithographical techniques were employed to define their
geometrical areas.
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These sensors are designed to be used for the detection of incident soft
X-radiation. The theoretical characterizations below deal primarily with the
pt—n—n* diode structures. However, the polysilicon resistive structures are
analyzed in all applicable subtopics.

In Sect. 2.1, the interactions of electromagnetic radiation with silicon are
discussed. The detection of electromagnetic radiation in high—purity silicon
sensors is a two step process. First, the incident radiation must be absorbed
within the device. The absorption of electromagnetic radiation in silicon is
thoroughly described in Sect.2.1.2. Free carriers are generated upon the
absorption of electromagnetic radiation in silicon. The number of carriers
produced per incident photon can be predicted by the quantum yield, which is
analyzed in Sect. 2.1.3. The second step involves the collection of the free charge.
For optimum collection of generated electrons and holes, the sensors should be
placed under reverse—bias conditions. Due to the applied electric field, the
electrons and holes will quickly be separated and swept to the n*— and
p*—contacts, respectively, and collected. The efficiency of the overall detection
process is described by the absolute quantum efficiency, the analysis of which is
delineated in Sect. 2.1.4.

In Sect. 2.2 the theoretical analyses involved in the operation of the devices are
detailed. The most important criteria to optimize in terms of a soft X-ray
sensor's performance include the device's leakage current, which necessitates an
optimum charge—carrier lifetime, and the device's energy resolution and noise.
These topics are theoretically discussed in Sect.2.2 along with a theoretical
description of the charge collection process and the damage incident radiation
creates within the device.

The analyses in this section are limited to one dimension, as calculations,
Sect. 2.2.5, have shown that the electric fields generated beneath the fully
depleted diode structures described above follow one—dimensional theory. This is
due to the presence of guard-ring structures, which reduce the effects of junction
curvature and prevent the introduction of two—dimensional field effects beneath
the fully depleted diode structures.

2.1.2 Absorption

It is important to be aware of all the possible interactions of electromagnetic
radiation with silicon in order to understand the proper operation of the radiant
sensor, as well as the measurement system as a whole. The interactions concern
the attenuation of the incident radiant beam as it penetrates through silicon. The
most important interactions of electromagnetic radiation in the light spectrum
with silicon include absorption, refraction, transmission, interference and
diffraction {2.1]. However, most of these phenomena, with the exception of
absorption, play a nonessential role in the detection of electromagnetic radiation
in the (soft and hard) X-ray and gamma photon regions due to their high
energies and therefore will not be discussed in this text.

Absorption of photons refers to their attenuation by the process of conversion
to other forms of energy. When a photon interacts with an atom, part or all of its
energy is transferred to that atom depending on the energy of the initial photon.
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There are a wide range of absorption interactions that occur between photons and
silicon. Some interactions result in the conversion of the photons into electrical
charge (the photoelectric effect), while other interactions convert impinging
photons into entities that have no net electrical charge (phonons, excitons, etc.).
The only phenomena under consideration here will be those involving the
absorption of photons in the silicon lattice structure so as to cause the liberation
of electron—hole pairs. Upon collection of the charge carriers, the transformation
of radiant energy into electrical energy is completed.

When the energy of an incident light photon exceeds silicon's bandgap value
Eg, i.e. hv > Eg, absorption of the photon can take place through the excitation of
a valence electron into the conduction band. This is called band—to—band or
fundamental absorption and results in the creation of an electron—hole pair. The
free electron and hole then become excess carriers and are free to contribute to the
conductivity of the material, while they exist in their respective bands.

The maximum wavelength to which silicon can usefully respond is found by
equating the photon energy to the bandgap Fg. As Eg decreases with increasing
temperature, Sect. 2.2.1, the maximum useful wavelength will therefore increase
as the temperature increases [2.2].

/\max = hC/Eg (21)

Intrinsic silicon is generally transparent to electromagnetic radiation of
wavelengths longer than Apax, but absorption can occur by free carriers in the
conduction band moving to higher energy levels upon the absorption of
low—energy photons. In pure silicon, this interaction is very weak, because there
are so few free carriers.

The photon absorption process is allowed only under strict observation of the
laws of conservation of energy and momentum. The energy of the interaction is
conserved, in that the magnitude of the energy increase experienced by the
valence electron equals that lost by the incident photon. However, the
momentum of a photon in the light spectrum (hA-1, where A is on the order of
thousands of angstrom), is very small compared to that of an electron or
compared to the crystal momentum (ha'1, where ¢ is the lattice constant of a few
angstrom). ’

In order for an incident light photon to excite a valence electron into the
conduction band of an indirect semiconductor such as silicon, the electron must
change its k—vector, Fig. 2.1. This requires a change in its momentum. Incident
photons are not able to provide this momentum. The probability of such an
interaction taking place thus depends on the presence of a third particle, called a
phonon or a lattice~vibration quantum, in order to conserve momentum [2.2].

Phonons are vibrational-wave particle entities that have relatively small
energies compared to the bandgap energy, but have momentum values covering
the entire range of electronic transitions within the silicon crystal. Because a
relatively smaller change in momentum is required to generate electron—hole
pairs of higher energy light photons, absorption increases with increasing photon
energy until the direct bandgap energy, approximately 3.4 eV, is achieved. The
threshold energy for indirect transitions therefore equals the energy of a phonon
having the required momentum (hvg) subtracted from the indirect
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semiconductor's bandgap energy, i.e. the minimum energy difference between the
conduction and the valence bands {2.3]. The absorption coefficient related to
indirect transitions a; is given by [2.3

a;j « (hv— Eg + hig)? (2.2)
ELECTRON
A ENERGY
___Ec.
Eq=112 evi ]
Z Y
, Ak
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Fig. 2.1 General features ofthe energy—band structure at 300 K for Si, an indirect
bandgap semiconductor [2.2).

Photons are removed from their incident beam as they penetrate through
gsilicon, interacting with silicon either through absorption or scattering
mechanisms, with the result that the intensity of the radiation decreases with
distance into the silicon. The decrease in intensity per unit path length is given by

0Xz)/ I= a iz (2.3)

where J(z) is the intensity of the beam at a depth z and « is the absorption
coefficient. The value of the absorption coefficient depends on the material under
consideration, as well as on the energy of the incident photons, Figs. 2.2 and 2.3
[2.3]. The energy of the incident beam does not decrease with distance, but
remains constant. Each interaction is a singular event in which one photon is
effectively absorbed or scattered. The attenuation function for a beam with initial
intensity % can thus be obtained by solving Eqn. 2.3 [2.3]

J(z) = J exp(~az) (2.4)
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Fig. 2.2 Measured absorption coefficients at 300 K for Si as a function of incident
photon energy in the range of 0.6 to 10 eV [2.2].

Photons with higher energies, i.e. soft and hard X-rays and gamma photons,
are able to produce direct transitions in silicon. As this requires no third particle
interaction, the probability of direct transitions is greater than that for indirect
transitions. This explains the rapid increase in the absorption coefficient at
approximately 3.4 eV. Interactions of higher energy photons occur with atomic
electrons either through absorption or scattering mechanisms. Absorption occurs
through one of three main interaction mechanisms, each characterized by its own
absorption coefficient: photoelectric absorption (ape), Compton scattering (acs)
or pair production (app). The total absorption coefficient (ay) is the sum of these
three. T[he ]process that takes place depends on the incident photon energy,
Fig. 2.3 [2.4].

The photoelectric effect dominates at lower energies, from visible light up to
approximately 100 keV. If a photon interacts in a photoelectric process, it will
transfer all of its energy to an electron (most probably to a K—shell electron)
within the interacting atom, Fig. 2.4. This electron is then emitted from the atom
with a kinetic energy of (hv — E},), where hv is the energy of the incident photon
and Ej is the binding energy of the K-shell electron [2.5]. This kinetic energy is
dissipated by ionization, creating other electron—hole pairs. The interacting
atom, being in an excited condition, returns to equilibrium through a cascade of
electron transitions from the outer to the inner shells. The total energy liberated
by these de—excitation processes, primarily in the form of secondary X-rays, is
equal to the binding energy of the K—shell electron, Ep. These X-rays can be
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reabsorbed by the photoelectric effect. A separate process, which rarely occurs,
termed the Auger effect, involves the transfer of the de—excitation energy to
atomic electrons from electron shells with lower energies. These atomic electrons
are then emitted instead of the secondary electrons. The total amount of charge
created is directly proportional to the energy of the incident radiation, Eqn. (1.2).
The absorption coefficient for photoelectric interactions is given by [2.3]

ape x (hv) 772 paZ® (2.5)

where pq and Z are the density and the atomic number of the absorbing material,
respectively [2.3]. As can be observed in Fig.2.3, the photoelectric effect
dominates the absorption of soft X-rays, i.e. electromagnetic radiation with
photon energies between approximately 2 —25 keV.

10° T T Y
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Fig. 2.3 Measured absorption coefficients at 300 K for Si as a function ofincident
photon energy in the range of 10keV to 100 MeV [2.4).
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Fig. 2.4 (a) Incident photon interacting with a K-shell electron. (b) The
de—ezcitation process in which an electron transition occurs from the outer L shell
to the inner K shell, (c) which is followed by the emission of a characteristic
secondary X—ray photon.

From 100 keV up to approximately 10 MeV, the Compton process dominates,
Fig. 2.3. In this type of interaction, only part of the photon energy is transferred
to the electron. The original photon is scattered and decreased in energy. Again,
the kinetic energy of this electron will be dissipated by ionization with the
resultant creation of electron—hole pairs. The deflected photon can then be
reabsorbed through photoelectric or Compton processes or can escape from the
silicon [2.5]. The absorption coefficient for the Compton process is given by [2.3]

acs « (hv)1pg (2.6)

At the highest energies, the production of electron—positron pairs will occur,
the creation energy of which is 1.022 MeV. In this interaction, the original photon
disappears, while the excess energy is imparted to the electron—positron pair. The
electron and positron lose their energy through collisions and eventually come to
a rest. The positron then annihilates with an electron from the crystal. This
interaction produces two gamma photons, each having an energy of 511 keV,
which are emitted in opposite directions. The gamma photons can then be
reabsorbed through photoelectric or Compton processes or can escape from the
silicon {2.5). The absorption coefficient for pair production is given by I‘[)2.3]

Opp & ln[hl/] de2 (2.7)
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2.1.3 Quantum yield

The number of free charge carriers generated per incident photon is termed the
intrinsic quantum yield and is signified by ;. When the energy of incident
electromagnetic radiation resides within the light spectrum, but is greater than
that associated with the semiconductor's bandgap (hv > Eg), one electron—hole
pair will be created for each incident photon. The intrinsic quantum yield in this
case will equal one [2.5].

When the energy of the incident radiation is greater than approximately 5 eV,
hv/ e electron-hole pairs will be created for each absorbed photon of energy hv,
where ¢ is termed the ionization energy, which is defined as the average energy
necessary to create an electron—hole pair (3.6 eV in Si). With respect to radiation
of this kinetic energy, the ionization energy is independent of the photon energy.
Therefore, the number of electron—hole pairs generated will be proportional to the
incident photon energy, Eqn. (1.2) [2.5].

Inbetween these two regions, i.e. as the incident photon energy increases above
the bandgap energy (Eg = 1.12 ¢V in Si) up to approximately 5 eV, the quantum
yield will equal unity, but the electron—hole pair generated per incident photon
will have additional kinetic energy, which will be dissipated through interactions
with the lattice [2.5].

However, a detector is more properly characterized by the effective quantum
yield. This is equal to the number of charge carriers successfully transferred out of
the device per incident photon. It is signified by Qe and is always smaller than @
due to various loss mechanisms.

2.1.4 Quantum cfficiency

The overall detection process not only involves the absorption of incident
photons within the radiation sensor and the ensuing charge generation, but also
involves the collection of the generated charge. The absolute quantum efficiency,
1, engrosses the overall process and is defined as the ratio of the number of holes
collected to the theoretical number of electron—holes pairs that would be created
if all the incident photons emitted from the source were to be converted to
electron—hole pairs [2.3].

The sensing device currently under investigation is an abrupt p*—n—n* diode
characterized with a constant substrate doping density of donor impurities Nay~,
a uniform front—surface doping density of acceptor impurities Np*, a uniform
back—surface doping density of donor impurities Ngn*, a p*—n- junction depth zp,
and a high—low junction depth zp), Fig. 2.5. In this figure, zp and z, are the
extensions of the depletion region into the p*— and the n—regions, respectively,
while zq is the thickness of the entire structure, excluding the metalization layers.
Two—dimensional arrays of such diode structures are examined in Chapter 3. The
device is assumed to be reverse—biased. Four regions can then be defined within
the diode, Fig. 2.5: region ¢ (0 < z < 2pp); a p*—type quasi—neutral region on the
frontside, region i (zpn < < z, ); an n—type depleted bulk region, region i
(ta< < zm%; an n—type undepleted bulk region and region v (m1 < < 74); an
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n*—type quasi-neutral region on the backside [2.6].

Note that the extension of region i to £ = zpy is based on the fact that zp ~ zpn,
as Nap* >> Nyp', i.e. the acceptor concentration in the p*—region is much greater
than the donor concentration in the n-—region. Given a typical reverse—bias
voltage of 75V, the depletion region will extend only approximately 3 nm into
the p*—region, which typically lies between 200 — 700 nm below the surface of the
device. Therefore, oy is taken to be approximately equal to zp.

— okg T METALIZATION LAYER
- PEREGION
! T s g DOPING DENSITY Ngp*
xp F
n-—REGION
p DOPING DENSITY Ny -
i S Xn - e e o —— —
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S Xa I} l ) METALIZATION LAYER
X V+

Fig. 2.5 Generalized structure of a p*—n —n* diode indicating doping densities
and regional divisions [2.6).

Although a backside aluminum layer is generally present in standard p*—n—n*
diodes, its absence will not significantly reduce the quality of the devices, as long
as the high—low junction is present. The sensors and sensor arrays in this work
were fabricated without a backside metal layer in order to simplify the processing
and in order to allow the backside illumination of the structures. Backside
illumination of a fully depleted sensor array provides higher and more uniform
responsivity than standard frontside illumination. It also shields the frontside
functional layers of the device from radiation damage, depending on the energy
and the type of radiation being detected. In addition, if the backside method of
illumination is employed, the imaging of photons in the visible and near infrared
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regions of the electromagnetic spectrum (400 — 950 nm) also becomes possible.

Abrupt p—n junctions can be realized through the use of the ion—implantation
method of dopant introduction. The devices described in Sect. 2.1 have been
fabricated using a boron implantation on the frontside and an arsenic
implantation on the backside. The interface between regions i and i therefore
forms an abrupt p*—n- junction, while an abrupt high—low junction is formed at
the interface between regions i and 7v.

Mobile electrons and holes generated from electromagnetic radiation absorbed
within the depleted bulk region, region ii, will quickly drift out of this region
toward their respective contacts (the n*—contact in the case of electrons and the
p*—contact in the case of holes) due to the presence of a strong electric field within
this region, which is generated through the application of a reverse-bias voltage.
Complete collection of the holes generated within region é is assumed to occur at
the front p*—contact. This assumption is based on exact calculations {2.7]. That
charge generated beneath the depletion region however, will not experience a
strong electric field and will therefore only slowly diffuse. A fraction of those holes
generated within one diffusion length of the depletion region will diffuse to the
depletion region and thereafter will be collected. The remainder, and those holes
generated further than one diffusion length away from the depletion region, will
recombine with majority carriers or will become trapped and therefore will not be
collected [2.7].

Complete collection of all holes generated within the device is therefore only
guaranteed if the device is fully depleted. For this reason, sensors for the
detection of high—energy electromagnetic and nuclear—particle radiation are more
efficient when they are fabricated on a substrate material that can easily be fully
depleted, i.e. on high—resistivity silicon. When the substrate material is not
necessarily high ohmic, but is characterized with a high minority—carrier lifetime
and therefore a long minority—carrier diffusion length, Eqn.(1.4b), a high
percentage of the generated charge can also be collected, given a sufficient
collection time period. However, collection by diffusion is comparatively slow and
this would seriously limit the count rate of the device.

Je = quené + qDeQE (2.8a)
dz

Jh = qunp&— qDy 9 (2.8b)
oz

on_ Ge+la—J§ (2.9a)

dt qiz

W_ g, -L0% (2.9b)

at qix
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Equations can be obtained for the absolute quantum efficiency within each
region by solving the current and continuity equations for electrons and holes,
Eqns. (2.8a) and (2.8b), and Eqns. (2.9a) and (2.9b), respectively, (note that all
symbols are given in the symbol table) and by assuming a Shockley—Read—Hall
recombination mechanism and steady—state conditions [2.8].

The partial quantum efficiencies for each region will now be given,
Eqgns. (2.10 —2.12) [2.8]. The total quantum efficiency of the device 7 is the sum
of all the regional contributions, i.e. 7y = 7p + Ndr + 7.

In region i, the partial quantum efticiency 7p equals

Np = _alLe® o exp(—agpn) — (2.10)

1 — 02L¢2

Le(s + aDe) - exp(-azpn) [sLe cosh(zpn/Le) + De sinh(zpn/Le)]
Le {SLe Sinh(xpn/[/e) + De COSh(.Z‘pn/Le)}

given that zp ~ Zpn, where s is the surface recombination velocity, Le is the
diffusion length of electrons in the p*—region and D is the diffusion constant of
electrons in the p*-region. Note that region i extends from (0 < z< zpy).
Following classical approximations [2.8], the quantum efficiency of the
quasi—neutral region described in Eqgn. (2.10) should include that region which
extends from (0 < z < zp). However, given a typical reverse—bias voltage of 75V,
the depletion region will extend only approximately 3 nm into the p*-region from
the p*—n junction. Typically, this junction will lie between 200 ~ 700 nm below
the surface. It can therefore be assumed that zp~ zp,. Note that the depletion
region will extend approximately 100,000 times as far, i.e. approximately 300 pm,
into the lower doped n-—region.
In region #i the partial quantum efficiency 74r equals

Ndr = €Xp(—aZpn) — exp(—azy) (2.11)

given that 2p & zpy.
In region 74 the partial quantum efficiency 7, equals

2
Mo = —ely? |, exp(—azn) + (2.12)
02Lp2 — 1

exp(—azn)) — exp(-azy) cosh[(zn — zu)/Lu]
Ly sinh{(zm - Zn)/ Ln]
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where Ly, and Dy, are the diffusion length and the diffusion constant of holes in the
n—region, respectively. This equation is valid given the assumption that region v
and the backside metalization layer form a perfect ohmic contact, i.e. the
quantum efficiency within this region is negligible. A more complicated
expression is obtained when these points are not assumed, but calculations have
shown that the difference in the total quantum efficiency is insignificant.

The absolute quantum efficiencies for six different devices have been calculated
and are plotted in Figs. 2.6 and 2.7. The parameter values used in the calculations
are given in Table 2.1 {2.10-2.13].

Table 2.1 Parameler values used in the calculation of np, ndar and o, Figures 2.6
and 2.7.

Constant parameter valucs

De 35 cm?/s
Dy 12 cm?/s
S 10 cm/s
Tpn 1 pm

Thl 370 pm

Variable parameter values

Te Th Le Ly WA Vb Tn

) (s ][] eme W )
Figure 2.6 (a) 10 10 187  109.5 1x102 5 85
Figure 2.6 (b) 500 500 1320 775 1 x 1012 S5 85
Figure 2.6 (c) 500 500 1320 775 1x 1012 75 313
Figure 2.6 (d) 500 500 1320 775 1 x 1012 125 370
Figure 2.7 (a) 10 10 187 109.5 1 x 1014 5 8.5

Figure 2.7 (b) 500 500 1320 775 1x1014 5] 8.9
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Fig. 2.6 Culculated quantum efficiencies for devices fabricated on (a) high—ohmic
silicon with a low lifetime under a low reverse—bias voltage, (b) high—ohmic silicon
with a high lifetime under a low reverse—bias voltage, (c) high—ohmic silicon with a
high lifetime under a medium reverse—bias voltage and (d) high—ohmic silicon with
a high lifetime under a high reverse—bias voltage.

QUANTUM  EFFICIENCY {%)

L e T o T T T T
2 5 ) 5 2 P13 30
ENERGY (keV)

Fig. 2.7 Calculated quantum efficiencies for devices Jabricated on (a) low—ohmic
silicon with a low lifetime under a low reverse—bias voltage and (b) low—ohmic
silicon with a high—Ulifetime under a low reverse—bias voltage.
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As can be observed in Figs. 2.6 and 2.7, devices fabricated on high—ohmic
silicon (Ng = 1 x 1012 ¢cm-3) consistently have higher quantum efficiencies than
those fabricated on standard ohmic silicon (Vg =1 x 1014 cm™3). In addition, as
the reverse bias across the device increases, the partial quantum efficiency 74,
increases and as the minority—carrier lifetime increases, the partial quantum
efficiency 7 increases, both of which cause the total quantum efficiency n¢ to
increase. Note that the magnitude of the reverse—bias voltage that can safely be
placed across devices fabricated on standard ohmic silicon is limited by the
breakdown phenomenon, Sect. 4.2, while a relatively high reverse-bias voltage
can be placed across devices fabricated on high—ohmic silicon.

These calculations have been performed with the assumption that no absorbing
materials cover the exposed surfaces of the devices. However, in many standard
electromagnetic radiation detectors, a thin layer of silicon dioxide is present over
the exposed surface in order to protect the device from surface contamination.
The wavelength dependence of the absorption coefficient of silicon dioxide is
similar to that of silicon, but its magnitude is slightly larger [2.9]. The presence of
a 1 pm thick layer of silicon dioxide will theoretically decrease the quantum
efficiency of a silicon electromagnetic radiation sensor in the spectral regions with
energies less than 6 keV by a factor of five to ten, while a 3 pm thick layer of SiOs
will theoretically decrease the quantum efficiency in these areas by a factor of ten
to ten thousand [2.9]. When the energy of the incident radiation is above
approximately 10 keV, the presence of a SiOs layer makes little difference [2.9].
The presence of one or two aluminum layers will however cause an attenuation of
the incident beam intensity. If the device is operated in the fully depleted mode of
operation, backside illumination of a device fabricated without a backside metal
layer can solve this problem.

The detector quantum efficiency, 74, is a more fundamental design parameter
than the absolute quantum efficiency for one— and two—dimensional radiation
sensors. It is defined as the absolute quantum efficiency divided by the effective
quantum yield, i.e. 7,/ Qe, and equals the ratio of interacting photons to incident
photons per pixel [2.3].

2.2 THEORY OF HIGH-PURITY SILICON SOFT X-RAY SENSORS
2.2.1 Leakage current

The leakage or reverse current of a reverse—biased p*—n—n* junction diode is
that current that flows in the absence of any incident radiation source
whatsoever. The leakage current greatly influences the operating characteristics
of a silicon soft X—ray sensor. The leakage current increases the device noise and
deteriorates the energy resolution of the sensor. In attempting to limit or reduce
the total leakage current, it is important to understand its elemental
composition, as well as the origin and magnitude of each elemental contribution.
In this section, the elemental composition of the leakage current in high—purity
silicon soft X-ray sensors is first described, followed by the derivation of
theoretical expressions for each component and their relative contributions to the
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total leakage current.

The leakage current is expressed as the sum of four regional current
contributions, Fig. 2.5, which originate from three sources: surface leakage,
thermal gencration in the depletion region and thermal generation in undepleted
regions [2.10].

Surface leakage current originates from surface charge generated through
interface states and Tamm defects existing at the surface and from surface
contamination. The surfaces of radiation detectors are passivated, most
commonly with a thermal silicon dioxide layer, in order to reduce the number of
surface states and thus the amount of surface charge generated. The degree of
surface state reduction depends on the technique used to fabricate the passivation
oxide layer.

There are four types of charge associated with oxide films: mobile ionic charge,
oxide trapped charge, fixed oxide charge and interface trapped charge [2.11]. The
mobile ionic charge originates from alkali ions ge.g. Nat* and K*) and heavy metal
ions. Electrons and holes, trapped in the bulk of the oxide layer, are the sources of
oxide trapped charge [2.11]. This charge may originate from defects in the oxide
layer or from exposure of the device to radiation, avalanche injection or high
currents. If the processing is well—controlled, i.e. if the thermal oxidation is
performed in an atmosphere containing 1 —6 % Cl-ions in the form of HCL or
TCE, the original concentrations of mobile ionic charge and oxide trapped charge
will be insignificant [2.12]. Thermal treatments at low temperatures have been
shown to cffectively anneal the externally induced oxide trapped charge [2.11].

The fixed oxide charge is almost always positive and is located in the oxide
layer within approximately 3 nm from the Si/SiO, interface [2.11]. Tt originates
from incompletc oxidation near this interface, which creates silicon dangling
bonds. This charge density is related to the oxidation process itsclf and cannot be
charged or discharged. The (111)—crystal orientation will have a higher
concentration of fixed oxide charge than the (100)—crystal orientation due to the
greater density of silicon bonds at that surface [2.13]. In addition, the wet thermal
oxidation technique tends to be associated with a higher concentration of fixed
positive charges than does the dry thermal oxidation technique, as wet thermal
oxidation is a rapid process resulting in relatively porous films. However, it is the
last temperature trcatment, usually an anneal step performed at 400 — 500 oC,
that primarily determines the final fixed oxide charge density [2.11].

The interface trapped charge can be positive or negative and is associated with
energy states lying within the forbidden bandfgap of silicon. The origins of
interface trapped charge include structural defects related to the oxidation
procedure, metallic impurities and bond breaking procedures [2.11]. This charge
density can be reduced by charge—center neutralization in a 10 % hydrogen
atmosphere. After neutralization, positive fixed oxide charges will dominate the
influence surface leakage currents have on the total leakage current [2.11]. These
positive fixed oxide charges will attract electrons to the surface. In p*—n—n*
junction devices, this situation is desirable, as individual strip or pixel diodes
become isolated from their neighbors, which allows the possibility of fabricating a
device with one— or two—dimensional position resolution, respectively. In
addition, the presence of p*—guard rings surrounding the p*—n- diodes will prevent
surface currents originating outside the diode area from reaching this region when
the guard rings are placed at the same reverse—bias potential as the diodes [2.11].

Oxide films however, are not good barriers to the diffusion of mobile ions, i.e.



40  High—Purity Silicon Soft X—Ray Sensor Arrays

Nat* and K*. Additional passivation layers of silicon nitride and phosphorous glass
will eliminate this migration and protect the device from contamination once it is
fabricated.

The second source arises from the thermal generation of carriers within the
depletion region. Thermal generation occurs due to the existence of
recombination centers, which are created from the presence of impurity atoms or
structural imperfections [2.10). To minimize this current contribution,
homogeneous, high-resistivity, monocrystalline silicon substrates, which have
minimal concentrations of bulk charge—trapping centers, should be employed.

Diffusion leakage currents arise from minority carriers generated within one
diffusion length of the depletion layer or from carriers injected from the backside
contact, when this contact is within one diffusion length of the depletion layer.
These carriers will then diffuse to the depletion region and become collected
(2.14]. However, high-resistivity silicon contains a low number of
generation—recombination centers, which will limit the degree of minority—carrier
generation. In addition, the diffusion length of the minority carriers can be
decreased through the presence of a high—low junction on the backside, which also
prevents minority—carrier injection from the back contact. Moreover,
high—purity silicon soft X-ray sensors are most often employed in the fully
depleted state. In this case, diffusion currents can essentially be neglected.

An analytical expression for the leakage current of the device can be derived
through the use of the current and continuity equations for electrons and holes,
Eqns. (2.8a) and (2.8b) and Eqns. (2.9a) and (2.9b), respectively. For this
analysis, the diode is again divided into four regions, Fig. 2.5. The surface current
described above originates from surface generation at the front surface, from
minority—carrier injection at the back surface and from minority—carrier
reflection at the high—low junction between regions iii and iv. The thermal
generation current in the depletion region only originates from region i, as it is
the only depleted region. Diffusion currents will arise from regions i, #i and v, as
these regions are quasi—neutral, undepleted regions. However, thermal generation
of carriers occurs within each region. The total leakage current is therefore the
sum total of the current contributions from each region.

In deriving the thermal generation current in the depletion region, it is first
assumed that the generation rate is uniform throughout this region. The
generation current then equals [2.7]

Lis = qAza:G (2.13)

where ¢ is the electronic charge, A and zqr are the area and width of the depletion
region with z4r equal to (z, — zp), Fig. 2.5, and G is the generation rate. This rate
in an n—-type silicon substrate under dark, low—field conditions is given by [2.7]

= vehedn Ny (752 = Nnpa) (2.14)

Oh I'I)n + njexp _(.:L_:i) + Te|nn + 1 €xp (_&*_1‘11_)
L kT kT
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where all the symbols are defined in the symbol table. Note that (| £, — Ej|) is the
energy difference between the energy level of the traps and the intrinsic Fermi
level. Equation. (2.14) is the Shockley—Read—Hall (SRH) expression for
generation via localized states. In the case of recombination, R = -G [2.7].

This expression can be simplified if a number of points are taken into
consideration. In the depleted region of an n—type silicon substrate, there are few
free carriers and therefore, py and n, » 0. Furthermore, if 7ho and e, are defined
as (vghonNy) ! and (vgnoeNVy) 1, respectively, the rate of thermal generation in the
depletion region can be obtained. Under the assumption that the traps are either
uniformly distributed through the bandgap or have their energy level at the
midgap,

G=-R= i (2.15a)
Teo EXP _(‘E—t — E‘ ‘i) + Tho €XP (_—Et — Ei)
kT kT
=M (2.15b)
Tg
where

Tg = Teo €XpP _(‘Et——&) + Tho €Xp (_Et_—_E_l) (216)
kT kT

Therefore,

fii = g zar mif T (2.17)

However, this result must be slightly modified. It has been revealed through
different analyses of p—n junctions that thermal generation of carriers occurs in a
volume whose width, zg, is slightly less than the width of the depletion layer
[2.15]. This generation zone is situated in the center of the depletion layer.
Recombination within the generation zone can be neglected, as no free carriers
exist within this region. At both the upper and lower interfaces of the depletion
region however, recombination is seen to incrcase, as the number of free carriers
(pn o1 ny) is seen to increase, which results in a decrease within these edge regions
in the nct generation [2.15].

The trap energy level in these edge regions F' differs from that level in the
generation zone, E,. When |Ei'| > |Equ,p|, where Eqq and Egp are the
quasi—Fermi energy levels on the n— and p—side, respectively, the recombination
of holes or electrons, depending on the particular interface in question, increases.
The edges of the generation zone can be determined. The n—concentration at one
border is derived from the generation rate equation, Eqn.(2.14), and the
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p—concentration at the other border can similarly be interpreted [2.15].
If z, Fig.2.5, is situated within the depletion region so that the hole
concentration satisfies the inequality

pa(2) < 73 exp [—(M)]

kT (2.18)
and
G= ni2 (219)

Teo| i €XP _(u) + Tho!l n + 74 exp (Et - El)
kT kT
and if, in addition, the electron concentration na(z) satisfies the condition
Teo| 1i €Xp _(u) + Tho| 1j €xp (Et, - El)
kT kT (2.20)
(1) <
Tho

then
= nt (2.21)

B ]

and the condition for net generation will be satisfied [2.15]. When Eqn. (2.20)
becomes an equality, the border between a region in which net recombination can
be ignored and a region where this is not the case can be defined. The
n—concentration at one border has thus been derived from the generation rate
equation. The p—concentration at the other border can similarly be derived. The
borders are therefore determined by the electron and hole concentrations {2.15]

afmop BB o= ]

kT (2.22)

na(z= Tbn) =
Tho
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Teo | i €XP (B - E)|] 4 Tho| M €XP (Ev - Ej)
kT LT

Teo

(2.23)

Pa(z= zpp) =

If 2yp and zpn are defined to mark the upper and lower borders, respectively, the
width of the generation zone, zg, is equal to, Fig. 2.5

Zg = (Tbn — Tbp) (2.24)
Eqn. (2.17) must therefore be modified to take this into consideration
Liij = qAzg ni/ g (2.25)

Regions ¢, i and v all contribute diffusion currents. These diffusion currents
consist of two components: that arising from thermal generation in the
quasi—neutral part and that arising from the surface. The surface component
originates from surface generation at the front surface, from minority—carrier
injection at the back surface and from minority—carrier reflection at the interface
between regions #4i and iv (i.e. at the high—low junction). If regions #ii and v are
considered together (region ii,iv), a similar expression can be derived for the
leakage—current originating from region i as that originating from region i, iv.
This current will first be derived for region ##7,2v and then modified to provide an
expression for the leakage current associated with region i.

The diffusion currents in both regions iii and v are determined by the diffusion
of the minority carriers, i.e. the diffusion of the holes, within these regions. An
interface, i.e. the high—low junction, exists between these two regions. When an
effective surface generation velocity s* is introduced, which encompasses effects
arising from the reflecting properties of the high—low junction, as well as the
effects contributed from the backside surface, the diffusion current contributions
of the two regions can simultaneously be derived.

This effective surface generation velocity can be modeled. First, the reflecting
properties of the high—low junction have to be taken into account, as the
minority—carrier concentration is reduced when going from the n-—side to the
n*—side of the high—low junction. Assuming that the change in the
minority—carrier (hole) quasi—Fermi level is negligible across the interface and
that charge neutrality exists at the edges of the junction [2.6]

po* = pa |1+ Lo | Mo’ (2.26)
Ngn™| Ndn*

where all symbols are given in the symbol table. In the case of relatively low



44 High—Purity Silicon Soft X—Ray Sensor Arrays

i[nje]ction of minority carriers from the n— to the n*—side, Eqn. (2.26) simplifies to
2.6

(2.27)

Pnt = Puo” [Ndn']

Ngn*

The effective surface generation velocity depends on the width of the n*—region
and the minority—carrier (hole) lifetime within this region. For uniform doping
within the n*—region and relatively low concentrations of excess carriers, the
effective surface generation velocity is defined as [2.6]

g = Dpn* Pu” coth Id — Thl (2'28)
Lywn* pu” Lhn*

where pn*/pa” is given by Eqn. (2.26) in general and by Eqn. (2.27) in the case
where the minority—carrier injection is relatively low. Given the latter situation,
Eqn. (2.28) then becomes

g% = Dhn® Nan” | oo [2 = 2 (2.29)
Lhn* Nan* Lyn*

The diffusion current in region iii,iv is given by the derivative of the
minority—carrier concentration at the edge of the depletion layer [2.14]

Liss,iv = ¢ADy -Z-B ‘xdr (2.30)
T

This is calculated by solving the current and continuity equations for electrons
and holes, Eqns. (2.8a) and (2.8b) and Eqns. (2.9a) and (2.9b), respectively. The
diffusion current can be written as [2.15-2.18]

Liinyiv =

GAAP(zdr) Do (2.31)
L'

where
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L'= Loy (s* Lhy /Dun”) sinh o* + cosh o* (2.32)
sinh o + (5* Lhn™/ Dhn”) cosh o*

and

of="d " In (2.33)

and where Ap(zq,) is the deviation of the hole concentration at the interface of
regions ¢ and 74 from its equilibrium value, s* is the effective surface generation
velocity, Lnp~ is the diffusion length for holes in region 4, Dy, is the diffusion
constant for holes in region i and (zq — za) is the total width of the regions iz and
iv. Note that Ap(zq4,) increases with increasing reverse—bias voltage and reaches a
maximum of p,~ = (n;2/ Ngn").

In the case where the regional width (29 —2,) is much greater than the
diffusion length of holes in region i, Lyn-, i.e. @* >> 1, that part of the
generation current originating from minority—carrier injection from the backside
becomes negligible. The expression for the leakage current in this region,
Egn. (2.31) can then be simplified [2.15]

dlf1AZ)( .Z'dr!Dhn- (234)

Lhn_

Lisiyiv =

When the diffusion length of holes in region éii is long compared to the regional
width, i.e. o* << I, as is typically the case in high—resistivity silicon substrates,
minority—carrier injection may now influence the leakage current. Further
simplifications of Eqn. (2.31) can be obtaincd when this condition is taken into
consideration together with a very high effective surface recombination velocity,
fﬂqn. (2.35?, or a very low effective surface generation velocity, Eqn. (2.36)
2.15-2.16].

Iiii»iv - Mﬁ% (2.35)
(24 — 1)
Lisiyiv = 9ALp(Zar) (24 = Zn) Din® (2.36)
(Lhn_)2

In region i, the leakage current is also given by Eqn.(2.31), where all the
parameters will be those of region i and s* will now equal the frontside surface
generation velocity. In this case however, the regional diffusion length is generally
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greater than the regional width, especially if thin junctions (100 —200 nm) are
fabricated through ion—implantation. If in addition, an infinite surface generation
velocity, a constant doping profile and no degeneracy effects are taken into
account, the leakage current contribution can be equated to Eqn. (2.35), with the
parameters changed to equal those of region 7 [2.15]

1

I, = 447" Dep® (2.37)
Ipn

The total current will be the sum of the partial current contributions

L= L+ Lii + Ty (2.38)

Table 2.2 Parameter values used in calculating Ii, Ii; and Iiii,iv.

A 1 cm?

Dep* 10 cm2/s

Dunt 2.0 cm?/s
Dan” 12.5 cm?/s
Lynt 10 pm

Lun 448 pm

ni 1.4 x 1010 ¢m3
np* 19.6 cm3
Nap* 1x1019¢m™3
Nan* 1x1019 ¢m3
Nan~ 1x1012¢m™3

q 1.6x10°19C
Tdr 100 pm

(24— n) 280 pm

Tpn 1 pm

Ap(zar) 1.96 x 108 cm3
Tep+ 0.5 I

Thn* 0.5 us

Tg 1 ms

Tr 160 ps

In general, if the processing of the diode is well—controlled, the greatest
contribution to the total leakage current in high-resistivity silicon p*-—n"-n*
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diodes will be due to thermal generation in region i, i.e. it will arise due to
thermal generation in the depletion region. This statement can be verified and an
insight into the significance of each current contribution can be obtained by
calculating each regional contribution given the necessary data [2.13].

Values have been given for each parameter in Table 2.2. In addition, the area A
is given to be 1 cm? and the generation zone is assumed to be equal to the width of
the depletion region. For standardization purposes, the depletion depth used in
the calculation of Ii; is 100 um. The regional current contributions per cm?2 per
100 pm depletion depth can then be calculated for this region. The theoretical
value may then be compared with thc experimental values presented in
Chapter 5. Note that the value for the lifetime in the undepleted bulk, i.e. 7r,
which is used to calculate the minority—carrier diffusion length in region 4, Ly,
is taken to be the experimentally measured value, Sect. 5.2.3. All other parameter
values have been either specified by the manufacturer of the high—purity silicon
or obtained from the semiconductor data handbook [2.13].

Upon calculation, one finds that the current contribution for region 7 is less
than I pA and can therefore be considered negligible. Note that the assumptions
made, which led to the equation for the current contribution from region i,
Eqn. (2.37), are valid. The minority—carrier diffusion length in this region
(22 pm) is much greater than the regional width (1 zm), and high values for the
surface recombination velocity s* ensue, as the front surface of the (111)~oriented
(i.c. associated with a relatively large number of surface states) high—purity
silicon soft X—ray sensor is not covered with an oxide layer.

Calculation of the current contribution from region 7 is straight forward and,
using the parameter values given in Table 2.2, is equal to 22.4 nA/cm? per 100 jam
depletion depth.

It can be shown that the presence of a high—low junction on the backside of the
sensor and the presence of a low number of generation—recombination centers in
the undepleted bulk, i.e. a long recombination lifetime, significantly diminish
region #4i,iv's contribution to the total leakage current.

When a high—low junction is present, the effective minority—carrier diffusion
length is diminished and minority—carrier injection from the back contact is
avoided. These factors lead to a very low value (2x 1074 cm/s) of the effective
surface recombination velocity s*, Eqn (2.29). When this parameter is normalized
through the multiplication of s* by the factor (Lnhn"/Dhn"), which occurs in the
derivation of the current contribution of region #,iv, Eqn. (2.32), the normalized
effective surface recombination velocity is equal to 7.2 x 107,

In addition, when there are a low number of generation—recombination centers
in the undepleted bulk, i.e. when the recombination lifetime is very long, then the
minority—carrier diffusion length in the undepleted bulk region, (Lhn™ = v7rDin”)
will increase. If it is much greater than the regional width, then o << 1. Under
these two conditions, Eqn. (2.36) becomes valid. From this equation, it can be
seen that the higher Ly,~ is, the lower region iii,iv's contribution to the total
lcakage current will be. Using that experimentally measured value of the
recombination lifetime, Sect. 5.2.3, and a fully reverse—biased sensor, a current on
the order of a nanoampere per centimeter squared will arise from this region.

Under the conditions mentioned above, the greatest contribution to the total
theoretical reverse current therefore arises from thermal generation in region i,
i.e. from thermal generation in the depletion region.

As the temperature of the high—resistivity silicon sensor is increased, the
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number of thermally generated carrier pairs contributed by the silicon atoms
increases, whereas the number of carrier pairs contributed by the impurities
remains constant. The leakage current increases with increasing temperature due
to increased generation in the depletion region and diffusion from the neighboring
undepleted regions to the depletion region. The dependence of the leakage current
on temperature is revealed by examining all the temperature dependent
parameters affecting the total leakage current, which includes all the temperature
dependent parameters of the generation—dependent leakage current, i.e. Ijj
Eqn. (2.25), as well as those of the diffusion—dependent leakage currents,
essentially fiii,iv Eqn. (2.36), as [; Eqn. (2.37) was shown to be negligible. From
Eqns. (2.25) and (2.36), those temperature—dependent parameters are seen to
include the intrinsic carrier concentration nj, the electron concentration n, the
change in the hole concentration from its equilibrium value at the
depletion-region edge Ap(zq4,), the generation lifetime rg, the diffusion constants
De,y and the diffusion lengths Le,n.
The intrinsic carrier concentration is given by [2.7]

ni2 = np (2.39a)
= NcNy exp(—FEg/kT) (2.39b)
* .
- 4[2’”"“ ’“T] 3/2[2“"’9*”] 2 exp(~Ey/KT) (2.39¢)
h? h2
= BT 3 exp(—Eg/kT) (2.39d)
where Bis a constant, and therefore
ni = BT 372 exp(—Eg/2kT) (2.40)

It is now clear that n; is a very sensitive function of T and Eg (which is also
dep]endent on T). The bandgap in silicon depends on temperature according to
(2.7

(.73 x 10°4) T2
(T+ 636)

Ey=1.17- (2.41)

Parameters that are less significantly affected by temperature include the
electron concentration n, the change in the hole concentration from its
equilibrium value at the depletion—rtegion edge Ap(zqr), the generation lifetime
Tg, the diffusion constants De,, and the diffusion lengths Le,h.

At high temperatures, the low—doped silicon substrate becomes intrinsic. The
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electron concentration of the substrate can be determined from the fact that the
electron concentration times the hole concentration equals the intrinsic carrier
concentration squared, Eqn.(2.39a), and that it also equals the doping
concentration N plus the hole concentration p. Therefore,

L N+ (N2 4 4n;2)12
2

(2.42)

The electron concentration no longer equals the doping concentration alone, as
it is taken to equal at room temperature. The change in the hole concentration
from its equilibrium value at the depletion—region edge Ap(zqr) must now be
given as (where n is given by Eqn. (2.42))

.2
Ap(zar) = 2= (2.43)

The generation lifetime exponentially depends on the difference between the
trap and intrinsic energy levels, Eqn. (2.16), which will be repeated here for
convenience

re= Teo exp[—(u)] + Thoexp[(u)] (2.44)
kT

kT

As the bandgap shrinks with increasing temperature, the difference between
these two energy levels will be affected. The parameters 7¢o and 7o, defined to
equal (Nywhoe)t and (Nywnon)!l, respectively, also depend on temperature due
to the change in the capturc cross section with temperature. Impurity scattering
increases as the temperaturc increases, which decreases the distance, 7e,n,
necessary for effective impurity scattering to occur. This distance is inversely
proportional to temperature, i.e. re,n « T-1. Therefore, the scattering cross section
of the impurities oe,n, given by m(7e,n)?, will decrease with increasing
temperature according to T2 and the parameters 7¢, and T7yo, inversely
proportional to the scattering cross sections, will increase with temperature
according to T'2.

From Einstein's equation, the diffusion constants depend on the carrier
mobilities according to

Doy = £L fiesh (2.45)
q
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where the mobilities in turn depend on temperature. Carrier mobilities are
influenced by lattice and impurity scattering, both of which have a temperature
dependence, but in opposing manners. Lattice vibrations increase in magnitude as
the temperature increases, which makes the mean free path of a carrier between
lattice scattering events decrease as the temperature increases. As the mean free
path of a carrier between lattice scattering events is directly proportional to the
mobility due to lattice scattering events, it will also decrease as the temperature
increases. The dependence of the mobility on lattice scattering alone, p, is given
by

o« T-372 (2.46a)

As stated above, impurity scattering increases as the temperature increases,
which decreases the distance, r, necessary for effective impurity scattering to
occur. Therefore, the scattering cross section of the impurity, given by 7r2, will
decrease with increasing temperature. The mean free path between impurity
scattering events, which is directly proportional to the mobility due to impurity
scattering events, is inversely proportional to this area and will therefore increase
as the temperature increases. The dependence of the mobility on impurity
scattering events alone, y;, is given by

i T372 (2.46b)

The mobilities g and u; contribute to the total mobility according to

==+ (2.47)

At high temperatures, g will dominate the dependence of the mobility on
temperature.
Lastly, as the diffusion lengths depend on the diffusion constants,

Lesh = (Desh Te,n) 2 (2.48)

they will accordingly change with temperature.

It can now be stated that very few parameters are free from the effects of
temperature. The absolute maximum temperature Tyax for the high—resistivity
silicon sensor can be found by equating the intrinsic carrier concentration, which
increases with temperature according to Eqn.(2.40), to the impurity
concentration of the silicon substrate, Ngn~. For optimum operation of the sensor
however, the working temperature should remain well below this maximum
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value.
Tax = Eg (2.49)
o 11l
Ngn~

The absolute maximum temperature is therefore approximately 390 K or
117 oC. However, from Eqn. (2.42) it can be seen that the electron concentration
n will equal the doping concentration from room temperature up to the point
where the intrinsic carrier concentration has increased to the value of
ni = 0.1 Ngn~. When the substrate resistivity is 4 kQ—cm, i.e. when it has a
doping concentration of Ng,~=1x 1012 c¢m3, the silicon will begin to behave
intrinsically at temperatures above 50 oC.

2.2.2 Recombination and generation lifetimes

The free electron— and hole—carrier concentrations in thermodynamic
equilibrium, =n and p, respectively, are equal in intrinsic silicon. ‘This
concentration is called the intrinsic carrier concentration, ni, and is a constant in
thermodynamic equilibrium. In the intrinsic case therefore, n = p = n;. In the
extrinsic case, g# p, but their product in thermodynamic equilibrium still equals
ni2, i.e. np = n42.

Disturbances in the equilibrium condition result in np # n;2. Different processes
exist to restore the system to equilibrium. The particular restoring process will
depend on the situation that has been created by the disturbance, np >> n;2 or
np << ni?> and on the type of semiconductor, direct or indirect bandgap
[2.7,2.14]. The following discussion only applies to indirect bandgap
semiconductors such as silicon and is treated with the assumption of the existence
of a single energy trap level which is homogeneously distributed. As several
nonhomogeneously distributed trap levels usually occur in most integrated
devices, this single trap level is theoretically designed to represent their mean.

A disturbance, such as the injection of excess carriers, created through the
introduction of an incident radiation source onto the surface of a semiconductor
device or through the application of a forward bias on a p—n junction device,
would result in the first situation, i.e. mp >> n;2. The mechanism that would
restore equilibrium in this case involves the recombination of the injected
minority carriers with majority carriers. This restoring process is therefore called
recombination. The time involved from the point of injection to the point
equilibrium is reached is termed the recombination lifetime [2.14].

If however, a p—n junction device is placed under reverse-bias conditions, a
paucity of free carriers will exist in the depletion region and the second situation
will result, i.e. np << ;2. The restoring mechanism in this case is called
generation, as  carriers will continually be generated through
generation—recombination centers in order to restore the system to equilibrium.
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This process can also be described by a lifetime. However, in this case the
parameter involved is termed the generation lifetime [2.14].

Three recombination mechanisms exist: Shockley—Read—Hall (SRH), radiative
and Auger [2.18]. The SRH process involves the use of localized states or
intermegiate energy levels within silicon's forbidden gap to carry out the
recombination process. Conversely, the radiative process is a band-to—band
process simultaneously involving electrons and holes. This process only occurs
when incident radiation is present. The energy released from the SRH process is
dissipated as heat to the lattice in the form of lattice vibrations, while that energy
created by the radiative process is emitted as photons. The Auger recombination
process occurs only in the presence of high electric fields. It is inverse to the
process of impact ionization, where avalanche multiplication occurs. An electron
and a hole recombine and the excess energy is given to a third carrier, either an
electron or a hole. When the silicon device is placed under dark, low—field
conditions, the SRH recombination process is the only mechanism available to
restore equilibrium conditions {2.18].

Three generation mechanisms also exist. They are the inverse of the three
recombination mechanisms: thermal generation of electron-hole pairs, optical
electron—hole pair generation and avalanche multiplication, respectively. Under
dark, low—field conditions, again the only process available to restore equilibrium
will be the inverse SRH process, i.e. the thermal generation of electron—hole pairs
via intermediate energy levels existing within the forbidden gap.

The SRH expression for recombination via localized states in n—type silicon is
given by Eqn. (2.14), but will be repeated here in the gencral case. Note that
R=-G.

R= UehOe0h Ny (np — ni?) (2.50)
kT kT
As stated in Sect.2.2.1, in general, if the processing of the diode is

well—controlled and both the p—n junction and the high—low junction function
properly, the leakage current in fully reverse-biased high-resistivity silicon
p*—n"—n* diodes will be mainly due to thermal generation in the depletion region,
i.e. in region #, Fig.2.5. The lifetime in the depleted regionis termed the
generation lifetime 7g, while that in the undepleted quasi—neutral region is
termed the recombination lifetime 7.

The generation lifetime is given by Eqn. (2.15b)

Tg=ni/ G (2.51)

The expression for 7 has been derived in Sect. 2.2.1. The reader is referred to this
section for the details of the derivation. This expression is given as Eqn. (2.16)
and is repeated here for convenience
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re= reoexp| B B)] 4 exp[(B=_BY) (2.52)
kT kT

However, as discussed in Sect. 2.2.1, it has been revealed through different
analyses of p—n junctions that thermal generation of carriers occurs in a volume
whose width, zg, is slightly less than the width of the depletion layer. This
generation zone is situated in the center of the depletion layer. Recombination
within the generation zone can be neglected, as no free carriers exist within this
region. At both the upper and lower edges of the depletion region however,
recombination is seen to increase, which results in a decrease within these edge
regions in the net generation. In Sect.2.2.1, zg was derived and given in
Eqn. (2.24). However, it is repeated here for convenience

2y = (Zbn — Tbp) (2.53)

where zpn and zpp are defined to mark the upper and lower interfaces of the
generation zone, as derived in Sect. 2.2.1, Eqns.(2.22) and (2.23), respectively.

For the purpose of deriving the recombination lifetime, again two time
constants, Tho and Teo, are introduced, defined as (vehonNg) ™! and (venoeNy) L,
respectively. In the depletion region, both electrons and holes will be depleted so
that the product np in the numerator of Eqn. (2.50) can be neglected with respect
to n;2 when deriving the generation lifetime. In the undepleted region, this is no
longer true. This equation can be modified somewhat however, by substituting n
and p with their equivalent values within the undepleted region

n= Ndn_ (2.543.)
p=ni?/Nan™ — Ap (2.54b)

When each term is divided by Ngn~, the insignificant terms are neglected, and n,
which in this case equals Ng,-, is replaced with its definition, i.e.
n=n; expg(E‘q“—Ei)/kT], (where Eqn is the quasi—Fermi level of electrons),

Eqn. (2.50) simplifies to
R=
ap (2.55)
kT kT kT

The lifetime in the quasi-neutral n—type undepleted bulk, i.e. the recombination
lifetime, is defined to be [2.7)
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= Ap/R (2.56)

Comparison of Eqns. (2.55) and (2.56) leads to the equation for the
recombination lifetime in the quasi—neutral bulk region

_ E, - E
T = Tho{l + exp [———kT—“ﬂH + (2.57)

reo[exp [————Ei ;TEt} + exp [———Q—Ei ;TE “H

Two important parameters related to the carrier lifetime are the drift length
and the diffusion length. The drift length is the average distance a carrier can
drift under an applied electric field in its lifetime, is applicable only to region i
and is given by Eqn. (1.4a). The diffusion length represents the distance a carrier
can travel by diffusion in a time equal to its lifetime and is applicable in this
situation to regions 4, 7 and . The diffusion length is given by Eqn. (1.4b).

Several measurement techniques exist to experimentally determine the
generation and recombination lifetimes. The transient of a MOS capacitor is
extensively used to investigate generation mechanisms and to measure the
generation lifetime, Sect.4.7.2.1. A new contactless microwave technique has
recently been developed at Delft University of Technology in cooperation with
Philips Research Laboratories, Eindhoven, the Netherlands, in order to
investigate recombination mechanisms and to measure recombination lifetimes,
Sect. 4.7.2.2. The problem with MOS capacitor analysis techniques is that the
surface generation and the bulk generation cannot be distinguished. The two are
distinguishable in the contactless—microwave measurement technique.

2.2.3 Energy resolution

The ability of a detector to measure the energy of incident radiation is
quantified by its energy resolution. This resolution is a measure of the degree to
which the detection system is able to separate or distinguish between two or more
radiations with nearly equal energies. The result of an energy measurement is
E + dFE, where dF is the sum of all the calibration and resolution errors. In order
to perform this measurement, the detection system must produce a voltage pulse
output signal, whose height is proportional to the amount of energy deposited in
the detector, per incident photon. Since the objective is to determine the energy
of the incident radiation, the photons must be absorbed within the detector and
must deposit all their energy there.

Theoretically, the emission spectrum of a monoenergetic source should be an
impulse on an intensity versus energy curve. However, the detector output
spectrum, i.e. the pulse-height spectrum, of such a source is recorded as a
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relatively broad peak on a counts (which is proportional to intensity) versus pulse
height (which is proportional to energy) curve. Unequal pulse heights are
produced for photons of equal energy. The distribution of pulse heights is usually
Gaussian or nearly Gaussian in nature [2.3]. This effect is termed line broadening
and is caused by statistical fluctuations in the number of created carriers and in
the magnitudes of the reverse currents and electronic noise currents.

Line broadening effects that are intrinsic to the signal generation in the
sensitive volume of the detector are a source of noise and are detrimental to the
intrinsic resolution, while all other line broadening effects, also sources of noise,
cause the external resolution to deteriorate. The intrinsic resolution is the main
factor that determines the degree of total line broadening and is derived from
statistical variations in the number of charge carriers created in the sensitive
volume by each photon.

The intrinsic energy resolution, given by the intrinsic full-width at
half-maximum (FWHM), can be obtained assuming Gaussian statistics. The
width of a peak on a pulse-height spectrum is given by the standard deviation
froril the mean, o, which is half of the peak width at 61 % of its maximum value
2.3

o= (N)/2¢ (2.58)

where N is the mean number of charge carriers produced and ¢ is the ionization
energy. The FWHM is related to the standard deviation by [2.3]

FWHM = 9£ Ne =235 ¢ (2.59)
E

Using Eqn. (2.58) and the fact that N = E/¢, Eqn. (2.59) reduces to

dE_ 2.35 Je (2.60)
E

Thus, the intrinsic resolution is proportional to the square root of the ionization
energy and inversely proportional to the square root of the energy of the incident
radiation. The resolution of a given detector for radiation at a particular energy
can be roughly predicted by this formula. The ionization energy, ¢, is a
fundamental property of the detector material and values for a semiconductor, a
gas and a scintillator detector are approximately 3 eV, 30eV and 300 eV,
respectively. It is now clear that semiconductor detectors, having lower ionization
energies, will be able to produce more charge carriers and therefore will have
better intrinsic energy resolutions than the other two types of detectors. In
addition, for any given detector, as the energy resolution is inversely proportional
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to yE, it deteriorates with decreasing photon energy.

However, as the pulse—height spectrums of most peaks are asymmetrical, an
empirical factor, F, called the Fano factor must be added to Eqn. (2.60). This
factor was theoretically introduced by Fano and can be calculated and
determined experimentally [2.19]. In silicon, F' has been found to lie between 0.1
and 0.3 [2.19].

dE _ 2.35 yFe (2.61)
E JE

The actual intrinsic energy resolution is therefore better than that assumed using
Gaussian statistics. Fano related this effect to the fact that when the photon is
completely absorbed within the detector and deposits all its energy there, the
total amount of energy loss is fixed [2.5].

There are two main sources of noise that affect the extrinsic resolution:
detector noise and electronic noise. Detector noise is mainly due to random
fluctuations in the leakage currents, while electronic noise is mainly due to
random fluctuations in the currents originating from the electronic readout
circuitry. Contributions to the extrinsic resolution are independent of the energy
of the radiation and therefore add whole increments of dE to the total energy
resolution. Since all the effects mentioned above are statistical in nature, they
add in quadrature. The total resolution is therefore given by

2.2.4 Noise

Detector and electronic noise sources were discussed above with respect to the
effect they have on the determination of a detector's energy resolution. The three
main sources of noise have been given: that due to the stochastic nature of the
energy loss process of the incident radiation, that originating from the detector
itsel% and that originating from the electronic circuitry. The first source of noise is
fully described in Sect.2.2.3. The other noise sources are more fully detailed
below.

The detector itself produces noise from a variety of origins, but the main
contributor is that arising from statistical fluctuations in the leakage current.
The main sources of current noise in reverse—biased junction detectors, which are
assumed to be independent, are generation—recombination noise, shot noise and
flicker or 1/f noise.

Generation—recombination noise is caused by fluctuations in current—carrier
generation and recombination. These fluctuations are created by effects which
disrupt the current flow, i.e. the trapping of the carriers. The magnitude of the
generation—recombination noise current is {2.20]
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g2 = A2 Tl f (2.63)
No[l + (27fre)?

where [, is the average reverse current, 7 is the minority—carrier lifetime, Af is
the electrical bandwidth, N, is the total number of free carriers and f is the
frequency at which the noise is measured.

Shot noise occurs in systems where each current carrier crosses continuously
from one electrode to the other with the same transit time. Assuming there is no
correlation between carriers, the shot noise in detectors irradiated by a Poisson
distributed source is given by [2.20]

i = [2qLAf] (2.64)

where ¢is the charge of an electron, I, is the average reverse current and Af is
the electrical bandwidth. This formula gives a maximum value for the case where
no correlation between carriers exists. This may occur in a fully depleted
semiconductor detector with no trapping centers or ionized impurities. Note that
in this case the generation—recombination current will equal zero. When ionized
impurities and trapping centers exist, there will be a correlation between the
charge carriers. As the percentage of ionized impurities and traps increases, the
shot noise will decrease and the generation-recombination noise will increase.
These sources are to some extent mutually exclusive [2.5]. It is generally accepted
that if the shot noise has been accounted for, the generation—recombination noise
need not be and that the photon contribution to the noise current is equal to
Eqn. (2.64) times a small correction factor (y2) [2.20].

Flicker noise originates from crystal defects and dislocations, from
surface—state traps and from the lack of an ohmic contact. These sources produce
traps, which randomly capture and release carriers. The time constants
associated with these processes give rise to a noise current whose energy is
concentrated at low frequencies. The empirical expression for this noise current is
given by [2.20]

i = B[I’aA J (2.65)
fb

where B is a proportionality constant of the device, I, is the average reverse
current through the detector, @ is a constant in the range of 0.5 to 2, b is a
constant of approximately unity and Af is the electrical bandwidth. As crystal
imperfections can vary randomly even on the same substrate, the constant B
varies widely for different devices. The flicker noise is negligible when the
detector is fabricated properly.

Thermal or Johnson noise is due to the random thermal motion of the charge
[carri?rs. For detectors with a series resistance Hg, the thermal noise current is
2.20
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iz = [4ETA (2.66)
Rs

where k is Boltzmann's constant, T is the temperature in K and Afis the
electrical bandwidth. The thermal noise will decrease with decreasing
temperatures and can be negligible in those detectors with small series
resistances, i.e. in fully depleted detectors that have low contact resistances [2.5].

For the high—purity silicon soft X-ray sensors with series resistors, one
additional noise source must be taken into account. The heavily—doped
polysilicon resistor will introduce an additional source of thermal noise. This
noise source can be modeled as a shunt current generator whose magnitude is
given by Eqn. (2.66).

The primary sources of electronic noise originate from the input transistor of
the preamplifier and from the bias resistor placed between the external voltage
source and the detector. The bias resistor contributes thermal noise, which can be
represented by a shunt current generator. The magnitude of this noise source,
Eqn. (2.66), is inversely proportional to the resistance value of the bias resistor
and is negligible for resistance values on the order of tens of megaohms [2.5].

As the preamplifier is a two—port network, it can be represented by two
equivalent input noise generators, provided that correlation is considered
between the two noise generators. The value of the equivalent noise voltage is
obtained by first short—circuiting the input of each circuit and equatinf the
output noise in each case, while the value of the equivalent noise current is found
by open—circuiting the input of each circuit and equating the output noise in each
case.

The equivalent circuit for a high—purity silicon soft X-ray sensor is shown in
Fig. 2.8(a), while the same sensor with a heavily—doped polysilicon resistor in
series is shown in Fig. 2.8(b). In these figures, I(f) represents the current due to
the motion of the charge carriers generated in the depletion region by the
absorption of an incident photon, V}, and R, represent the bias voltage and bias
resistor, respectively, Rq and Cy represent the depletion layer resistance and
capacitance, respectively, Rs and Cs account for the resistance and the
capacitance of the undepleted bulk material, R represents the contact resistance,
R; represents the resistance of the polysilicon resistive structure and A represents
the amplification unit.

As the depletion region is depleted of free carriers, its resistance, especially if
the device is fully depleted, is on the order of hundreds of megaohms. The effect of
R4 can therefore be neglected with respect to the reactance of Cq. When the
sensor is operated in the fully depleted mode, Rs and Cs do not have to be
accounted for and can be replaced in Figs. 2.8(a) and (b) with a short circuit. In
well fabricated and packaged sensors, the contact resistance, R¢, will also be
negligible. Figures 2.8(a) and (b) can be revised taking these considerations into
account.

The revised equivalent circuit for a fully depleted sensor—amplifier system with
noise sources included is shown in Fig. 2.9(a). The revised equivalent circuit for
the same sensor and amplifier unit, but connected through an on—chip series
polysilicon resistor, is shown in Fig. 2.9(b).
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uivalent circuit for a silicon soft X—ray sensor and associated
electronics [2.19?.
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Fig. 2.8 (b) Equivalent circuit for a silicon soft X~ray sensor with a polysilicon
resistor in series and associated electronics [2.19].
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Fig. 2.9 (a) Equivalent circuit for a fully depleted high—purity silicon soft X—ray
sensor and associated electronics with noise sources included [2.19].
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Fig. 2.9 (b) Equivalent circuit for a fully depleted high—purity silicon soft X—ray
sensor with a polysilicon resistor in sertes and associated electronics with noise
sources included [2.19].
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In Figs. 2.9(a) and (b), a2, ib2, ir2, 72 and Te? represent, respectively, the
sum total of all the noise current sources from the detector, (i.e. the sum of the
generation—rtecombination noise, Eqn. (2.63), the shot noise, Eqn.(2.64), the
flicker noise, Eqn. (2.65) and the thermal noise, Eqn. (2.66)), the noise current
source due to the bias resistor, (i.e the thermal noise, Eqn. (2.66)), the noise
current source due to the polysilicon resistor, (i.e. the thermal noise, Eqn. (2.66))
and the equivalent noise current and noise voltage from the amplification—unit
load, respectively.

As the signal from the high—purity silicon soft X—ray sensor is in the form of an
electrical charge, the noise contributions from the sensor and from the electronics
can be summed and expressed in terms of an equivalent noise charge (EQN) in
units of the electron charge [2.19]. The EQN is related to the FWHM by the
equation [2.19]

EQN = FWHM (2.67)
2.35¢

2.2.5 Charge collection

The shape of the signal pulse obtained from a sensor after a soft X—ray is
absorbed is determined by the motion of the charge carriers from the time of their
creation until the time of their collection. Analytical expressions for the time
required for the ionization process to reach its completion following the
absorption of a photon, for the radius of the cloud of (positive or negative) charge
carriers when the cloud reaches the respective contact, for the electric field within
the device, for the time needed for the created carriers to reach their relevant
electrodes, for the change in the induced charge on the electrodes, for the current
at a particular time during the collection process and for the amount of charge
that will be collected are developed in the following analyses.

The equation of motion of a charge carrier is given by [2.5]

Ud = fe,h & (2.68)

where vg is the drift velocity, pe,n is the carrier mobility of electrons or holes,
respectively and & is the electric—field strength. In these analyses, a constant
charge density throughout the detector volume is assumed, as well as the
existence of ideal electrodes. In addition, relatively low values of the electric ficld
strength are assumed, and therefore, to a first approximation, ue and py are
assumed to be independent of the electric field.

An incident soft X—ray will produce an energetic electron by the photoelectric
process, Sect. 2.1.2. This energetic electron is a charged particle and loses its
cnergy through the creation of secondary electrons. Each of these secondary
clectrons rapidly loses its energy through impact ionization, until the remaining
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kinetic energy is insufficient to create another electron—hole pair. The ionization
tracks are folded and complex. An estimate of the time required for the ionization
process to reach completion in silicon is given by [2.5]

iy = TEx (2.69)
hv

where 7 is the relaxation time for lattice scattering by optical modes and hv is the
energy of the secondary optical photons.

The created electrons and holes begin to separate due to the action of the
applied electric field. If a great many charge carriers are produced, the area of
ionization can become polarized and an opposing space—charge field can develop,
which can completely counteract the applied electric field within its center.
Within the center, separation would then continue by ambipolar diffusion, while
the applied electric field would continue to separate those carriers near the edges.
Diffusion would eventually enlarge the area to the extent that the electric field
could penetrate it. Each carrier would then be attracted to its relevant electrode
by the full electric field. In the case of soft X-ray absorption however,
space—charge effects can be neglected, as the charge carriers are not generated in a
high density, although repulsive forces may exist, depending on the size of the
charge density.

Assuming the charges spread out as a cloud from their points of origin, by the
time the positive charges reach the front electrode the radius of the diffusive
cloud, r, can be estimated to be

r= (2Dyty)2 (2.70)

where Dy, is the diffusion coefficient for holes and ¢y, is the time necessary for the
holes at the center of the cloud to reach the front electrode. Using the Einstein
relation, i.e. Dy = unkT/q, where py is the hole mobility and ¢ is the electronic
charge, Eqn. (2.70) becomes

- Fﬁhthh:\ V2 (2.71)
q

If the detector could be characterized by a constant electric field throughout
the device &,

Y
rd

&= (2.72)
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where V}, is the applied bias voltage and zq is the thickness of the depletion
region, the collection time for the positive carriers generated at a point z within
the volume of the device would be

b= % (2.73)
%4

Then, using Eqns. (2.68) and (2.71) — (2.73), Eqn. (2.71) would become

17?2

e {QkaﬂdQ (2.74)

qVb

However, in the case of p*—n"—n* step junction detectors, the electric field is
not constant throughout the device. The electric field decreases linearly from the
junction contact. If Vg is given as the voltage needed to deplete the detector of
thickness z4, for reverse—bias voltages equal to or greater than the depletion
voltage, &(z) is given by

&(z) = ——d{1 —””—} (2.75)

where z is the point of carrier generation within the device. The collection time
then becomes

74
h=—t [ L de (2.76)
0 8(z)

The time for the electrons to reach the back contact is determined by the same
formula, except the mobility of electrons is used instead of that for holes. Using
Eqns. (2.58), (2.71) and (2.75) — (2.76), the radius of the diffusive cloud,
Eqn. (2.71), becomes

e HMJ —In_ [1 _L”” (2.77)
Va4 2 T4

The amount of original charge qN, created at a point z within a detector of
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thickness zq will decrease to an amount N during its transport toward the front
electrode by a factor of exp (—t/7).

According to Ramo's theorem, the change in the induced charge on the
clectrodes at a particular time ¢ when the cloud has moved through a distance éz
within the detector is [2.21]

50 = qN & (2.78)
|

This theorem has been experimentally confirmed by several authors [2.22-2.23].
When recombination and trapping effects are not negligable, the current is

i(t) = 09 ﬂv—“exp(-i/r) oz (2.79)
ot Tq bt

and the amount of charge collected at the electrodes is

mo:ﬁmgmmt

X

= ﬂv&f exp(—z/pér) da
7q"°
_ (/VO (&7 [l _Cxp(_r//,,gr)] dz (280)
Td

Some of the charge carriers generated in the sensitive volume of the detector
may not contribute to the pulse signal due to charge—carrier trapping and
recombination. This results in a spread in the pulse-rtise times and pulsc-height
distributions. These effects can be reduced by increasing the strength of the
applied clectric field, if the drift velocity is not already at its maximum.

As the detector is assumed to be operated in a mode in which the time constant
of the external circoit is much longer than the detector charge—collection time,
the time required for the signal pulse to reach its maximum is determined by the
detector charge—collection time and is not influenced by any properties of the
external or load circuit. However, the time required to restore the signal to zero,
the decay time, is determined solely by the time constant of the load circuit. The
amplitude of the analog—voltage signal pulse from the preamplifier is therefore
determined by the ratio of the total charge collected during one event divided by
the capacitance of the load circuit. As this capacitance is normally fixed, the
maximum height of the analog signal pulse is directly proportional to the charge
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generated within the detector and therefore to the cnergy of the incident
radiation, Fp

Viax = 2= 2Ee (2.81)
Cc eC

In a photon—counting detector system (the systems described in this work), as
opposed to an integrating system such as a CCD, the count rate determines the
maximum source intensity or flux that can be incident upon the sensor. The limit
on the count rate is set by the system dead time. High intensities are desired in
most applications employing synchrotron radiation. When high—resistivity silicon
is used as the substrate, fast charge collection and high count rates ensue.
Therefore, high—resistivity silicon, rather than matcrial with a high lifetime but a
low resistivity, is utilized.

2.2.6 Radiation damage

The high—purity silicon crystal is often assumed to be a perfect periodic
structure of silicon atoms. In actuality, deviations from this condition in the form
of foreign impuritics and structural defects, which are introduced during the
manufacturing process and by incident radiation, exist within the crystal.
Radiation incident upon Si or SiOs can cause damage through the generation of
l[attic]e displacement defects or through the generation of electron—hole pairs
2.24].

The degree of radiation damage that results through the generation of lattice
displacement defects depends on the energy and the type of the radiation. The
energy of the radiation should be sufficient to overcome the binding energy of an
atom and bring the recoil atom out of the neighborhood of the vacancy. Single
vacancies can be created by the excitation of a silicon atom from its lattice
position, the binding energy of which is approximately 25 eV.

The level of damage also depends on the type of radiation. A classification is
made into neutrons, a—particles and energetic electrons. Soft X—rays are able to
damage the lattice through the creation of encrgetic electrons {2.25]. Of the three
types, energetic electrons are the least damaging. Compared to neutrons, which
produce clusters of lattice defects, energetic electrons produce only single defects.
Energetic electrons can remove an atom from the lattice by imparting to it
sufficient kinetic energy to knock it out of its lattice site. This results in the
creation of a vacancy and an interstitial. These local defects give rise to acceptor
and donor levels in the bandgap, respectively. Vacancies are mobile above 55 K
and tend to travel through the lattice forming pairs or recombining with other
vacancies, impurities or surface defects to form stable point defects. Displacement
damage also increases the rate of nonequilibrium carrier trapping, recombination
and generation. If many defects occur in one place, n—type material can transform
into p—type material, causing a degradation in the detector performance. The
levels in the bandgap also influence the resistivity, lifetime and mobility of the
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material. High—purity silicon is particularly sensitive to these effects. An increase
in the resistivity and a decrease in the lifetime and mobility create an increase in
the detector leakage current and noise. Local changes can create a transverse
electric field, which will disturb the sensor's position linearity.

The rate of defect introduction greatly increases with increasing electron
energy due to the increase of the collision angle over which the threshold energy
can be transferred, to the increase of the solid angle through which the recoil atom
can be scattered and still be displaced and to the increase of the separation of the
interstitial from the vacancy. However, the introduction of a significant amount
of defects is not seen to occur at incident photon energies below 130 keV [2.25].
The soft X—ray spectrum is well below this energy.

Radiation damage due to the exposure of p—n junction devices to soft X—rays is
associated with an increase in the reverse current. However, significant damage
(i.e. increases in the reverse current by a factor of 10) generally does not become
evident until after an exposure dose of approximately 107rad. In addition,
investigations have shown that this damage can be annealed by ultraviolet
illumination [2.24-2.25]. When the material with defects is heated to a
temperature where the defects are mobile, structural changes appear. This
process is termed annealing and offers a possibility to reduce or eliminate the
defects. It has been experienced however that once annealed, these detectors
suffer from significant damage upon repeat exposure to radiation at lower doses
than those associated with the original exposure. The function of a radiation
detector appears to be inherently coupled to its own destruction and thus it only
has a limited lifetime.

Radiation damage caused through the creation of electron—hole pairs tends to
affect the SiOg and the Si/SiO interface more than the Si bulk material.
Electron—hole pairs in the Si bulk will recombine or eventually will be swept out
of the device by the electric field. However, a significant proportion of the charge
carriers tend to remain trapped in the SiOs. Long term ionization effects can
occur due to the build up of trapped charge in the insulator layer. Because of this,
devices which employ functional oxide layers are more sensitive to this type of
radiation damage than their junction counterparts. This fact must not be
overlooked when attempting to integrate (bipolar or MOS) clectronic circuitry
close to the sensor on a high—resistivity substrate.

Soft X-rays incident upon the MOS device will he absorbed by the
photoelectric effect within the oxide layer, as well as within the silicon.
Electron—hole pairs will thus be generated in both regions. The electron—hole
pairs created will separate due to the applied electric field. Due to the high
mobility of electrons in the silicon dioxide layer, the photon—generated electrons
within this region tend to rapidly drift to the metal electrode and be collected.
Very little trapping of these electrons occurs. However, the hole mobility in
silicon dioxide is relatively low. The photon—generated holes tend to slowly drift
to the Si/SiO9 interface. Up to 30 % of the holes become trapped near the
interface [2.24].

At radiation doses above 104rad, the incident ionizing radiation forms
interfacial trapping states. The formation of these interface states is thought to
lead to an increase in the reverse current, cause a shift in the flat—band voltage
and decrease the charge—transfer efficiency [2.24]. This sensitivity to soft X-ray
damage is shared by all MOS devices and, in conventional devices, becomes
significant after doses of approximately 105 rad of exposure. The positive charge
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build—up in the oxide affects p—n junction devices as well. As the positive charge
builds up, the surface leakage currents increase and the inter—element resistance
decreases. Devices fabricated with inverted structures reportedly have increased
soft X-ray hardness £2.26]. Backside illumination of deep— or fully—depleted
p—n junction and MOS devices will reduce the radiation damage, depending on
the efficiency of the detector for the particular radiation of interest.

2.3 CONCLUSIONS

In this chapter, the theoretical operation of two basic types of high—purity
silicon soft X—ray sensors is analyzed: directly read out p*—n—n* diodes and
p*—n—n* diodes coupled in series to highly—doped polysilicon resistive structures.
The interactions that take place when electromagnetic radiation is incident upon
silicon are discussed, the most important of which is absorption. From a curve of
the absorption coefficient versus the energy of the incident radiation, it is seen
that soft X—rays are primarily absorbed by the photoelectric effect in silicon. The
number of free carriers generated upon the absorption of electromagnetic
radiation in silicon can be predicted by the quantum yield. An analytical
expression for the total quantum efficiency of the sensor is derived and used to
calculate the quantum efficiencies of six different devices. It is graphically
demonstrated that devices fabricated on high—purity silicon consistently have
higher quantum efficiencies than those fabricated on standard ohmic silicon.

The theoretical characterization also consists of analyses of the sensors' leakage
currents and lifetimes. The total leakage current is shown to originate from three
sources: from the surface, from the depletion region and from undepleted regions.
Analytical expressions for each component are derived and their relative
contributions to the total leakage current are analyzed. It is shown that the
greatest contribution to the total leakage current in high-resistivity silicon
p*—n—n* diodes is due to thermal generation current arising from the depletion
region.

Disturbances in system equilibrium result in either an excess or a paucity of
free carriers. The processes of recombination or generation, respectively, exist 10
restore the system to equilibrium. These processes are described and analytical
expressions for the lifetime involved in both cases, i.e. the recombination and the
generation lifetimes, respectively, are derived.

In addition, the energy resolution and the noise of the sensors, as well as the
charge—collection process and the damage incident radiation can cause, are
discussed. The energy resolution of a radiation sensor, i.e. its ability to
distinguish between two or more radiations with nearly equal energies, is shown
to consist of intrinsic and extrinsic contributions. Effects intrinsic to the signal
generation in the sensitive volume of the sensor contribute to the intrinsic energy
resolution, while all other effects, i.e. electronic noise, contribute to the extrinsic
energy resolution. Since all the effects are statistical in nature, they add in
quadrature.

The three main sources of noise are described: that due to the stochastic nature
of the energy loss process of the incident radiation, that originating from the
detector itself and that originating from the electronic circuitry. The main source



68 High—Purity Silicon Soft X—Ray Sensor Arrays

of the detector noise originates from the statistical fluctuations in the leakage
current, while the primary sources of the electronic noise originate from the input
transistor of the preamplifier and from the bias resistor. Equivalent circuits for a
basic high—purity silicon soft X—ray sensor and one with a polysilicon resistive
structure in series are portrayed, as well as equivalent circuits for a basic fully
depleted high—purity silicon soft X-ray sensor (with noise sources included) and
one with a polysilicon resistive structure in series (with noise sources included).

Analytical expressions for the time required for the ionization process to reach
its completion following the absorption of a photon, for the radius of the cloud of
(positive or negative) charge carriers when it reaches the respective contact, for
the electric field within the device, for the time needed for the created carriers to
reach their relevant clectrodes, for the change in the induced charge on the
electrodes, for the current at a particular time during the collection process and
for the amount of charge that is collected are developed and presented.

Radiation incident upon Si or SiO can cause damage through the generation of
lattice displacement defects or through the generation of electron—hole pairs. The
degree of radiation damage that results depends on the energy and the type of the
incident radiation, as well as on the structure of the device. Soft X-rays damage
the lattice through the crcation of energetic electrons. However, the introduction
of a significant amount of defects through this mechanism does not occur at
incident energies below 130 keV and the soft X-ray spectrum is well below this
energy. P-n junction based sensors are more radiation hard than their MOS
counterparts.
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3

THEORY OF HIGH-PURITY SILICON
SOFT X-RAY SENSOR ARRAYS

3.1 INTRODUCTION

A one—dimensional position—sensitive high—purity silicon radiation sensor can be
realized by dividing the front electrode, i.e. the p*—implantation covered with
aluminum, Fig. 2.5, into strips. This device is referred to as a silicon strip
detector [3.1]. Under operating conditions, the n—substrate separating the
pr—strips will be accumulated with electrons, which are present in order to match
the positive fixed oxide charges always associated with Si/SiOg interfaces,
Scct. 2.2.1. Each strip therefore acts as a separate collecting electrode.

A two—dimensional position—sensitive radiation sensor can be realized il,
instead of one continuous front electrode, as shown in Fig. 2.5, many smaller
rectangular electrodes are fabricated in the n—type substrate [3.2—3.9]. When the
size of each electrode is on the order of 1 mm? or less, this type of device is
referred to as a pixel detector. Again, due to the presence of the positive fixed
oxide charges, each pixel acts as a separate collecting electrode. However, in this
case, readout of the electrodes is not straightforward and special techniques must
be used in order to collect the charges induced on the electrodes following the
exposure of the device to electromagnetic radiation [3.2-3.9).

The principles of operation of the sensor arrays are discussed in Sect. 3.1.1 and
array design specifications for typical soft X-ray applications are outlined in
Sect. 3.1.2. Simulation circuits for modeling the high—purity silicon soft X-ray
sensor arrays are discussed in Sect. 3.2. The theoretical operation of the sensor
arrays is then developed in Sect. 3.3, based on the theory presented in Sect. 2.2.
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3.1.1 Principles of array operation

Five different high—purity silicon soft X~ray sensor arrays have been fabricated
by the author in the I.C. Laboratory at Delft University of Technology with the
help of the laboratory staff. However, one of the processing steps, i.e. the
low—temperature deposition of silicon dioxide, was carried out at Philips
Research Laboratories in Eindhoven, the Netherlands. The principles of operation
of the five different arrays are similar.

The operation of the arrays is based on both the resistive and the capacitive
coupling of the elements in a matrix of sensing diodes. In a given array, the
columnar elements are resistively coupled to one output connection. In three of
the five arrays, Figs. 3.1(a), (b) and (c), this was accomplished through the use of
highly—doped polysilicon structures, while in the other two, Figs. 3.1(d) and (e),
only the small resistance associated with the aluminum interconnection lines was
utilized. In all but one of the arrays, Figs. 3.1(b), (¢), (d) and (e), those elements
lying in the same row in a given array are capacitively coupled through the use of
the double-layer metalization technique. Capacitive coupling was achieved in the
remaining array, Fig. 3.1(a), through a double-layer conduction scheme, which
consisted of a lower conductor of heavily—doped polysilicon and an upper
conductor of aluminum.

[ |

= w I — i

1 [ J

Fig. 3.1 (a) Schematic of the high—purity silicon soft X—ray sensor array based
on a double—layer conduction scheme, IS—-502.

The technique of using resistive and capacitive coupling for the incorporation
of a passive multiplexing readout scheme onto a high—purity silicon radiation
sensor was initially tested and successfully demonstrated on a one—dimensional
silicon strip detector [3.10]. This readout technique enables the one—dimensional
position resolution of incident radiation to be obtained with a significant
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Fig. 3.1 Schematics ofthe two high—purity silicon soft X —ray sensor arrays based
on the double—layer metalization technique which employ highly—doped polysilicon
structures to realize the resistive coupling: (b) a 3z 3 array, 1S—531 and (¢)
16z 16 array, IS—-562.



Fig. 3.1 Schematics of the two high—purity silicon soft X—ray sensor arrays based
on the double—layer metalization technique which employ aluminum
interconnections to realize the resistive coupling: (d) a 3z 3 array, IS—559

and (e) a 16 £ 16 array, 1S—560.
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reduction in the number of bonding pads. The number of output pads necessary is
reduced from n, the number of strips, to 2nt/2 [3.10].

This design was modified to produce devices for application in the
two—dimensional position detection of incident electromagnetic radiation. The
operation of the modified devices is also based on both the resistive and the
capacitive coupling of the elements in arrays of sensing diodes, but the arrays are
now two—dimensional in geometry. Two—dimensional position resolution is
achieved by the direct collection through resistive coupling of
radiation—generated charge in the z—dimension and the indirect capacitive
coupling of this charge in the y—dimension.

The array of Fig. 3.1(b) will now be specifically addressed. Variations in the
operation of the other arrays shown in Fig. 3.1 will then be explained.

As can be observed in Fig. 3.1(b), the first element (a p*—n~ junction diode
contacted to an overlying aluminum layer) in every row is resistively coupled to
one z-addressed output connection through the use of heavily—doped polysilicon
structures. The second element (as well as the third) in every row is resistively
coupled in the same manner to a separate z—addressed output connection. In
order to capacitively couple each of the three elements lying in the same row, an
aluminum band is patterned in a second metalization layer over each row. Each of
the three bands is separated from the first layer metal by a dielectric (silicon
dioxide) and directly connected to a y—addressed output connection.

Given that electromagnetic radiation enters and interacts within the
reverse-biased sensor in such a way as to cause the photon—generated charge to
become collected within one diode element, two output signals will be obtaincd:
one at that element's z—addressed (resistive—coupled) output and one at its
y—addressed (capacitive—coupled) output. The charge will be directly readout by
flowing through thc polysilicon resistive structure into the preamplifier
associated with the z—address. The signal obtained after the preamplifier will be a
voltage pulse. It can be used for energy as well as position resolution purposes and
as a trigger signal.

Due to the capacitor fabricated above the irradiated diode, during the same
period of time, a signal will also be observed at the output associated with the
y—address. This signal is only used to discriminate within which row the
irradiated diode element is lying and therefore must only be distinguishable above
the noise.

The operation of the arrays depicted in Figs.3.1(b), (c¢), (d) and (e) arc
identical with the exception that in two of the four arrays, Figs. 3.1(b) and (c),
the resistive coupling was accomplished through the use of highly—doped
polysilicon structures, while in the other two, Figs. 3.1(d) and (e), only the small
resistance associated with the aluminum interconnection lines was utilized. The
size of the array elements in Figs. 3.1(b) and (d) is 0.5 x 0.5 mm2, while size of the
array elements in Figs. 3.1(c) and (e) is 0.25 x 0.25 mm?2.

As the double-layer metalization fabrication technique was not yet perfected
in the I.C. Laboratory at Delft University of Technology at the time the first
sensor array was being designed, Fig. 3.1(a), double-layer conduction was first
realized through the use of heavily—doped polysilicon bands as the lower
conductors and aluminum bands as the upper conductors. This sensor array is
composed of a 3 x 3 matrix of sensing elements (i.e. p*—n junctions), each element
measuring 1 mm? in area. Each row of three elements was first traversed by three
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parallel aluminum strips, 10 um in diameter. These strips were separated from
the sensing elements by a layer of thermal silicon dioxide. The bottom strip was
then contacted directly to the left—most row element, the middle to the middle
element and the top to the right—most element. Through an extension of the
strips off to the left side of the matrix, the first (as well as the second and third)
elements in each row were connected via polysilicon resistive structures, to the
same output node. In this way, the resistive coupling was realized.

The aluminum strips were also extended off to the right side of the matrix.
Heavily—doped polysilicon bands were then connected to the aluminum strips to
serve as the lower conductor in the double—layer conduction scheme. A silicon
dioxide layer was then deposited by an LPCVD high—temperature oxide (HTO)
technique to serve as the insulator. Finally, one aluminum band per row was then
patterned above the three polysilicon strips associated with the same row to serve
as the upper conductor in the double-layer conduction scheme.

This design has the disadvantage that large arrays of small elements cannot be
fabricated, due to the fact that as the number of elements per row increases, the
number of aluminum strips traversing the row elements must increase. This
increases the necessary size of the elements in the vertical dimension. Through
the use of the improved double-layer aluminum conduction technique, the size of
the sensor can be reduced, but more importantly, large arrays of small elements
can be fabricated.

3.1.2 Soft X—ray sensor array design specifications

The most important factors which determine if a particular sensor or sensor
array is suitable for the detection of radiation within a certain part of the
electromagnetic spectrum are the magnitude of the system noise and the
quantum efficiency of the sensor or sensor array in the wavelengths of interest. As
mentioned in Sect. 1.3.3, high—purity silicon sensors and sensor arrays are ideal
devices for the direct detection of low—energy (soft) X-rays. The detectable
energy range is limited on the low energy end of the soft X—ray spectrum by the
system noise and by the absorption of the radiation in any dead layers that exist
on the exposing surface of the sensor. The detector is limited on the high energy
end of the soft X-ray spectrum by the quantum efficiency of the sensor at those
wavelengths, Sect. 2.1.4.

The system noise presents itself as a signal with very high count rates at the
lowest energies in a pulse—height spectrum. The lower the system noise, the lower
the detectable energy range can extend.

When high—resistivity silicon is employed as the substrate material, the entire
volume of the substrate can be depleted at relatively low reverse voltages. The
high energy cutoff is then limited by the substrate thickness and by the percent
efficiency that is required for a particular application. Note that high lifetime
material can also be used as the substrate. However, the collection times in this
case will be relatively long, which will limit the count rate.

Most of the applications listed in Sect. 1.3.4 are performed with X-ray energies
in the range of 8—25keV. An exception is digital-subtraction angiography,
which is performed at approximately 33 keV. The soft X-ray sensors and sensor
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arrays presented in Chapters 2 and 3 provide useful detectors for applications
employing electromagnetic radiation in the higher energy limits of the soft X-ray
spectral range. The quantum efficiencies of fully depleted sensors and sensor
arrays for soft X-radiation, i.e. for radiation in the 2 —30 keV energy range, are
given in Figs. 2.6 and 2.7.

In addition to the quantum efficiency, other important parameters of the
radiation sensor include the detector diameter and pixel width, as well as the
detector's spatial and energy resolutions, the degree of inter—elemental crosstalk,
the count rate and the degree to which the sensor is radiation hard. These
parameters are discussed with respect to high—purity silicon soft X—ray sensors in
Sect. 2.2 and with respect to high—purity silicon soft X-ray sensor arrays in
Sect. 3.3. The ideal detector specifications for a number of soft X-ray
applications are given in Table 3.1. It is nearly impossible for any one detector {0
simultancously meet all aspects of the ideal specifications, even for only one
experiment.

Table 3.1 Ideal detector specifications for a number of soft X—ray applications.

Application Detector Pixel Spatial Energy
diameter width resolution  resolution
[min] [pom] [an] [Yes,No]
DSA 15 1000 300 No
(2D)
EXAFS 10 75 20 Yes
(1D)
Low-angle 25 250 75 Yes
scattering (1D)
Muscle 40 125 40 Yes
diffraction (2D)

3.2 SIMULATION OF HIGH-PURITY SILICON SOFT X-RAY
SENSOR ARRAYS

In order to test the design concept, the sensor arrays were first simulated by
the program SPICE. The simulation circuit for one row of three elements of the
sensor array of Fig. 3.1(b), IS~531, is shown in Fig. 3.2(a). The same simulation
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circuit was used for the arrays of Figs. 3.1(c), (d) and (e), IS-562, IS-559 and
IS-560, respectively, varying only in the number and constitutent values of the
parameters. A slightly different simulation circuit was used for the array of
Fig. 3.1(a), 1S-502, which is shown in Fig. 3.2(b). The major difference is the
existence in Fig. 3.2(b) of simulated impedances, (a capacitor and a resistor in
series) from each polysilicon conductive structure to ground, as well as to the
overlying aluminum band. The circuit description that follows, i.e. that of
Fig. 3.2(a), therefore pertains to Fig. 3.2(b) as well.

Each diode in the matrix was simulated by a capacitor and a resistor in series,
the capacitance simulating that associated with the capacitance of the depletion
region and the resistance simulating the impedance associated with the
undepleted region and the contact resistance. In well-fabricated and packaged,
fully depleted detectors, this resistance value is negligible. The capacitance value
was estimated to be that given by a parallel plate capacitor, i.e. C = A¢oesi/d,
where A is the diode area, ¢, and €g; are the permittivity of free space and the
dielectric constant of silicon, respectively, and d is the depth of the depletion
region. The resistance associated with the depletion region has not been included,
because the depletion region is depleted of free carriers, and its resistance,
especially if the device is fully depleted, is on the order of hundreds of megaohms.
The effect of this resistance can therefore be neglected with respect to the
reactance value associated with the capacitor, Sect. 2.2 4.

The first diodes in each row were connected by series resistors to one output
node, as were the second and the third (not shown in Fig. 3.2(a)) in order to
simulate the resistive coupling. For every row, the diodes in the same row werc
coupled together with a series capacitor (representing the capacitive coupling of
the double-layer metalization) and resistor (representing the small resistance
associated with the aluminum interconnections) leading to a separate output
node. The capacitance was again estimated to be that of a parallel plate
capacitor, where A is the area overlapped by the two metal layers and d is the
thickness of the silicon dioxide layer, but the dielectric constant in this case is
that of silicon dioxide. The output nodes were connected to the parallel
connection of a capacitor and a resistor, which together represent the input
impedance of the charge—sensitive preamplifiers to ground. Charge—sensitive
preamplifiers generally consist of a differential first stage, incorporating a
capacitor, Ct, and a resistor, Ry, in parallel. The input capacitance and resistance
of the preamplifier are then given by Ciy = Cf|A4| and Rin = Rf|A[Y,
respectively, where A is the amplifier open—loop gain. In addition, the parasitic
coupling between elements was simulated by placing the series connection of a
capacitor and a resistor between each diode and its neighboring diode or
guard-ring structure.

One of the most important criteria to optimize in terms of an imaging array's
performance is the degree of inter—elemental crosstalk. The resistance value of the
resistors associated with the resistive coupling and the capacitance value of the
capacitors associated with the capacitive coupling were optimized in order to
minimize this crosstalk. A current pulse, whose magnitude and duration simulate
that current pulse which would be associated with the collection of the charge
generated after a soft X-—ray photon of 10 keV had been absorbed within the
sensitive volume of a fully depleted sensor, was applied to one sensing element,
Fig. 3.3(a) and all the output voltage pulses were observed, Figs. 3.3(b) and (c).
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Fig. 3.3 (a) Simulation input: voltage across a 1 Q) resistor when the input current
pulse passes through it.

For illustration purposes, the simulation results for the sensor of Fig. 3.1(b),
IS-531, have been detailed. The output voltage peaks associated with the
irradiated element's resistive— and capacitive—coupled outputs were on the same
order of magnitude, Fig. 3.3(b), while the magnitudes of the output voltage peaks
associated with the nonirradiated elements, 1.e. the crosstalk to the other four
outputs, was less than 10 %, Fig. 3.3(c). It is important to note the change in
scales between the three figures.

Similar crosstalk simulation results were obtained for the sensors of
Figs. 3.1(c), gd) and (e), IS-562, 1S-559 and IS-560, respectively, as well as for
the sensor of Fig.3.1(a), IS-502, i.e. given proper parameter values for the
coupling resistors and capacitors and a proper pulse—shaping network, a
simulated crosstalk of less than 10 % was obtained in each case. It should be noted
however that when simulating the two sensor arrays based on the double-layer
metalization technique which employ aluminum interconnections in order to
realize the resistive coupling, i.e. IS-559 and IS—-560, the output voltage peaks
associated with the irradiated elements' resistive—coupled outputs were twice the
order of magnitude of their capacitive—coupled outputs. However, the signals
from the capacitive outputs are only used to discriminate within which row the
irradiated element lies and therefore must only be distinguishable above the
noise. Given the simulated parameter values, the fabrication could then begin,
Chapter 4.

Note that the pulses associated with the irradiated elements resistive— and
capacitive—coupled outputs follow the input current pulse with minimal delays
(0—20ns). The count—rate limitations are therefore only determined by the
pulse—shaping network, Sect. 2.2.5.
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Fig. 3.3 (b) Simulation output: output voltage pulses associated with the irradiated
elements resistive [v(1)] and capacitive [v({)] coupled outputs. Note the change of
scales from Fig. 3.3(a

o v(2)
. V(3)
100 — o v (5}
e vi{6)

50 —

VOLTAGE (nV)

-50 I T T T 1
0 20 40 60 80 100
TIME (ns)

Fig. 3.3 (c) Simulation crosstalk: output voltage pulses associated with the resistive
[v(2) and v(3)] and the capacitive [v(5) and v(6)] coupled outputs of the
noni;‘r)adiated neighboring elements. Note the change of scales from Figs. 83.3(a)
and (b).
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3.3 THEORY OF HIGH-PURITY SILICON SOFT X-RAY
SENSOR ARRAYS

3.3.1 Introduction

Due to the fact that the high—purity silicon soft X-ray sensor arrays are
composed of high—purity silicon soft X—ray sensor elemental units, many of the
device characterization parameters, as discussed with respect to the elemental
units in Sects. 2.2.1 through 2.2.6, apply directly to the arrays. The leakage
current associated with one resistive output of a sensor array (that output which
will be used for energy resolution purposes, if this is required) will be the sum
total of the leakage currents of the individual elements in that column. The
leakage current of the individual elements is discussed in Sect. 2.2.1. The lifetime
associated with a particular radiation sensor is not dependent on the sensor design
and therefore does not have to be redefined for the sensor arrays, Sect. 2.2.2.

Furthermore, the intrinsic energy resolution associated with a resistive output
of a sensor array is described by the same theoretical expressions as the intrinsic
energy resolution of the individual elements and depends only on such factors as
the energy of the incident radiation, the ionization energy, the Fano factor and
the number of charge carriers created, Sect. 2.2.3. The extrinsic energy resolution
has the same two main sources, i.e. detector noise and electronic noise. Detector
noise is mainly due to random fluctuations in the leakage currents, while
electronic noise is mainly due to random fluctuations in the currents originating
from the electronic readout circuitry. The noise associated with a resistive output
of a sensor array is dependent on the noise of the individual elements, as discussed
in Sect. 2.2.4. Howcver, as the equivalent circuits of the sensor arrays are
different than those of the elemental units, the equivalent circuits for a
high—purity silicon radiation sensor array (with and without polysilicon resistors
and associated electronics with noise sources included are given in Figs. 3.4(a
and (b), respectively. The principles of charge—carrier collection are the same for
both the sensors and the sensor arrays. However, parameters that do differ for the
sensor arrays include spatial resolution, crosstalk and radiation damage. These
are discussed in Sects. 3.3.3, 3.3.4 and 3.3.5, respectively.

3.3.2 Noise

The discussion of noise in Sect. 2.2.4 applies to two different types of sensor
arrays, as well as to the individual sensors. One type is composed of a matrix of
basic units which embody an individual sensor associated with a polysilicon
resistive structure, while the other type is composed of a matrix of sensing
elements which consist only of individual sensors. The noise of the two different
types of sensor arrays is based on the noise of their compositional units.

The three main sources of noise have been fully described in Sect. 2.2.4, i.e.
that due to the stochastic nature of the energy loss process of incident radiation,
that originating from the sensor itself and that originating from the electronic
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circuitry.

The sensor itself produces noise from a variety of origins, as stated in
Sect. 2.2.4, with the main contribution arising from statistical fluctuations in the
leakage current. The main sources of current noise in reverse—biased junction
detectors, which are assumed to be independent, are generation—recombination
noise, Eqn. (2.63), shot noise, Eqn. (2.64) and flicker or 1/f noise, Eqn. (2.65).
Thermal or Johnson noise is due to the random thermal motion of the charge
carriers. For detectors with a series resistance Rs, the thermal noise is given by
Eqn. (2.66). The thermal noise will decrease with decreasing temperatures. The
thermal noise, in theory, must be included in the total noise contribution of the
sensor, but can be neglected in those sensors with small series resistances, i.e. in
fully depleted detectors which have low contact resistances [3.11).

For the sensors with the basic units consisting of an individual sensor
associated with a polysilicon resistive structure, one additional noise source must
be taken into account. The heavily—doped polysilicon resistor will introduce an
additional source of thermal noise. This noise source can be modelled as a shunt
current generator whose magnitude is given by Eqn. (2.66).

As described in Sect. 2.2.4, the primary sources of elcctronic noise originate
from the input transistor of the preamplifier and from the bias resistor placed
between the external voltage source and the detector. The bias resistor
contributes thermal noise, which can be represented by a shunt current generator.
The magnitude of this noise source, Eqn. (2.66), is inversely proportional to the
resistance value of the bias resistor and is negligible for resistance values on the
order of tens of megaohms [3.11]. As the preamplifier is a two—port network, it
can be represented by two equivalent input noise generators, providing that
correlation is considered between the two noise generators. The value of the
equivalent noise voltage is obtained by first short—circuiting the input of each
circuit and equating the output noise in each case, while the value of the
cquivalent noise current is found by open—circuiting the input of each circuit and
equating the output noise in each case.

The equivalent circuit for the basic sensor—amplifier systems, i.e. a high—purity
silicon soft X—ray sensor and an amplification unit, and the same sensor with a
heavily—doped polysilicon resistor in series and an amplification unit, are shown
in Figs. 2.8(a) and (b), respectively. The equivalent circuits for fully depleted
sensor—amplifier systems with noise sources included are shown in Figs. 2.9(a)
and (b), respectively. The equivalent circuits for fully depleted sensor arrays
(with and without the polysilicon resistances) and amplifier systems with noisc
sources included are based on those of Figs. 2.9(a) and (b), respectively, and are
shown in Figs. 3.4(a) and (b), respectively.

The effect of detector and electronic noise was discussed in Sect. 2.2.4 with
respect to its reduction in the energy resolution. The signals from the high—purity
silicon soft X—ray sensor array, as with the individual sensors, are in the form of
electrical charges. Therefore, the noise contributions from the array and from the
electronics can be summed and expressed in terms of an equivalent noise charge
(EQN) in units of the electron charge. The EQN is related to the FWHM by
Eqn. (2.67), which is repeated here for convenience [3.12]

_ _FWHM
2.35¢

EQN (3.1)
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Fig.3.4 (a) Equivalent circuit for a fully depleted high—purity silicon soft X—ray
sensor array (consisting only of the indiwidual sensing elements) and associated
electronics with noise sources included [3.12].
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Fig. 3.4 (b) Equivalent circuit for a fully depleted high—purity silicon soft X—ray
sensor array (consisting ofthe individual sensing elements and polysilicon resistive
structures) and associated electronics with noise sources included [3.12].
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3.3.3 Spatial resolution

Spatial resolution describes the ability of a sensor to distinguish the incident
positions of two adjacent events. The length (and width) of the sensor's one—
two—) dimensional response to a given point event is (are) termed the one—
two—) dimensional track resolution(s). The one— (two—) dimensional track
resolution(s) is (are) the minimum value(s) of the width (the length and width),
which allow(s) two events, rather than one, to be observed [3.13].

Detectors, such as cloud and bubble chambers, with differential spatial
resolutions are able to locate events within their sensitive volumes. Other
detectors, such as most semiconductor detectors, have integral spatial
resolutions, i.e. they merely indicate whether or not an event has taken place
somewhere within a specific sensitive volume.

The input—output function of an ideal sensor array, with no outdiffusion, noise
or crosstalk effects, will have a top—hat distribution f(z) with a standard
deviation o

1.2p
f 2dz

_1
- pYe

2
12

where Pis the pitch, i.e. the distance from the center of one element to the center
of its neighboring clement. This will be the position accuracy of sensors when
their pitch is relatively large. When taking nonidealic factors into consideration,
a Gaussian distribution will usually be added to the top—hat distribution [3.13].

The pixel and the pitch dimensions of the sensor arrays described in this work,
i.e. 1S-502, IS-531, 1S—-562, 1S-559 and IS-560, are 1x1 mm?/1.050 mm,
0.5 x 0.5 mm?2/0.550 mm, 0.25 x 0.25 mm2/0.30 mm, 0.5 x 0.5 mm?2/0.550 mm
and 0.25 x 0.25 mm?2/0.30 mm, respectively. In these cases, the pitches are much
greater than the widths of the collected charge distributions, Sect. 2.2.5. The
spatial resolutions can therefore be cstimated in both the z— and the
y—dimensions using Eqn. (3.2) as approximately 300 gm, 160 gm, 90 gm, 160 wm
and 90 um, respectively.

When energy resolution is not a requirement in a given application, the
position of the incident radiation can be measured digitally. The
two—dimensional position can be dictated by those z— and y— addresses with the
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highest output voltage pulse—height amplitudes. In this situation, the noise level
of the sensor and the amount of crosstalk are less critical.

In the case where energy resolution is necessary, all the charge must be
collected from all the resistive—coupled outputs. The position in the z—dimension
is then determined by weighing the voltage pulse heights from the resistive
outputs through analog techniques &3.14 . The y—dimension can still be
determined digitally, as it is not involved in energy measurements.

The integral spatial resolution of high—purity silicon soft X-ray sensor arrays
is determined by four factors: the geometrical structure, the degree of
cross—diffusion of photogenerated carriers, charge transfer or crosstalk effects and
the presence or absence of a magnetic field.

The absorption of soft X-rays involves primarily the photoelectric effect,
Sect. 2.1.2. When a soft X—ray of cnergy 10 keV is absorbed, approximately 2778
charge carriers are created within 1 um of the point of absorption. Due to
diffusion, the charge cloud (in a fully depleted 300 um thick detector) will widen
to a maximum of approximately 8 yum in diameter during collection, Sect. 2.2.5,
which occurs typically within 10 —20 ns. Therefore, depending on the sensor
array geometry, the charge may be collected by more than one element. The
collection of photogenerated carriers at more than one element occurs when the
sensor pitch is on the same order of magnitude as the collected charge
distribution. Analog weighing techniques can then be used to determine the
position resolution.

Cross—diffusion of photogenerated carriers on the other hand occurs in
undepleted sensor arrays. If the depletion layer only extends partially into the
bulk, a significant proportion of photons with energies at the higher energy
confines of the soft X—ray spectrum will be absorbed well below the depletion
layer. The generated charge carriers then have the opportunity to cross diffuse
into neighboring elements, especially if the bulk material is high resistivity with a
long carrier lifetime. As this effect will cause a loss in the spatial resolution, soft
X-ray sensors and sensor arrays are usually operated in the fully depleted mode.
Crosstalk effects are discussed in Sect. 3.3.4.

The presence of a magnetic field perpendicular to the electric field affects the
position sensing of the detector. A magnetic field perpendicular to the electric
field will cause the charge carriers to drift at an angle @ with respect to the electric
field given by

tan 0 = ppan 2B (3.3)

where pipa11 is the Hall mobility and equals 310 cm2/Vs for holes and 1650 cm?/Vs
for electrons. A systematic shift in the position coordinates therefore occurs when
the sensor is in the presence of a magnetic field perpendicular to the electric field,
e.g. approximately a 5 pm shift in the center—of—gravity of the collected charge
distribution will occur if holes are collected from a 300 ym thick sensor in the
presence of a 1 T magnetic field perpendicular to the electric field [3.14].
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3.3.4 Crosstalk

Crosstalk occurs when charge collected at one element induces an output at
another element. This can occur through the existence of (parasitic) impedances
within the sensor array design. This phenomenon can be used beneficially. In the
sensor arrays of Fig. 3.1, the charge induced on one element produces an output at
its associated z—address, but also one at its y—address, due to the capacitive
coupling between the two aluminum layers. The dielectric between the two layers
is fabricated as thin as possible to enhance this effect.

However, this phenomenon is detrimental as well. Parasitic capacitances and
resistances exist between each element, Sect. 3.2. In order to avoid crosstalk, the
preamplifiers associated with the resistive—coupled outputs should have low
resistive— and high capacitive—input impedances compared with those
inter—element impedances.

In order to determine the degree of crosstalk, two (neighboring) outputs could
be measured in coincidence. Coincidence techniques are used to select events
detected in true coincidence with each other. A coincidence unit accepts two (or
more) input pulses and outputs one pulse if and only if the input pulses are
coincident within a certain resolving time. A given output would produce a pulse
whenever radiation was incident upon it. Its (neighboring) output, measured in
coincidence, would only give an output if charge was induced at that electrode at
the exact same incident. This could only occur when radiation was incident upon
the two elements at the exact same time, when radiation was incident between
the two elements or when true crosstalk occurs. If the source used has a very low
intensity and if the pitch of the sensor elements is relatively large (as is the case in
the sensor arrays discussed in this work), the first two possibilities can generally
be excluded. The degree of crosstalk can then be estimated from the pulse-height
spectrums of the two coincident outputs.

3.3.5 Radiation damage

High—purity silicon soft X-ray sensor arrays may be more sensitive to
radiation damage than the high—purity silicon sensors discussed in Chapter 2, as
they contain two additional layers above the first metalization layer, i.e. a second
aluminum layer and an oxide layer that separates the two metal layers. Due to
the presence of the additional oxide layer, it is suspected that the arrays will not
be as radiation hard as the p—n junction devices alone.

In MOS devices, the electron—hole pairs produced within the oxide layer will
separate due to the applied electric field. The electrons tend to drift to the metal
electrode and be collected due to the high mobility of electrons in SiOs, whereas
the holes tend to become trapped due to their relatively low mobility in SiOj. The
lack of an electric field across this oxide layer in the high—purity silicon soft
X—ray sensor arrays on the other hand will tend to cause a continual build—up of
permanently trapped electrons as well as holes. A beneficial aspect of the array
design is that the only interfaces with the oxide layer are the metal layers, so that
no modulation of the leakage current is anticipated. Long term ionization effects
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due to the trapped charge may still occur however. The functioning of the SiO,
layer as a dielectric may be influenced or the dielectric constant could change.
The noise associated with the capacitive—coupled outputs could increase. On the
other hand, if the electron—hole pairs are created in high density, many of the
electron—hole pairs may come sufficiently close together so that their mutual
Coulomb attraction would cause them to recombine. Once again, backside
illumination of the fully depleted array will reduce the possibility of this damage
from occurring.

3.4 CONCLUSIONS

The principles of operation of five different high—purity silicon soft X-—ray
sensor arrays are similar and are all based on both the resistive and the capacitive
coupling of the elements in matrices of sensing diodes. Design specifications for
typical soft X-ray imaging applications are outlined in Table 3.1.

Device simulation studies using the circuit simulation program SPICE predict
that if proper impedance values are given, i.e. proper resistance values for the
resistors associated with the resistive coupling and proper capacitance values for
the capacitors associated with the capacitive coupling, and if proper readout
electronics are utilized, the crosstalk can be minimized to a value below 10 %.

Analyses concerning the theoretical operation of high—purity silicon soft X-ray
sensor arrays can be developed based on the theory presented in Chapter 2. Due
to the fact that the high—purity silicon soft X—ray sensor arrays are composed of
high—purity silicon soft X-ray sensor elemental units, many of the device
characterization parameters, as discussed with respect to the elemental units in
Chapter 2, apply directly to the arrays. The leakage current associated with one
resistive output of a sensor array is the sum total of the leakage currents of the
individual elements in that column. In addition, the lifetime associated with a
particular radiation sensor is not dependent on the sensor design and therefore
does not have to be redefined for the sensor arrays.

Furthermore, the intrinsic energy resolution associated with a resistive output
of a sensor array is described by the same theoretical expressions as the intringic
energy resolution of the individual elements and depends only on such factors as
the energy of the incident radiation, the ionization energy, the Fano factor and
the number of charge carriers created. The extrinsic energy resolution has the
same two main sources for both the sensors and the sensor arrays, i.e. detector
noise and electronic noise. Detector noise is mainly due to random fluctuations in
the leakage currents, while electronic noise is mainly due to random fluctuations
in the currents originating from the electronic readout circuitry.

The noise associated with a resistive output of a sensor array is dependent on
the noise of the individual elements. However, as the equivalent circuits of the
sensor arrays are different than those of the elemental units, the equivalent
circuits for a high—purity silicon soft X-ray sensor array (with and without
polysilicon resistors) and associated electronics with noise sources included are
given in Figs. 3.4(a) and (b), respectively.

The principles of charge—carrier collection are also the same for both the
sensors and the sensor arrays. However, parameters that do differ for the sensor
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arrays include spatial resolution, crosstalk and radiation damage.

The high—purity silicon soft X-ray sensors presented in Chapter 2 are not
position sensitive. However, the sensor arrays presented in this chapter have
two—dimensional track resolution. As the pitch in both the z— and the
y—dimensions in each of the five arrays is much greater than the diameters of the
collected charge distributions, the position accuracy in each case is determined by
the standard deviation of a top—hat distribution, i.e. by the equation P/y12,
where P is the pitch.

Crosstalk occurs when charge collected at one element induces an output at
another element. Crosstalk can be minimized through the use of preamplifiers
with low resistive— and high capacitive—input impedances at the
resistive—coupled outputs. Coincidence techniques can be used to determine the
degree of crosstalk.

As the high—purity silicon soft X—ray sensor arrays have a sccond metalization
layer and a dielectric, which separates the two metal layers, it is suspected that
the sensor arrays will not be as radiation hard as the p*—n —n* junction devices
themselves. Long term ionization effects due to trapped charge may affect the
functioning of the dielectric. Backside illumination will reduce the possibility of
this damage from occurring.
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4

FABRICATION OF HIGH-PURITY SILICON
SOFT X-RAY SENSORS AND SENSOR ARRAYS

4.1 INTRODUCTION

The optimal operation of high—purity silicon soft X—ray sensors and sensor arrays
depends on the existence of minimal reverse currents in reverse—biased p*—n—n*
junctions. As the magnitude of the reverse current for a given device is dependent
on temperature, Sect.2.2.1, the most obvious approach to leakage current
reduction is to operate the device at a low (e.g. liquid nitrogen) temperature.
However, in view of the great technological difficulties such an approach entails,
it is highly desirable to reduce the leakage currents in high—purity silicon soft
X-ray sensors without the requirement of operating them at low temperatures.

It has been shown that the magnitude of the leakage current of a given
high—purity silicon radiation sensor depends on the processing technologies used
in its fabrication [4.1—4.2]. Leakage current limitation and reduction are the
primary goals to achieve in the optimal design of all process sequences involved in
the fabrication of high—purity silicon soft X—ray sensors and sensor arrays. When
high—purity silicon is used as the starting material, the associated trap density,
the number of scattering centers per unit volume and the density of donors or
acceptors fully ionized at room temperature are relatively low. This allows for the
fabrication of devices that have longer minority—carrier lifetimes, higher
charge—carrier mobilities and larger sensitive volumes than those devices
fabricated on wafers typically used in standard integrated—circuit processing.
Large sensitive volumes can also be obtained through the use of compensated
silicon. The unique characteristics of, and the technologies used to produce,
high—purity and compensated silicon are discussed in Sect. 4.2.

From an initial investigation [4.1], the process which resulted in the lowest
leakage currents was selected for the fabrication of high—purity silicon soft X-ray
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sensors. After a brief description of silicon planar technology in Sect. 4.3, the
basic high—purity silicon soft X-ray sensor processing steps are detailed in
Sect. 4.4. However, as this basic process can only be employed in the fabrication
of zero— or one—dimensional high—purity silicon soft X-ray sensors, extra
processing steps are required in order to fabricate two—dimensional high—purity
silicon soft X-ray sensor arrays. These advanced procedures are discussed in
Sect. 4.5. The actual process sequences utilized are pictorially outlined in
Sect. 4.6. The effects the additional processing steps had on the quality of the
resulting devices could directly be tested through the measurement of various test
structures fabricated on the same chip as the sensors. The test structures and the
grocedures used to characterize the success of the processing are described in
ect. 4.7.

4.2 HIGH-PURITY AND COMPENSATED SILICON

High—purity silicon is used as the starting material for a number of reasons in
the fabrication of silicon soft X—ray sensors. First, high—purity silicon contains a
relatively low number of impurities, which leads to the minimization of the
thermal generation component of the leakage current contributed from the
depletion region [4.3—4.41]. The second reason has to do with the absorption of soft
X-rays in the silicon bulk and the subsequent collection of the generated charge
carriers. In order for 10 keV soft X—rays to be absorbed with a 95 % efficiency, the
wafer must be on the order of 400 um thick. Collection of the generated charge
carriers could be envisioned given high-lifetime, rather than high—purity,
material. However, collection by diffusion is not efficient or fast enough to allow a
total contribution to the output signal of all the charge carriers created by
incident radiation in high count—rate experiments, which is necessary in the
majority of current soft X—ray applications. Therefore, the detector should be
fabricated on high—resistivity material and should be fully depleted for optimal
operation. As the depletion depth is directly proportional to the reverse—bias
voltage and inversely proportional to the substrate doping, relatively high and
low values of these parameters, respectively, assure large depletion depths. In
one—sided p*—n- junctions, where N, >> Nq, the depth of the depletion region, 2y,
is given by Eqn. (1.3), but it is repeated here for convenience [4.5]
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Ty = [M (4.1)

qN4

Note that if the junction is very shallow, z4r % zn, as 2p 5 0.

The avalanche breakdown voltage is also inversely proportional to the
substrate doping. Therefore, high—purity silicon sensors are characterized with
high breakdown voltages. In one—sided p*—n- junctions, where N, >> Ny [4.5],
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BV = Sofs i bv? (4.2)
2¢Nq

where &y is the the electric field at the breakdown voltage and is a property of
the material. For lightly doped silicon (Ng < 1014 cm-3), this value is on the order
of 105V/cm [4.5]. Silicon wafers 380 yum thick with a substrate doping of
1 x 1012 cm™3 will be fully depleted at a reverse—bias voltage of approximately
140 V, which is significantly less than the breakdown voltage (» 3 x 104 V) [4.5].

Just as important as the process itself is the manner in which the processing is
carried out. Relatively little is known about the processing of high—purity silicon,
but avoidance of contamination, auto—doping and thermal shock are necessary in
order to retain the resistivity of the starting material throughout the sensor
fabrication. Very pure chemicals, glass— and plastic—ware must be used. Rigorous
furnace cleaning is necessary immediately prior to all high temperature steps. All
heavily—doped regions on the wafer, which have the potential to act as dopant
sources, should be capped before succeeding thermal treatments. In addition, the
introduction of extended defects and the generation of dislocations in the active
zones during processing must be avoided. In order to avoid thermal stresses, the
processing temperatures should be kept as low as possible with the avoidance of
temperatures over 1100 ¢C. Slow insertion and retraction of the wafers will
minimize dislocation propagation. In addition, the utilization of gettering
techniques counteracts the existence of harmful impurities in the active region of
the sensor. If these processing precautions are taken into account, the resistivity
of the starting material can be maintained during high—purity silicon soft X-ray
sensor fabrication, Sect. 5.3.2.

High-resistivity single—crystal silicon wafers with resistivities on the order of
1 -50 kQ2—cm are currently available with diameters up to approximately
100 mm (4 in.) [4.3]. High—purity silicon is prepared through the use of the
float—zone growth and refining techniques [4.3—4.4, 4.6].

High—purity float—zone silicon is fabricated from a hyperpure starting
material, which then undergoes the floating—zone refinement technique numerous
times until the required purity grade is achieved. P-type silicon will have a lower
compensation level than n-type silicon of the same doping level, as boron tends to
remain in the silicon during the refinement procedure, whereas phosphorous tends
to be removed [4.3—4.6].

Large sensitive volumes can also be obtained in silicon through the use of
compensated silicon material, i.e. lithium—drifted silicon, Si(Li), or through the
use of neutron—doped material. The preparation of Si(Lif) material is thoroughly
described in Sect. 1.2.4.4. The compensation technique of neutron transmutation
is based on the irradiation of high—purity p—type silicon with neutrons. Upon the
absorption of neutrons, silicon increases its atomic weight, which results in the
disintegration of the atom when it reaches an atomic weight of 31. Decay of the
material atoms by the release of [—particles results in the production of
phosphorous atoms, which overcompensate the p—type silicon through the
creation of n—type silicon [4.7].

Higher efficiencies can be obtained with devices processed on Si(Li) substrates
compared to high—purity substrates due to the increased thickness of the starting
material. However, compared with compensated silicon material, high—purity
silicon contains fewer generation-recombination centers, which makes the
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fabrication of devices with lower leakage currents and lower detector noise
possible. Moreover, the deterioration of the detector performance through the
redistribution of compensating doping atoms is avoided when high—purity silicon
is used as the starting material. Other advantages associated with the use of
high—purity silicon include the ability to utilize standard integrated—circuit
fabrication techniques in order to process multielement detectors with high
quality surface—passivation layers, asymmetric, nearly—abrupt p—n junctions and
thin, noninjecting contacts, as well as the ability to anneal radiation damaged
detectors.

High—purity (specified resistivity 4 kQ—cm + 35 %), n—type, (111)—oriented
silicon wafers, 2 inches in diameter and 380 um thick, with a specified
recombination lifetime of 500 usec., polished on the frontside and etched damage
free on the backside, were used as the starting material for the fabrication of the
sensors and sensor arrays described in this work.

4.3 SILICON PLANAR TECHNOLOGY

The silicon planar process is a fabrication technology in which silicon wafers,
usually in bulk quantities, are sequentially led through a well-characterized
sequence of processing steps in the production of microelectronic (and/or
micromechanical) circuits, devices and sensors. Silicon planar technology is
currently the principle processing method used in the fabrication of most silicon
integrated circuits and devices [4.5]. Tt has evolved from the early grown—junction
and alloy—junction methods, the developments of which were motivated by the
continual advancements made in the realm of theoretical semiconductor physics
in the mid—1900s. Theoretical and experimental investigations into the physical
properties of semiconductors in the 1930s and 1940s followed von Laue's
discovery of crystal diffraction in 1912. With this procedure, the crystal
structures of various semiconductor materials were uncovered. Cooperation
between many scientists in the fields of physics, electrical engineering, chemistry
and metallurgy at Bell Laboratories began in the late 1940s in an effort to
fabricate a solid—state field—effect device. The realizations of the first
point—contact transistor by Bardeen and Brattain and the junction transistor by
Shockley followed from this research in the late 1940s and early 1950s,
respectively [4.8].

The first diodes, which were used to experimentally verify the theory of p—n
junction characteristics, were produced by the grown—junction method. This
method necessitates the sudden change of the doping concentration of the melt at
a certain point in the growth of a semiconductor single—crystal ingot. Bars
containing p—n junctions are then sectioned from the resulting ingot [4.9—4.10].

The alloy—junction method proved to be more suitable than the
grown—junction method for mass production. It involves the positioning of a
pellet of material containing p— (n—) type impurities within a specific region on
the surface of an n— (p—) type semiconductor wafer and the subsequent placement
of this wafer in an inert atmosphere at a temperature near the eutectic point. In
this manner, the pellet material will alloy into the semiconductor material. As
the wafer gradually becomes cooled, the pellet material will recrystallize in
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single—crystal form with the same lattice structure as the underlying
semiconductor material and thereby form a p—n junction [4.9—4.10].

The major difficulty associated with the alloy—junction method proved to be
the predetermination and control of the junction depth. Other methods for the
fabrication of p—n junctions were therefore sought. One outcome was the
diffused—junction method, which provided the foundation for semiconductor
planar technologies.

Much of the early work on semiconductor fabrication technology was
performed with the semiconductor germanium (Ge). The electron and hole drift
mobilities at 300 K are more than twice as high in pure, defect—free Ge (3900 and
1900 cm?/ Vs, respectively) than in pure, defect—free Si (1350 and 480 cm2/Vs,
respectively). However, attention inevitably turned from Ge to Si due to silicon's
high reliability, to its improved temperature capabilities and to the fact that the
fher]mal oxide of silicon is unparalleled in its dielectric and interfacial properties
4.9].

Silicon planar technology, and devices fabricated with it, were first reported in
1960 [4.8]. The state—of—development of the material processing of silicon is
currently more advanced than that of any other semiconductor material.
State-of—the—art silicon planar—processing technologies allow for the reliable
fabrication of complex circuits, devices and sensors. The essential, core processing
steps required for the fabrication of silicon planar devices are thoroughly
examined [4.9—4.11]. The basic silicon planar—processing steps employed in the
fabrication of high—purity silicon soft X—ray sensors are briefly reviewed below.

4.4 BASIC HIGH-PURITY SILICON SOFT X-RAY SENSOR
PROCESS TECHNIQUES

4.4.1 Passivation oxidation

Oxide passivation is a useful surface treatment technique employed in the
fabrication of high—purity silicon soft X-ray sensors for reducing the number of
surface states, the amount of surface charge and the magnitude of the surface
leakage current. As described in Sect. 2.2.1, surface leakage current originates
from surface charge generated through interface states and Tamm defects existing
at the surface and from surface contamination. Section 2.2.1 details the four types
of charge associated with oxide films: mobile ionic charge, oxide trapped charge,
fixed oxide charge and interface trapped charge.

The degree of leakage current reduction depends on the technique used to
fabricate the oxide layer. The technique chosen must minimize the number of
dangling bonds near the Si/SiO2 interface, i.e. it must minimize incomplete
oxidation. The chosen technique must also minimize the production of defects in
the oxide layer, the growth of stacking faults during the heat treatment and the
introduction of heavy metals, alkali ions and silicon interstitials into the silicon
bulk, all of which have been shown to be detrimental to leakage current
reduction.

The (111)—crystal orientation will have a higher concentration of oxide charge
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than the (100)—crystal orientation due to the greater density of silicon bonds at
that surface. However, high—purity silicon wafers are often more widely available
in the (111) orientation. It has been reported that thermal oxidation performed in
an atmosphere containing 1 —6 % Cl-ions in the form of HCI or TCE helps to
avoid the growth of stacking faults during the heat treatment, aids in the
gettering o% heavy metals and alkaline ions and appears to provide sinks for
silicon interstitials [4.10]. The wet thermal oxidation technique tends to be
associated with a higher concentration of oxide charges than does the dry thermal
oxidation technique, as wet thermal oxidation is a rapid process resulting in
relatively porous films. In addition, this technique is associated with the injection
of silicon interstitials into the silicon bulk. These interstitials reportedly can
nucleate into defects under certain conditions [4.11]. Thermal treatments at low
temperatures in a 10% hydrogen atmosphere have been shown to be able to
anneal oxide trapped charge [4.10]. In addition, the presence of guard rings
surrounding the diodes will prevent surface currents originating outside the diode
area from reaching this region.

Oxide films however, are not good barriers to the diffusion of mobile ions, i.e.
Na* and K*. An additional passivation layer of silicon nitride will eliminate this
migration and protect the device from contamination once it is fabricated [4.10].

The growth of a dry thermal oxide passivation layer was the first step of each
process sequence used in the fabrication of the high—purity silicon sensors and
sensor arrays described in this work (except IS-502, which employed a wet
oxidation technique). The thermal treatments were performed in atmospheres of
dry (wet) oxygen following the thorough cleaning of the ovens with an HCl/H»0O
solution. The oxidations were performed at 1100 oC for various times, depending
on the desired thicknesses of the oxide layers. A warm—up step and a cool-down
step performed in nitrogen atmospheres preceded and succeeded each oxidation,
respectively. This was done in order to bring the wafers into thermal equilibrium
with the environment before the oxidations began in an effort to obtain uniform
oxide passivation layers with minimal stresses.

4.4.2 Low—pressure chemical-vapor deposition

Polysilicon and dielectric deposited films are widely used in the fabrication of
modern silicon circuits, devices and sensors. The most common deposition
methods in silicon planar technology include various chemical-vapor deposition
(CVD) techniques: atmospheric—pressure chemical-vapor deposition (APCVD),
low—pressure chemical-vapor deposition (LPCVD) and plasma—enhanced
chemical-vapor deposition (PECVD) [4.10]. Deposition temperatures and
pressures in these techniques can vary from 100 — 1000 oC and from atmospheric
pressure down to 0.05 Torr, respectively. Film deposition methods must
reproducibly be able to generate high—quality films with predictable compositions
and structures and with excellent uniformities and good step coverages.

APCVD systems are characterized with marginally acceptable uniformities (no
better than + 10 % across the wafer or down the boat) and low throughputs and
they require frequent cleaning. LPCVD systems tend to have better uniformities
(£5%) and higher throughput rates than APCVD systems. In addition, they
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provide more precise control over the film composition and structure. The main
advantage of PECVD systems is their low deposition temperature. The
throughput in these systems is however severely restrictive [4.9—4.10].

The reactors used in LPCVD systems are low—pressure (0.25—2.0 Torr),
hot—wall reactors, which typically consist of quartz tubes heated by three—zone
furnaces with gas inlet and outlet ports, wherein quartz boats that accommodate
vertically standing wafers are placed.

4.4.2.1 Polysilicon

Polysilicon is produced by pyrolyzing silane, SiHg4, at 575 —625°C. When
polycrystalline silicon contains several percent oxygen, it can serve as a
semi—insulating material, but normally it is doped during or after deposition to
serve as resistive or conductive layers. It is also used in the fabrication of gate
electrodes in the self-aligned gate technology of MOS devices [4.10].

The polysilicon layers described in this work were deposited at 600 oC by an
LPCVD reactor and doped after deposition by phosphorous diffusion in order to
produce layers 400 nm thick with sheet resistivities on the order of 10 — 15 /sqr.,
Scct. 4.6.  The heavily—doped polysilicon was patterned by standard
photolithographic techniques in the formation of geometrical structures which
performed resistive or conductive functions. The highly—doped polysilicon served
as resistive structures in that group of high—purity silicon soft X-ray sensors that
were associated with polysilicon resistive structures in series, Sect. 4.6.1.2, in the
high—purity silicon soft X-ray sensor arrays based on those clemental units,
Sect. 4.6.2.2 and in the high—purity silicon soft X—ray sensor arrays based on the
double-layer conductive technique, Sect.4.6.2.1. In addition, the patterned
heavily—doped polysilicon served as conductive structures in the high-purity
silicon soft X—ray sensor arrays based on the double-layer conductive technique,
Sect. 4.6.2.1. The layer's sheet resistivity, Rsn, and the surface gcometry of the
structure, i.e. its length (I) and the width (w), determine the resistance of the
structure

Re=Rg -t (4.3)
w

4.4.2.2 High—temperature oxide

Silicon dioxide can be deposited with excellent uniformity in LPCVD systems
at temperatures of around 900 °C by reacting dichlorosilane, SiClyH,, with
nitrous oxide, N2O. This type of oxide is frequently deposited over polysilicon
layers to serve as insulators in double-layer conduction schemes [4.10].
High—temperature oxide (HT'O) was employed in the fabrication of only one type
of sensor (IS-502) described in this work for this very purpose. The layers were
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deposited at 912 oC for approximately 90 minutes to produce layers 500 nm thick,
Sect. 4.6.2.1.

4.4.3 Junction fabrication

Two types of junctions are realized in the fabrication of high—purity silicon soft
X-ray sensors: the p*—n~ junction and the high—low junction. Various junction
fabrication techniques are briefly described in this section. Advantages and
disadvantages of the different techniques and which techniques were used to
fabricate the sensors described in this work are mentioned.

4.4.3.1 P—njunctions

Impurities are introduced into pure silicon for the specific purpose of altering
its electrical characteristics. Shallow—level, pentavalent—impurity atoms such as
phosphorous with donor ionization energies given by (E¢— Fq4) readily donate
their fifth valence electrons to the silicon crystal at room temperature resulting in
the formation of n—type silicon. Shallow—level, trivalent—impurity atoms such as
boron with acceptor ionization energies of (E, — Ey) readily accept electrons from
the silicon crystal at room temperature, thereby creating p—type silicon. Virtually
all shallow level impurities will be jonized at normal operating temperatures.

A p-n junction is fabricated in silicon by the deliberate introduction of
shallow—level, trivalent (pentavalent) dopant atoms into a predefined area of
n—type (p—type) silicon. The location where the impurity changes from p-type to
n—type defines the p—n junction. As described in Sect. 4.3, the first diodes, which
were used to experimentally verify the theory of p—n junction characteristics,
were produced by the grown—junction method. As this was unsuitable for mass
production, the alloy—junction method was subsequently introduced. However,
predetermination and control of the junction depth using this technique proved to
be a major difficulty. Research into other methods for the fabrication of p—n
junctions led to the development of such procedures as epitaxy, diffusion and
ion—implantation.

Epitaxy is a process of preserved, ordered growth of a thin, monocrystalline
layer upon a crystalline substrate. The epitaxial layer is usually doped opposite to
that of the substrate for insulation purposes. Silicon epitaxial layers serve in
bipolar, JFET and VMOS technologies, as well as in some NMOS and CMOS
technologies, as regions of proper resistivity and conductivity within which the
device is fabricated. The silicon substrate in these cases serves as the seed crystal
for the epitaxial growth and as a mechanical support.

As epitaxial layers are characteristically thin layers, and as it is very difficult
to grow an epitaxial layer with a resistivity over 500 2—cm, this technology is
rarely used in the fabrication of sensors for the detection of high—energy
electromagnetic or nuclear—particle radiation.
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Diffusion as a fabrication step in silicon planar processing is an important
method for the introduction of a predetermined concentration of impurity atoms
into a specific region of the silicon lattice in order to alter its conductivity.
Diffusion is performed through window openings in a (silicon dioxide) mask,
which overlies the silicon substrate. Common n—type dopants used in silicon
planar technology include phosphorous (P), arsenic (As) and antimony (Sb),
while boron (B) is the most widely used p—type dopant. All these dopants are
substitutional diffusers, i.e. they move through the crystal lattice by jumping
from one lattice site to another. The rate of movement is different for each dopant
and is characterized by the diffusion coefficient. Assuming this coefficient is
concentration independent, the diffusion of shallow impurities into silicon of the
opposite type at elevated temperatures (700°C < T'< 1200°C) can be
approximated by the linear diffusion equation i4.10]. From the large amount of
research conducted in the area of shallow impurity diffusion in silicon, solutions
have been found for the lincar diffusion equation when the diffusion is carried out,
under constant—source conditions, under limited—source conditions and under
conditions where an initial constant—source diffusion is performed (predeposition)
followed by a limited—source diffusion (drive—in) [4.10]. Dopant interactions
which occur during diffusion are well-documented [4.9—4.10].

Ion—implantation is an alternative technique for the introduction of impurity
atoms into the single—crystal silicon substrate in order to alter its electrical
properties. In this technique, an ion implanter is used to first convert neutral
dopant atoms into ions. These ions are then purified, collimated into an ion beam
and accelerated to an energy between 50 — 500 keV. The ion beam is then directed
at the silicon surface and subsequently deflected to scan the wafer. The energy of
the beam is chosen so that the ions can be implanted somewhere between
50 -1,000 nm below the silicon surface, wherever it is not protected by a
sufficiently thick insulating mask [4.9]. Retrograde ion implantation, a relatively
new technique used in some CMOS and specialty processes (e.g. the process used
to fabricate microelectronics and radiation sensors on the same high—purity
silicon substrate), uses energies between 700 —1200 keV in order to obtain
comparatively deep implantations.

The accelerated ions lose their energy through collisions with the substrate or
with the insulating mask. The total travelled distance from the surface entry
point is termed the range. The projection of this range along the direction of the
incident beam is called the projected range, which is characterized by a mean
value (Rp) and a standard deviation along the direction of the ion (ARp), also
called the straggle. Light ions, e.g. B*, tend to transfer very little energy with
each collision and thus are able to be deflected through large scattering angles.
The range and the straggle in this case are comparatively large. Heavy ions, e.g.
As*, transfer large amounts of energy with each collision and therefore the range
and the straggle tend to be relatively small.

The concentration of dopants introduced into the material is determined by
the dose, while the range is determined by the ion energy. The statistical target
distribution of the ion implantation of the silicon substrate is satisfied by a
one—dimensional Gaussian function [4.9]. The doping profile due to the
i{on—implantation results from the integration of this function over the limits + o
4.9].

’1]‘he collision of the implanted ions with the substrate atoms causes material



100 High—Purity Silicon Soft X—Ray Sensor Arrays

damage. Heavy ions tend to create considerably more damage than light ions. In
both situations however, a process of thermal annealing must occur in order to
restore the crystal structure, to recover the minority—carrier lifctime and to
recover the charge—carrier mobilities, as well as to activate the implanted
carricrs. This anncaling procedure commonly takes place in conventional furnaces
at temperatures between 600 — 900 oC.

P—n junctions were fabricated in the sensors described in this work through the
application of boron—ion implantations through windows in the passivation oxide
layers into the high—resistivity n—type silicon substrates. Thermal annealing
followed these procedures. The doses and energies of the implantations and the
temperatures of the anneals are given specifically for each type of sensor in
Sect. 4.6.

Diffusion is a high temperature procedure (800 oC < 7' < 1200 ©C), whereas ion
implantation is a room temperature technique (although the wafers may heat up
to approximately 100 — 200 oC during the operation). The use of ion implantation
therefore avoids the material deterioration that often results from high
temperature processing, e.g. stresses in the material can form during the
warm—up and cool-down stages, which can create dislocations in the crystal
structure. In addition, asymmetric, nearly—abrupt p—n junctions can be realized
with ion implantations through the use of proper ion encrgies, ion doses and mask
profiles. Moreover, very thin junctions can be fabricated (Rp values of 50 nm have
been realized) using the ion—implantation technique in order to reduce the cffects
of energy straggling. However, ion implantation does damage the crystal
structure. If the subsequent anneal procedure is insufficient, low minority—carrier
lifetimes and mobilities and high leakage currents will result.

The effect the type of junction processing performed had on the device
parameters was tested in conjunction with the application of gettering
techniques. Although the p—n junctions of all the sensors and sensor arrays were
realized with ion—implantations, the high—low junctions were realized with either
diffusions or ion implantations. The resulting device parameters (i.e. the
recombination lifetimes and leakage currents) were then compared. The process
sequences are detailed in Scet. 1.6.1.3 and the measurement results are presented
in Sect. 5.2.3.

4.4.3.2 High—low junctions

A high—low junction is fabricated in silicon by the deliberate introduction of
shallow—level, trivalent (pentavalent) dopant atoms into a predefined area of
p—type (n—type) silicon, i.e. the type of silicon does not change, only the doping
impurity concentration. The location where the impurity concentration changes
defines the high—low junction. A high-low junction is commonly fabricated on the
backside of most high—purity silicon radiation sensors through the utilization of a
phosphorous or an arscnic diffusion or ion implantation. The presence of a
high—low junction tends to reduce the diffusion contribution to the leakage
current by diminishing the cffective diffusion length and by minimizing carrier
injection from the backside contact.
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High—low junctions were fabricated in the sensors described in this work
through the application of either a phosphorous diffusion or an arsenic ion
implantation. The processing specifics are detailed in Sect.4.6.1.3 and the
measurement results are presented in Sects. 5.2.3.

4.4.3.3 Gettering techniques

Techniques employed to selectively remove atoms of a given class are known as
gettering techniques [4.10-4.17]. Several different gettering methods compatible
with standard integrated—circuit fabrication techniques for the reduction or
removal of transition group clements, such as heavy metals, from the active
regions of microelectronic devices are frequently used in order to reduce leakage
currents in junctions and capacitors (e.g. in dynamic and static RAMs, ROMs
and microprocessors) and to reduce quiescent device dissipations (e.g. in CMOS
devices). Metallic impurities form generation—recombination centers for carriers.

Independent of the gettering method employed, three physical effects are
necessary in order for ef%ective gettering to take place: impurity release, impurity
diffusion and impurity capture. The impurities must first be released if they are
captured in extended bulk defects. The impurities must then be able to diffuse to
a capture zone, which often exists on the wafer back surface, i.e. the proper time
and temperature conditions must be present for complete diffusion of the
impurities existing within the bulk to diffuse to a capture zone fabricated on the
wafer backside. Finally, the impuritics must be captured at some sink within the
capture zone [4.10].

In Sect. 2.2.1, it was concluded that the leakage current in high—purity silicon
sensors is dominated by generation in the depletion region. The presence of
impurities that introduce energy levels near the center of the silicon bandgap, c.g.
metals such as gold, iron and copper, causes a significant increase in this
component of the leakage current and a significant decrease in the genecration
lifetime [4.10—4.11]. Many gettering techniques are based on the high affinity of
heavy metals for damaged regions. Damaged regions and defects can be produced
through the use of several different methods. The most common include the
intrinsic gettering technique of oxygen precipitation [4.10], as well as extrinsic
gettering techniques, such as mechanical abrasion [4.10], thin—film polysilicon
and silicon nitride deposition [4.11-4.13], ion implantation [4.14—4.15] and
phosphorous doping [4.15—4.17].

Silicon wafers, prepared from ingots grown by the Czochralski (CZ) technique,
contain substantial amounts of interstitial oxygen. Oxygen is an impurity which
arises from the dissolution of the crucible during growth [4.10]. When the oxygen
concentration exceeds a  threshold concentration of approximately
6 x 1017 atoms/cm3, the oxygen will precipitate at common processing
temperatures, usually heterogeneously [4.10]. A gettering treatment, called
intrinsic gettering, is based on this oxygen precipitation and it produces a variety
of defects. A high—temperature cycle %rst removes oxygen from the surface by
evaporation. The depth of the oxygen—free region is a function of the time and the
temperature of the cycle. Additional thermal cycles then promote the
precipitation of oxygen and the formation of defects in the walfer bulk.
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Microelectronic devices can then be fabricated in the surface defect—free zone.

In the majority of microelectronic devices, the bulk of the wafer serves no other
function than providing mechanical support. In these cases, intrinsic gettering is
a very useful gettering technique. However, as the active regions of the majority
of high—purity silicon soft X-ray sensors extend through the entirety of the bulk,
this technique cannot be applied. Moreover, most high—purity silicon ingots are
prepared by the floating—zone (FZ) method. No crucible is involved in this silicon
growth technique and oxygen is present only in very small quantities. However,
extrinsic gettering techniques, i.e. mechanical abrasion, thin—film polysilicon and
silicon nitride deposition, ion implantation and phosphorous doping, are
applicable. :

Damaged regions in high—purity silicon radiation sensors are characteristically
produced on the back surface of the wafer, far from the active region. Mechanical
abrasion methods include such techniques as lapping or sand-blasting. Damage
can also be created by a focused laser beam. The backside of the silicon lattice
becomes damaged by this mechanical abrasion and during thermal processing,
dislocations, which act as trapping sites for fast—diffusing species (i.e. most heavy
metals), emanate from the backside. Provided that the stresses placed on the
wafer during processing are minimal, the dislocations will remain localized on the
backside [4.10].

The deposition of approximately 1 pm of polysilicon on the backside of the
wafer, after the chemical etching and polishing of the surface, is another useful
gettering technique [4.10—4.11]. In this case, the highly disordered grain boundary
regions in the polysilicon act as trapping sites for fast—diffusing species. When
this polysilicon layer is heavily doped with phosphorous, its gettering properties
are enhanced and it can also serve as a backside contact [4.11-4.15]. Ion
implantation is an additional extrinsic gettering technique, as it also produces
mechanical damage {4.14—4.15].

Finally, the diffusion of phosphorous, often performed on the backsides of
wafers, has also accomplished the effective gettering of heavy metals [4.15—4.17)].
Classical phosphorous—doping gettering methods have been based on a heavy
phosphorous (POCI3) deposition followed by a high temperature anneal, while
modern methods employ moderate to low annealing temperatures after the
deposition [4.15]. It has been explained that if heavy metals are present in the
form of precipitates in the silicon wafer before processing begins, a phosphorous
deposition followed by a high temperature anneal will dissolve and effectively
getter the metal impurities, as the solid solubility of metal impurities increases
rapidly as the temperature increases. However, silicon ingots (especially
float—zone silicon ingots) can presently be prepared with extremely low heavy
metal concentrations. Any heavy metals introduced during processing must be
segregated far from the active zones by selective segregation, which is most
effective at moderate annealing temperatures [4.12].

Recently, phosphorous diffusion has been found only to be effective in the
removal of heavy metals when the phosphorous surface concentration Cs and the
diffusion temperature T are kept within a weli—defined domain, with Cs high and
T low. Gettering has been found to be ineffective if the opposite is true. The
boundary between effective and ineffective gettering has been found to be an
iso—Fermi level curve with (F¢ — Ef) = 0.15 eV [4.15]. However, in addition to the
phosphorous surface concentration Cs and the temperature of the diffusion T, the
diffusion time is also of vital importance to the success of the gettering step,
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especially if the entire thickness of the wafer is to be depleted of heavy metal
impurities. The anneal time must be long enough to allow the transport of the
heavy metal impurities across the entire thickness of the wafer.

In the phosphorous doping method of gettering, two mechanisms have been
found to be responsible for serving as the sinks in the gettering of heavy metals.
Phosphorous has been shown to getter by an ion—paring mechanism [4.15—4.17].
In addition to phosphorous ions, the defects and dislocations introduced by the
phosphorous and the strain field around the localized dislocations also contribute
to gettering [4.16].

In order to investigate two different gettering techniques: a backside arsenic
implantation and a backside phosphorous diffusion, two different groups of basic
high—purity silicon soft X-ray sensors were fabricated, Sect. 4.6.1.3. The process
sequences used were based on the initial basic process for the fabrication of
high—purity silicon soft X-ray sensors; the difference lying in the realization of
the backside high—low junction. The first group employed an arsenic
implantation as a gettering technique (thus being identical to the basic process)
and the second group employed a phosphorous diffusion. In order to assess the
degree of success the specific gettering technique had on the quality of the
resulting sensors, recombination lifetime measurements were taken using the
contactless—microwave measurement technique described in Sect. 4.7.2.2 after
scveral steps during the processing and leakage current measurements were
performed upon completion of the fabrication. The measurement results are
presented in Sect. 5.2.3.

4.4.4 Mctalization and intcrconnection

Interconnections between device contacts and external terminations are
provided by conductive films. These films must satisfy a very demanding set of
requirements. The material must be highly conductive, i.e. have a low sheet
resistance, and must be able to form low resistive, ohmic contacts. It must be able
to withstand high current densities without electromigration or material failure.
A low temperature deposition procedure must be available for its procurement
and the deposited film must be highly adherent to insulator surfaces. It must also
be e?sy to pattern and ctch and be reliable throughout long term operation [4.9,
4.10].

Most of these requirements are met by aluminum and gold films. Other metals
with well-developed deposition technologies include Al-Si—Cu, Al-Cu—Cr, Ti—Al
and Ti-W alloys, Ti and Mo and silicides of Mo, Pd, Pt and Ta. Other films used
for interconnection purposes include heavily—doped silicon and polysilicon.

Aluminum and aluminum with 1 — 2 % silicon are the films most widely used in
silicon planar technology. The addition of 1 —2 % silicon to aluminum prevents
the creation of aluminum spikes through shallow junctions. Aluminum is easily
deposited by vacuum evaporation and has a resistivity of approximately
2.7 uf2-cm. Good ohmic contacts can be made with aluminum to both p*— and
n*—type silicon when the metal deposition is followed by an alloying procedure
performed at 400 —450 C. It adheres well to insulator surfaces and it is easy to
pattern and etch. However, there are disadvantages associated with the use of
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aluminum. Under high current densities aluminum atoms tend to migrate in the
direction of current flow and in the presence of moisture, corrosion of the
aluminum layer can occur. These electromigration and corrosion problems can be
redu]ced and workable solutions (i.e. the addition of copper) are available [4.9,
4.10].

Gold is a more difficult metal to work with, as it requires the concurrent use of
titanium or tungsten in order to form interconnections. In addition, it produces
deep—level recombination centers in silicon. This last problem is intensified by
the fact that gold is a rapid diffuser in silicon. Heavily—doped diffused silicon and
polysilicon interconnections have sheet resistivities that are too high to satisfy
the demands for a gencral use interconnection material, but they serve well for
short under—crosses, for gate materials and for local interconnections.

Double-layer metalizations and interconnections can be made between
heavily—doped silicon, heavily—doped polysilicon or aluminum first level
conductive layers and aluminum second level conductive layers, if an insulating
layer separates the two conducting layers.

As the p—n junctions of the sensors described in this work were shallow,
realized through ion implantations, aluminum saturated with silicon was
evaporated to produce thin—film metal layers. Due to the different sticking
coefficients of aluminum and silicon, the final composition of the deposited metal
was aluminum with approximately 1 —2 % silicon.

The second metalization layers associated with the sensor arrays consisted of
pure aluminum, as no threat of junction short—circuiting existed at this stage.
The layer thicknesses are given in Sect. 4.6.

4.5 ADVANCED MULTILEVEL-CONDUCTION PROCESS TECHNIQUES

With the current international efforts to increase the number of circuit
clements per chip and to reduce the minimum line widths came the introduction
and perfection of multilevel-conduction techniques. Two of the most frequently
used techniques include the use of heavily—doped polysilicon and aluminum, and
the use of multilevel aluminum layers, as the conductors.

4.5.1 Polysilicon and aluminum

In the design of the first sensor array, 1S-502, Fig.3.1(a), double-layer
conduction was realized through the use of heavily—doped polysilicon bands,
which served as the lower conductors, and aluminum bands, which served as the
upper conductors. As described in Sect. 3.1.1, the aluminum strips connected to
the sensing elements were extended off to the right side of the matrix.
Heavily—doped polysilicon bands were then connected to the aluminum strips to
serve as the lower conductors in the double-layer conduction scheme. The
polysilicon was deposited by LPCVD techniques and doped by phosphorous
diffusion to obtain a sheet resistivity of 10-15€/sqr., as described in
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Sect. 4.4.2.1. A silicon dioxide layer was then deposited by LPCVD,
high—temperature oxide (HTO) techniques, Sect.4.4.2.2, to serve as the
insulator. The polysilicon was first slightly oxidized before the HT'O deposition in
order to fabricate an optimal interface between the two layers. Finally, one
aluminum band was then patterned above each set of three polysilicon strips
associated with the same row to serve as the upper conductor in the double-layer
conduction scheme. This design, 1S-502, Fig 3.1(a), has the disadvantage that
large arrays of small clements cannot be fabricated, due to the fact that as the
number of elements per row increases, the number of aluminum strips traversing
the row elements must increase, which increases the necessary size of the elements
in the vertical dimension.

4.5.2 Double-layer aluminum

Through the use of the double-layer aluminum technique, the size of the sensor
array can be reduced, but more importantly, large arrays of small elements can be
fabricated.

In the designs IS-531, IS—562, IS-559 and 1S—-560, the first layer metalization
was performed as stated in Sect.4.4.4. The dielectric employed was silicon
dioxide deposited at low temperatures (250 —400 oC) either by PECVD or silox
low—temperature SiO2 deposition techniques [4.11]. The second metalization
layers associated with the sensor arrays consisted of pure aluminum, as no threat
of junction short—circuiting existed at this stage. The layer thicknesscs are given
in Sect. 4.6.

4.6 PROCESS SEQUENCES

The fabrication of the basic high—purity silicon soft X—ray sensors described in
this work is described in Sect. 4.6.1. The process sequence developed is pictorially
illustrated in a simplistic style. Details about the processing are given in the text.
The modifications that were made to this basic process in order to realize the
high—purity silicon soft X-ray sensors with polysilicon resistive structures in
serics and in order to investigate two gettering techniques are then outlined in
Sccts. 4.6.1.2 and 4.6.1.3, respectively.

The process sequences developed to fabricate the high—purity silicon soft
X—ray sensor arrays are subsequently illustrated in Sect.4.6.2. The first
sequence, outlined in Sect. 4.6.2.1, is based on the use of highly—doped polysilicon
as a lower conductor and aluminum as the upper conductor in a double-layer
conduction technique. At the time of its development, the technique of
double—layer metalization had not yet been perfected in our laboratory. However,
upon its perfection, the process sequence of Sect. 4.6.1.2, i.e. the basic process
sequence modified in order to realize polysilicon resistive structures in addition to
the sensors, could directly be utilized with the addition of two subsequent steps: a
low—temperature deposition of silicon dioxide and a second layer metalization.
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These steps are illustrated and described in Sect. 4.6.2.2.

4.6.1 High—purity silicon soft X—ray sensors
4.6.1.1 Basic process sequence

The process sequence developed to fabricate the basic high—purity silicon soft
X~-ray sensors described in this work is simplistically illustrated below.

The necessity of employing high—purity silicon as the starting material is
thoroughly explained in Sect. 4.2. All the cautionary measures described in that
section, which are necessary to perform in order to maintain the original
substrate resistivity throughout the processing, were taken.

The basic process begins with a dry thermal oxidation of the silicon substrate.
The surface is passivated with an oxide layer in order to reduce the number of
surface states, the amount of surface charge and the magnitude of the surface
leakage current, Sect.4.4.1. The thermal treatment was performed in an
atmosphere of dry oxygen five to six hours subsequent to the thorough cleaning of
the ovens with an HCI/H90 solution. A warm—up in a nitrogen atmosphere was
initially performed at 1100 oC for 15 minutes in order to allow the wafers to come
into thermal equilibrium with their environment before the oxidation began in an
effort to obtain a uniform oxide layer. The oxidation was performed at 1100 °C
for approximately 140 minutes to obtain an oxide layer approximately 200 nm
thick. In order to avoid thermal stress, this step was followed by a cool-down at
900 oC in a nitrogen atmosphere for 120 minutes. In addition, the wafers were
inserted and retracted at slow rates.

Windows, defining the subsequent diode areas, were then opened in the SiOq
layer after the wafers were coated with 1 um of positive photoresist, soft—baked,
exposed to the photomask, developed, hard—baked and etched in a wet chemical
SiO9 etch, (1:6; HF (40 %): Ammonium fluoride).

Subsequently, a dry oxidation at 950 °C for 40 minutes was performed in order
to cover the previously defined window areas with a thin layer (40 nm) of oxide.
This oxidation provides a layer of known thickness. The presence of the oxide
layer significantly reduces the occurrence of ion channeling during
ion—implantation procedures. Again, warm—up and cool-down operations were
performed in nitrogen atmospheres at 950 °C for 15 minutes and at 900 oC for
60 minutes, respectively.

Ton implantation was chosen as the technique to realize the p*—n- and the n*—n-
junctions, as this process was shown to produce high—purity silicon sensors with
the best characteristics [4.1]. The wafers were implanted through the thin oxide
at an angle of approximately 7 °C to the (111) axis in order to avoid channeling
effects. For the p*—n- junction fabrication, a p—type implantation was performed
using boron atoms at an energy of 70 keV and a dose of 5 x 1014 ions/cm2. Given
these specifications, and taking the protecting oxide layer into consideration, the
junction was calculated to form at a depth of 180 nm. The n*—n" junctions were
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Fig. 4.1 Process sequence used to fabricate basic high—purity silicon soft X~ray
sensors.
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fabricated by an arsenic implantation performed on the backside of the wafer at
an energy and dose of 150 keV and 5 x 1015 atoms/cm?2, respectively. Given these
specifications, and taking the protective oxide layer into consideration, the
junction was calculated to form at a depth of 50 nm. The implantations were
annealed at 600 oC for 30 minutes.

Following contact window opening, an aluminum/silicon composition was
vacuum evaporated to obtain a layer of aluminum with 1 —2 % silicon 500 nm
thick, which was subsequently patterned by standard lithographic techniques.
Finally, an aluminum alloy step was performed at 450 oC for 10 — 20 minutes in
an atmosphere of 75 % Ng and 25 % Ha to obtain good contact and to reduce the
contact resistivity.

Fig. 4.2 Photograph of a basic high—purity silicon soff X-ray sensor, i.e. a
0.25 mm? diode surrounded by a guard ring.

4.6.1.2 Modifications to realize resistive structures

The modifications made to the basic process in order to fabricate polysilicon
resistive structures in series with high—purity silicon soft X-ray sensors are
illustrated and discussed in this section.

The first modification to the basic process occurs after the initial oxide
passivation step and involves the deposition of polysilicon. The polysilicon was
deposited by LPCVD techniques, Sect. 4.4.2.1. The deposition temperature was
625 oC, while the time was set after an initial test run in order to obtain a layer
approximately 400 nm thick.

After its deposition, the polysilicon was doped through the use of a
phosphorous deposition technique. The source used was POCls, the temperature:
950 oC, the time: 15 minutes and the atmosphere: a combination of oxygen and
hydrogen. Immediately following this step, the thin layer of phosphorous glass
covering the doped layer's surface was removed by a quick dip (20 seconds) in a
phosphorous—glass wet chemical etch, (3:6:91; HNO3 (65 %):HF (40 %): H20).
Sheet resistivities of 10 — 15 2/sqr. were obtained.
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Fig. 4.3 Modifications made to the basic process (Fig. 4.1) in order to fabricate
high—purity silicon soft X-ray sensors in series with polysilicon resistive

structures.
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Identical windows, defining the subsequent diode areas, were then opened in
the polysilicon and SiO» layers after the wafers were coated with 1 ym of positive
photoresist, soft—baked, exposed to the first photomask, developed, hard—baked
and  successively etched in a polysilicon wet chemical etch

70:2:28; HNOg (65 %): HF (40 %): H20), followed by a SiO2 wet chemical etch,
1:6; HF (40 %): Ammonium fluoride). The desired polysilicon structures were
then defined by standard photolithographic techniques. The highly—doped
polysilicon patterns serve as resistive structures whose resistance values can
easily be altered by changing the time and/or the temperature of the POCIl;3
deposition and thereby changing the polysilicon sheet resistivity, Eqn. (4.3).

Subsequently, a dry oxidation at 950 oC for 170 minutes was performed in
order to drive in the phosphorous, oxidize the polysilicon and cover the previously
defined window areas with a thin layer of oxide. Warm—up and cool—down
operations were carried out prior to and subsequent to the oxidation at 950 °C for
15 minutes and at 900 oC for 60 minutes, respectively, in nitrogen atmospheres.
The thickness of the oxide layer above the polysilicon typically measured 100 nm,
while the thickness of the oxide grown in the windows and on the wafer backside
typically measured 80 nm. A SiOy back etch established the backside oxide
thicknesses to 40 nm.

Ion implantation and metalization steps identical to those described in
Sect. 4.6.1.1 were then performed. The thickness of the aluminum layer was in
this case 600 nm.

Fig 4.4 Photograph of a high—purity silicon soft X—ray sensor, i.e. a 0.25 mm?
diode surrounded by a guard ring, with a polysilicon resistive structure in series.

4.6.1.3 Modifications to investigate gettering techniques

The modifications made to the basic process in order to investigate two
gettering techniques are illustrated and discussed in this section.

The first gettering technique involved the use of a backside arsenic
implantation to realize the n*—n" junction and therefore involved no alterations to
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the basic process, Sect. 4.6.1.1.

The second gettering technique investigated the use of a backside phosphorous
deposition to realize the n*—n" junction. In order to accomplish this, after the
initial oxide passivation step, the SiOq layer was removed from the backside and a
phosphorous deposition, identical to that used to dope the polysilicon layers,
Sect. 4.6.1.2, was performed. The only other modification was that the arsenic
implantation of the backside was not carried out.

/. ETCH OXIDE ON BACKSIDE
PHOSPHOROUS DEPOSITION

Fig. 4.5 Modifications made to the basic process (Fig. 4.1) in order to investigate
the phosphorous gettering technique.

The structures fabricated in this investigation are identical in appearance to
the diode shown in Fig. 4.2.

4.6.2 High—purity silicon soft X-ray sensor arrays

The process sequences developed to fabricate the high—purity silicon soft
X-ray sensor arrays based on doublelayer conduction and double-layer
metalization techniques are illustrated in Sects. 4.6.2.1 and 4.6.2.2, respectively.

4.6.2.1 Double-layer conduction arrays

The process sequence based on the double-layer conduction technique
developed to fabricate high—purity silicon soft X—ray sensor arrays is illustrated
and described in this section.

The first four processing steps are identical to those described in Sect. 4.6.1.2,
except that the oxide passivation was achieved through a wet thermal technique.
This technique was performed due to the fact that a thick oxide passivation layer
was essential in this design and wet oxidation is a faster procedure than its dry
counterpart. An oxide passivation layer 500 nm thick was necessary, as it served
the additional purpose of acting as a dielectric separating the sensing diodes from
those aluminum bands not directly connected to them.
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Modifications then made are shown pictorially in Fig. 4.6. The polysilicon
structures were first defined by standard photolithographic techniques. These
structures serve two functions in this design. In one instance, they act as resistive
structures, whose resistance values can easily be altered by changing the time
and/or the temperature of the POCI3 deposition. In the other case, they serve as
the lower conductors in the double-layer conduction technique. The resistive and
conductive structures are defined by standard photolithographic techniques.

A dry oxidation step followed to oxidize the polysilicon, as this material forms
an optimal interface with LPCVD deposited oxide. The oxidation took place in a
dry oxygen atmosphere at 950 oC for 170 minutes with the resulting growth of an
oxide layer 100 nm thick above the polysilicon. Warm—up and cool-down
operations took place prior to and subsequent to the oxidation procedure at
950 oC for 15 minutes and at 900 °C for 60 minutes, respectively.

A silicon dioxide layer was then deposited by LPCVD techniques, Sect. 4.4.2.2,
at a temperature of 910°C for 90 minutes in the formation of a layer
approximately 500 nm thick.

The diode areas were defined by standard photolithographic techniques. The
last three steps, i.e. the dry oxidation, the implantation and anneal and the
metalization, were identical to those depicted in Fig. 4.3, with the exception that
the metal layer was 1500 nm thick.

A photograph of a fully fabricated high—purity silicon soft X—-ray sensor array
whose principle of operation is based on a double-layer conduction technique,
1S-502, is shown in Fig. 4.7. The resistive coupling is clearly portrayed on the
left—hand side of the photograph, while the capacitive coupling is clearly
portray?d)on the right—hand side. The schematic of this sensor array is shown in
Fig. 3.1(a).

4.6.2.2 Double-layer aluminum arrays

The process sequence based on the double-layer metalization technique
developed to fabricate high—purity silicon soft X—ray sensor arrays is illustrated
and described in this section.

The process sequence of Sect. 4.6.1.2, i.e. the basic process sequence modified
in order to realize polysilicon resistive structures in series with the high—purity
silicon soft X-ray sensors, could directly be utilized for the fabrication of
high—purity silicon soft X—ray sensor arrays with the addition of two subsequent
steps: a low—temperature deposition of silicon dioxide and a second layer
metalization. Note that the two arrays designed without resistive structures
within the matrices, i.e. IS-559 and [S-560, were fabricated using the same
sequence that was used to fabricate those arrays with resistive structures, i.e.
IS-531 and IS-562. However, the mask defining the polysilicon structures was
altered. This was done in order to make sure that any differences between the two
groups of arrays with respect to the device noise originated from the differences in
the device design and not from differences in the device processing.
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Fig. 4.6 Modifications made to the process sequence used to fabricate high—purity
silicon soft X~ray sensors in series with polysilicon resistive structures (Fig. 4.3)
in order to realize two—dimensional high—purity silicon soft X—ray sensor arrays
based on the double—layer conduction technigue.
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Fig. 4.7 Photograph of a high—purity silicon soft X—ray sensor array afler full
fabrication whose principle of operation is based on a double—layer conduction
technique (1S-502). The resistive coupling is portrayed on the left—hand side of the
photograph, while the capacitive coupling is portrayed on the right—hand side.

After the first layer aluminum had been vacuum evaporated, patterned and
scintered, the first of the two additional steps took place, i.e. the
low—temperature deposition of silicon dioxide, Fig. 4.8. This step was performed
at Philips Research Laboratories in Eindhoven, the Netherlands with one of two
different techniques. One technique was the low—temperature PECVD of silicon
dioxide (employed with IS-531) and the other was the low temperature silox
deposition of silicon dioxide (employed with 1S-559, 1S-560 and IS-562),
Sect. 4.5.2. It was evident from measurements taken before and after each
technique was performed that neither technique influenced the device
characteristics, Sect. 5.3.2. Which technique is utilized therefore makes little
difference. The low—temperature PECVD was performed at a temperature of
250 oC, while the silox deposition took place at a temperature of 400 cC. The time
for both operations was set after initial test runs in order to obtain layers
approximately 100 — 120 nm thick.

The second additional step involved the vacuum evaporation of pure aluminum
in the formation of a second metalization layer 150 nm thick, Fig. 4.8. The second
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Fig. 4.8 Modifications made to the process sequence used to fabricate high—purily
silicon soft X—ray sensors in series with polysilicon resistive structures (Fig. 4.3)
in order to realize two—dimensional high—purity silicon soft X—ray sensor arrays
based (37& the double-layer metalization technique (1S-531, 15-559, 1S-560 and
15-562).

metalization layers were composed of pure aluminum, as there was no threat of
junction short—circuiting at this stage. Finally, the aluminum was patterned and
contact windows were opened in the deposited oxide layer.

Photographs of the high—purity silicon soft X-ray sensor arrays based on the
double—layer metalization technique fabricated up to the first level metalization,
i.e. IS-531, IS-562, IS-559 and 1S-560, are shown in Figs 4.9(a), (b), (c) and (d),
respectively. These photographs display the elemental diode structures, the
resistive structures (if present) and the guard ring structures. The resistive
coupling is clearly portrayed. Photographs of the sensor arrays after full
fabrication were also taken, as they clearly portray the capacitive coupling. So as
to avoid repetition, only one of the four photographs is shown. A photograph of
the sensor IS-531 is shown after full fabrication, Fig. 4.10, depicting the second
metalization layer and clearly portraying the capacitive coupling. In addition,
photographs of this sensor array are shown with the different test structures in
Figs. 4.11(a) and (b).

4.7 CHARACTERIZATION OF PROCESS STEPS

In order to develop a high—purity silicon soft X—-ray sensor fabrication process,
careful step—by—step monitoring of the process sequence is necessary in addition
to the standard electrical parameter testing, which takes place upon completion
of the device. This is achievable through the employment of a new
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Fig. 4.9 Photographs of high—purity silicon soft X—ray sensor arrays afler the
first level metalization whose principles of operation are based on a double—layer
metalization technique and which emplog polysilicon resistive structures to realize

the resistive coupling: (a) 1S-531 and (b

1S-562. The resistive coupling is clearly
portrayed.
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Fig. 4.9 Photographs of high—purity silicon soft X—ray sensor arrays afler the
first level metalization whose principles of operation are based on a double—layer
metalization technique and which employ aluminum interconnections to realize the

resistive coupling: (¢) 15-559 and (d) 1S-560. The resistive coupling is clearly
portrayed.
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Fig. 4.10 Photograph of the high—purity silicon soft X—ray sensor array [5-531
afer full fabrication clearly portraying the capacitive coupling.

contactless—microwave technique, which is capable of monitoring the
recombination lifetime after each processing step, in addition to the use of
appropriate test structures for performing electrical parameter measurements.
The test structures employed are first described in Sect. 4.7.1. An overview of
lifetime measurement techniques follows in Sect. 4.7.2.

4.7.1 Test structures

Several test structures, which are particularly useful in characterizing the
performance of a high—purity silicon soft X—ray sensor upon the completion of its
fabrication, have been fabricated on the same chip as the sensor. These include
several different diode structures, MOS capacitor structures and polysilicon
resistive structures. Such test structures are not only important for the
development and evaluation of a soft X—ray sensor fabrication process, but also
for radiation damage evaluation. As radiation damage increases, the leakage
current of diode structures is seen to increase and the flat—band voltage of MOS
capacitor structures is seen to shift [4.18].

4.7.1.1 Diodes

There is no unique method of fabricating well-functioning high—purity silicon
soft X—ray sensors. Processes are designed based on previous experience and on
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the instrumentation available. The most important criteria to optimize in terms
of sensor performance include the diode leakage current and energy resolution.

The diode is one of the simplest test structures to realize. As a test diode will
be fabricated with the same technologies used to fabricate the soft X-ray sensor,
it can be implemented in nearly every fabrication process without the need for
extra processing steps.

Within the same chip as every high—purity silicon soft X—ray sensor array,
diode structures with the same area as that of an array element were fabricated,
Fig. 4.11(a). Some of these structures were directly read out, while others were
connected in series to polysilicon resistive structures (with the same geometry as
those within the array) before being read out. In this way, the elemental
contributions of the leakage current and noise could be determined, as well as the
effect the polysilicon structures had on the energy resolution.

Fig. 4.11 (a) Photograph of 15-531 (version A) afler the first level metalization
illustrating the sensor array with various diode test structures.

4.7.1.2 MOS capacitors

The MOS capacitor is a very useful test structure and can deliver extensive
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information. Like the diode test structure, it can be implemented in nearly every
fabrication process without the requirement of extra processing steps.

The MOS capacitor consists of a metal gate (typically aluminum) separated by
an insulating layer (typically silicon dioxide) from a semiconductor (high—purity
silicon in this case). When a voltage is placed across the metal and the
semiconductor, it is possible for the semiconductor surface to exist in one of four
possible states: accumulation, flat—band, depletion or inversion.

The application of a positive voltage on the gate causes a sufficient number of
electrons to collect at the semiconductor surface in order to match the applied
positive charge. When the semiconductor material is n—type, the MOS capacitor
will now be in the state of accumulation.

As there are always positive charges associated with a Si/SiOg interface, when
no voltage is applied, the surface will already exist in the state of accumulation.
At the surface, the energy bands will bend in the direction of a higher n—doped
material. In order to flatten the energy bands, a specific negative voltage must be
applied to the gate. That applied voltage which makes the bands flat is called the
flat—band voltage Vi, and is given by

Vi = Vins — o (4.4)

8.4

where V¢ is the difference in potential between the metal and the semiconductor,
Qox is the positive oxide charge near the Si/SiOj interface and Cox is the
capacitance of the fabricated oxide layer per unit area defined by the oxide
dielectric divided by the oxide thickness.

Upon an increase in the magnitude of the negatively applied voltage, the bands
at the surface will begin to bend in the opposite direction, because positive
charges are attracted to the surface to match that negative voltage on the gate in
excess of the flat—band voltage. The majority carriers will be depleted from the
surface and a depletion layer will exist. This state is called depletion.

A point is reached when the silicon at the surface begins to turn from its
original n—type to p—type. This point is called the beginning of effective inversion.
The voltage at which effective inversion is reached is called the threshold voltage.
With a further increase in the magnitude of the applied negative voltage, the
MOS capacitor will go into strong inversion. The excess applied voltage requires a
matched increase in the free charge concentration at the surface, which must be
supplied by thermal generation.

When the capacitance is measured in the inversion state, Cyin, and in the
accumulation state, Cox, the width of the depletion layer can be obtained

— A€o 6si
Ca

Id (4.5)

where A is the area of the gate and Cj is the depletion layer capacitance, which
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equals

Cyl= ( Cox — Cmin! (46)

Cox Cm in

However, these equations are only true if the situational problem is determined to
be one—dimensional in nature. Due to the lateral extension of the depletion region
in high—purity silicon substrates, it becomes a multi—dimensional problem, and
the measurement results are significantly dependent on the perimeter—to—area
ratio of the gate.

In order to eliminate this lateral dependence, two MOS capacitor test
structures, with the same perimeter but different areas, were fabricated on the
same chip as the soft X-ray sensors and sensor arrays, Figs. 4.11(b). The C-V
data of the two structures were obtained and then subtracted, thereby
eliminating the sidewall capacitance and the effects of the lateral extension of the
depletion layer, Sect. 5.3. From the subtracted C—V data, the doping profile of
the substrate can be obtained, Sect. 5.3 [4.5].

Fig. 4.11 (b) Photograph of IS-531 (version B) afier the first level metalization
lustrating the sensor array with various MOS capacitor and polysilicon resistive
test structures.
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In addition, the MOS capacitor can be used to measure the generation lifetime.
Various techniques are described in Sect. 4.7.2.1.

4.7.1.3 Polysilicon resistive structures

From test polysilicon resistive structures placed around the periphery of the
chips with the same as well as different dimensions as those structures designed
within the sensor arrays, the resistance value of the resistive structures within the
matrices could be estimated, Figs. 4.11(b). The measurement results are provided
in Sects. 5.2 and 5.3.

4.7.2 Lifetime measurements

One of the most important material parameters characterizing the quality of a
high—purity silicon soft X—ray sensor is the lifetime. Several methods have been
developed to measure the generation as well as the recombination lifetime
[4.19-4.26].

The generation lifetime can be calculated from the I~V characteristic of a diode
test structure or from the sensor itself [4.19—4.20]. The [~V curve displays a
square—toot behavior, as the depletion layer width is proportional to the square
root of the reverse—bias voltage. An I2—V plot of the same data displays a lincar
section, from which the generation lifetime can be estimated.

Most other methods of measuring the generation lifetime involve the use of
MOS capacitor test structures [4.22—4.24] and are discussed in Sect 4.7.2.1. A new
contactless—microwave technique has been developed for the measurement of the
recombination lifetime [4.2, 4.25—4.26] and is outlined in Sect. 4.7.2.2.

4.7.2.1 MOS capacitor techniques

The standard, most frequently used technique for measuring the generation
lifetime is the pulsed MOS capacitor method [4.22]. In this method, a MOS
capacitor is initially reverse biased. A ncgative voltage step is then applied to the
gate and the capacitance response is measured. The additional charge on the gate
creates an additional requirement for free holes in the substrate. As free holes in
the depletion region are only available through thermal generation, the depletion
layer must initially increase sufficiently to a deep—depletion value in order to
provide the extra charge. The depletion of the bulk is a majority response and is
several times faster than the generation of minorities. With time, free holes
become available through thermal generation and the depletion layer will
subsequently decrease to its original equilibrium state. The time required for this
response to occur characterizes the generation lifetime. Another method involves
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the application of a negative voltage ramp in place of a voltage step [4.23]. The
response is seen as a rapid decrease in the capacitance of the structure to a certain
deep—depletion value. While the voltage follows a ramp, the device remains in
quasi—equilibrium and the capacitance is measured. At this point, the charging
current of the gate, which is calculated as the measured capacitance times slope of
the voltage ramp, is equal to the internal generation current, from which the
generation lifetime can be obtained.

These methods have been developed for structures fabricated on silicon of
standard resistivity and cannot be directly used for structures fabricated on
high—purity silicon. In high—purity silicon, several significant effects create a
situation that deviates from ideal discussed above. These effects include a lateral
expansion of the depletion layer (which will cause an increase in the measured
capacitance and an increase in the generation current and thereby will affect the
accuracy of the measured depletion layer width and the current—depletion layer
relation), the significant bulk resistance in series with the depletion capacitance
(for which the measurement results have to be corrected) and the dependence of
the diffusion current on the depletion depth.

It has been found that through the use of a slightly modified method, these
effects can be minimized and measurements can be made on high—purity silicon
[4.24]. In addition, two— and three—dimensional lateral effects can be taken into
account, an effective diffusion length can be defined and the measured
capacitance can be corrected. The method involves the application of a voltage
step onto the gate of a MOS capacitor in order to force the structure into deep
depletion with the subsequent application of a voltage ramp, which will maintain
the MOS capacitor in the deep depletion state until the maximum allowed gate
bias voltage is reached [4.24]. The measured capacitances must then be corrected
through the use of an impedance conversion method [4.24].

Although the detrimental effects can be minimized, this measurement remains
extremely difficult. For this reason, measurements of the lifetime were performed
using a new lifetime measurement technique, Sect. 4.7.2.2. With this technique,
the recombination lifetime, rather than the generation lifetime, is obtained.

4.7.2.2 Contactless—microwave technique

Contactless measurement of many different parameters associated with
semiconductor wafers and devices is currently receiving a great deal of attention.
This type of measurement is nondestructive and does not damage or contaminate
the material under test or affect its properties in any way. The recently developed
contactless, nondestructive method to measure the lifetime of a silicon sample
after each successive processing step during the fabrication of a device (e.g. a soft
X-ray sensor) allows the monitoring of any changes in the material quality. The
material quality may change due to impurity contaminations or removals or due
to the introduction of structural irregularities during the fabrication procedure
[4.2]. Contactless measurements are based on the excitation of a material from a
distance, typically through the use of an electromagnetic or a mechanical source,
and subsequently measuring the energy reflected from or transmitted through the
material [4.2].
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It is known that a change in the concentration of {ree carriers in a
semiconductor sample will af%ect a probing microwave field. The contactless
method for the measurement of the recombination lifetime of the free carriers in a
semiconductor sample developed at Delft University of Technology is cooperation
with Philips in Eindhoven, the Netherlands is based on the measurement of the
reflected microwave power following an electromagnetic (optical) excitation of a
semiconductor sample through the use of a light—emitting diode (LED) source
with a characteristic wavelength of 875 nm, which results in the generation of free
carriers.

Upon the generation of free carriers in the semiconductor sample, either the
reflected or the transmitted microwave power can be measured. The
measurement is more straightforward if the reflected microwave power is
determined. The reflection coefficient of the microwave power from a
semiconductor sample is dependent on the sample's conductivity and
permeability and on the frequency of the microwaves [4.25]. However, as the
frequency of the microwaves remains constant during the measurement and as
silicon is a nonmagnetic material, the conductivity of the sample is the only
parameter that changes as a consequence of the optical excitation of the free
carriers [4.261. The reflection coefficient is therefore assumed to be only a function
of the sample's conductivity, which is in turn, directly proportional to the
concentration of free carriers in the sample [4.26)].

A functional diagram of the measurement system is shown in Fig. 4.12.
Microwaves, with a constant frequency of 2.8 GHz, are provided by a generator at
a power of 80 mW (1). The microwave power is directed via a waveguide to an
attenuator (2) in order to adjust the emitting power level. The microwave power
is then directed to a splitter (3), which divides the power into two equal parts.
One part is directed to an antenna (6) in order to irradiate the wafer (7) by means
of a circulator (4) and a stub tuner (5). The stub tuner is used to match the
impedance of the antenna and the wafer to the system. The microwave power
reflected from the wafer is directed via the circulator to a combiner (10), through
which this power is added to half the original power. However, as thermal
generation of free carriers causes an offset in this sum of the powers, the phase
shifter (8) and the attenuator (9) can be adjusted, which will result in a partial
elimination of this offset. The resulting power is then directed to an attenuator
(11), a microwave power amplifier (12) and a microwave detector. The detector
provides an output voltage proportional to the reflected microwave power (13).
The output voltage can be visualized by a digital oscilloscope (14).

A pulse generator (15) drives the optical source, an LED (16), the wavelength
of which is 875 nm. The pulsed radiation emitted by the LED optically excites
free carriers in the semiconductor sample. A change in the output voltage of the
microwave detector, i.e. a change in the reflected microwave power, occurs after
the wafer is irradiated, due to the change in the sample's conductivity upon
irradiation. The digital oscilloscope is coupled to a computer, which analyzes the
output voltage signal and calculates the value of the lifetime.

As free carriers will exist at the surface as well as in the bulk of the
semiconductor sample after optical excitation, the recombination process that
ensues will consist of both surface and bulk contributions. However, it has been
shown that when the level of injection of free carriers is low, the surface
contribution is negligible [4.26]. Therefore, when low injection levels are
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employed, the recombination lifetime in the semiconductor bulk can be obtained.
This recombination process has been thoroughly investigated and described for
semiconductor wafers of both low and high resistivity [4.2, 4.26].

Lifetime measurements have been obtained on preprocessed and processed
high—purity silicon soft X-ray sensors. The results are given in Sect. 5.2.3.
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Fig. 4.12 Functional diagram of a contactless—microwave recombination lifetime
measurement system [4.26].

4.8 CONCLUSIONS

Leakage current limitation and reduction are the primary goals to achieve in
the optimal design of all process sequences involved in the fabrication of
high—purity silicon soft X-ray sensors and sensor arrays. As high—purity silicon
has a relatively low trap density and contains relatively low numbers of
impurities fully ionized at room temperature and scattering centers per unit
volume, the thermal generation component of the leakage current contributed
from the depletion region is minimized. In addition, the minority carrier lifetime,
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the charge carrier mobilities and the depletion—region depth are maximized.

High-lifetime material, which does not necessarily have a high resistivity, also
has a relatively low trap density and also contains a relatively low number of
scattering centers per unit volume. However, collection by diffusion, which would
be the mode of operation in such a detector, is not efficient or fast enough to allow
a total contribution to the output signal of all the charge carriers created by
incident radiation in high—count rate experiments. Furthermore, compared with
high—lifetime and with compensated silicon material, high—purity silicon contains
fewer generation-recombination centers, which makes the fabrication of devices
with lower leakage currents and lower detector noise possible. The sensors and
sensor arrays in this work were therefore fabricated on high—purity silicon. They
should be operated in the fully depleted mode for optimal operation.

After a brief description of silicon planar technology, the processing steps used
in the fabrication of the high—purity silicon soft X—ray sensors and sensor arrays
are detailed. The actual process sequences used are pictorially outlined.

The process which resulted in the fabrication of diodes with the lowest leakage
current measurements was selected for the fabrication of high—purity silicon soft
X-ray sensors. This process was modified in order to realize polysilicon resistive
structures in series with the sensors and in order to investigate gettering
techniques.

An initial process to realize two—dimensional position—sensitive high—purity
silicon soft X-ray sensor arrays employed a double-layer conduction technique
based on polysilicon and aluminum conductors. As this design would not permit
the fabrication of a large array of small elements, an alternate array was designed.
In developing an alternate process sequence for its fabrication, the basic process
modified to realize the polysilicon resistive structures in series with the sensors
could directly be utilized with the addition of two subsequent steps: a low
temperature deposition of silicon dioxide and a second layer metalization. With
this process, based on the double-layer metalization technique, large arrays of
small elements can be realized.

Test structures allow more information to be obtained about the quality of a
fabricated device. The test structures and measurement procedures employed in
this work are described.

In order to develop a high—purity silicon soft X—ray fabrication process, careful
step—by—step monitoring of the process sequence is necessary. This is achievable
through the use of a new contactless—microwave lifetime measurement technique.
The lifetime of a silicon device is an important parameter. The knowledge of the
magnitude of the lifetime after each processing step provides a powerful means of
characterizing the bulk quality by detecting possible sources of contamination or
lattice damage that may occur during the fabrication of the device. The usual
lifetime measurement methods, including the MOS capacitor technique, require
the formation of ohmic contacts and special test structures, which may
contaminate or damage the sample. In addition, the MOS capacitor technique is
not directly applicable to devices fabricated on high—purity silicon. The
advantages of the contactless—-microwave method include the freedom from
damage caused by a probe and the avoidance of contamination, as well as the
ability to perform in situ and fast measurements. The sample needs no
preparation, contact resistance effects are eliminated and the measurement can
readily be carried out after each processing step. An additional benefit of this
method is that if a sample has been contaminated during fabrication, full
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processing of the device in order to perform the standard lifetime measurement

techniques, is unnecessary. This measurement technique is described and a
functional diagram of the measurement system is given.
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5
EXPERIMENTAL RESULTS

5.1 MEASUREMENT SYSTEM

Successful application of high—purity silicon soft X-ray sensors and sensor arrays
depends critically on the availability of small, fast, low—noise amplification and
signal—conditioning electronics with low power dissipations. Especially the
preamplifiers must be small, as the detector and the initial amplifying unit have
to be mounted close together to minimize the input capacitance caused by cabling
and thereby minimize the noise associated with this unit. In addition, the
preamplifier must intrinsically be of low noise, so as not to mask the small soft
X-ray induced signals. The amplifying and signal—conditioning electronics should
be fast, as the detection system count rate is limited by the dead—time associated
with the circuitry, Sect. 2.2.5. Finally, a low power dissipation is required, due to
the fact that as the substrate increases in temperature, the leakage current and
therefore the noise increases. Moreover, if the substrate increases in temperature
above approximately 50 oC, it will no longer retain its original resistivity,
Sect. 2.2.1.

5.1.1 Sensor

In all the applications mentioned in Sect.1.3.4, the information desired
involves the position and/or the energy of a particular soft X-radiation source.
The aim of the soft X—ray sensor or sensor array is to absorb the incident,
radiation and to collect the electron-hole pairs subsequently generated within its
volume in order to provide a measure of the energy of the incident radiation and,
in the case of the array, to indicate in one or two dimensions the radiation's
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position of incidence. Such sensors have been thoroughly described in
Chapters 1 — 4.

5.1.2 Signal-processing units

The collected charge must subsequently be processed. The signal—processing
units used in soft X-ray detection systems typically consist of preamplifiers,
spectroscopy amplifiers, analog—to—digital converters (ADCs), coincidence units
and multichannel analyzers (MCAs), Fig. 5.1. However, conventional MCAs are
equipped with the capability of performing all functions from data acquisition to
display and typically have internal ADCs with level discrimination and
coincidence capabilities, as well as memory and display units [5.1]
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Fig. 5.1 Measurement system for the detection of soft X—radiation [5.1].

5.1.2.1 Preamplifiers

As the amount of collected charge is limited and as no gain is involved with the
sensor itself, preamplification of the signal becomes necessary. A preamplifier is
specifically designed to accept a signal from a radiation sensor and amplify it with
the addition of as little noise as possible in order to preserve the maximum
signal-to—noise ratio. Minimal signal shaping occurs in preamplification units.
There are three basic types of preamplifiers: charge sensitive, current sensitive
and voltage sensitive.

A charge-sensitive preamplifier ideally integrates all the charge generated
within a radiation sensor onto a feedback capacitor. Charge—sensitive
preamplifiers generally consist of a differential first stage, incorporating a
capacitor, Cr, and often a high—value resistor, Ry, in parallel. The feedback
resistor is a source of noise and when present is made as large as possible in order
to minimize its contribution to the preamplifier's total noise. The capacitive and
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the resistive input impedances of the preamplifier are then given by
Cin = Ct| A| (5.1)
Rin = R| A (5.2)

where A is the open loop gain. With a specified Cr of 2 pF and an open loop gain of
1000, the capacitive input impedance of the preamplifier, Ci,, will equal 2 nF.
This value must be compared to that associated with the detector, Cget, which is
typically on the order of a few pI" or less. For a charge—collection deficit of less
than 1 %, the capacitance of the detector must be at least 100 times less than Cjy,.
In this case, the output voltage will be linearly related to the amount of charge,
@, collected at the electrode associated with the preamplifier

| Vour| = L¢L (5.3)

Ct

Note that the output is not sensitive to any of the detector's parameters,
including its capacitance, as long as the capacitive input impedance Cj, is much
greater than the other sources of capacitance on the preamplifier input, such as
the detector capacitance, input cabling, etc. The rise time of the output pulse is
ideally equal to the detector current pulse width and the decay time constant 7 is
equal to [5.1]

T, = ReCk (5.4)

In applications where a parameter of interest is the quantity of the generated
charge or the encrgy of the incident radiation (which is proportional to the charge
as given by Eqn. (1.2)) and/or in applications where the time of occurrence of an
event is important, this type of preamplifier is ideal [5.1].

Charge—sensitive preamplifiers were used with the resistive— and the
capacitive—coupled outputs of the high—purity silicon soft X-ray sensors and
sensor arrays described in this work. The additional source of capacitance
associated with the capacitive—coupled outputs increases the noise associated
with their corresponding preamplifiers. The noise in charge—sensitive
preamplifiers is controlled by three components: the input FET, the input
resistance and the input capacitance (i.e. the detector capacitance, the cabling
capacitance and in the case of the sensor arrays the coupling capacitance).
However, as long as the capacitive input impedance of the preamplifier Cjp is
much greater than the other sources of capacitance on the preamplifier input, the
output will not significantly deteriorate. In addition, as the capacitive—coupled
output signal is only used to discriminate within which row the irradiated diode
element is lying, this signal must only be distinguishable above the noise. It is not,
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used for energy resolution purposes.

Current—sensitive preamplifiers include only a resistor in the feedback
network. Thercfore, the signal from the detector must subsequently be
integrated. Integration is performed by the following unit, the spectroscopy
amplifier. However, as such, the current—sensitive preamplifier is designed to
convert fast current signals into voltage signals and therefore can be used for
timing applications [5.1]. In such a configuration, the output is proportional to
the amount of charge collected at the electrode associated with the preamplifier,
@, and to the feedback resistor, Rs.

| Vout| = |Q'Rf5(t) (5.5)

Voltage—sensitive precamplifiers are rarely used becausec the output voltage is
inversely proportional to the detector capacitance, Cqet. As the capacitance of the
detector is defined by the magnitude of the reverse—bias voltage, fluctuations in
this voltage causc instabilities in the output voltage. This instability is minimized
when the detector is operated in the fully or over—depleted mode [5.1]. The
resistive feedback configuration will determine the value of the constant B.

| Voue| « BLEL (5.6)

Cdet

5.1.2.2 Spectroscopy amplifiers

Spectroscopy amplification units accept input signals from preamplifiers and
amplify, shape and filter the signals. The shaping and filtering is performed in
such a way as to improve the signal-to-noise ratio and shorten the response time,
thereby precluding overlap or pile—up effects. Spectroscopy amplifiers are usually
composed of shaping circuits that have provisions which allow for user selection of
the pulse—shape parameters. The pulse—shaping networks are generally operated
with time constants much longer than the rise time of the signal delivered by the
preamplifier, but much shorter than the signal's decay time. The necessary
information from the preamplifier's output signal is given by the pulse rise time
and the amplitude of the pulse. The gain range is generally adjustable from 1 x up
to 1500 x, while the pulse shaping is typically unipolar [5.1].

5.1.2.3 Analog—to—digital converters, coincidence units and
multichannel analyzers

Signals from the spectroscopy amplifier must subsequently be digitized and
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input into a multichannel analyzer for spectrum analysis and storage. The
digitization is performed with an analog—to—digital converter (ADC). The ADC
samples an analog signal and provides, through Wilkinson or
successive—approximation processes, a digital representation of the signal. A
capacitor is charged to the amplitude of the input pulse in the Wilkinson
technique with the subsequent discharging of the capacitor at a constant rate.
During the discharge time, a crystal-controlled pulse timer is counted in a
register and the total number of pulses produced results in the event address. In
the successive—approximation technique, a number of comparators is used to
successively re—estimate the amplitude of the pulse to the required precision.
Eight or twelve comparators are normally required to produce the necessary
precision. ADCs are normally provided with level discrimination and coincidence
capabilities in order to select and/or eliminate signals [5.11.

In the case of the sensor arrays, the coincidence capabilities of the ADCs must
be utilized or separate coincidence units must be employed. Coincidence
techniques are used to select events detected in true coincidence with each other.
A coincidence unit accepts two (or more) input pulses and outputs one (or more)
pulse(s) if and only if the input pulscs are coincident within a certain resolving
time. Pulses received from one 2—addressed output and from one y-addressed
output within a very short, predefined period of time will indicate the
two—dimensional position of incident radiation, while pulses from two
r—addressed or from two y—addressed outputs, which occur within this specified
time period, will indicate photon absorption between two elements, double hits or
crosstalk.

Multichannel analyzers (MCAs) collect and store spectral data acquired from a
detection system for the purposes of display and/or further analysis. The
acquisition modes most often used include the pulse—height analysis (PHA)
mode, the multichannel scaling (MCS) mode and the sample (list) mode [5.1].

In the PHA operating mode, a pulse-height spectrum or spectrum histogram is
formed, i.e. a frequency distribution is made of the heights from a sequence of
input pulses. This is performed through the measurement of the amplitude of
each input event and the subsequent conversion of the amplitude into a channel
address. MCAs typically have internal ADCs and memory storage capabilities.
The memory is composed of individual channels. Most MCAs consist of either
2048 or 4096 channels. At the cnd of the measurement, the number of counts
associated with a particular channel will equal the number of pulses processed
whose amplitudes correspond to that channel number. A histogram of the number
of counts versus the channel number is thus obtained and can be visualized on the
MCA display, Fig. 5.1. The channel numbers can be calibrated with a source of
known energy distribution so that a final histogram of the number of counts
versus the energy can be produced.

In the MCA mode, an analysis of the count rate versus the clapsed time is
performed. Each channel is programmed to count the data for a predetermined
period of time. Upon the elapse of this time, the next channel automatically
resumes the counting operation. This mode is useful for decay—rate measurements
of short~lived isotopes. Individual channels store digitized energy values of the
analog input voltage in the sample (list) mode. This mode is used for
multi—parameter PHA and for time—related spectroscopy.

The PHA mode was utilized in performing all the measurements described in
Sects. 5.2 and 5.3.
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5.2 MEASUREMENTS ON HIGH-PURITY SILICON
SOFT X-RAY SENSORS

The most important criteria to optimize in terms of the performance of soft
X-ray sensors include the diode reverse I-V characteristics (a low leakage current
measurement obtained from a sensor or sensor array assures that the sensor or
sensor array will have a good energy resolution, Sect. 5.3.2), the magnitudes of
the breakdown voltages and the diode C—V characteristics. These measurements
are therefore described first in the three subsections below (basic sensors, basic
sensors with resistive structures and gettering techniques), followed by the results
of the measurements performed on the test structures and the measurements of
the recombination lifetime.

5.2.1 Basic sensors

The measurements presented in this section were performed on high—purity
silicon soft X-ray sensors fabricated with the basic process illustrated in
Sect. 4.6.1.1. A photograph of a basic high—purity silicon soft X-ray sensor is
shown in Fig. 4.2.
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Fig.5.2 Typical reverse I-V characteristic of a basic high—purity silicon soft
X—ray sensor 0.25 mm? in area.
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Figure 5.2 shows a typical reverse -V characteristic of a basic high—purity
silicon soft X—ray sensor 0.25 mm? in area. As explained in Sects. 2.2.3 and 2.2.4,
the main source of noise in high—purity silicon soft X-ray sensors originates from
that reverse current present in the absence of any radiation source, i.e. from the
leakage current. The reverse I~V characteristics are affected by the process in
which the sensor is fabricated, Chapter4. A low leakage current signifies a
well-functioning device. Excellent results for the leakage current are on the order
of 1 —~10 nA/cm? per 100 pm depletion depth, although the yield is often defined
by the upper limit of 50 nA /cm? per 100 ym depletion depth [5.2].

Using Eqn.(1.3) and given a donor impurity concentration of
Ng=1x102cm3, a 10V reverse bias will theoretically deplete a layer
approximately 100 ym in depth. From Fig. 5.2, the leakage current at 100 ym
depletion depth (10 V reverse bias) is seen to be approximately 47 pA. Dividing
by the diode area (0.0025cm?) reveals a leakage current on the order of
19 nA/cm? per 100 um depletion depth. This is in good agreement with the
theoretical value calculated in Sect.2.2.1, i.e. 20—30nA/cm2 per 100 um
depletion depth.

The theoretical breakdown voltage, Eqn. (4.2), is on the order of 3 x 104 V and
from Fig. 5.2, the experimental breakdown voltage can be seen to be over 100 V.

A typical C—-V characteristic measured on the diode is shown in Fig. 5.3. Stray
capacitances have been taken into account. The depletion depth o% the device
should increase, given a sufficiently high-resistivity substrate, as the reverse—bias
voltage across the device increases. Because the capacitance of the device is
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Fig.5.3 Typical C-V characteristic of a basic high—purity silicon soft X —ray
sensor 0.25 mm? in area.
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inversely proportional to the depletion depth, this capacitance should decrease as
the reverse—bias voltage increases. This is seen to occur in Fig.5.3. The
capacitance value is larger than that predicted by one—dimensional theory, i.e.
C= Ae¢/zq4, where A is the area of the diode, ¢ the dielectric constant of silicon
and z4 the depletion region depth, due to the extension of the depletion region
outside the diode area. Given appropriate test structures, developed and used
with the sensor arrays, Sects. 5.3.1 and 5.3.2, the sidewall capacitance can be
eliminated.

5.2.2 Basic sensors with resistive structures

The measurements presented in this section were performed on high—purity
silicon soft X—ray sensors, each fabricated with a polysilicon resistive structure in
series, with the process illustrated in Sect.4.6.1.2. A photograph of a basic
high—purity silicon soft X-ray sensor connected in series with a polysilicon
resistive structure is shown in Fig. 4.4. Figure 5.4 shows a typical reverse -V
characteristic of a basic high—purity silicon soft X-ray sensor 0.25 mm? in area
fabricated with a polysilicon resistive structure in series.

Using Eqn.(1.3) and given a donor impurity concentration of
Ngq =1x1012cm3, a 10 V reverse bias will theoretically deplete a layer
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Fig. 5.4 Typical reverse I-V characteristic of a high—purity silicon soft X—ray
sensor 0.25 mm? in area with a polysilicon resistive structure in series.
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approximately 100 gm in depth. From Fig. 5.4, the leakage current at 100 ym
depletion depth (10 V reverse bias) is seen to be approximately 50 pA. Dividing
by the diode area reveals a leakage current on the order of 20 nA /cm? per 100 ym
depletion depth. This result can be compared with that presented in Fig. 5.3, as
the diodes were fabricated simultaneously. It can be seen that the polysilicon
structures only minimally affect the reverse I-V and the C—V measurements.

The theoretical breakdown voltage, Eqn. (4.2), is on the order of 3 x 104 V and
from Fig. 5.4, the experimental breakdown voltage can be seen to be over 100 V.

The C-V characteristic obtained from the diode is shown in Fig. 5.5. Stray
capacitances have been taken into account. As described in Sect. 5.2.1, this
capacitance should decrease as the reverse—bias voltage increases. This is seen to
occur in Fig. 5.5. Again, the capacitance value is larger than that predicted by
one—dimensional theory, i.e. C'= Ae/zq, where A is the area of the diode, ¢ the
dielectric constant of silicon and zg the depletion region depth, due to the
extension of the depletion region outside the diode area. Given appropriate test
structures, developed and used with the sensor arrays, Sects. 5.3.1 and 5.3.2, the
sidewall capacitance can be eliminated.
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Fig. 5.5 Typical C-V characteristic of a high—purity silicon soft X—ray sensor
0.25 mm2 in area with a polysilicon resistive structure in series.

From test resistors placed around the periphery of the chip (14 in total) with
the same, as well as different dimensions as those in series with the diodes, the
resistance values of the resistive structures within the elemental units could be
estimated. The theoretical resistance values of the resistive structures are
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calculated according to Eqn. (4.3). The resistance values of the fourteen test
resistive structures were measured on all those chips containing the test resistive
structures on ten different wafers. The theoretical and the average experimental
measurements are listed in Table 5.1.

Table 5.1 Theoretical and average experimental values of fourteen test resistive
structures, process Sect. 4.6.1.2.

THEORETICAL EXPERIMENTAL
LENGTH WIDTH RESISTANCE RESISTANCE
[pm] [un] [€2] [

1. 50 10 162.5 162.3

2. 100 20 162.5 156.8

3. 150 30 162.5 159.0

4 120 20 195 200.1

5. 170 30 184 188.6

6. 250 10 812.5 820.3

7. 40 10 130 135.9

8. 30 20 130 134.0

9. 120 30 130 134.4

10. 160 40 130 130.2

11. 200 50 812.5 816.9

12. 500 20 812.5 823.0

13. 500 10 1625 1691.0

14. 1000 20 1625 1678.4
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Table 5.2 Rms noise measurements obtained from the fourteen test resistive
structures, process Sect. 4.6.1.2.

RMS NOISE MEASUREMENTS [mV]

1. 0.110
2. 0.110
3. 0.110
4. 0.110
5. 0.082
6. 0.110
7. 0.097
8. 0.110
9. 0.110
10. 0.110
11. 0.085
12. 0.100
13. 0.110
14. 0.100

Note that the theoretical resistance values are calculated given a certain sheet
resistivity value, Eqn. (4.3). This value was measured to be 10 —15 Q/sqr. after
the initial phosphorous deposition, Fig. 4.3. However, after the oxidation of the
polysilicon, Fig. 4.3, the measured sheet resistivity incrcased to 30 — 35 Q/sqr., as
some of the phosphorous was lost to the growing oxide layer. Therefore, the sheet
resistivity used to calculate the theoretical resistance values in Table 5.1 was
32.5 Q/sqr. Note that the experimental values are all within +5% of their
theoretical values.

The geometry of the polysilicon structures used in the two different scnsor
arrays of design IS—531 were identical to those of test resistors 4 and 5, i.c. they
are associated with theoretical resistance values of 200.1 and 188.6 2/sqr.,
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respectively, while that geometry of test resistor 4 was used in the sensor arrays of
design I1S-562.

In addition to the resistance value, the rms noise was measured for each
resistor (in series with a preamplifier) on one chip. The results are presented in
Table 5.2. As the measured values are approximately 100 — 1000 times larger than
the theoretical values, it can be concluded that the noise of the preamplifier is far
greater than the noise of the resistors. Therefore, in order to observe what effect
the resistor noise has on the energy resolution of a detection system, that resistor
with the largest noise value and that with the smallest value were selected for a
further investigation. These resistors were sequentially placed in series with a
high—purity silicon radiation sensor. The energy resolution was measured for the
sensor itself, the sensor in series with that resistor with the smallest noise value
and the sensor in series with that resistor with the largest noise value. The results
are shown in Figs. 5.6(a), (b) and (c).
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Fig.5.6 (a) Pulse—height spectrum of a 10 mm? high—purity silicon radiation
sensor upon exposure to 241 Am.

The full-width—at-half-maximum (FWHM) of the sensor on its own was
measured to be 5.0 keV, while those values for the sensor in series with the
resistor having the smallest noise value and the sensor in series with the resistor
having the largest noise value were 5.5 and 5.7 keV, respectively. The difference
in the FWHM values are insignificant. This implies that the noise of the sensor is
greater than the noise of the polysilicon resistors and that sensor arrays based on
an elemental unit composed of a sensor and a polysilicon resistive structure in
series are feasible.
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Fig.5.6 (b) Pulse—height spectrum of a 10 mm?2 high—purity silicon radiation

sensor in series with that resistor with the smallest noise value (Table 5.2) upon
exposure to 241 Am.
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Fig.5.6 (c) Pulse—height spectrum of a 10 mm?2 high—purity silicon radiation
sensor in series with that resistor with the largest noise value (Table 5.2) upon
exposure to 241 Am.
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5.2.3 Gettering techniques

Two different groups of high—purity silicon soft X—ray sensors were fabricated
in order to investigate two different gettering techniques: a backside arsenic
implantation and a backside phosphorous diffusion. The process sequences used
were based on the initial basic process for the fabrication of high—purity silicon
soft X—ray sensors, Sect.4.6.1.1, the difference lying in the realization of the
backside high—low junction. The first group (Group1l) employed arsenic
implantation as a gettering technique, while the second group (Group 2) utilized
phosphorous diffusion. The process sequence for the first group is therefore the
same as that depicted in Sect. 4.6.1.1, while that of the second group is depicted
in Sect. 4.6.1.3.

In order to assess the degree of success the specific gettering technique had on
the quality of the resulting sensors, recombination lifetime measurements were
taken using the contactless—microwave measurement technique described in
Sect. 4.7.2.2 after several steps during the processing and reverse diode -V
characteristics were measured upon completion of the fabrication.

Recombination lifetime measurements performed on preprocessed wafers from
both groups were on the order of 160 usec, although the manufacturer specified
recombination lifetime was stated to be 500 usec. Wafers from the two groups
were then fabricated according to the sequences depicted in the Figs. 4.1 and 4.5
for Groups 1 and 2, respectively. An ungettered wafer was used as a control.

The introduction of phosphorous occurred in the wafers of Group 2 after the
initial passivation oxidation, Fig.4.3. The predeposition step involved a
phosphorous diffusion at a temperature of 950 °C for 15 minutes using a POCl;
source. The step resulted in the formation of an n*—layer on the backside of the
wafers from Group 2 (the frontsides being protected by thick oxide layers), with a
thickness and a doping concentration of approximately 500 nm and 1 x 1020 ¢m™3,
respectively. Since the diffusion time at this stage was very short, i.e. 15 minutes,
the lifetime in the bulk was expected to be unaf%ected, as one of the requirements
for effective gettering to take place, Sect. 4.4.3.3, is that sufficient time should be
allowed, at a specific diffusion temperature, for any impurities existing in the
bulk to diffusc to the capture zone on the wafer backside (the n*—layer).
Thereafter, the impurities should essentially be unable to influence the
characteristics of the fabricated sensors.

The normalized results of the recombination lifetime measurements carried out
on an ungettered wafer and on a wafer from Group 2 are shown in Figs. 5.7(a) and
(b), respectively. The effective lifetime for the wafer from Group 2 is almost
constant over the entire recombination process and is approximately 160 usec.
The result of the ungettered wafer shows a fast initial decay followed by a slow
decay with a constant effective lifetime of approximately the same value as that
of the wafer from Group 2.

The only difference between the two measurement results of Fig. 5.7 is the
value of the recombination lifetime at the beginning of the recombination process.
The initial part of the recombination process has been shown to be mainly
determined by surface recombination [5.3]. As the concentration of free carriers at
the surface decreases, the bulk recombination becomes more dominant. That
concentration at which the surface contribution becomes negligible is dependent
on the concentration of surface states and on the height of the potential barriers
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at the surfaces. The concentration of surface states is assumed to be on the same
order of magnitude for both wafers. However, the n*—n" junction formed by the
phosphorous diffusion step in the wafer of Group 2 results in an additional
potential barrier at the backside surface. This influences the diffusion of free
carriers from the bulk towards that surface. The surface contribution in this wafer
therefore becomes negligible at a higher free carrier concentration than that
associated with the ungettered water. This explains the difference in the
recombination lifetimes at the beginning of the recombination process, i.e. it
explains the comparatively fast initial decay of the ungettered wafer in Fig. 5.7.
As expected, the values of the effective recombination lifetimes at the end of both
recombination processes shown in Fig. 5.7 are the same. The quality of the bulk of
the wafers at this stage must therefore be the same.
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Fig.5.7 Results of the effective recombination lifetime measured (a) on an
ungettered wafer and (b) on a wafer from Group 2.

However, it is expected that given a sufficient diffusion time (at a specific
diffusion temperature), any impurities existing in the bulk will be able to diffuse
to the capture zone on the wafer backside, thus ridding the bulk of any
contaminants and thereby improving the quality of the bulk and the
recombination lifetime. During the oxidation step, which followed the
phosphorous predeposition in the process sequence of the wafer from Group 2,
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Sect. 4.6.1.3, a (diffusion) time of 185 minutes was allowed at a temperature of
950 °C, as well as a cool-down time of 60 minutes at 900 °C. According to
previous investigations, Sect. 4.4.3.3 [5.4], this time should be sufficient to allow
the diffusion of all impurities existing in the bulk of the wafer of Group 2 to
diffuse to the capture zone on the wafer backside, thereby allowing effective
gettering to take place. Measurements taken at this stage however revealed
similar results to those presented in Fig. 5.7. Two conclusions can now be derived.
Either the time—temperature combination of the diffusion step was such that
ineffective gettering took place or the bulk of the wafer contained an insignificant
number of impurities.

The effective recombination lifetime was measured on a wafer from Group 1
after an arsenic implantation was performed. The dose and energy of the
implantation were selected to produce an n*—layer on the wafer backside with an
approximate thickness and doping concentration of 50 nm and 1 x 1020 ¢m3,
respectively. This step, like the phosphorous diffusion step, also produces an
addition potential barrier on the backside of the wafer, which will influence the
diffusion current of free carriers from the bulk towards the surface. The surface
contribution will therefore become negligible at a higher concentration than that
associated with the ungettered wafer. The initial recombination process is
therefore expected to be affected, as it was with the wafer from Group 2, but the
bulk recombination process should also be affected, if this method, i.e. the
creation of a damaged, heavily—doped arsenic region on the wafer backside, is an
effective method to getter bulk impurities.

The measurement results showed that the beginning of the process followed a
curve whose decay was similar to that of the Group 2 wafer, shown in Fig. 5.7,
and whose effective recombination lifetime at the end of the process was similarly
on the order of 160 psec. Due to complications in the recombination lifetime
measurement procedure, no further measurements were carried out, i.e. no
measurements could be obtained after the anneal step.

The reverse I~V characteristics were then measured upon completion of the
fabrication. The results are shown in Figs. 5.8(a) and (b) for the wafers of Group
1 and 2, respectively.

The leakage currents for the sensors of the two groups, i.e. Group1 and
Group 2, are 24 and 30 nA/cm? per 100 um depletion depth, respectively. The
magnitudes of the leakage currents are approximately the same as those values
presented in Sects. 5.2.1 and 5.2.2 and are in good agreement with the theoretical
value calculated in Sect. 2.2.1. In addition, it would be expected that the leakage
currents from the two wafers would be approximately the same, given similar
effective bulk recombination lifetime measurements.

Given the acceptable leakage current results obtained from the wafers from
both groups, i.e. Group 1 and Group 2, it cannot be concluded that these two
types of gettering were ineffective. It must therefore be concluded that the bulks
of the wafers contained insignificant numbers of impurities and that the gettering
abilities of the two techniques are approximately equal.
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Fig.5.8 (a) Typical reverse I-V characteristic of a high—purity silicon soft
X—ray sensor 1 mm?2 in area from Group 1.
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Fig.5.8 (b) Typical reverse I-V characteristic of a high—purity silicon soft
X—ray sensor 1 mm? in area from Group 2.
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5.3 MEASUREMENTS ON HIGH-PURITY SILICON
SOFT X-RAY SENSOR ARRAYS

The most important criteria in terms of the performance of high—purity silicon
soft X—ray sensor arrays include, as for the sensors described in Sect. 5.2, the
diode reverse I-V characteristics, the magnitudes of the breakdown voltages and
the diode C—V characteristics, while in addition, the crosstalk is of primary
importance in determining the ability of a sensor array to function as an imager.
These measurements are therefore described first for each of the five different
types of sensor arrays, followed by measurements performed on various diode,
MOS capacitor and polysilicon resistive test structures.

5.3.1 Double-layer conduction arrays
5.3.1.1 Introduction

The measurements presented in this section were performed on high—purity
silicon soft X-ray sensor arrays of the design IS—502 fabricated with the process
sequence depicted in Sect. 4.6.2.1. A schematic of this sensor array design is
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Fig.5.9  Typical reverse I-V characteristic of a resistive output from a
high—purity siicon soft X-ray sensor array (I1S-502).
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shown in Fig. 3.1(a) and a photograph of a fully fabricated sensor array with this
design is shown in Fig. 4.7.

5.3.1.2 Reverse I-V characteristics

Figure 5.9 shows a typical reverse I~V characteristic of a resistive—coupled
output from a high—purity silicon soft X-ray sensor array of the design 15502,
i.e. based on the double—layer conduction technique.

The theoretical breakdown voltage, Eqn. (4.2), is on the order of 3 x 104 V and
from Fig. 5.9, the experimental breakdown voltage can be seen to be over 80 V.

5.3.1.3 C-V characteristics

The C-V characteristic of a resistive—coupled output from a high—purity
silicon soft X-ray sensor array fabricated with the double-layer conduction
technique (IS~502) is shown in Fig. 5.10(a). Stray capacitances have been taken
into account. As described in Sect. 5.2.1, this capacitance should decrease as the
reverse—bias voltage increases. This is seen to occur in Fig. 5.5. In addition, the
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Fig.5.10 (a) Typical C-V characteristic of a resistive output from a high—purity
silicon soft X—ray sensor array (1S-502).
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capacitance values obtained are in good agreement with the theoretical values
predicted by one—dimensional theory due to the use of appropriate test
structures. Two MOS capacitors with the same perimeters but different areas
were fabricated on the same chip as the sensor array, Sect. 4.7.1.2. Upon
subtraction of the C—V data from the two structures, the sidewall capacitance of
the larger structures could be eliminated and an accurate measurement of the
capacitance could be obtained.

The theoretical capacitance of the 0.03 cm2? diode (total area of the three
elemental diodes) at a reverse voltage of 35V is 1.47 pF, while the measured
value at this bias voltage was 1.3 pF, Fig. 5.10(a). The theoretical capacitance of
the 0.03 cm? diode at a reverse voltage of 5 V is 3.9 pF, while the measured value
at this bias voltage was 4.2 pF.

The log voltage versus the log capacitance curve is shown in Fig. 5.10(b). In
this curve, it can be seen that the dependence of the capacitance on the bias
voltage follows a relationship such that the capacitance is proportional to the bias
voltage to the power (—0.47). This relationship is very similar to that associated
with an asymmetric, abrupt p—n junction, i.e. the capacitance in the case of an
abrupt junction is proportional to the bias voltage to the power (— 0.5). It can
therefore be concluded that asymmetric, abrupt p—n junctions have been realized
in this procedure and that no channelling effects from the ion implantation or
diffusive effects originating from the annealing procedure have occurred, as they
would have led to a linear—graded rather than an abrupt distribution.
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Fig. 5.10 (b) Log capacitance versus log. voltage curve of a resistive output from «a
high—purity silicon soft X—ray sensor array (15-502).
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5.3.1.4 Crosstalk measurements

As the size of the elemental diodes in this array were relatively large, 1 mma? in
area, the crosstalk could be measured by securing a one—pinhole collimator in
front of the device and exposing the device initially to a chopped white-light
source and subsequently to a 9Sr source, i.e. high—energetic electrons with an
energy of 2 MeV. The collimator made it possible to expose only one sensing
element to the radiation source at a time. All six outputs were readout. Similar
results were obtained with both sources, Fig. 5.11.

The resistive—coupled relative output voltage peak from the exposed element
was on the order of 9.3, while the relative output voltage peaks of the unexposed
elements were on the order of 0.5, i.e. the crosstalk was less than 10 %, Fig. 5.11.
Similar results were obtained from the capacitive—coupled outputs, Fig. 5.11.
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Fig. 5.11 Relative heights of the output voltage peaks of the resistive— and the
capacitive—coupled outputs from a high—purity silicon soft X—ray sensor array
(15-502).

However, as stated in Sect. 3.1.1, one major limitation of this device design is
that a large matrix of small sensing elements cannot be fabricated due to the fact
that as the number of elements increases, the number of aluminum strips
traversing the diodes in the horizontal direction will increase, which limits the
minimum diode size in the vertical dimension. A modification of this device was
therefore designed based on the same principle of resistive and capacitive
coupling. However, in the modified design, the double~layer conduction scheme
involves double-layer aluminum in place of heavily—doped polysilicon and
aluminum conductors, Sect. 5.3.2.
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5.3.2 Double-layer metalization arrays
5.3.2.1 Introduction

The measurements presented in this section were performed on four different
designs (i.e. IS-531, 1S—562, 1S-559 and 1S—-560) of high—purity silicon soft X—ray
sensor arrays fabricated with the process sequence depicted in Sect. 4.6.2.2.
Schematics of the sensor arrays are shown in Figs. 3.1(b), (c), (d) and (e),
respectively. Photographs of the arrays, fabricated up to the first level
metalization, are shown in Figs. 4.9(a), (b), (¢) and (d), respectively.

The design IS-531 was the first device fabricated with the improved
double-layer metalization process. This prototype is composed of a 3 x 3 array of
0.25 mm? elements. Although the processing requirements included
integrated—circuit fabrication techniques not commonly employed in the
processing of high—purity silicon radiation sensors, the array demonstrated good
detector characteristics. In addition, experimental results confirmed the ability of
the array to determine the two—dimensional position of incident radiation with
minimal crosstalk, see below. With this device design, large matrices of small
elements can be fabricated.

Due to the success of the prototype, a 256 element array (IS—562) was
fabricated with the same basic design and process sequence. As with the
prototype array, this larger (16 x 16) array of smaller elements (0.0625 mm?2) also
demonstrated good detector characteristics and experimental results confirmed
the ability of the array to determine the two—dimensional position of incident
radiation with minimal crosstalk, see below.

In an effort to improve the detector characteristics, the readout electronics
were altered in such a way as to make the polysilicon resistive structures
unnecessary. The polysilicon resistive structures are only necessary if the
preamplifiers associated with the z—addresses have low input impedances. If
charge—sensitive preamplifiers are utilized with high capacitive input
impedances, the polysilicon resistive structures prove unnecessary, see below. As
stated in Sect. 5.1.2.1, the input impedance of the preamplifier must be compared
to the capacitance value associated with the diode elements. For a charge
collection deficit of less than 1% at the z—addressed output connections, the
diode capacitance must be at least 100 times less than the preamplifier input
capacitance. The maximum collection of the charge generated in an array element
at the charge—sensitive preamplifiers associated with the z—addresses can then be
obtained without the need for the polysilicon resistive structures, which will
enable a device to be realized with improved energy and position resolutions.

The original prototype design IS-531 was modified through the elimination of
the polysilicon resistive structures. A modified prototype array (a 3 x 3 array of
0.25 mm? elements) was fabricated, IS-559. Due to the successful operation of the
modified prototype, a 256 element array (16 x 16 array of 0.0625 mm? elements)
with the same basic design as the modified prototype was fabricated, 1S—560.
Improved leakage current and energy resolution results were obtained from
devices with the design IS-560 (without the polysilicon structures) compared to
devices with the design IS—562 (with the polysilicon structures), see below.
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5.3.2.2 Reverse I-V characteristics

Figures 5.12(a)and (b), 5.13(a)and (b), 5.14(a)and (b) and 5.15(a)and (b) show
typical reverse I-V characteristics of the resistive—coupled outputs after (a) the
first level metalizations and (b) after full fabrication from the arrays 1S-531,
I5-562, IS-559 and IS-560, respectively.

The leakage currents were measured after the first level metalizations and
again after full fabrication of the sensor arrays in order to observe the effect(s), if
any, the low—temperature deposition of silicon dioxide had on the reverse -V
characteristics of the sensor arrays.

In the case of the design IS—531, Figs. 5.12(a) and (b), there are practically no
differences between the two curves. The PECVD technique was employed in the
fabrication of this sensor array to realize the low—temperature deposition of
silicon dioxide, Sect. 4.5.2, while the silox deposition method was utilized with
the other three sensor array designs, i.e. IS—562, 1S—559 and IS—560.

In the fabrication of the designs 1S-562, 1S—559 and IS—560, an aluminum alloy
step was not performed after the first level metalizations, as contact between the
metal layer and the diode structures was achieved directly after the metalization
step. This had the effect of increasing the resistance associated with the reverse
I-V characteristic after the first layer metalizations, Figs. 5.13(a), 5.14(a) and
5.15(a). However, as the silox depositions took place at 400 oC for 15 minutes,
this appears to have effectively annealed the metal layers, as the resistive
increases are not scen in the reverse -V characteristics after full fabrication,
Iigs. 5.13(b), 5.14(b) and 5.15(b).

The difference in the magnitudes of the two leakage currents from IS—562 is
insignificant.

From Figs. 5.14(a) and (b), it can be seen that the magnitude of the leakage
current after the first level metalization of a high—purity silicon soft X—ray sensor
array with the design 1S-559 was slightly lower than that after full fabrication,
i.e. —1.6 nA vs. 2.2 nA at 100 V reverse bias. This difference is slight and could
be due to the temperature difference at which the measurements were taken.

The leakage current after full fabrication is slightly smaller in magnitude
compared with that after the first level metalization in the high—purity silicon
soft X—ray sensor array with the design 1S-560. This difference may be due to a
possible reduction in the electrically active interface state density at the Si/SiOs
interface during the low—temperature process that preceded the second level
metalization, which would reduce the surface component of the leakage current.

The theoretical breakdown voltage, Eqn. (4.2), is on the order of 3 x 104 V and
from the figures above, the experimental breakdown voltages can be seen to be
over 100 V.

A low leakage current measurement obtained from a sensor or sensor array
assures that the sensor or sensor array will produce good energy resolution
measurements. However, these measurements were performed in addition to the
measurements of the leakage current from the resistive—coupled outputs of the
high—purity silicon soft X-ray sensor arrays realized through use of the
double-layer metalization technique, as well as on the diode test structures
fabricated alongside each sensor array design. The FWHM of a resistive—coupled
output from a high—purity silicon soft X-ray sensor array with the design 1S-531
at the 59.4 keV peak of 241AM (the use of this source is described in Sect. 1.3.1)
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Fig.5.13 Typical reverse I-V characteristics of a_resistive output from a
high—purity silicon soft X—ray sensor array (IS-562) (a) afler the first layer
metalization and (b) afier full fabrication.
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Fig.5.14  Typical reverse [-V characteristics of a resistive oulpul from a
high—purity silicon soft X—ray sensor array (1S-559) (a) afler the first layer
melalizalion and (b) afler full fabrication.
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Fig.5.15  Typical reverse 1=V characteristics of a resistive oulput from a
high—purity silicon soft X-ray sensor array (IS-560) (a) afler the first layer
metalization and (b) afler full fabrication.
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Fig.5.16 That part of the pulse—height spectrum of a resistive output from a
high—purity silicon soft X—ray sensor array (IS—531) upon ezposure to 241Am
showing the 59.4 keV peak.

was measured to be 10keV, Fig. 5.16. Similar results of the FWHM at the
59.4 keV peak of 241AM were measured on the other three designs: 1S-562, IS—559
and IS-560, i.e. 10 keV, 8 keV and 8 keV, respectively.

Because the sensor arrays 1S—562 and IS—560 were processed simultaneously,
their measurement results can be directly compared. Note that the magnitudes of
the leakage currents of the 16 x 16 array without the polysilicon structures,
IS-560, were approximately two times smaller than the leakage currents of the
16 x 16 array with the polysilicon resistive structures, 1S—562. The energy
resolution of IS-560 also proved to be better than its predecessor, 1S—562.
However, leakage current and energy resolution measurements of the 3 x 3 arrays
cannot be directly compared, as they were not processed simultaneously.

5.3.2.3 Crosstalk measurerments

In order to determine the degree of crosstalk, two outputs were measured in
coincidence, as described in Sect. 3.3.4. High—energy electrons from a 90Sr source
were used in this investigation. Measurements performed on the sensor design
I§—531 will first be described, followed by those of the designs 1S-562, 1S—559 and
15-560.
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Figures 5.17(a) and (b) are typical measurements obtained from the middle
resistive output and its neighboring resistive output (IS-531) when the
coincidence condition was set on the middle output. It is important to note the
different scales used in the two figures. The graphs demonstrate the reduction in
counts recorded in the coincidence measurement, i.e. in the pulse-height
spectrum of Fig. 5.17(b). At the threshold energy of 250 keV, the middle output -
records approximately 100 counts, while that of its neighbor, measured in
coincidence, records approximately 5 counts. Taking the entire spectrum from
25(;) to 1000 keV into consideration, the crosstalk was estimated to be less than
5 %.

Figures 5.18(a) and (b) are typical measurements taken from the middle
capacitive output and its neighboring capacitive output (1S-531) when the
coincidence condition was set on the middle output. These graphs provide results
similar to those of Figs. 5.17(a) and (b). Again the crosstalk was estimated to be
less than 5 %.

The next—neighboring crosstalk was also measured for both the resistive and
the capacitive outputs from a sensor array with the design 1S-531.
Figures 5.19(a) and (b) display the right resistive output and the left resistive
output (IS-531) when the coincidence condition was set on the right output. Note
the change in scales of the figures. Similar measurements werc made on the
capacitive—oupled next—neighboring outputs and similar results were obtained.
The next—neighboring crosstalk can be seen to be equal to or less than the
neighboring crosstalk.

Figures 5.20(&1) and (b) are typical measurements from the sensor design
IS-562 obtained from a given resistive—coupled output and its next—neighboring
resistive output when the coincidence condition was set on the given output,
respectively. Note the very high threshold that was set on the given output,
Fig. 5.20(33', i.e. with no threshold set, the pulse—height spectrum would begin at
the origin and continue through the higher energies. Again, it is important to note
the dif%erent scales used in the two figures. The graphs demonstrate the reduction
in counts recorded in the coincidence measurement. The crosstalk is estimated to
be less than 5 %.

Figures 5.21(a) and (b) are typical measurements from the sensor design
IS—562 taken from a given capacitive output and its next—neighboring capacitive
output when the coincidence condition was set on the given output, respectively.
These graphs provide results similar to those of IYigs. 5.20(a) and (b). Again the
crosstalk was estimated to be less than 5 %. Neighboring crosstalk measurements
were disqualified in the case of this sensor array (IS—-562), as backscatter, which
occurs with high—energetic electrons and can create a pulse up to 500 gm from
from the electron's point of origin, could not be distinguished from true crosstalk.

Identical measurements were then performed on the modified sensor arrays
[S-559 and IS-560. Again, only the next-neighboring coincidence studies werc
performed on the larger sensor array (16x16) with the smaller elements
(0.0625 mm?2), IS—-560. The crosstalk measured with these arrays without
polysilicon resistive structures was higher than that measured with their
predecessors. However, the crosstalk remains minimal and, especially in
applications where a digital detector output is sufficient, the modified sensor
arrays remain useful in the imaging of soft X-rays. To avoid repetition, only
those measurements obtained from IS—560 will be shown.
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Fig. 5.17 (a) Typical response from the middle resistive output (15-531) when
ezposed to a 90Sr source.
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coincidence condition was set on the outpul of Fig. 5.17(a). Note the change of
scales from Fig. 5.1 a).
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Iig. 5.18 (a) Typical response from the middle capacitive output (IS-531) when
exposed to a 90Sr source.
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Fig. 5.18 (b) Response from a neighboring capacitive oulput (1S-531) when the
cowmncidence condition was set on the output of Iig. 5.18(a). Note the change of
scales from Fig. 5.18(a).
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Fig.5.19 (a) Typical response from the right resistive output (1S—531) when
exposed to a 99Sr source.
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Fig. 5.19 (b) Response from a next—neighboring resistive output (1S~531) when the
comeidence condition was set on the outpul of Fig. 5.19(a). Note the change of
seales from Fig. 5.19(a).
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Fig. 5.20 (a) Typical response from a given resistive output (IS—562) when
exposed to a 90Sr source.
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Fig. 5.20 (b) Response from a nezt—neighboring resistive output (1S—562) when the
coincidence condition was set on the output of Fig. 5.20(a). Note the change of
scales from Fig. 5.20(a).
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Figures 5.22(&{) and (b) are typical measurements from the sensor design
1S-560 obtained from a given resistive—coupled output and its next—neighboring
resistive output when the coincidence condition was set on the given output,
respectively. Note the very high threshold that was set on the given output,
Fig. 5.22(a), i.e. with no threshold set, the pulse—height spectrum would begin at
the origin and continue through the higher energies. Again, it is important to note
the dif%erent scales used in the two figures. The graphs demonstrate the reduction
in counts recorded in the coincidence measurement, i.e. in the pulse—height
spectrum of IFig. 5.22(b). The crosstalk is estimated to be less than 10 %.

Figures 5.23(a) and (b) are typical measurements from the sensor design
[S-560 taken from a given capacitive output and its next—neighboring capacitive
output when the coincidence condition was set on the given output, respectively.
These graphs provide results similar to those of Figs. 5.22(a) and (b). Again the
crosstalk was estimated to be less than 10%. Neighboring crosstalk
measurements were disqualified in the case of this sensor array (IS-560), as
backscatter, which occurs with high—energetic electrons and can create a pulse up
to 500 um from the electron's point of origin, could not be distinguished from true
crosstalk.

5.3.2.4 Measurements on test structures

The diode, MOS capacitor and polysilicon resistive test structures, fabricated
on the same chips as the sensor arrays, were measured and the results are shown
below. Reverse -V characteristics were measured on diode test structures,
fabricated on the same chips as the high—purity silicon soft X—ray sensor arrays,
after the first and after the second level metalizations. Typical results obtained
on 0.25 mm? test diodes fabricated alongside sensor array design IS—531 are
shown in Figs. 5.24(a) and (b). From the test structures, the leakage current is
calculated to be 24 nA/cm? per 100 pm depletion depth. Diode test structures
fabricated alongside the other high—purity silicon soft X—ray sensor array designs,
i.e. IS-562, IS—559 and IS-560, revealed leakage current measurements after the
first level metalizations and after full fabrication also on the order of
20 —30 nA/cm? per 100 ym depletion depth.

In an effort to examine the effect the highly doped polysilicon resistive
structures would have on the energy resolution of the diode matrix, another
study, similar to the one described in Sect.5.2.2, was performed. This study
proved to be more sensitive, as the size of the test diode was greatly reduced.

The energy resolution for the 59.4 keV peak of an 24?1Am source of two different
test structures, fabricated within the same chip as the sensor array design 1S—531,
were obtained. One test structure was a 0.25 mm?2 diode and the other was a
0.25 mm? diode with a polysilicon resistive structure (geometrically identical to
those within the array) in series. The pulse-height spectrums of the two diode
test structures upon exposure to 24!1Am are shown in Figs. 5.25(a) and (b),
respectively, while those parts of the pulse~height spectrums showing the
59.4 keV peaks are magnified and shown in Figs. 5.26(a) and (b), respectively.
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Fig.5.22 (a) Typical response from a given resistive output (15-560) when
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Fig. 5.24 Typical reverse I-V characteristics of a test diode 0.25 mm? in area
fabricated on the same chip as a high—purity silicon soff X—ray sensor array
(1S-531) (a) after the first level metalization and (b) afler full fabrication.

A separation in the L X-rays can be seen in the pulse-height spectrum of the
first test structure, Fig. 5.25(a), while the second test structure is not able to
distinguish the two peaks. The FWHM values for the two test structures at the
59.4 keV peak were 3.7 and 5.7keV, (Figs. 5.26(a) and (b)), respectively. The
noise associated with the polysilicon structures can now be seen to be of
consequence. This noise adds to the noise of the diode itself, which broadens the
pulse—height spectrum and increases the FWHM value.

In order to measure the doping profiles of the substrates upon completion of the
processing of the arrays, two test structures, i.e. MOS capacitors with the same
perimeters but different areas, were fabricated on the same chips, Sect. 4.7.1.2.
The C-V data, obtained from the two devices on each chip through a C-V
measurement technique, were subtracted so that the sidewall capacitance of the
larger structures could be eliminated. The doping profiles of the substrates were
then extracted from the C—V data.

The doping profiles of the substrates for the sensor arrays of designs I1S—531 and
[S-562 are shown in Figs. 5.27 (a) and (b), respectively. To avoid redundancy,
the data for the other two sensor arrays is not displayed, however, similar results
were obtained.

The doping of the substrates upon completion of the processing of the sensor
arrays are comparable to that of the starting material, i.e. substrate resistivity
4 kQ)—cm; doping level on the order of Ny =1 x 12 cm3.
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Fig. 5.25 (a) Pulse—height spectrum of a test diode 0.25 mm? in area fabricated on

the same chip as a high—purity silicon soft X—ray sensor array (IS-531) upon
exposure to 241Am.
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Fig. 5.25 (b) Pulse—height spectrum ofa test diode 0.25 mm? in area in series with
a polysilicon resistive structure (geometrically identical to those within the sensor
array) fabricated on the same chip as a high—-purity silicon soft X—ray sensor array
(IS—-531) upon exposure to 241 Am.
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From test resistors placed around the periphery of the chips with the same as
well as different dimensions as those in series with the diodes the resistance values
of the resistive structures within the sensor arrays of IS-531 and 1S-562 could be
estimated. The theoretical resistance values of the resistive structures from these
two designs are calculated according to Eqn. (4.3).

The geometry of the polysilicon structures used in the two different sensor
arrays of the design IS—531 were identical to those of test resistors 4 and 5, while
that geometry of test resistor 4 was used in the sensor arrays of the design IS-562,
Sect. 5.2.2. Resistance measurements performed on the fourteen test resistors of
the designs IS—531 were similar to those average measured values presented in
Table 5.1, i.e. the theoretical values were obtained £ 5 %. Only four test resistors
were placed on the design IS-562, all of which had a theoretical resistance value of
195 Q/sqr. Again, the average measured resistance values of the four test
structures was the theoretical value £ 5 %.

5.4 CONCLUSIONS

The measurement system used for the detection of soft X—radiation is first
described in this chapter. The magnitude of the signal obtained from a
high—purity silicon soft X-ray sensor or sensor array is relatively small, due to
the limited amount of charge created upon the absorption of a soft X-ray photon
in the high-purity silicon bulk. As there is no gain associated with the sensor
itself, preamplification of the signal is necessary. The preamplifier should provide
low—noise amplification. In addition, it should be small, fast and have a low
power dissipation.

A spectroscopy amplifier shapes and filters the signal, as well as amplifies the
signal magnitude. After amplification, the signal is input into a multi—channel
analyzer. Conventional multi—channel analyzers are equipped with level
discriminators, analog—to—digital converters, coincidence capabilities and
memory and display units. Multi—channel analyzers collect and store spectral
data acquired from a detection system for the purposes of display and/or further
analysis. A histogram of the number of counts versus the channel number or
versus the elapsed time is obtained at the end of the measurement.

The experimental leakage currents obtained from the high—purity silicon soft
X-ray sensors and sensor arrays were in good agreement with those values
predicted by the theory. The experimental resistance values of the polysilicon
resistive structures were also in good agreement with what was predicted
theoretically.

Two different gettering techniques are tested: a backside arsenic implantation
and a backside phosphorous diffusion. The gettering abilities of the two
techniques are approximately equal.

The crosstalk is less than 10 % in the high—purity silicon soft X-ray sensor
arrays based on the double-layer conduction technique, 1S-502. However, this
device design is limited in that large arrays of small elements cannot be realized.

The crosstalk in the high—purity silicon soft X-ray sensor arrays based on the
double-layer metalization technique that employed polysilicon resistive
structures in their designs, IS-531 and 1S-562, is less than 5 %. The crosstalk in
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those high-purity silicon soft X-ray sensor arrays based on the double-layer
metalization technique that employed only the small resistance of the aluminum
interconnection lines, IS-559 and IS—560, is somewhat higher (although still less
than 10 %), but the energy resolutions in these arrays are superior to thosc of
their predecessors.

A soft X-ray sensor array must be able to absorb incident soft X-rays and
collect the electron—hole pairs subsequently generated within its volume in order
to provide a true measure of the energy of the incident radiation and to indicate in
two dimensions the radiation's position of incidence. The low leakage currents,
good energy resolutions and minimal degrees of crosstalk associated with the
high—purity silicon soft X—ray sensor arrays presented in this thesis establish
their useful application in the imaging of soft X—rays.

Future work should concentrate on two areas: the realization of larger arrays of
smaller elements and the realization of preamplification electronics on the same
high—purity silicon substrate as the sensor.

Device simulation studies performed on the high—purity silicon soft X-—ray
sensor array design based on the double-layer metalization technique show that
with this design the successful operation of a large matrix (7.6 x 7.6 cm?) of small
clements (20 x 20 ym?) is fcasible. The fabrication of such a matrix is also
feasible. An array with these specifications would involve a twenty—fold
improvement in the position resolution and would be large enough to be utilized
in experimental systems.

The employment of large sensor arrays in experimental systems is however
often difficult due to the large number of sensor outputs. Realizing
preamplification electronics on the same substrate as the sensor array would
minimize the difficulty associated with the bonding of each output to a
preamplilier. It would also minimize the parasitic capacitance between the two
units and thereby minimize the system noise. The total power, size and wiring
costs of the detection system would also be reduced [5.5]. Although a number of
incompatibilities exist in the co—integration of radiation sensors and clectronics
on the same high-resistivity silicon substrate, the benefits such a system would
provide, justify future rescarch in this area.
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SUMMARY

The aim of the research presented in this thesis is to investigate the fundamental
properties of two—dimensional position—sensitive soft X-ray sensors fabricated on
high—purity silicon. Very little effort has been expended for the development of
sensors for the detection of soft X-rays, i.e. electromagnetic radiation with
energies between approximately 2-25 keV. In the past, there has been little need
for such sensors, as there have been few sources of soft X—radiation. However, due
to the recent progress made in the fundamental research and technological
applications of soft X-radiation sources, e.g. synchrotron and repeatedly—pulsed
plasma sources, the development of soft X—ray imaging sensor arrays has become
necessary. High—purity silicon sensor arrays are ideal devices for application in
those systems that utilize low—energy (soft) X-rays.

The interactions that take place when electromagnetic radiation is incident
upon silicon are discussed in Chapter 2. Soft X-rays are absorbed in silicon
primarily by the photoelectric effect. The number of free carriers generated upon
the absorption of a photon in silicon depends on the energy of the radiation. The
overall detection process not only involves the absorption of incident photons and
the ensuing charge generation, but also involves the collection of the generated
charge. The absolute quantum efficiency engrosses the overall process and is
defined as the ratio of the number of charge carriers collected to the theoretical
number that would be generated if all the incident photons emitted from the
source were converted to charge carriers.

High—purity silicon soft X-ray sensors, i.e. the elemental units of the sensor
arrays, are theoretically characterized in Chapter 2. Two types of sensors are
examined. Both consist of p*—n—n* diodes realized on high—resistivity silicon.
The readout of the sensors from the first type is direct, while each sensor from the
second type is first connected in series with a polysilicon resistive structure before
being read out. The theoretical characterization consists of analyses of the
sensors' leakage currents, lifetimes, energy resolutions and noise sources. The
principles of charge collection and the damage incident radiation creates within
the sensors are also discussed.

The total leakage current in high—purity silicon soft X-ray sensors originates
from three sources: from the surface, from thermal generation in the depletion
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region and from thermal generation in the undepleted regions. In the standard
mode of operation, i.e. the fully depleted mode, the greatest contribution to the
total leakage current arises from thermal generation in the depletion region.

The ability of a detector to measure the energy of incident radiation is
quantified by its energy resolution. The emission spectrum of a monoenergetic
source should theoretically be an impulse. However, a broad pulse is typically
recorded due to noise sources. Line broadening effects arise from three main
sources of noise: statistical fluctuations in the number of created carriers,
statistical fluctuations in the magnitudes of the diodes' reverse currents and
statistical fluctuations in the currents originating from the electronic circuitry.

Electromagnetic radiation incident upon a high—purity silicon soft X-ray
sensor causes damage through the generation of lattice displacement defects.
However, if the energy of the incident radiation is below 130 keV, significant
damage does not occur. Moreover, annealing techniques offer the possibility to
reduce or eliminate the damage.

High—purity silicon soft X—ray sensor arrays are theoretically characterized in
Chapter 3. Two types of sensor arrays are examined. The fabrication of one type
is based on a double—layer conduction (polysilicon and aluminum) technique.
This sensor array design has the limitation that large arrays of small elements
cannot be realized.

This is not a limitation in the sensor array designs of the second type, which
employ a double-layer metalization (aluminum, aluminum) fabrication
technique. These sensor arrays are divided into two groups, the designs of which
are based on the elemental sensor units described above. One group of arrays is
composed of matrices of high—purity silicon soft X—ray sensor elemental units,
while the elemental unit that is used to build the matrices in the second group
consists of a high—purity silicon soft X-ray sensor in series with a polysilicon
resistive structure.

Due to the fact that the sensor arrays are composed of sensor elemental units,
many of the sensor characterization parameters apply directly to the sensor
arrays. The leakage current associated with one resistive output of a sensor array
is the sum total of the leakage currents of the elemental units in that column. The
lifetime associated with a particular soft X—ray sensor is not dependent on the
sensor design and therefore does not have to be redefined for the sensor arrays.
The energy resolution and noise of a sensor array are similarly defined by the
energy resolution and noise of the individual sensor elements. Parameters that do
differ for the sensor arrays include spatial resolution, crosstalk and radiation
damage.

Crogsstalk between neighboring elements within the sensor arrays can occur
when charge collected at one element induces an output at another element.
Coincidence techniques can be used to determine the degree of crosstalk.

As the sensor arrays have two metalization layers and a dielectric separating
them, they may not be as radiation hard as the basic sensors. Long term
ionization effects due to trapped charge may affect the functioning of the
dielectric. Backside illumination of the sensor arrays will reduce the possibility of
this damage from occurring,.

The fabrication of the high—purity silicon soft X—ray sensors and sensor arrays
is detailed in Chapter 4. Fabrication of the sensors involves the formation of two
junctions in high-resistivity silicon substrates through the wuse of
ion—implantation techniques: a frontside p*—n- junction and a backside n—n*
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Junction. High—purity silicon is used as the substrate material for a number of
reasons. It contains a relatively low impurity concentration, a low trap density
and a low scattering—center density. Therefore, thermal generation in the
depletion region is minimized and the depletion-region depth, the
minority—carrier lifetime and the charge—carrier mobilities are maximized. In
addition, a high electric field is created in the depletion region of a fully
reverse—biased sensor. This electric field assures the collection of the
photon—generated charge in less than 25 ns and prevents the diffusive spreading
of the charge before it reaches the collecting electrode(s). Moreover, devices
fabricated on high—ohmic silicon consistently have higher quantum efficiencies for
soft X—rays than those fabricated on standard ohmic silicon. The resistive
structures were realized through the deposition and doping of polysilicon by
LPCVD and phosphorous diffusion techniques, respectively.

The process sequence developed to realize the high—purity silicon soft X-ray
sensors could directly be utilized to fabricate the high—purity silicon soft X-ray
sensor arrays based on the double-layer metalization technique with the addition
of two steps: a low—temperature deposition of silicon dioxide and a second layer
metalization.

The measurement system used for the detection of soft X—radiation is detailed
in Chapter 5. The photon—generated charge must be processed after it is
collected. The signal-processing units used in soft X-ray detection systems
consist of preamplifiers, spectroscopy amplifiers, ADCs, coincidence units and
MCAs. The successful application of high~purity silicon soft X-~ray sensors and
sensor arrays depends critically on the availability of small, fast, low noise
amplification and signal—conditioning electronics with low power dissipations.

Experimental results are presented in Chapter 5. The leakage currents
obtained from the high—purity silicon soft X—ray sensors and sensor arrays were
in good agreement with those values predicted by theory. The experimental
resistance values of the polysilicon resistive structures were also in good
agreement with what was predicted theoretically.

The crosstalk associated with all the sensor array designs was consistently less
than 10 %. The sensor arrays fabricated with the double-layer metalization
technique employing polysilicon resistive structures had the lowest degree of
crosstalk (less than 5 %), while those sensor arrays fabricated with the
double-layer metalization technique which were not associated with polysilicon
resistive structures had the best energy resolutions.

The aim of a soft X—ray sensor array is to absorb the incident radiation and to
collect the electron—hole pairs subsequently generated within its volume in order
to provide a true measure of the energy of the incident radiation and to indicate in
two dimensions the radiation's position of incidence. The low leakage currents,
good energy resolutions and minimal degrees of crosstalk associated with the
high—purity silicon soft X-ray sensor arrays presented in this thesis establish
their useful application in the imaging of soft X—rays.
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Het in dit proefschrift gepresenteerde onderzoek behandelt de fundamentele
eigenschappen van tweedimensionale positiegevoelige sensoren voor het meten
van zachte rontgenstraling. De sensoren zijn vervaardigd in hoogohmig silicium.
Door de vooruitgang op het gebied van het fundamentele onderzoek naar de
technische toepassingen van zachte rontgenstraling (b.v. synchrotronstraling en
gepulste plasmabronnen) is de ontwikkeling van tweedimensionale
positiegevoelige sensoren voor het meten van zachte rontgenstraling noodzakelijk
geworden. Hoogohmige silicium sensormatrices zijn bij uitstek geschikt voor het
meten van laag energetische (zachte) rontgenstraling.

De interaktiemechanismen, die de wisselwerking tussen elektromagnetische
straling en silicium beschrijven, worden behandeld in Hoofdstuk 2. Zachte
rontgenstraling wordt in silicium voornamelijk d.m.v. het fotoelektrisch effekt
geabsorbeerd. Het aantal vrije ladingsdragers dat gegenereerd wordt door de
absorbtie van een foton wordt bepaald door de energie van de invallende straling.
Het komplete detektieproces hangt niet alleen af van de absorptie van de fotonen
en de bijbehorende generatie van ladingsdragers, maar wordt mede bepaald door
de kollektie van de gegenereerde lading. De absolute kwantumefficiency omvat
het komplete proces en is gedefinieerd als de verhouding van het aantal
gekollekteerde ladingsdragers en het theoretische aantal dat zou worden
gegenereerd als alle invallende fotonen omgezet zouden worden in ladingsdragers.

Hoogohmige silicium sensoren voor het meten van zachte rontgenstraling, in
het bijzonder de matrix—elementen van de sensormatrices, worden theoretisch
gekarakteriseerd in Hoofdstuk 2. Twee soorten sensoren worden behandeld, welke
beide bestaan uit p*-n—n* diodes van hoogohmig silicium. Het
uitleesmechanisme van de sensoren van het eerste type is direkt, terwijl bij de
tweede soort elke sensor via een geintegreerde polysilicium weerstand wordt
uitgelezen. De theoretische karakterisatie omvat de analyses van de lekstroom
van de sensor, de levensduur van de ladingsdragers, de energieresolutie en de
ruisbronnen. Het principe van de ladingskollektie en de schade, die de invallende
straling in de sensoren veroorzaakt, wordt ook behandeld.

De totale lekstroom in hoogohmige silicium sensoren voor het meten van
zachte rontgenstraling bestaat uit drie komponenten: lek via het oppervlak,
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thermische generatie in de depletielaag en thermische generatie in de
niet—gedepleteerde gebieden. Bij de standaardinstelling (d.w.z. dat de sensor
geheel gedepleteerd is) wordt de totale lekstroom voornamelijk bepaald door de
thermische generatie in de depletielaag.

De geschiktheid van een detektor om de energie te meten van invallende
straling wordt weergegeven door de energieresolutie. Het energiespektrum van
een monoenergetische bron is in theorie een delta—puls. Echter in de praktijk
wordt een brede puls gemeten, veroorzaakt door verschillende ruisbronnen. Dit
lijnverbredingseffekt wordt veroorzaakt door drie ruisbronnen: statistische
fluktuaties in het aantal gegenereerde ladingsdragers, statistische fluktuaties in
de lekstroom en statistische fluktuaties in stromen in de elektronische circuits.

Elektromagnetische straling die binnendringt in een silicium sensor kan schade
veroorzaken door de generatie van roosterfouten. Echter, zolang de energie van de
invallende straling lager is dan 130 keV, blijft de stralingsschade beperkt.
Bovendien biedt een temperatuurbehandeling de mogelijkheid om de schade te
herstellen.

Hoogohmige silicium sensormatrices voor het meten van zachte
rontgenstraling worden theoretisch gekarakteriseerd in Hoofdstuk 3. Twee
soorten sensormatrices worden onderzocht. De fabrikage van de eerste soort is
gebaseerd op een interkonnektiepatroon (aluminium, polysilicium). Deze
methode heeft als nadeel dat grote matrices bestaande uit kleine elementen niet
gemaakt kunnen worden.

Dit nadeel geldt niet voor sensormatrices van de tweede soort. Deze worden
gefabriceerd volgens de dubbellaagsmetallisatietechniek (aluminium, aluminium)
en worden onderverdeeld in twee groepen, beide gebaseerd op de sensorelementen
zoals in de voorgaande tekst beschreven. De ene groep bestaat uit matrices van de
sensorelementen, terwijl de elementen van de tweede groep bestaan uit sensoren
in serie met polysilicium weerstanden.

Omdat de sensormatrices opgebouwd zijn uit sensorelementen, gelden veel van
de karakteristieke parameters van de sensorelementen ook voor de elementen van
de sensormatrices. De lekstroom van een resistieve uitgang van een sensormatrix
is de som van de lekstromen van de sensorelementen van de kolom. De levensduur
van de ladingsdragers van een bepaalde sensor hangt niet af van de geometrie van
de sensor en hoeft dus niet apart gedefinieerd te worden voor sensormatrices. De
energieresolutie en de ruis van een sensormatrix worden eveneens gegeven door de
energieresolutie en de ruis van de individuele sensorelementen. Parameters die
wel verschillend zijn voor sensormatrices zijn plaatsresolutie, overspraak en
stralingsschade.

Overspraak tussen naburige elementen in een sensormatrix komt voor wanneer
de lading, die door een element gekollekteerd wordt, bij een ander element een
uitgangssignaal induceert. Koincidentietechnieken worden gebruikt om de mate
van overspraak vast te stellen.

Omdat de sensormatrices twee metallisatielagen hebben met een dielektricum
ertussen als isolatie, zijn deze matrices minder stralingsbestendig dan de
sensorelementen. Ionisatie effekten veroorzaakt door ingevangen lading kunnen
op den duur het funktioneren van het dielektricum nadelig beinvloeden. Wanneer
de sensormatrices aan de achterkant bestraald worden, neemt de kans op dit soort
stralingsschade aanzienlijk af.

De fabrikage van hoogohmige silicium sensoren en sensormatrices voor het
meten van zachte rontgenstraling wordt behandeld in Hoofdstuk 4. De fabrikage
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van een sensor bestaat uit het aanbrengen van twee junkties in een hoogohmig
substraat d.m.v. ionenimplantatietechnieken: een p*—n- junktie aan de voorkant
en ecn n—n* junktie aan de achterkant. Er is een aantal redenen om hoogohmig
silicium te gebruiken als substraatmateriaal. Het heeft een relatief lage
verontreinigingskoncentratie, een la%e dichtheid van vangcentra en een lage
verstrooiingscentradichtheid. Dit heett tot gevolg dat de thermische generatie in
de depletielaag minimaal is en dat de levensduur en de mobiliteit van de
minderheidsladingsdragers en de depletielaagdikte maximaal zijn. Bovendien
ontstaat een sterk elektrisch veld in de depletielaag van een korrekt ingestelde
sensor. Dit elektrisch veld bewerkstelligt dat de kollektie van de gegenereerde
lading in minder dan 25 ns plaatsvindt en voorkomt dat de lading uitdiffundeert
voordat het de elektrode(s) bereikt. Tenslotte hebben sensoren van hoogohmig
silicium altijd een betere kwantumefficiency dan sensoren van standaard silicium.
De geintegreerde weerstanden zijn gerealiseerd door depositie van polysilicium
m.b.v. een LPCVD techniek.

De processtappen die ontwikkeld zijn om hoogohmige silicium sensoren voor
het meten van zachte rontgenstraling te fabriceren kunnen direkt gebruikt
worden voor de fabrikage van de sensormatrices die gebaseerd zijn op de
dubbellaagsmetallisatietechniek. Slechts twee stappen moeten worden
toegevoegd: depositie bij lage temperatuur van siliciumdioxide en de tweede
metallisatie stap.

Het meetsysteem dat gebruikt is voor de detektie van zachte rontgenstraling
wordt behandeld in Hoofdstuk 5. De door een foton gegenereerde lading moet
bewerkt worden nadat het is gekollekteerd. De signaalverwerkingsapparatuur die
gebruikt wordt In meetsystemen voor zachte rontgenstraling bestaat uit
voorversterkers, spektroskopie versterkers, A/D omzetters, koincidentiecircuits
en MCAs (veelkanaals analysatoren). Het met succes toepassen van hoogohmige
silicium sensoren en sensormatrices voor het meten van zachte rontgensstraling
hangt zeer nauw samen met de beschikbaarheid van kleine en snelle versterkers
met lage ruis en van signaalverwerkingselektronica die weinig vermogen
dissipeert.

De experimentele resultaten worden gepresenteerd in Hoofdstuk 5. De gemeten
waarden van de lekstromen van de sensoren en de sensormatrices zijn in
overeenstemming met de door de theorie voorspelde waarden. De experimentele
waarden van de geintegreerde polysilicium weerstanden zijn ook in
overeenstemming met de theorie.

De overspraak van alle sensormatrices is altijd minder dan 10%. De
sensormatrices met dubbellaagsmetallisatie die gebruik maken van de
geintegreerde weerstanden hebben de laagste overspraak, terwijl de
sensormatrices met dubbellaagsmetallisatie die geen geintegreerde weerstanden
gebruiken de beste energieresolutie hebben.

Het doel van een sensormatrix voor het meten van zachte réntgenstraling is om
invallende straling te absorberen en de daarbij gegenereerde elektron—gat paren te
kollekteren en zodoende een betrouwbare waarde van de energie en de positie in
twee dimensies van de invallende straling te geven. De lage lekstroom, de goede
energieresolutie en de kleine overspraak van de in dit proefschrift gepresenteerde
hoogohmige silicium sensormatrices voor het meten van zachte rontgenstraling
tonen aan dat deze sensormatrices uitermate geschikt zijn voor het meten van
zachte rontgenstralingsbeelden.
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Symbol Description Unit

A Area m?

a Lattice constant m

B Magnetic—flux density T

B Proportionality constant

BV Voltage; breakdown \%

¢ Speed of light in vacuum, 2.998 x 108 m/s

Cqy Capacitance; depleted layer F

Cdet, Capacitance; detector F

Cr Capacitance; feedback F

Cin Capacitance; preamplifier input F

Chin Capacitance; inverted layer F

Cox Capacitance; oxide layer F

Cs Capacitance; undepleted layer F

D. Diffusion constant; electrons m2/s

Dep* Diffusion constant; electrons in p*—region m2/s

Dy Diffusion constant; holes m2/s

Dhn Diffusion constant; holes in n—region m?/s

Dynt Diffusion constant; holes in n*—rcgion m?2/s

& Electric—field strength V/m

E Energy J

Ey, Binding energy of an electron to its shell

&by Maximum electric field at breakdown V/m

E. Energy level; bottom of conduction band J

F; Energy level; intrinsic Fermi J

Eg Energy; bandgap J

Fp Energy; photon J

Eqn Energy level; electron quasi—Fermi J

Eap Energy level; hole quasi—Fermi J

E Energy level; trap J

Ey Energy level; top of valence band J
Frequency Hz

Fano factor



182 High—Purity Silicon Soft X—Ray Sensor Arrays

G
Ge
Gh
h
hv
hvg

742

iv
iiiyiv

e
Jn

Generation rate

Generation rate; electrons
Generation rate; holes

Planck's constant, 6.636 x 10-34
Energy; photon

Energy; phonon

Current; flicker noise
Current; generation—recombination noise
Current; shot noise

Current; thermal noise

Current; electron

Current; hole

Initial intensity

Current; average reverse

Current; total reverse

Current as a function of time ¢
Intensity as a function of position z
Reverse current contribution; region ¢
Reverse current contribution; region ¢
Reverse current contribution; region i
Reverse current contribution; region v
Reverse current contribution; region i, iv
Current density; electron

Current density; hole

Boltzmann's constant, 1.38 x 10-23
Energy; thermal

Length

Diffusion length; electrons

Diffusion length; electrons in p*—region
Diffusion length; holes

Diffusion length; holes in n—region
Diffusion length; holes in n*—region
Drift length; electrons

Drift length; holes

Effective mass; electron

Effective mass; hole

Concentration; electrons
Concentration; intrinsic carrier
Concentration; electrons in n—region
Concentration; electrons in n-—region
Concentration; electrons in n*—region
Concentration; electrons in p*—region

m3g1
m'3s'1
m-3g-1

g e i i i 2 b

photons/m?2s

photons/m?

Mean number of electron-hole pairs generated

Acceptor impurity concentration

Acceptor impurity concentration; p*-~region

Density of states; conduction band
Donor impurity concentration
Donor impurity concentration; n—region
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Nan*

Donor impurity concentration; n*—region
Total number of generated carriers
Localized allowed states density

Density of states; valence band
Concentration; holes

Concentration; holes in n-region
Concentration; holes in n—region
Concentration; holes in n*-region
Concentration; holes in p*—region

Pitch

Charge; magnitude of electron, 1.6 x 1019
Charge; quantity

Quantum yield; effective

Quantum yield; intrinsic

Charge; oxide

Radius of diffusive cloud of charges
Recombination rate

Resistance; bias resistor

Resistance; contact

Resistance; depleted layer

Resistance; feedback

Resistance; preamplifier input

Projected range; mean value

Resistance; polysilicon resistor
Resistance; undepleted layer

Resistance; sheet

Recombination velocity; surface
Recombination velocity; effective surface
Collection time; electron

Time to complete ionization process
Collection time; hole

Temperature; absolute

Temperature; maximum

Velocity; drift

Velocity; average thermal

Voltage; bias

Voltage; flat—band

Potential difference between metal and Si
Voltage; output

Voltage; sum of built—in and bias

Width

Border of generation zone nearest i,
Border of generation zone nearest 1,
Total width of p*—n—n* diode structure
Width of the depletion region, (z, — zp)
High—low junction depth

Extension; depletion region into n—region
Extension; depletion region into p*—region
P*—n~ junction depth

Atomic number
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a Absorption coefficient m-1
Ocs Absorption coeff.; compton scattering m-!
;i Absorption coeff.; indirect transitions m-1
Qpe Absorption coeff.; photoelectric effect m-1
Qpp Absorption coeff.; pair production m-!
(473 Sum of Gpe, Ocs and Qpp m-!
o* Proportionality coefficient
0Q Change in induced charge on electrodes C
Af Bandwidth Hz
Ap Change in the hole concentration m-3
ARp Projected range; standard deviation
€ Energy; average ionization J
€o Permittivity of free space, 8.85 x 10-12 F/m
€si Silicon's dielectric constant, 11.8
Ta Quantum efficiency; absolute
g Quantum efficiency; detector
Ndr Partial quantum efficiency; depletion region
Tn Partial quantum efficiency; n—region
Mp Partial quantum efficiency; p—region
il Total quantum efficiency

Wavelength; electromagnetic radiation m
Amax Wavelength; maximum m
Le Mobility; electron m2/Vs
Uh Mobility; hole m2/Vs
i Mobility; impurity scattering m2/Vs
[hall Mobility; Hall m2/Vs
I Mobility; lattice scattering m2/Vs
I Mobility; total m2/Vs
v Frequency; electromagnetic radiation Hz
pd Material density kg/m
Pr Material resistivity Q—m
o Standard deviation from the mean
Oe Capture cross section; electron m?
oy Capture cross section; hole m?
T Relaxation time 8
Te Lifetime; minority carrier S
Te Lifetime; electron S
Teo Time constant; (vynoeN;)™! 8
Tg Lifetime; generation ]
Th Lifetime; hole s
Tho Time constant; (vgnhonNg)™? 8
Thn™ Lifetime; hole in n"—region S
Thn* Lifetime; hole in n*—region S
Tr Lifetime; recombination S
Tt Time; rise of the output pulse S
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