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1. Introduction

1.1 Background

The increasingly important role of imaging semiconductor X-ray detectors in

material science and medical imaging applications gives a good motivation to

study new materials for imaging X-ray detectors. The semiconductor detectors

are especially attractive due to their compact size and high energy resolution

compared for example to scintillation based detectors. Components of a typical

imaging semiconductor detector system are shown in Fig. 1.1.

Figure 1.1. Typical components of an imaging X-ray system based on hybrid pixel detector.

The properties of a semiconductor detector are determined to large extent

by the physical and material properties of the detector material. The ele-

mental crystalline semiconductors, C, Si and Ge, are not optimal for room

1



Introduction

temperature diagnostic imaging applications. Carbon (diamond) and silicon

have relatively low absorption efficiency at diagnostic energy regime [1] and

the use of germanium is mainly limited by high dark current density caused

by the low band gap energy. Thus the main focus of this work is in compound

semiconductor detectors.

Compared to elemental semiconductor crystals, high quality and high purity

compound semiconductors crystals are typically more challenging to manufac-

ture. Crystal quality of compound semiconductor materials is typically worse

than with elemental semiconductors and local imperfections play a significant

role from viewpoint of detector operation and image quality. Local variation

in material can be for example variation in impurity concentration or variation

in crystal quality.

The goal of this work is to study compound semiconductor materials having

wider band gap than silicon and high absorption for X-rays with higher than

10 keV energy for radiation detector applications. The most important ma-

terial characterization method was X-ray topography, which was applied for

imaging dislocations in bulk crystals and in epitaxial p-i-n structures. X-ray

diffractometry was also used for evaluation of crystal quality. Defect struc-

tures of various compound semiconductor materials were analysed and the

impact on the X-ray detector components was evaluated. Special attention

was paid on finding possible correlation between crystal defects and detector

performance.

1.2 Interaction of X-rays and matter

Figure 1.2 shows the interaction mechanisms of X-rays and matter. Two of

these interaction mechanisms between X-ray photons and atoms play a signif-

icant role in radiation measurements: photoelectric absorption and Compton

scattering. Thomson scattering doesn’t result in energy transfer from X-ray

photons to atoms and thus it isn’t very significant from viewpoint of radiation

detector operation. However, in diagnostic imaging Thomson scattering may

affect the contrast of the image [3].

1.3 Photoelectric absorption

In photoelectric absorption X-ray photon transfers its energy to a core or va-

lence electron of an atom. Neglecting the characteristic X-rays escaping from
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Figure 1.2. X-ray interaction with matter. Total reflection of X-rays is missing from the
diagram [2].

Figure 1.3. Interaction mechanisms of X-ray photons and core electrons of an atom [2].

the detector volume, only the photoelectric effect results in complete absorp-

tion of the energy of the incident photon and thus gives useful information

on the photon energy. The probability of photoelectric absorption is highly

dependent on the atomic number of the absorbing material. Materials having

a high atomic number favor photoelectric absorption and thus are preferred

for imaging spectroscopic detector applications [3].

The kinetic energy (Ekin) transferred to the ejected electron, called the pho-

toelectron, is

Ekin = E0 − Ebind, (1.1)

where E0 is the energy of the incident X-ray photon and Ebind is the binding

energy of the electron. The energy of the X-ray photon must be greater or
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at least equal compared to the binding energy of the electron for the photo-

electric effect to occur. Photoelectric interaction of an X-ray photon and a

core electron results in electron-deficient state of an atom in the material. The

electron deficient state can be filled in a process yielding characteristic X-ray

or a process yielding an Auger electron.

The photoelectron loses its kinetic energy during a cascade process within

the material and is finally captured again. However, if the X-ray photon

absorption took place close to the surface of the material, the photoelectron

is likely to escape the material by which it has been emitted.

The probability of photoelectric absorption is the highest when the X-ray

photon energy equals the binding energy, i.e. near the resonant condition. The

sharp changes of the interaction probabilities at the shell electron binding en-

ergies are known as edges. The edges are characteristic for each element. The

edges are nominated according to the respective electron shells. For example

K-edge refers to process related to K-shell electrons.

1.4 Incoherent scattering

In a incoherent scattering event, also known as Compton scattering event, only

a portion of the X-ray photon energy is absorbed and a photon is produced

with reduced energy. Incoherent scattering event changes the propagation

direction of the involved photon and the energy of the photon is reduced during

the event. This interaction mechanism dominates when the X-ray photon has

an energy much higher than the binding energy of the electron. The relation

between the fractional energy loss and the scattering angle θ of the photon is

given by the Klein-Nishina formula [4]

E1

E0
= 1

1 + α(1 − cos θ) , (1.2)

where

α = E0

mec2 (1.3)

and E1 is the energy of a photon after the scattering event.

The kinetic energy of a scattered electron after the incoherent scattering

event is equal to the difference between the initial and final photon energy

subtracted by the electron’s binding energy:

Ekin = E0 − E1 − Ebind. (1.4)
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High-energy X-ray photons undergo small angle Compton scattering, whereas

low energy photons are more uniformly scattered.

1.5 Coherent scattering

In coherent scattering, also known as Thomson scattering, the atomic elec-

trons oscillate like Hertz dipoles at the frequency of the incoming beam. The

oscillating electrons become sources of dipole radiation and scatter coherently

a fraction of the incident X-rays. The direction of the photons is altered in

this process and is quantified by the scattering angle. Different from Compton

scattering the photon energy is conserved in Thomson scattering process.

Although coherent scattering doesn’t involve ionization, it does affect im-

age quality in diagnostic X-ray imaging by increasing background or reducing

contrast. Coherent scattering is most likely to occur at low X-ray energies

in high-Z materials. It is the coherent component in the scattering of x-rays

that is utilised in structural investigations by X-ray diffraction. Diffraction is

discussed in more detail in chapter 4.

1.6 Attenuation

Due to interaction of X-rays and matter, the X-ray photon flux of the incident

beam is reduced as the beam propagates through matter. This reduction is

called attenuation and it includes both absorption and scattering. Linear at-

tenuation coefficient μ describes the fraction of attenuated incident photons

per unit length of a material. This parameter contains the individual contri-

butions from all of the interaction mechanisms. In the energy regime, which

is used for diagnostics, the linear attenuation can be expressed

μ = μp + μT + μC , (1.5)

where μp is the photoelectric attenuation coefficient and μT and μC are the

attenuation coefficients for Thomson and Compton scattering, respectively.

Mass attenuation coefficient is commonly used for compounds. It is obtained

by normalizing the linear attenuation coefficient of the individual elements

to their density ρ. Hence, the mass absorption coefficient, μ
ρ describes the

materials capability to attenuate X-rays per unit mass. Following Lambert-

Beer’s law [5], the fractional reduction of intensity, I1
I0

, of a photon beam that

passes through material is described by
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Figure 1.4. Total mass attenuation spectrum of GaAs and the spectra of contributing
processes. Photoelectric effect is clearly dominating over the typical energy
range (20-120 keV) for medical X-ray imaging [1].

I1

I0
= e

− μ
ρ

ρx
, (1.6)

where x is the distance that the beam has travelled in the material.

Figure 1.4 shows the effect of different attenuation mechanisms as a function

of photon energy for GaAs. The figure includes coherent scattering and pair

production as well, but either photoelectric absorption or incoherent scatter-

ing dominates in the X-ray regime. The photoelectric conversion efficiency

decreases rapidly with increasing X-ray photon energy.

As discussed in publication III, it is desirable that the photoelectric effect

dominates in spectroscopic X-ray sensors. Figure 1.5 shows the energy regimes,

where photoelectric absorption is dominating for the semiconductor materials

studied in this work. It can be seen from the figure 1.5 that photoelectric

absorption is dominating in silicon at energies smaller than about 60 keV, in

GaAs and Ge at energies smaller than about 140 keV and in TlBr at energies

smaller than about 420 keV. It can be seen from the figure that the photoelec-

tric interaction is dominating at high energies with sensor materials of high

atomic number.
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Figure 1.5. Red line depicts the points at which photon energy values the photoelectric
attenuation coefficient μp is equal to the Compton scattering attenuation coef-
ficient μC for the materials having the atomic number Z. On top side of the red
line photoelectric absorption is dominating and on bottom side Compton scat-
tering is dominating. The atomic numbers of silicon and germanium and the
average atomic numbers of gallium arsenide and thallium bromide are marked
in the figure[1].
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2. Semiconductor detectors

Semiconductor detectors are most commonly used when it is important to

gather information of the energy of absorbed X-ray photons. The energy of

the absorbed X-ray photon is directly converted into cloud of mobile charge

in semiconductor detectors. The information of the X-ray photon absorption

is obtained by collecting the charge cloud with an electric field and amplifying

the signal with charge sensitive amplifier.

The charge collection from the semiconductor volume needs to be as perfect

as possible. There are two properties that mainly affect the charge collection.

Firstly, the electric field needs to be strong enough to drive the generated

charges to electrodes. Secondly, there must be low enough level of charge

trapping in the active volume of the detector.

Semiconductor detector structures can be divided into two categories accord-

ing to the working principle. The simplest structure utilizes the high resistivity

of the bulk semiconductor and thus no rectifying contacts are needed to achieve

low enough dark current level for detector operation. The second structure uti-

lizes rectifying junction such as p-n junction or metal-semiconductor junction

to provide blocking barrier for electrical current.

2.1 Basic concepts

The binding of atoms in crystalline materials generates a large number of

closely spaced energy levels, which form the so called energy bands. The bands

can be thought of as the collection of the individual energy levels of electrons

surrounding each atom. The band structure consists of a conduction and a

valence band, separated by an energy gap Eg, which is typically 0.5-3.4 eV for

semiconductors. At low temperatures, the valence band is filled with electrons.

If an electron is excited from valence band to conduction band, an empty state

called hole, is generated to valence band. Thus, in intrinsic material, there are
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as many electrons in the conduction band as holes in the valence band. Due

to the continuous band structure, the electrons in the conduction band and

the holes in the valence band can move freely in the crystal and thus both can

conduct current.

The behaviour of electrons can be approximated as an electron gas. The

electrons in thermal equilibrium in a semiconductor are following Fermi dis-

tribution,

f(E) = 1

1 + e
E−EF

kBT

, (2.1)

where EF is the Fermi energy, which is defined as the highest energy level

occupied at absolute zero. For T = 0 K, f becomes a step function with value

1 for energies below the Fermi energy and 0 above EF, which means that all

electrons are in the valence band [6].

The electrical properties of a semiconductor can be modified by doping with

suitable atoms such as group III and V for group IV semiconductor. If a

group IV semiconductor is doped with atoms of group V, such as for example

P and As, four of the valence electrons take part in the chemical bonding,

and one electron is very weakly bonded to the atom. The energy level of

the fifth electron is very close to conduction band with a very low ionization

energy of 0.1 eV or smaller. The doping atoms that provide excess electrons

to conduction band are called donors. Doping a semiconductor with donors

results in n-type semiconductor.

Respectively, if group IV semiconductor is doped with group III atoms, one

valence electron is missing from complete chemical bonding. The lack of one

electron creates energy state near the valence band with low ionization energy.

The electrons from the valence band readily fill the states and thus a hole is

created in the valence band [6].

2.2 p-n junction detectors

The intrinsic resistivity or resistivity of several non-compensated semicon-

ductor materials doesn’t allow biasing the detector without a relatively high

leakage current. In these cases, a rectifying junction has to be prepared on

the detector crystal. For example a p-n junction can be utilised as a rectifying

junction. P-n junction allows relatively free flow of current in one direction,

while represents a large resistance to current flow in the other direction [7].

When p- and n-doped semiconductors are brought into metallurgical con-
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tact, electrons and holes diffuse from areas of high concentration to areas with

low concentration. Electrons diffuse from the n-side to the p-side, where they

recombine with holes. On the other hand, holes diffuse in the opposite direc-

tion and recombine with electrons. As a result of the charge transport over the

junction, a negatively charged region is formed at the p-side of the junction

and a positively charged area on the n-side. These areas are free of mobile

charge and thus are called the depletion region or the space charge region.

The fixed charge induces an electric field and therefore a potential difference

between the two sides. This potential is known as the built-in potential Vbi. In

steady state the drift current due to electric field is cancelling out the diffusion

current.

Figure 2.1. Concentration diagram of a silicon p-n junction with p-type doping level of
1 × 1016cm−3 and n-type doping level of 3 × 1016cm−3 without external bias.
The electron and hole densities are reduced in the depletion region and the
difference between the dopant concentration and charge carrier concentration
is the charge density [8].

Figure 2.1 shows a concentration diagram for a silicon p-n junction with

different p- and n-doping levels. The space charge region extends deeper in

the p-side than the n-side due to lower doping concentration of the p-side.

A p-n junction is called p-i-n junction if there is a region with low doping

concentration between p- and n- regions.

In terms of the energy diagram, the p-region has more negative energy, which

raises the Fermi energy and vice versa for the n-region. Since both parts are

in contact, the Fermi levels align, producing a bend in the band structure.

Figure 2.2 shows a band diagram for a p-n junction.

The potential difference between the two regions can be changed by applying
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Figure 2.2. Energy band diagram of a silicon p-n junction with p-type doping of 1 ×
1016cm−3 and n-type doping of 3 × 1016cm−3. Electric field at thermal equi-
librium is also shown [8].

external potential. In forward biased case, p-region is set to higher potential

than n-side. Thus electrons move away from the p-doped part towards the n-

region causing the Fermi level, and therefore the band energy, to be lowered.

The opposite is true for the n-part, where electrons are injected. As a result,

the potential barrier decreases and it is easier for charge carriers to cross over.

The radiation detector diodes are typically reverse biased. Reverse biasing

widens the depletion region and thus decreases the capacitance of the junc-

tion. Figure 2.3 shows a p-i-n junction, which is commonly used as radiation

detector.

The maximum voltage one can apply, is limited. At very high electric field

values electrons gain sufficient kinetic energy to form secondary electron–hole

pairs ultimately leading to avalanche condition called also breakdown. The

breakdown phenomenon limits the width of the depletion region and the width

of the depletion region can be increased only by reducing the net dopant

concentration [7, 9].

The cloud of electrons and holes carriers, created at the site of the photo-

electric absorption, drift in the electric field to opposite directions. Electrons

drift towards positive and holes towards negative potential. The drift veloc-

ity depends approximately linearly on the electric field, until at field value of

approximately 1 kV/cm saturation occurs. The saturated velocity in germa-

nium at cryogenic temperatures is 107 cm/s for both electrons and holes [9].

The drift velocity also depends on the drift direction relative to the crystal

orientation [6].
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Figure 2.3. Schematic of a typical p-i-n radiation detector.

The electric field may be weak in the parts of the detector that are non-

depleted and have uniform doping. The fraction of radiation that is absorbed

near the surface of the detector i.e. in the non-depleted part is collected

incompletely and thus it induces background events to the spectrum at lower

energies.

The thickness and the doping profile of the non-depleted part of the radiation

detector are essential. The doping profile of the junction should be such that

the signal charge experiences an electric field towards the right direction in

all parts of the device. It is also important to consider the surface charge

and surface defect density. These both will affect the detector crystals charge

collection efficiency especially for X-rays with low photon energies.

2.3 Signal generation

The measurable signal in semiconductor detectors may be either electrons

or holes. The photoelectric absorption of an X-ray photon in semiconductor

material results in a cascade process where valence band electrons are excited

to conduction band. The average number N of generated electron-hole pairs

can be approximated using equation 2.2, where W is the average energy needed

to create an electron-hole pair [7].

N = Ekin

W
(2.2)

The cascade process is relatively fast compared to typical drift velocities in

semiconductor detectors and thus a charge cloud is generated. The information

of the photon energy can be obtained by measuring the number of generated
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electrons or holes in the charge cloud. Charge generation takes place typically

in the active volume of the detector where the electric field is driving the

charge cloud towards the electrodes of the detector.

2.4 Defects in semiconductors

In an ideal semiconductor detector nearly all charge that is generated during

absorption process is collected. However, charge carriers can be lost during

their drift through the active volume. Significant losses can occur when the

time required to collect all charge carriers at the electrodes becomes compa-

rable to the minority charge carrier lifetime of the semiconductor material.

Crystal defects have an important role from viewpoint of charge transport.

The crystal imperfections can either retain charge carriers until they are re-

leased again due to thermal excitation, or increase recombination by trapping

both electrons and holes. Charge traps have the effect of increasing the charge

collection time, while the recombination centres cause signal losses [9].

One common type of crystal defects, often created during manufacturing

of the semiconductor crystal, is dislocation. Dislocations are linear defects

characterized by their line direction and Burgers vector. The Burgers vec-

tor describes the magnitude and direction of displacement that a dislocation

causes compared to perfect lattice. Burgers vector is the displacement vector

that is needed to close the circumference around the dislocation. It is defined

by means of a circumference of a circuit around the dislocation on any surface

which intersects the dislocation.

A schematic image of edge and screw dislocations is shown in Fig. 2.4. The

edge dislocation defect can be easily thought to consist of an extra half-plane of

atoms in a lattice. The dislocation is called a line defect because the defective

area in the crystal forms a line. This line runs along the edge of the extra half-

plane of atoms. The Burgers vector of pure edge dislocations is perpendicular

to the dislocation line.

The second type of dislocation shown in Fig. 2.4 is screw dislocation. The

screw dislocation is slightly more difficult to visualize than the edge disloca-

tion. The screw dislocation can be thought to form, when a crystal is cut

along a plane to half way after which the cut half is displaced by a lattice con-

stant. A helical path can be traced around the dislocation line by following

the atomic planes in the crystal lattice and thus the dislocation is called screw

dislocation. In pure screw dislocations, the Burgers vector is parallel to the

dislocation line direction.
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Figure 2.4. Schematic image of edge and screw dislocations [10, 11]. Burgers vectors bs and
be and the vectors indicating dislocation line directions, ls and le are shown.
Extra row of atoms related to the edge dislocation is shown with black dots.

In semiconductors there are also mixed type dislocations. They are dislo-

cation lines Burgers vector of which has an edge and a screw component. A

mixed dislocation is a straight 60◦ dislocation. The angle between its Burgers

vector and its direction is 60◦.

In epitaxial semiconductor structures, dislocations may originate from the

lattice misfit of the epitaxial layer and the substrate. These dislocations in the

interface are called misfit dislocations. They are created by relaxation of the

strain caused by the lattice misfit and observed in the interface if the thickness

of the epitaxial layer exceeds the critical thickness. Critical thickness is de-

termined by the lattice mismatch and the Burgers vector of the dislocations.

Details of such and analysis can be found in paper VI.
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3. Detector materials and structures

A wide variety of semiconductor materials is available for X-ray detector appli-

cations. The physical and material properties of the semiconductor material

determine the usability of each material in given application. Some semicon-

ductor materials can be used to measure the energy of the incident photon

very accurately while other materials may be practical only for determining

the lateral position of the absorption process. For example, semiconductor de-

tector made of silicon provide excellent image uniformity and charge collection

characteristics but the relatively low absorption efficiency of silicon for X-rays

with higher than 10 keV energies limits its use in medical imaging applications

and with hard X-rays. As an example a fraction by which the intensity is at-

tenuated as a function of initial photon energy is shown in Fig. 3.1. Curves

are drawn for the sensor materials studied in this thesis.

Figure 3.1. Absorption efficiency for 500 μm thick layer of various compound semiconduc-
tor materials compared to silicon. The diagnostic energy domain 20-120 keV
is shown in the Fig. [1].
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The selection of the best detector material naturally depends strongly on

the application and the allowed cost of the detector. It is easy to understand

that the requirements are different for example for space instruments and for

personal radiometers. In this thesis the main focus has been on GaAs, Ge and

TlBr, which can be used for spectroscopic applications and have relatively

good absorption efficiency at X-ray energies higher than 10 keV. Properties of

detector materials are listed in Table 3.1. The data of silicon is included for

comparison.

Table 3.1. Basic parameters of GaAs, Ge and TlBr, which were studied in this work for
radiation detector applications [12–17]. Silicon is included for comparison.

Material parameters
Si GaAs Ge TlBr

Crystal structure Diamond Zincblende Diamond Zincblende
Band gap type Indirect Direct Indirect Indirect
Atomic number 14 31/33 32 81/35
Density [g/cm3] 2.33 5.32 5.32 7.56
Dielectric constant 11.9 13.1 16.2 30.0
Band gap energy [eV] 1.12 1.45 0.67 2.68
Energy per e-h pair W [eV] 3.6 4.2 2.96 5.50
Intrinsic resistivity [Ω − cm] 3.2 × 105 3.3 × 108 50 1012

Electron mobility [cm2/Vs] 1500 8500 3900 21 - 30
Hole mobility [cm2/Vs] 450 400 1900 1.3 - 1.6
μτ product [cm2/V] > 1 10−4 > 1 10−3

To keep the noise level of the detector at reasonable level, a low leakage

current is desired. As shown in Table 3.1 TlBr has wide band gap and high

resistivity at room temperature. The high resistivity enables low enough dark

current level at biased condition without rectifying junction. Thus the elec-

trical contact points can be deposited directly on the semiconductor crystal.

However, some compensated materials with resistivity, such as semi-insulating

GaAs (SI-GaAs), are not very well suited for detector applications due to bad

charge collection properties [18].

Thanks to mature crystal growth technologies, the impurity concentrations

of silicon and germanium ingots can be controlled very precisely. The doping

concentrations of high purity Si and Ge crystals are below 1 × 1011cm−3. De-

tector diodes manufactured of Si and Ge have excellent electrical properties

and show very good charge collection efficiency. On the other hand, materials

such as SI-GaAs, which are obtained by compensating residual shallow accep-

tor impurities with deep donor defects, show typically severe problems with

charge transport. SI-GaAs material has typically a high concentration of point
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defects which are ionized when the electric field is applied for long time and

thus the electric field is very low in the bulk volume of the detector. It is often

found that regardless of the high resistivity and the applied bias voltage, the

electric field is low in large fraction of the detector volume. Schottky barrier

SI-GaAs diodes reverse biased experimentally show a linear behaviour of the

active zone as a function of the bias voltage, instead of the classic square root

dependence.

In the following chapters various materials that could provide higher absorp-

tion efficiency at 10-40 keV X-ray photon energy range than silicon but would

enable operation without cryogenic cooling are discussed.

3.1 GaAs

GaAs is one of the compound semiconductors with high commercial impor-

tance and thus good availability. It has a cubic zinc blende lattice structure

and is one of the group III-V compound semiconductors with a band gap suf-

ficiently wide (1.42 eV) to permit near room temperature operation of spec-

troscopic radiation detector. The density of GaAs is more than twice that of

silicon, making GaAs an interesting material for detection of X-rays especially

at higher than 20 keV X-ray photon energies. Figure 3.1 is showing a com-

parison of the absorption efficiencies of silicon and GaAs. Table 3.1 in the

beginning of this chapter shows the important material parameters of Si and

GaAs from viewpoint of radiation detector operation.

At the typical average energy used for mammography examinations, 20 keV,

the absorption efficiency of a 200 μm thick GaAs crystal is about 98%. In ad-

dition, monolithic GaAs detectors having epitaxial active volume have shown

excellent spectroscopic performance [19]. Typically, fluorescent screens cou-

pled to CCD detector can reach a maximum efficiency of 60% at 20 keV X-ray

photon energy. The higher efficiency of for example GaAs detector compared

to conventional solutions permits to reduce the patient dose allowing to extend

mass screening programs. However, the availability and manufacturing cost

of radiation detector grade GaAs limits its use in commercial applications.

Commercially available GaAs wafers are typically manufactured by liquid

encapsulated Czochralski (LEC) method. GaAs decomposes at high temper-

atures by arsenic evaporation loss which makes crystal growing from liquid

phase source more difficult compared to silicon or germanium. Therefore

crystal growth of GaAs from liquid phase presents a problem of controlling

the stoichiometry due to evaporation loss of arsenic from both the melt and
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the growing crystal. Thus, melt growth techniques have to be designed to

maintain a suitable arsenic overpressure to compensate against the evapora-

tive losses [20]. Major sources of impurities are starting materials, crucible

and liquid cover. Defects are also formed in GaAs crystals due to thermal

stresses and thermal gradients [21].

Regardless of the high impurity concentration of bulk GaAs wafers, very high

resistivity can be achieved by over compensating the dominant shallow dopant

with deep centres of the opposite type during the material growth. These deep

centres are fixing the Fermi level close to the middle of the band gap. Material

where the Fermi level lies near the middle of the band gap is called SI-GaAs.

SI-GaAs has electrical conductivity of 3 × 10−9 ohm−1cm−1 at 300 K in dark,

which is close to intrinsic conductivity of perfect GaAs crystal [21]. Control

of stoichiometry, for example, can be used to control the concentration of As

anti-site defects during the crystal growth [22]. As anti-site defect is known to

be deep acceptor in nature and thus it can be used for donor-like background

doping in GaAs crystals.

Very high resistivity GaAs could be erroneously thought to deplete with very

low bias voltages and enable efficient detection of ionizing radiation over the

full volume of diodes processed on the wafer. Unfortunately, several studies

have shown that charge collection efficiency from semi-insulating bulk GaAs

wafers is typically poor [23]. The poor charge collection is attributed to high

density of point defects forming deep levels in the bulk GaAs material. How-

ever, semi-insulating bulk GaAs detector technology has been developed fur-

ther based on chromium doped semi-insulating GaAs [24, 25] and has been con-

sidered as an interesting X-ray sensor material when combined with TimePix

[26] read out circuit [25].

Uniformity over the area of SI-GaAs wafers is also of major concern for

detector fabrication. SI-GaAs is known to suffer from local inhomogeneity in

charge collection efficiency. The local variations result in changes in minority

carrier life time and electric field and thus differences in charge collection

efficiency [21, 23]. Especially in medical imaging a uniform response is essential

from the view point of image quality. In imaging applications local variations

in charge collection efficiency have to be compensated and thus calibration

process of the sensor becomes more complicated [27].

Several approaches have been experimented to fabricate homogeneous and

electrically good quality GaAs material for detector applications. One of the

most promising and feasible ones has been the so-called close space vapor

transport (CSVT) method [28]. The concentration of native defects in CSVT
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grown GaAs has been successfully reduced compared to for example LEC

GaAs. Also the total impurity concentration was observed to be reduced.

However, the material has been showing a large number of defects and thus

the material has been suffering of high leakage current densities at reverse bias

[28].

This work focuses mainly on GaAs structures grown by hydride vapour phase

epitaxy (HVPE). Epitaxial stuctures grown by HVPE have proven in many

studies spatially more uniform than LEC SI-GaAs wafers [19, 23]. However,

achieving good absorption efficiency with GaAs detector over a wide energy

range efficiency requires active layer with minimum thickness of 100 μm to

300 μm. Thus economically feasible material production necessitates growth

rates of 1-10 μm per minute. Typically, growth rates with traditional systems,

such as MBE and MOCVD are too low to realize such layers in economically

feasible way. The practical minimum thickness of the detector is also lim-

ited by processing related issues. Clean room processing of less than 100 μm

thick GaAs would require very sophisticated instrumentation and large area

processing would not be feasible without bonding the GaAs layer on a carrier

wafer.

3.2 GaAs p-i-n structures grown by hydride vapor phase epitaxy
(HVPE)

Hydride vapor phase epitaxy is known to produce high purity GaAs with high

resistivity and low impurity concentration in the undoped layers. HVPE can

be used also for producing epitaxial p-i-n structures if dopants are introduced

to the reactor during growth. In addition to high purity a big advantage is

that HVPE reactors can reach very high, up to 2 μm/minute, growth rates.

This makes growth of thick detector structures feasible. Due to high growth

rate and lower cost of precursor materials the HVPE is also potentially an

economical approach for producing thick layers.

Epitaxial layers studied in this work were grown at Ioffe Institute in St.

Petersburg using a conventional AsCl3/Ga(GaAs crust)/H2 transport system,

as shown in Fig. 3.2. The temperatures of the Ga boat and the epitaxial

growth zone were kept at approximately 825 ◦C and 750 ◦C, respectively,

during growth. Epitaxial layers without intentional doping and p-type layers

were grown on an n-type substrate for producing the pin-diode structure.

HVPE is capable of producing epitaxial layers with lower un-intentional dop-

ing level than MOCVD due to absence of carbon. Carbon is readily available
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Figure 3.2. Schematic diagram of hydride vapor phase epitaxy growth method. AsCl3
from the bubbler is reacting with molten Ga (GaAs crust) forming chlorides of
gallium [20].

in MOCVD due to dissociation of metal organic precursors. On the other

hand, HVPE epitaxial layers tend to become n-type conductive because of

Si contamination from the quartz reactor tube. One of the most effective

methods for reducing Si contamination is to increase the HCl concentration,

which can be controlled by changing the AsCl3 mole fraction in the bypass

line [20]. The intentionally non-doped HVPE GaAs layers studied in this

work were all n-type. For most layers the unintentionally doped layers were

also semi-insulating in nature. This suggests that the dominant impurity level

is determined by a deep donor-like dopant.

High concentration of doping changes the lattice constant of the epitaxial

layer compared to the substrate. If the lattice mismatch is high enough and

the layer thickness exceeds the critical value, the stress is relieved by forma-

tion of misfit dislocations [29]. The deleterious effect that misfit dislocations

are having on electrical properties are arising from minority carrier genera-

tion and recombination, reduced charge carrier mobility, enhanced diffusion of

impurities in the desired structure. The dislocations are discussed in further

detail in chapter 4.

The HVPE material used in this work had typically a relatively thick p-layer

on top of material without intentional doping. This reduced the efficiency of

the detector at low x-ray photon energies. The high thickness of the p-layer

was resulting from the solid-state source that was used for the HVPE growth

of p-type GaAs material.

One major challenge with HVPE growth is the uniformity of deposition rate

over the wafer area. The non-uniformity of growth rate results in significant

bow of the wafer surface during the growth process. This forms easily a prob-
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lem when a imaging X-ray sensor is bump bonded to a read out circuit. The

height of bumps is typically about 50 μm and the bowing of the chip surface

due to growth rate variation should be small compared to that (Publication

II). The required flatness could be achieved by regular wafer grinding tech-

niques followed by the epitaxy of the p-layer but it would increase the cost

significantly compared to a process where the detector structure is completed

in a single epitaxy process.

3.3 Germanium with epitaxial GaAs layers

Germanium has significantly higher absorption for hard X-rays than silicon

and high quality germanium wafers are readily available. However, the rela-

tively narrow band gap of germanium limits its use typically to X-ray detector

applications where cryogenic cooling is feasible. The cryogenic cooling in-

creases the complexity of the detector system significantly and has a high

impact on the cost of the detector system. One of the most widespread ap-

plications of germanium for radiation detection is large volume gamma ray

detector having volume of order of 10 cm3. With large volume high purity

germanium detectors Peltier cooling isn’t sufficient to suppress thermally gen-

erated leakage current and typically liquid nitrogen cooling is required for high

resolution spectroscopy.

Regardless of the relatively low band gap of germanium, the development of

new read out circuits for imaging X-ray applications opens interesting oppor-

tunities for using germanium instead of silicon as detector material. Medipix2

read-out circuit, for example, tolerates 1 nA current in maximum for one pixel

to operate [30]. The area of a pixel in Medipix2 layout is 55 × 55 μm2. This

combined with a wafer thickness of 500 μm results in reasonably low bulk

generated leakage current even at room temperature. This could enable op-

eration of Germanium-Medipix2 hybrid detectors with only moderate cooling

and for example 1-stage Peltier cooling should be enough to reduce the bulk

generated leakage current to low enough level.

Each pixel in a hybrid detector needs to be electrically isolated in order to

avoid excessively high charge sharing with neighbouring pixels. This result

in large fraction of depleted surface area compared to the active area of the

detector. Unlike silicon, the surface of germanium can’t be passivated by

thermal oxidation or any other oxidation process forming oxides of germanium.

Oxidized germanium surface has a very high density of dangling bonds and

defects resulting in middle bad gap states. On the other hand, non-passivated
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germanium surface will oxidise gradually and the stability of non-passivated

surface isn’t good enough for detector applications. Depositing a passivation

layer on germanium surface is the natural solution to overcome the problem

with native oxide. However, there will be always significant fraction of leakage

current originating from the defects on the germanium surface.

The GaAs/Ge detector concept proposed in this work could eliminate the

problem of passivating germanium surface by moving the p-n junction in GaAs.

The depletion region is originating from GaAs and penetrating through the

GaAs/Ge interface. Due to the higher band gap of GaAs the middle band gap

states on GaAs surface generate less leakage current than the surface defects

of germanium.

Figure 3.3. Schematic diagram of a GaAs/Ge structure without external bias and with
external bias.

It is seen in Fig. 3.3 that in the unbiased condition the p-n junction is

formed between the two topmost layers of the device. The topmost layer is

p-type doped GaAs and underneath is an n-type GaAs layer with low doping

density (for example 5 × 1014 cm−3). First, in unbiased condition and with

low bias voltages, the depletion region is formed between the p+-GaAs and

n-GaAs, thus being entirely inside GaAs material. When the bias voltage is

increased, the n-GaAs is fully depleted and the depletion region extends in high

purity germanium as shown in the Fig. 3.3. Compared to the extremely low

doping density of germanium, the moderate doping of n-type GaAs reduces the

depletion along the surface of the device. Thus significantly smaller fraction

surface is depleting in-between pixels compared to the situation when the p-n

junction was processed on high purity germanium.

In GaAs/Ge detector concept, the dislocation density in the GaAs layer

and also at the GaAs/Ge interface can be assumed to affect significantly
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the electrical properties of the component. The small lattice constant mis-

match between Ge (lattice constant aGe=5.658 Å) and GaAs (lattice constant

aGaAs=5.653 Å) enables growth of good quality GaAs on Ge up to the critical

thickness [31, 32]. However, special growth techniques are required to mitigate

the effects of anti-phase domains that are formed during the nucleation phase

of the growth process [33].

3.4 TlBr

Thallium bromide is an attractive material for near room temperature hard

X-ray and γ-ray detector applications due to its wide band gap and high X-ray

photon absorption power. Due to the wide band-gap of 2.68 eV, TlBr crystals

have a high resistivity of 1010–1011 Ωcm at room temperature [14, 34, 35]. The

handling of TlBr requires great care due to high toxicity of the material but

on the other hand, simple melt-based crystal-growth methods are applicable

to obtain detector-grade TlBr crystals [36].

Material purity and crystal quality issues have mainly been reported to de-

grade the spectroscopic performance of TlBr detectors [14, 37–39]. The process

of TlBr purification can be improved by combination of distillation, Bridg-

man–Stockbarger, hydro-thermal recrystallization and travelling molten zone

(TMZ) methods [36, 40, 41]. In addition, mechanically induced damage on

the detector crystal surfaces has also been observed to affect the spectroscopic

performance of TlBr detectors significantly [42, 43].

There exist no known doping methods for manufacturing p-n junctions in

TlBr. In addition, the crystal quality and purity level of TlBr would most

likely not allow manufacturing a high quality p-n junction. If the properties of

p-n junction would be utilized in detector operation, it would always require

reverse biasing of the junction and thus the point defects in the material would

likely be ionized and the behaviour would be comparable to semi-insulating

GaAs. Thus metal contacts were used in this work for studying TlBr con-

tacts. The low leakage current is achieved simply by the high resistivity of the

material and no rectifying effect is needed for the detector operation.
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4. Characterization methods

4.1 X-ray diffractometry

In this work the structure of crystals was studied by X-ray diffraction and

X-ray topography.

Geometrical representation of Bragg’s law describes the diffraction of X-rays

as selective reflection of the X-rays at a set of lattice planes within the crystal.

Bragg’s law is the simplest condition that can be used to model diffraction

from lattice planes. This simple concept is best explained by means of Fig.

4.1.

Figure 4.1. Geometrical formulation of diffraction of X-rays by a crystal [44].

In Fig. 4.1 λ is the wavelength of the X-rays, d is the spacing of diffraction

planes and θ is the angle of reflection measured between lattice planes and

the X-ray beam. The parallel planes of atoms can be thought to reflect the

X-rays as shown in Fig. 4.1. The X-rays QR and TZ interfere constructively

if the path difference 2d sin θ is equal to wavelength. The condition is called

the Bragg’s law [44]

λ = 2d sin θ. (4.1)

Miller indices can be used to describe a crystallographic planes in terms of
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their normals and their spacings. Miller indices may be defined considering

how the plane intersects the main crystallographic axes of the solid. For cubic

crystals the spacing of diffraction planes is

d = a√
h2 + k2 + l2

, (4.2)

where a is the lattice constant.

Because periodic long-range order of atoms is characteristic for crystalline

materials, the unit cell contains the symmetry elements required to define the

crystal structure. The unit cell is repeated in all dimensions to fill space and

produce the macroscopic crystal of the material.

Figure 4.2. Real and reciprocal lattices for simple cubic structure. The vectors a3 and b3

are normal to the drawing. Diffraction vectors g220 and g310 start from origin
of the reciprocal space and end at a point in reciprocal space.

As shown in the Fig. 4.2a, simple cubic lattice has a unit cell defined by a1,

a2 and a3. The corresponding reciprocal lattice vectors, b1, b2 and b3,

b1 = a2 × a3

a1 · (a2 × a3) , (4.3)

b2 = a3 × a1

a1 · (a2 × a3) , (4.4)

b3 = a1 × a2

a1 · (a2 × a3) , (4.5)

are shown in Fig. 4.2b. In previous equations the quotient is the volume of

the unit cell. In the special case of simple cubic lattice, the reciprocal lattice

is a simple cubic lattice with a lattice constant of 1/a.

Condition for diffraction can be written using wave vectors
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k − k′ = Δk = g, (4.6)

where k′ is the wave vector of incident beam and k is the wave vector of

diffracted beam both having length of 1/λ. The condition for diffraction is

that the diffraction vector g starts from the origin of the reciprocal space and

its end point is a point in reciprocal space.

In X-ray crystallography the structure factor Fhkl of any X-ray diffraction is

the quantity that expresses both the amplitude and the phase of that diffrac-

tion. According to the dynamical theory of diffraction the diffracted X-ray

beam intensity of a perfect crystal is proportional to first power of the struc-

ture factor and according to the kinematical theory of diffraction, which is best

applied to mosaic crystals with very small individually diffracting domains, the

intensity is proportional to square of the structure factor [45].

The structure factor a summation which extends over all atoms n and with

their fractional coordinates. It is defined by

Fhkl =
n∑

n=1
fne2πi(hb1+kb2+lb3) · (una1+vna2+wna3)

=
n∑

n=1
fne2πi(hun+kvn+lwn),

(4.7)

where fn are the atomic scattering factors and un, vn and wn are the frac-

tional coordinates of each of the n atoms in the crystal’s unit cell [3].

4.2 Synchrotron X-ray topography

Synchrotron radiation X-ray topography (SR-XRT) [46, 47] was used in the

publications I, IV, VI and IX for imaging defects in single crystal compound

semiconductor materials. Large area transmission, large area back reflection,

transmission cross section and back reflection section geometries were used.

In SR-XRT method a broad spectrum X-ray beam from a bending magnet

source of a synchrotron storage ring is used for recording diffraction images

of the crystal lattice. The high quality of the X-ray beam enables recording

topography images, in which individual dislocations can be observed. Typical

energy range in the broad X-ray spectrum from bending magnet source is 4-

50 keV. The images were taken mainly at HASYLAB in Hamburg using broad

spectrum radiation from bending magnets of DORIS storage ring but also

ANKA facility in Karlsruhe was used. At HASYLAB the storage ring is filled

with positrons having energy of roughly 4.4 GeV and current of 125 mA. At
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ANKA facility the storage ring is filled with electrons and the energy is 2.5 GeV

and current is 80-180 mA. The resulting spectral brightnesses of ANKA and

DESY DORIS III synchrotron sources are shown in Fig. 4.3 [48–50]. Figure

4.3 shows the continuous spectra in the X-ray photon energies. The spectra

can be used for evaluating relative intensities of different harmonic orders

contributing to the topographs.

Figure 4.3. Calculated spectral brightness from bending magnet sources at ANKA and
DESY DORIS III synchrotron sources.

Synchrotron X-ray topography of typical semiconductor wafers doesn’t re-

quire any sample preparation and information can be collected over large area.

This enables accurate estimation of dislocation densities even at level of few

tens of dislocations over square centimetre.

The diffraction images were recorded at HASYLAB on X-ray sensitive pho-

tographic films and the images were digitized using an optical microscope

equipped with a digital camera. The photographic film used for high res-

olution images was GEOLA VRP-M (formerly known as Slavich VRP-M).

Example of a film expose in back reflection geometry is shown in Fig. 4.7.

Figure 4.4 shows the large area back reflection geometry method for record-

ing topography images. In the back reflection geometry, the incident beam

passes through a hole in the film holder and is diffracted at the sample form-

ing several diffraction maxima. The beam is diffracted from the epitaxial side

of the wafer. The approximate positions of few most important diffraction

maxima on the film are shown for (001) GaAs wafer piece. In back reflection

section measurement the geometry is exactly the same as in the large area
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Figure 4.4. Schematic drawing of large area back reflection geometry topography measure-
ment. The Miller indices shown in the Fig. are the smallest possible choice of
the Miller indices describing the diffracting crystal plane.

back reflection geometry but a narow slit having a width of 15 μm is inserted

in the incident beam. The other geometries utilized in this work were large

area transmission and transmission cross section geometries.

Figure 4.5 shows incident wave vectors k′
n, diffracted wave vectors kn and

diffraction vectors gn. The incident wave vectors are starting from the center of

each Ewald sphere and ending to 000 point in reciprocal space. The diffracted

wave vectors are also starting from the centers of Ewald spheres but are ending

to 00n point in the reciprocal space. The diffraction vector is a vector sum of

the incident and the diffracted wave vectors

gn = kn − k′
n. (4.8)

Equation 4.8 is the diffraction condition, graphical representation of which

was shown in the Fig. 4.5. The condition is the same as the equation 4.6

but here higher diffraction orders are taken in consideration. Synchrotron

radiation from bending magnet source has a wide spectral band and thus

many diffraction maxima are observed and one diffraction spot on the film

may have contributions from two or more diffraction orders.

Due to the structure factor, the diffractions 002 and 006 are forbidden in

diamond lattice and weak in zinc-blende lattice. It can be seen that the

diffraction spot 004 on the topography films actually consists of two diffraction

maxima (004 and 008) with different wavelengths.

The wavelength for diffraction maxima can be obtained using equation 4.1

and equation 4.2
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Figure 4.5. Schematic drawing with h=0 showing Ewald spheres for few diffraction maxima
that can be seen in X-ray diffraction with broad X-ray spectrum.

λ = 2a sin θ√
h2 + k2 + l2

. (4.9)

The lattice constant of GaAs is 0.565 nm and thus the wavelengths for 004

and 008 diffraction maxima are 0.28 nm and 0.14 nm. This gives photon

energies of 4.4 keV and 8.8 keV, respectively.

At relatively low X-ray photon energies the attenuation of air and thin film

can’t be omitted. The transmission of 60 mm of air for radiation at 4.4 keV is

65 % while it is 95 % for radiation at 8.8 keV. In addition, the film cover has a

roughly 10 μm thick aluminium sheet in between the film and the sample. The

transmission of the 10 μm thick aluminium sheet is roughly 50 % for 4.4 keV

radiation and 90 % for 8.8 keV radiation. Thus roughly 33 % of the diffracted

intensity at 4.4 keV can reach the film while 86 % of the diffracted intensity at

8.8 keV reaches the film. However, one has to take into account the original

energy distribution of the synchrotron X-ray source and the filtering effect of

air before the sample. The beam travels approximately 50 cm in air before the

beam reaches the sample and thus only 3 percent of the radiation at 4.4 keV is

transmitted to the sample. Thus the contrast for diffraction maxima observed

in back reflection topographs in the publication I are originating from 008

diffraction rather than 004 diffraction.
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Figure 4.6. Distance of 001 diffraction spot (dominant diffraction order 008) on the film
is 15 mm from the beamline. The distance from film to sample is 60mm and
thus theta angle is approximately 83◦.

Interpretation of complete Laue patterns requires also that the spectrum

of the radiation and the structure factor of material are considered. The

diffraction maxima with highest contrast are typically obtained with X-ray

energies close to 10 keV.

The exposure dose for each topography measurement has to be adjusted so

that the most important diffraction maxima produce proper contrast on the

X-ray film. The contrast on the film is dependent on many parameters such as

the structure factor of the diffraction maximum and measurement geometry.

Thus in practice the best measurement dose is determined experimentally. The

intensity of the X-ray beam is linearly dependent on the positron (electron)

beam current in the storage ring and thus the exposure doses are typically

described as milliampere minutes. A typical dose, which resulted in optimal

contrast for GaAs 008 reflection in back reflection geometry with GEOLA

VRP-M film was 320 mA min. The beam current of DORIS storage ring was

140 mA and thus the duration of one topography measurement was approxi-

mately 2 minutes 17 seconds. The beam current was seen in the beam monitor

display and computer controlled shutter was used for timing the exposure.

Further in the beam were computer controlled precision slits and a goniome-

ter system for sample positioning. Typical beam height for recording large

area topographs was 1 mm and width was 3 mm. The distance from sample

to film was 60 mm for both back-reflection and transmission geometries at

HASYLAB. The beam width in cross section topographs was 5 mm and the

height was 15 μm.
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4.3 Contrast in X-ray topographs

Illuminating a single crystal sample with a continuous spectrum X-ray beam

results in a characteristic diffraction pattern, Laue pattern, where several

diffraction maxima can be observed. The diffraction maxima contain infor-

mation of local modification of the diffracting planes compared to the perfect

situation. Each diffraction maximum on the film has a different diffraction

vector produced by the same area on the sample and thus it is possible in

many cases to determine the Burgers vectors of the dislocations seen in the

diffraction maxima.

The dislocations and precipitates can be seen in the diffraction maxima

because they generate local deformed regions around them. The local changes

in the lattice constant and lattice plane orientation result in difference in

either diffracted beam intensity or direction. These contrast variations on the

exposed film can be further imaged with an optical microscope equipped with

a suitable camera.

Figure 4.7 shows an example of an indexed film which was exposed in back

reflection measurement geometry. The film has been indexed using OrientEx-

press [51] and the indices shown in the film are the lowest order indices for the

diffraction. However, the contrast shown in the image may actually originate

from higher order diffraction.

Synchrotron X-ray beam is well collimated compared to radiation that is

emitted for example from laboratory X-ray tubes. Thus the resolution of the

topograph images is excellent and quite often individual dislocations can be

observed. The recorded diffraction spot size is closely the same as the beam

size and it isn’t a magnified image of the lattice planes. Thus the imperfec-

tions in the crystal can be observed if it causes a large enough distortion to the

lattice. For example, point defects distort the lattice very little and the resolu-

tion of the topography image isn’t good enough to resolve point type defects.

However, point type cluster defects or inclusion can often be observed.

In this work most of the dislocations show direct image contrast. Direct

image contrast of dislocation can be observed when the angular divergence

or wavelength bandwidth of the incident beam is larger than the angular or

wavelength acceptance of the perfect crystal. For bending magnet sources the

angular divergence is very small but the spectrum of the beam is broad. Under

this condition, only small fraction of the incident beam diffracts from a certain

crystal plane while most of the incident beam will be passing straight through

the crystal simply experiencing photoelectric absorption.
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Figure 4.7. Example of an indexed film exposed with back reflection measurement geom-
etry. The Miller indices shown in the Fig. are the smallest possible choice of
the Miller indices describing the diffracting crystal plane.

In addition to direct image contrast, it is often necessary to consider dynam-

ical theory of diffraction to explain contrast formation in near perfect crystals

such as silicon wafers or other very high quality semiconductor substrates.

The dynamical theory can be used to model accurately the interference and

absorption of incident and diffracted wave front inside the crystal. According

to the dynamical theory of diffraction, a dislocation reduces the intensity of

transmitted radiation and thus a lower contrast or white region is observed

near the dislocation [52].

Contrast in the topograph image may also be observed due to so called ori-

entation contrast. Some crystals may have small angle boundaries between

different domains or then the crystal may be locally bent. This will re-direct

some of the contrast on different location on topograph film. With monochro-

matic radiation minor change in crystal orientation would result in reduced

intensity of diffraction because the Laue condition would not be fulfilled. How-
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ever, the wide spectral range of the bending magnet radiation enables record-

ing contrast differences also due to orientation differences of domains in the

crystal.

4.4 Disappearance of dislocation images in topographs

It is often observed that the images of dislocations disappear in some diffrac-

tion maxima. Information of the Burgers vector of the dislocation can be

obtained by analysing the visibility of dislocation in the topography images.

An edge dislocation disappears if

g · b = 0, (4.10)

and

g · (b × l) = 0, (4.11)

where g is the diffraction vector, b is the Burgers vector and the l is a vector

parallel to dislocation line.

A screw dislocation disappears in X-ray topographs, if,

g · b = 0. (4.12)

The reason for screw dislocation disappearance can be thought to result from

that there is only displacement along the direction of the dislocation line. Thus

lattice planes normal to the dislocation line are not distorted.

Mixed dislocations have both a screw and an edge component and thus the

extinction equations are never completely fulfilled. Such dislocations never

completely disappear in X-ray topograph images. However, mixed dislocations

give the weakest contrast, when g · b = 0 [53].

4.5 Electrical characterization

One of the most important parameter for a radiation detector structure is leak-

age current of the component under operating conditions. In this work several

detector structures were tested with a semiconductor parameter analyser to

determine their leakage current under biased condition.

Typically, the device under test was placed on an insulated aluminium chuck

and tungsten probe needles with 5 μm radius on the tip were laid on the

detector contact metallisation and also on the guard ring. Electrical contact

to the backside was formed via a conductive chuck. The potential of the
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conductive chuck was swept and the current of the detector pad and the guard

ring was measured. Typical sweep rate for voltage was 1 V per second.

I-V measurements for GaAs diodes studied in this work were mainly done at

room temperature. Typical leakage current levels were 20-100 pA/mm2, thus

enabling spectroscopic X-ray detector operation with Peltier cooling.

Capacitance-voltage (C-V) measurement is typically very useful technique

for determining the doping level of the un-doped active volume in silicon and

germanium detectors. However, it is well known that C-V measurement fails

to predict the active volume in semi-insulating GaAs detectors [54]. In this

work GaAs junctions were analysed with C-V method but in most cases the

capacitance of the junction was constant as a function of the bias voltage.

This suggests that the un-doped GaAs material is semi-insulating in nature.

Some samples showed a typical C-V curve with a net doping concentration of

roughly 5 × 1013 cm−3. The doping concentration of those samples, however,

was strongly dependent on the temperature and thus a significant contribution

to the doping was originating from deep levels states which were activated at

higher temperatures and leading to higher net doping concentration.

Building a complete detector of a detector chip is a time consuming task and

thus it would be very useful to determine the width of the depletion region by

measurement before the detector is manufactured. Several articles have been

published about evaluating the active volume in GaAs detector chip but the

methods described in those are non-standard measurements with for example

scanning pulsed laser light [55]. Those methods can’t be used without cleaving

the sample and it wasn’t clear whether good enough accuracy could have been

obtained. In this work, the depletion layer width was evaluated from detector

characteristics of a complete detector module.

Deep level transient measurements were also considered as one alternative

for characterizing detector material. Several deep level related states were

found but because most of the samples were not showing a C-V curve typical

for non-semi-insulating material, the concentrations of deep levels could not be

extracted. This made the deep level transient spectroscopy relatively useless

analysis method regardless of the fact that several deep level states could be

easily observed.
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5. Detector processing

In this work detector structures were processed of various semiconductor mate-

rials. Each material required a different type of process. In some cases it was

possible to use standard standard microelectronics manufacturing methods

while with more challenging materials such as TlBr minimal process induced

damage was critical.

5.1 Processing of GaAs and GaAs/Ge detectors

In this work process optimization was carried out for manufacturing patterned

detector structures on epitaxial GaAs and GaAs/Ge wafers having a p-i-n

structure. The epitaxy of the p-i-n structure on the GaAs wafers studied in

this work was done by Yuri Zhilyaev at Ioffe Institute, St. Petersburg. The

GaAs layers on Ge wafers were deposited with MOVPE reactor of Micro- and

nanosciences laboratory at Aalto University. The deposition recipe used in this

work was developed by L. Knuuttila and it enabled low density of anti-phase

boundaries on the GaAs grown on Ge [33].

The development work was carried out and the detectors studied in this work

were processed in the clean room facilities of Aalto university in the Micronova

building. However, the wafers were imported to cleanroom from regular lab-

oratory rooms and thus a process for cleaning particles, water soluble and

organic contaminants from the wafers surface was developed. The first step of

the cleaning method that was used in this work was mechanical scrubbing for

particle removal. The scrubbing was done with a semiconductor grade swab

under a continuous flow of de-ionized water. This was followed by ultrasonic

agitation in acetone, isopropanol and a careful flushing with de-ionized water

(DIW).

The wafers were not subject to very high temperatures during the detec-

tor processing and thus it was considered that the wafers do not need to be
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de-contaminated of metallic impurities. Thus no etching steps were done in

order to control metallic contaminants on the wafer surface. After the above

mentioned cleaning steps, a thin silicon nitride layer was deposited on the

wafers.

Typically, a GaAs based pad type detector consists of an active center part

of few square millimetres in area and a number of guard rings. Guard rings

are capturing most of the leakage current originating from the perimeter of

the detector and they are shaping electric field inside the active volume in

order to get better charge collection characteristics. The innermost guard ring

is grounded and the other ones are floating during detector operation. The

different bias voltages for the center area and the guard rings require electrical

isolation in between the above mentioned parts.

Figure 5.1. Micrograph of a monolithic pad type detector. The center pad is 0.4 mm in
diameter and it is surrounded by four guard rings

Forming electrically isolated p-type areas on epitaxially grown wafers re-

quires etching through the junction. The HVPE GaAs wafer used in this work

had 2-15 μm thick p-layer. Wet and dry etching chemistries were evaluated and

ICP-RIE etching with chlorine based chemistry was chosen for the standard

etching method through the p-layer. 100 nm of GaAs material was removed by

wet etching after the dry etching step to remove possible ion induced damage

of the surface before the passivation step.

The passivation step is intended to stabilize the surface of the detector and

to passivate dangling bonds on the surface of the detector resulting in reduced

amount of middle band gap states and thus lower dark current densities. The

best performing passivation was PECVD silicon nitride.

The passivating silicon nitride layer needs to be opened to enable contact

formation between the contact metals and p-type GaAs. Contact openings

were defined by optical lithography and silicon nitride was etched with buffered
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Figure 5.2. SEM image of a Medipix2 compatible GaAs sensor

hydrofluoric acid. Buffered hydrofluoric acid doesn’t etch GaAs and thus it

is very well suited for this process step. A slight undercut is desired between

photoresist and GaAs. This is achieved by slight over etching of the silicon

nitride during contact opening. The undercut helps in the lift off step proving

a clear cutting point for the contact metal layer.

The epitaxial layers, which were the active layers of the detector, were pro-

cessed on thick GaAs substrates. The substrates need to be removed to reduce

dead layer in back illuminated detectors. To enable the removal of the thick

substrate, the epitaxial GaAs wafers were fixed on 10 mm thick glass plates

with thermal wax for thinning. Firstly, most of the substrate was ground off

mechanically leaving roughly 10 μm of substrate left. After the grinding step,

chemical mechanical polishing was applied to remove further 9 μm of the sub-

strate and thus leaving target thickness of 1 μm of substrate left. The 1 μm

thick layer of n-GaAs substrate was supposed to act as the n-side contact of

a pin-diode.

Thinned GaAs chips were etched briefly in NH4OH:H2O2:DIW solution to

reveal a fresh GaAs surface. This was followed by a short dip in diluted HF

(1:10). The samples were transferred directly to an electron beam evaporator

apparatus for n-side metal evaporation. The used metallization was 50 nm

nickel and 250 nm gold. After the metallization the chip carrier plate was

heated and the chips were picked from the hot wax. The chips were cleaned

with acetone, isopropyl alcohol and water.
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5.2 Processing of TlBr detectors

TlBr is an ionic crystal and due to the relatively weak nature of the ionic

bonds the crystal is easily damaged by mechanical stress. It is known that

sample preparation methods that are compatible with most of semiconductor

materials can induce a deep damaged layer in TlBr crystal. Thus most of the

sample handling methods that are commonly used for semiconductor process-

ing can’t be applied with TlBr and the use of custom tools and methods can’t

be avoided.

Especially dicing of the TlBr ingot induces very easily deep defects on the

diced surface [37]. If too high pressure is used during the sample preparation,

the induced defects can extend several hundreds of micrometers in the crystal.

Thus an optimized process for preparation of detector chips is required. In

this work the crystals were prepared according to the best known practice

optimized in earlier work.

The other challenge in TlBr handling is the high toxicity of thallium. Es-

pecially fine dust that can be generated while cutting TlBr boules and dicing

samples is of concern. Preferably the mechanical grinding and such work is

left for dedicated laboratories.

The TlBr crystals that were studied in this work were cut and polished

by Vasilj Kozlov at Department of Chemistry, University of Helsinki. The

electrodes on TlBr crystals were prepared by electron beam evaporation of

100 nm titanium layer. Titanium was chosen because the most important

criteria for the metal contact is that it must not form compounds with TlBr.

Other suitable metal would be for example thallium. However, highly toxic

metals are, not allowed in most of the process equipment at Aalto University

and thus the use of thallium contacts wasn’t possible in this work. For I-V

measurements an additional indium pad was used between the TlBr crystal

and the probe needle in order to avoid damaging the crystal with tungsten

probe.
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6. Results

6.1 Results of GaAs p-i-n structures

Several batches of GaAs detectors were processed on HVPE GaAs material.

The batches included process optimization, passivation experiments, mate-

rial testing and characterization. In total 35 process runs were conducted to

produce the results of publications I, II and III.

The structure of epitaxial p-i-n diodes, studied in publications publications

I, II and III, is shown in Fig. 2.3. Typically, the thickness of the un-doped

layer was 100-200 μm. Diodes with a guard ring were mostly used for electrical

characterization of the material. One example of a layout of a diode is shown

in Fig. 5.1. Due to reduced effects of parasitic capacitances and surface

related leakage currents, electrical characterization is more accurate on pad

type detectors than on pixelated devices. The process for pad type detectors

and pixelated detectors is in any case exactly the same.

It was found that especially large area back reflection geometry was useful

for characterizing thick epitaxial GaAs layers. Due to the absorption length

of the used radiation in GaAs, the back reflection geometry highlights the

defects in the epitaxial layer. Individual dislocation images were clearly seen

in the back reflection topographs and it was also possible to determine the

densities of different types of dislocations as a function of position by stepping

the wafer position between capturing topographs. The task would have been

significantly more challenging with for example TEM as the analysed area is

very small in TEM and understanding the defect structure over large area

would have required very high number of samples.

It was observed in publication I that the leakage current densities of pro-

cessed devices vary greatly from one wafer to another and that some wafers

show areas with low and high leakage current density. Synchrotron X-ray to-

43



Results

pography was used show the dependency between crystal defect density and

the leakage current. As the leakage current is one of the most important

parameters from viewpoint of radiation detector operation, it was of high im-

portance to identify the root cause of increased leakage current with certain

wafers. The data obtained by the synchrotron X-ray topography was utilized

in the optimization of the epitaxy of the p-i-n structure.

Figure 6.1. 008 Back reflection topograph images of different positions on a GaAs wafer
with 135 μm thick epitaxial p-i-n structure. The measurement positions are
shown in Fig. 6.2. The substrate was a 2” n-type GaAs wafer. The topograph
images are taken of the p-side of the wafer. It is clearly seen that the dislocation
density is reduced towards the center of the wafer. The dimensions of the
topographs are 3×1 mm2.

The uniformity of the epitaxial GaAs p-i-n wafers wasn’t very good and

thus measurement data had to be collected as a function of position on the

wafers. Good crystal quality was evident from the topographs. Thus a labo-

ratory diffractometer would have been inefficient in providing information of
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Figure 6.2. Measurement positions of X-ray topographs presented in Fig. 6.1. The diam-
eter of the wafer is about 50 mm.

the crystal quality of the samples. As seen in the synchrotron topographs the

dislocation densities were relatively low and individual dislocations were easily

seen.

Figure 6.3. Dislocation density calculated based on topographs shown in Fig. 6.1 and
corresponding leakage current density.

The misfit dislocations seen in the Fig. 6.1 are originating most likely orig-

inating from the lattice constant difference of the doped substrate and the

un-doped epitaxial layer. The dislocation densities resulting from doping dif-

ferences between the substrate, the un-doped layer and the p-doped layer are

for example calculated in [29]. The dislocation density at the edge of the wafer

was higher and thus the doping density near the wafer edge needs to be higher

than at the center. The areas showing lowest dislocation density are having

only threading dislocations.

The contrast formation of dark lines can be explained by extinction con-

trast. However, it is worth noticing that another contrast mechanism has to

be involved in the alternating dark-light parts of the dislocation image. The
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formation of the light part of dislocation image can be explained by local

changes in the diffraction plane orientation due to stress field related to the

dislocation. The re-distribution of the diffracted radiation is possible because

of the wide spectrum of the incident radiation. It was shown in this work that

the dislocation density has strong correlation to leakage current density.

GaAs diodes manufactured in publication I were assembled with Peltier cool-

ers and front end amplifier at Oxford Instruments Analytical Oy, Espoo. The

diodes were assembled on a beryllium oxide ceramic substrate and a JFET was

coupled to the diode by wire bonding. The ceramic substrate was mounted

on three stage Peltier element to enable sample cooling down to -50 ◦C. The

detector packages were left open and the testing was conducted in a vacuum

chamber. 55Fe source was mostly used to evaluate the spectroscopic perfor-

mance of the detector. The bias of the detectors was optimized to enable best

possible energy resolution and peak shape.

Figure 6.4 is showing 241Am spectrum measured using a GaAs p-i-n detector.

The absorption efficiency of GaAs detector is good at the shown energy range.

Figure 6.4. 241Am spectrum measured with a GaAs detector.
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6.2 Results of GaAs/Ge structures

In publications IV, V and VI GaAs layers grown on Ge substrate were studied

by X-ray synchrotron topography. The measurements show that the studied

structure has excellent crystal quality. The method reveals the defects in the

GaAs layer as well as at the GaAs/Ge interface. The topography study of a

sample series in publication VI showed that the critical thickness was between

650 nm and 750 nm for GaAs/Ge structure.

The observed defect density, 250-500 cm−2, in GaAs/Ge structures is sig-

nificantly lower than the defect density, > 1 × 104 cm−2, observed typically

in LEC GaAs wafers [56, 57]. This combined with the observations of dis-

location densities in publication I and II, would suggest that the electrical

performance of devices processed of the hetero epitaxial structure would not

suffer significant degradation due to dislocation structure.

Figure 6.5. 51̄1 large area transmission topographs of GaAs/Ge samples with GaAs epi
layer thickness of a) 210 nm and b) 750 nm. The misfit dislocation network is
seen clearly in topograph b). The image size is a) 2×1 mm2.

Figure 6.6. Photograph of a processed GaAs/Ge wafer having two MediPix2 chips in the
center.

During epitaxial growth of GaAs on Ge some arsenic diffuses in the ger-

manium substrate [33]. The diffusion induces a highly n-type doped layer in

germanium near the GaAs/Ge interface. The peak doping concentration in
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germanium is near the interface and it is as high as 1×1021 cm−3. The doping

of this diffused layer is too high to be depleted completely and the diffusion

would have to be significantly lower to allow depletion region to extend from

GaAs layer into germanium substrate.

One possible solution that was experimented was a low temperature GaAs

buffer. This should have enabled a lower amount of As available for in diffusion

in germanium. SIMS measurement clearly verified the decreased As diffusion

for the sample with a single layer deposited at low temperature of 530 ◦C.

However, it was found out that a thin buffer layer initially deposited at low

temperature could not hinder the diffusion of As into Ge when temperature

was subsequently increased to standard growth value.

6.3 Results of TlBr detectors

In this work several TlBr detectors were manufactured and tested. In publi-

cations VII, VIII and IX the crystal quality of TlBr detectors was studied by

high resolution X-ray diffraction and synchrotron X-ray topography and the

results are compared to electrical characteristics and detector performance.

Even with a carefully optimized growth process, the crystal quality of TlBr

isn’t at same level with very high quality semiconductor crystals. X-ray diffrac-

tion measurements in publication VII, VIII and IX and synchrotron X-ray

topography studies presented in publications VIII, show a large number on

small angle boundaries inside TlBr crystals. The crystal quality inside those

domains isn’t good enough that clear images of dislocations could be recorded

by synchrotron X-ray topography.

Figure 6.7. 220 large-area back-reflection topograph of a TlBr sample and the related
diffraction vector g. The image is taken at ANKA synchrotron radiation facil-
ity.
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Figure 6.8. 220 back-reflection section topographs of samples prepared of different TlBr
ingots. Sample (a) has the lowest crystal quality and thus intensity of the 220
diffraction is scattered over wide area on the film.

The synchrotoron topographs of TlBr samples for publication VII were

recorded at ANKA Karlsruhe Institute of Technology and at HASYLAB. The

large area images recorded at ANKA proved successful. However, at HASY-

LAB, the surface of TlBr crystals turned black and appeared metallic after

measurements with large area beam (1 × 2 mm2) and no Laue pattern was

obtained with large area beam. It seemed obvious that the intensity of ab-

sorbed radiation on the sample surface was too high causing significant crys-

tallographic damage to the sample surface. Thus, only back-reflection section

geometry was used at HASYLAB. This measurement setup utilizes a 15 μm

slit in the incident beam and thus the radiation power on the sample was

reduced significantly. In this geometry TlBr samples did not suffer visually

observable damages and good quality Laue pattern was obtained.

The synchrotron X-ray topography of the TlBr samples resulted in a sin-

gle Laue pattern, which confirms the single crystalline nature of the material.

However, all TlBr samples have a large amount of small-angle grain boundaries

and thus the material quality is too poor to enable analysis of individual dis-

locations from topographs. The 220 back-reflection section topographs of four

TlBr samples are shown in Fig. 6.8. The beam width in this synchrotron topo-

graphy measurement was about 3 mm. Due to small-angle grain boundaries,

which are present in the sample, the topography image is spread over a large

area in Fig. 6.7. In all studied samples the topograph image spreading makes

it impossible to distinguish any individual dislocations. The relatively wide

orientation distribution of the grains would suggest that the grain boundaries

have originated during the crystal growth process.
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7. Summary

In this thesis synchrotron X-ray topography has been utilized as characteriza-

tion method for studying defects in compound semiconductor materials. The

SR-XRT is capable of imaging crystal defects over large area and with low

density. SR-XRT enables collecting accurate data of dislocations type and

densities by analysing multiple diffraction spots.

The results of the work have improved significantly the understanding of

defect formation during HVPE of GaAs. The leakage current densities of

detector components showed clear correlation to defect densities obtained by

SR-XRT.

The results indicate that it would be very interesting to further develop

HVPE growth method enabling manufacture of larger area epitaxial structures

with 200 μm thickness. The GaAs detectors with good homogeneity and good

charge collecting properties would be a versatile tool in several fields such as

medical imaging, non-destructive testing and in some physics experiments.

The cost of the epitaxial GaAs sensors can be, however, estimated to be high

compared to silicon sensors and the high cost is likely to limit the practical

applications.

As a result of GaAs/Ge structures the critical thickness of about 650 nm

to 750 was obtained by SR-XRT. Although the dislocation density of the

GaAs/Ge structure was as small as 250-500 dislocations/cm2 the diffusion

of arsenic in to germanium turned out to be the limiting factor in achieving

satisfactory detector performance.

Results on the characterization of the TlBr material indicate significant

amount of crystal defects. The TlBr detectors were showing significant prob-

lems in charge collection and improvements in the crystal quality would have

likely improved the performance. However, due to the potential for room

temperature spectroscopic operation TlBr should be studied further. The hy-

bridization of TlBr with imaging circuits would require development of new
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bonding technology as TlBr is very brittle and it would likely break very eas-

ily if large area sensor was hybridized with read out circuit having different

coefficient of thermal expansion.
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