Wide Band Gap Compound Semiconductor
Detectors for X-ray Spectroscopy in Harsh

Environments

Thesis submitted for the degree of
Doctor of Philosophy

at the University of Leicester

Anna Megan Barnett
Space Research Centre

Department of Physics and Astronomy

December 2011



Wide Band Gap Compound Semiconductor Detectors for X-ray Spectroscopy in Harsh Environments

Wide Band Gap Compound Semiconductor
Detectors for X-ray Spectroscopy in Harsh

Environments

Anna Megan Barnett

Abstract

Novel photon counting AlggGag,As, GaAs and SiC X-ray photodiodes were
investigated through experiments and Monte Carlo computer simulations for their
suitability as spectroscopic soft (< 25 keV) X-ray detectors in high temperature (up to
90 °C) environments.

Photon counting AlggGag.As and GaAs non-avalanche p*-i-n* mesa X-ray photodiodes
were shown to operate at temperatures as high as 90 °C. The temperature dependences
of their spectral resolutions (FWHM at 5.9 keV) are reported. Analyses of the noise
sources contributing to the devices’ measured performances are presented which
suggest that efforts to improve the spectral resolutions would be well targeted at
reducing the noise contributions from the packaging of the detectors. For the GaAs
diodes, the X-ray characterisation of the devices was extended to higher energies
(25 keV). Internal detector X-ray fluorescence was demonstrated and Monte Carlo
computer simulations were compared with the experimental results.

Prior to the research presented in this thesis, the only AlygGag2As photon counting
X-ray avalanche photodiodes reported in the literature (Lees et al., 2008, Nucl. Instr.
and Meth. A, Vol. 594, pp. 202-205) had shown anomalies in the obtained spectra.
Through new experimental measurements and computer simulations, the anomaly is
explained. A new method was developed which uses the phenomenon to extract
measurements of the electron and hole ionisation coefficients of AlggGag,As at a
typical operating field and the first report of their temperature dependence is made.

Measurements characterising the X-ray spectroscopic performance of Semi-Transparent
SiC Schottky Diodes over an energy range ~6 keV to 25 keV at temperatures up to
80 °C are presented and discussed, along with relative efficiency measurements and
data showing the temperature dependence of the leakage current in such devices.

The research presented in this thesis shows that AlpsGag2As, GaAs and SiC X-ray
detectors are promising devices for high temperature soft X-ray spectroscopy.
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Chapter 1  Introduction

1.1 Background

In 1913, Henry Moseley published research concerning the X-ray spectra of chemical
elements (Moseley, 1913) with a view to testing a hypothesis made by Antonius van der
Broek, stating that the chemical and optical properties (including X-ray properties) of
the elements were determined by each element’s atomic number, Z, rather than its
atomic mass, A (Heilbron, 1966). Moseley’s work, which confirmed a link between
X-ray frequency and atomic number, Z, set the stage for X-ray spectroscopy to become
the indispensable tool it is today, used in disciplines as varied as the analysis of works
of art and the in situ investigation of the soils of other planets. In the years that have
passed since Moseley published his findings, scientists and engineers have produced
ever more sensitive and user-friendly instruments for the detection of X-rays and the
characterisation of the elements and their abundances in samples of unknown

composition.

In the 1960s, the first detectors based upon semiconducting material became available.
Today, semiconductor soft X-ray (< 20 keV) detectors are most often silicon based and
take one of several broad structural forms, including charge coupled devices (CCDs)
(Miyaguchi et al., 1999), silicon drift detectors (SDDs) (Gatti & Rehak, 1984),
DEPFETs (Kemmer & Lutz, 1987) (Kemmer et al., 1990) and photodiodes (Kataoka et
al., 2005). Semiconductor X-ray detectors have many advantages compared to other
detector types. Their improving spectral resolution, availability in imaging array format
and lower cost, along with their smaller size, have led to the present high popularity of
semiconductor detectors among a wide variety of X-ray spectroscopists (Knoll, 2000)
(Potts & West, 2008). However, silicon semiconductor detectors do have limitations.
They are often prone to radiation damage that can degrade their performance (Hall and
Holland, 2010) (Cappelletti, Cédola, & Blanca, 2008), and in order to achieve their
optimum performance and spectral resolution they usually need to be operated at low
(£ 20 °C) (Lechner et al., 1996) or sometimes near-cryogenic (~ -120 °C) temperatures

(Abbey et al., 2003). The systems required to support a silicon semiconductor detector
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needing to operate in a non-ideal (high temperature, intense radiation) environment are,
therefore, not insignificant: protection against radiation damage must be designed into

the system, as must facilities for cooling.

A review of the most important methods and detector types, including semiconductor
detectors, developed for space related X-ray spectroscopy in the latter half of the
twentieth century, can be found in Fraser (1989). A review of their use and applications
in a wide variety of fields, where X-ray spectroscopy use flourishes particularly because
of the miniaturisation of instrumentation brought by the semiconductor revolution, can
be found in Potts and West (2008).

1.2 Motivation

The development of semiconductor X-ray detectors that can operate at high temperature
without any (or only minimal) cooling would enable X-ray spectroscopy to be used in
many applications that are currently unable, through financial cost or energy, mass,
volume or other technical restrictions, to accommodate the cooling apparatus (such as
Peltier or cryogenic coolers) that may be required for silicon detectors in such
environments. Even in applications that are able to accommodate the cooling needs of
existing detectors, reducing the requirements for cooling would enable costs to be
reduced and X-ray spectroscopy to be deployed more widely. If high temperature
tolerant semiconductor detectors could be developed, they would be very attractive
candidates for X-ray spectrometers for future space missions to hot environments such
as the surface of Venus.

1.3  Applications and requirements for high temperature tolerant

soft X-ray detectors

1.3.1 Extraterrestrial Planetary Analysis
1311 In situ planetary analysis

The driving factors for X-ray spectrometers designed to be landed on the surface of
planetary bodies, are mass, power, volume and performance. Instrument mass, power
requirements and volume must all be minimised due to technological limitations and the
financial restrictions inherent in, and imposed upon, space missions. Typically, for

X-ray spectrometers to be deployed on landers or rovers, mass, power and volume

10
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budgets are of the order of 1 kg, 10 W and 10° cm®, with the requirement that the
instrument must survive mechanical vibrations > 10 g and be tolerant of high levels
(>10 Gy) of ionising radiation (Fraser, 2008). The environment in which the
instrument is required to operate can also be extreme and vary dramatically: Martian
surface temperatures reported by the Mars Exploration Rover Opportunity have varied
between 295 K and 175 K (Spanovich et al., 2006) at surface pressures of 610 Pa +
110 Pa (Withers & Smith, 2006) and if one wished to perform X-ray spectroscopy on
the surface on Venus, where the environment is even more extreme, the instrument
would have to survive temperatures =~ 735 K and pressures at the surface ~9 MPa
(Moroz, 2002). Instruments can, of course, be designed so that the detector is exposed
to less extreme environments, but using a detector that is able to cope with less

protection may reward the designer with a lighter, smaller and simpler instrument.

In situ X-ray fluorescence analysis of planetary surfaces is typically concerned with
determining the elemental composition of a rocky surface with a view to elucidating its
history and formation. Thus it is necessary that detectors for this purpose be capable of
resolving X-ray lines that will enable the identification of the major rock forming
elements. A low energy limit to include magnesium (Ka =1.25 keV), aluminium
(Ko = 1.49 keV) and silicon (Ka = 1.74 keV), and an upper limit to include at least iron
(Ka = 6.4 keV) is required along with a spectral resolution sufficient to separate those
close, low energy lines (ideally ~ 150 eV FWHM at 1.5 keV). However, detectors with
slightly lower spectral resolution (e.g. ~ 300 eV FWHM at 5.9 keV) may still prove
attractive options if their high temperature tolerance is essential for the mission (e.g. as
might be found for a surface mission to Venus or Mercury). For in situ planetary X-ray
spectroscopy, as for many other applications, it is desirable for the detector have high
quantum efficiency (see §2.2.1) throughout the X-ray energy range of interest (~ 1 keV
— 7 keV) in order to detect as large a proportion of the radiated flux as possible to
minimise spectrum accumulation time; a thick (500 pum) silicon detector has a quantum
efficiency =~ 0.99 at 6.4 keV.

1.3.1.2 Planetary remote sensing

For remote sensing X-ray spectroscopy, unlike for in situ analysis, the source used to
fluoresce the sample is not a radioisotope X-ray source or X-ray tube carried with the

spectrometer, but instead a source external to the instrument, such as the Sun. For
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airless bodies near the sun (e.g. Mercury, Earth’s Moon and near earth objects) the solar
X-rays can fluoresce the surface of the body. However, at distances further from the
sun, the solar flux is not great enough to produce sufficient, detectable fluorescence.
However, X-rays have been detected from Jupiter and its moons (Gladstone et al., 2002)
(Elsner et al., 2002) and Saturn (Ness, 2004). Here the X-rays are thought to be
generated through energetic ion interactions (Gladstone et al., 2002) (Elsner et al.,

2002) (Ness, 2004) rather than solar induced fluorescence.

As is the case for in situ planetary analysis, the constraints for remote sensing detectors
are challenging. Low mass, low power and small volume must be coupled with
excellent spectral resolution and good performance at very soft X-ray energies with a
~ 1 keV low energy cut off. The MUSES-C/Hayabusa X-ray Spectrometer, which used
a silicon CCD cooled to -60 °C as its detector (Miyaguchi, 1999) and was designed for,
and used in, a remote sensing X-ray spectroscopy mission to asteroid Itokawa, is an
example of one such instrument. In ideal conditions the detector could achieve a
FWHM =160 eV at 5.9 keV and its 0.7 keV low energy cut off allowed the detection of
the K shell lines of the lighter rock forming elements such as magnesium
(Ka = 1.25 keV), aluminium (Ka = 1.49 keV) and silicon (Ka = 1.74 keV) along with
the L shell lines of elements such as nickel (Lo=0.85keV) and copper
(La =0.93 keV). Whilst the instrument was capable of sensing energies up to 10 keV,
it was found that the heavier elements were only detected during solar flares when the
solar X-ray emissions became more intense at higher energy, enabling the heavier
elements with larger electron binding energies to be fluoresced (Okada et al., 2006). At
those times of increased solar activity, however, the lower detection limit became
sulphur (Ka = 2.37 keV) due to increases in instrument noise and a low signal to noise
ratio (Okada et al., 2006).

It has also been shown that X-ray detectors with more modest spectral resolution (e.g.
~ 380 eV FWHM @ argon Ko (2.96 keV)) can be scientifically useful for spectroscopic
X-ray remote sensing missions (Grande et al., 2007) (Swinyard et al., 2009). A
radiation hard detector that could achieve these performance characteristics would be of
interest for future missions to rocky planets, moons and asteroids, and a detector with an
even lower energy cut off would be useful for missions to Jupiter and its moons since
X-ray emissions from Jupiter have been detected in the range 0.25keV to 2 keV

(Elsner, 2002). As for in situ X-ray spectroscopy, it is desirable to maximise the
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guantum efficiency of the detector in order to reduce accumulation time. This can be
particularly important for remote sensing X-ray fluorescence spectroscopy where
typically the instrument is moving relative to the sample of interest. However, at such
soft X-ray energies as would be of interest in a mission to Jupiter or Saturn, the
quantum efficiency (82.2.1) of some detectors can be poor due to a non-sensitive region
at the front of the detector absorbing low energy photons before they can reach the
active region of the device (see 86.7). Furthermore, for many detectors there are
discontinuities in the dependence of quantum efficiency on photon energy in this region
(0.25 keV to 2 keV) due to X-ray absorption edges (see §2.2.3).

1.3.2  Terrestrial applications

Terrestrial laboratories do not have the same degree of constraint on energy use, mass
and volume that spacecraft do, and the laboratory environment can be more easily
controlled for the benefit of the instruments than can the operating environment of an
instrument orbiting another planet. Consequently, terrestrial applications for a high
temperature detector are in situations where X-ray spectroscopy is needed outside of a
laboratory environment and where energy, mass, volume or cost are driving factors. Oil
condition monitoring using X-ray fluorescence for mechanical apparatus is one such

application.

Much time and money is invested by the owners of high value, oil lubricated equipment
(e.g. engines of railway locomotives, aircraft, military vehicles and Formula 1 racing
cars) to ensure that their engines and oils are performing optimally. As part of this
process, oils are monitored offline to detect increases in the concentration of the
products of engine wear (e.g. lead (Lay = 10.55 keV), iron (Ko, = 6.40 keV), aluminium
(Kay =1.49 keV) and silicon (Kay = 1.74 keV)), and decreases in the oil additives which
improve oil function e.g. molybdenum (Ko; = 17.48 keV) and sulphur (Ka; =
2.31 keV) (Yang, Hou & Jones, 2003), (Bently Tribology Services, N.D.). At present,
in the case of railway locomotives, oil samples are taken from the engine by hand and
sent to a laboratory where the oil is analysed and the results returned to the customer.
The process is continually repeated, typically on a weekly basis (Harrison, 2009).
Much importance is placed by the operators of railway locomotives on ensuring their
engines and oils are functioning optimally because engine damage is very costly and

disruptive to business. Being able to monitor the engine oil in situ, in near real time,

13
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would eliminate the need to send oil samples to laboratories and enable detection of
problematic engine wear sooner than would otherwise occur. The instruments could
report their information to displays in the driver’s cab and/or via telecommunication
networks to control rooms. Integration of X-ray spectrometers into engines for such
applications requires that the detectors can function without bulky cooling systems
because of volume and complexity of servicing restrictions. This need for
miniaturisation is even more evident in the very mass and volume sensitive cases of
aircraft and Formula 1 engines, where operating environments can be even harsher and

the penalties for failure more severe than in railway locomotive engines.

Instruments for in situ engine oil monitoring need to be small enough (< 10° cm®) and
sufficiently low mass (< 1 kg) to be integrated into the engine and to be able to operate
at engine oil temperature (~ 100 °C) to enable continuous monitoring. For oil condition
monitoring, the instrument does not need to be imaging but it should have good enough
spectral resolution to resolve the spectral lines of interest. As for planetary X-ray
fluorescence spectroscopy, the quantum efficiency of the detector should be maximised
in order to minimise spectrum accumulation time. In the case of engine oil monitoring,
a shorter spectrum accumulation time enables monitoring with better time resolution,
and consequently provides the ability to detect changes in oil and engine condition more

quickly.
1.4 Compound semiconductors for X-ray spectroscopy

Compound semiconductors provide the opportunity to engineer detectors with material
properties that are specifically suitable for the environment in which they are required to
operate. Wide band gap compounds offer the potential for use in high temperature,
extreme radiation environments that cannot be matched by silicon. An introduction to
modern compound semiconductor radiation detector research can be found in Owens &

Peacock (2004). Another, earlier, review was by McGregor and Hermon (1997).

In a compound semiconductor, it is possible to engineer the band gap, Eg, (the energy
gap between valence and conduction bands) by modifying its average lattice constant
(Owens & Peacock, 2004) by changing alloy composition, see Fig. 1.1. In some
materials such as Al,Ga;.xAs, the band gap changes rapidly with x and the lattice
constant is relatively insensitive, making lattice matching of Al,Ga;xAs to GaAs

substrates possible. Through the ability to select the preferred band gap, the device
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designer can balance the improvements in the intrinsic resolution of the detector that
derive from a narrower band gap (narrower band gaps give rise to improved charge
carrier statistics) with the reduction of temperature dependent noise associated with a
wider band gap (wider band gaps reduce leakage currents thus leading to reduced noise

— see §2.6.3) for a particular temperature regime.

3_ 1 1 0 1 1 1 ' 1 1 ]
mZnSe
AIP nCdS mZnTe
GaP o AAs
2 4 .
= mCdSe
= mAlSb mCdTe
8 GaAs mnP
T mSi
c 14 A
oy
mCe mGaSh
"PoSainAs, . mPbTe
mInSb
0 - = Sn -
| " | " | " 1 A | ! 1 . |
525 550 STTAS 6.00 6.25 650 6.75

Lattice Const [A]
Fig. 1.1. The relationship between lattice constant and band gap for some common

semiconductor compounds (Molhave, 2006). The lines connecting GaP and AIP, and
GaAs and AlAs illustrate the values the band gap takes when varying the x fraction of

Al,Gay <P and AlyGa;.xAs compounds, respectively.

The canny device designer can also select materials with a view to the intended
application, as well as the intended environment. Sometimes materials can be selected
so that the main absorption edges and fluorescence lines of the constituent elements of
the semiconductor material are outside the X-ray energy region of interest. The K edges
and fluorescence lines of gallium (Tables 1.1a & 1.1b) and arsenic (Tables 1.2a &
1.2b) are outside the main region of interest for planetary X-ray fluorescence
spectroscopy (~ 1 keV — ~ 7 keV). Consequently, when using a GaAs detector to obtain

spectra for this application, correction of the spectra to take account of the internal
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detector fluorescence from these lines is not required since they are outside the region
of interest, unlike in the silicon K lines for silicon detectors (Tables 1.3a & 1.3b). At
first glance it may appear as if no corrections for emission lines would be required in
the region 1 keV to 7 keV, if a GaAs detector was used. However, the L edges and
lines of gallium and arsenic are still within the spectral region of interest for planetary
XRF and have significant fluorescence yields (Tables 1.1a, 1.1b, 1.2a, 1.2b, 1.3a &

1.3b), so spectra covering this region must still be corrected for these edges and lines.

L3 L> L. K
Edge (keVv) | 1.115|1.142 | 1.298 | 10.367
Fluor. Yield | 0.013 | 0.012 | 0.002 | 0.543
Table 1.1a. Gallium K and L X-ray edges and fluoresce yields (Brunetti et al., 2004).

KL3 KL, KM; | KM; | LiMs | LoMy | LsMs | LsM;
Ka; Kay KB, Kp3 Lps LB, Lag LI
Line energy | 9.252 | 9.225 | 10.264 | 10.260 | 1.197 | 1.125 | 1.098 | 0.957
(keV)
Radiative rate | 0.577 | 0.294 | 0.083 | 0.043 | 0.626 | 0.954 | 0.854 | 0.046
Table 1.1b. Gallium X-ray fluorescence line energies and fractional radiative rates
(Brunetti et al., 2004).

Ls L, L K
Edge (keV) |1.323|1.359 | 1.526 | 11.867
Fluor. Yield | 0.016 | 0.014 | 0.003 | 0.581

Table 1.2a. Arsenic K and L X-ray edges and fluorescence yields (Brunetti et al.,

2004).

KL3 KL, KM3; | KM, LiMs | LoMy | LsMs | LsM;
Koy Ka, KB, Kps LBs LB La; | LI
Line energy | 10.543 | 10.507 | 11.726 | 11.720 | 1.389 | 1.317 | 1.282 | 1.120
(keV)
Radiative rate | 0.571 |0.294 |0.086 |0.044 |0.607 |0.957 |0.857 | 0.042
Table 1.2b. Arsenic X-ray fluorescence line energies and fractional radiative rates
(Brunetti et al., 2004).
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Ls L. L, K
Edge (keV) |0.099 | 0.100 | 0.149 | 1.839
Fluor. Yield | 0.000 | 0.000 | 0.000 | 0.048

Table 1.3a. Silicon K and L X-ray edges and fluorescence yields (Brunetti et al., 2004).

KL3 KL; KMz | KMy | LiM3 | LoMg | LsMs | LsMy
K(ll K(lz KB]_ KBg Lﬂg Lﬁ]_ L(ll LI

Line energy | 1.740 | 1.739 | 1.836 | 1.836 | - - - 0.094
(keV)
Radiative rate | 0.646 | 0.325 |0.019 | 0.010 |0.216 |- - 1.000

Table 1.3b. Silicon X-ray fluorescence line energies and fractional radiative rates
(Brunetti et al., 2004).

A disadvantage of compound semiconductors is that often the material quality can be
poorer than for elemental semiconductors. Owens and Peacock (2004) note that, due to
charge trapping defects in the material, the charge transport properties (carrier mobility,
W, or carrier lifetime, 7) of most semiconductor compounds are currently poor compared
with silicon and germanium. For silicon and germanium, the product pz > 1, whereas
for most compound semiconductors uz ~ 10 for electrons and uz ~ 107 for holes (e.g.
for SiC Peze = 4 x 107 cm?V™* and phzn = 8 x 10° cm? V™) (Owens and Peacock, 2004).
Unless the quality of compound semiconductor material can be improved, these
comparably poor transport properties may limit the maximum thickness of compound
semiconductor detectors. Growing thick, detector quality wafers can be difficult
anyway due to lattice mismatches between the designer’s preferred alloy and the
available substrates (Gutiérrez et al., 2002) (Fuke et al., 1995) (Demeester et al., 1991).
The thickness of the detector has a direct effect on the quantum efficiency of the device
(see 82.2.1). Development of exotic compound semiconductor detectors is also often
made difficult by lack of experimental data regarding even basic material properties of
the different alloys.

This thesis concentrates on AlpgGag ,As, GaAs and SiC compound semiconductor X-ray
photodiodes. Prior to the research reported in this thesis, Lauter et al. (1995) had
demonstrated X-ray detection with AlGa;xAs/GaAs (graded x from 0 to 0.45) separate
absorption and multiplication regions (SAM) staircase APDs (Lauter et al., 1995)
(Ripamoni et al., 1990) and published results of 2 x 2 monolithic arrays made of similar
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devices (Lauter et al., 1996). Silenas (2004), Silenas et al. (2002, 2003, 2005, 2006)
and Dapkus et al. (2007) had reported results from graded-gap non-photon counting,
non-spectroscopic AlyGa; «As/GaAs detectors that can detect changes in X-ray flux
when operated in current mode, but had not demonstrated X-ray spectroscopy or photon
counting with their devices. AlggGag.As p*-p-n* photodiodes, originally intended for
use in telecommunications and grown and fabricated at the University of Sheffield had
been shown to function as room temperature photon counting X-ray spectroscopic
detectors in experiments at University of Leicester by Lees et al. (2008), but an artefact

was present in the spectrum (see Chapter 6).

GaAs photon counting X-ray photodiodes have been reported operating at temperatures
between +21 °C and -16 °C by Owens et al. (2001, 2002a) and Erd et al. (2002), but
surprisingly no report has been made of the temperature dependence of the spectral

resolution of GaAs photon counting X-ray photodiodes at higher temperatures.

The potential for SiC Schottky photodiodes to be used as high temperature photon
counting spectroscopic X-ray detectors had also been previously recognised, most
notably by Bertuccio, Casiraghi and Nava (2001) who were the first to report X-ray
detection with SiC Schottky photodiodes. Subsequent work by Bertuccio (2005),
Bertuccio & Casiraghi (2003), and Bertuccio et al. (2004a, 2004b, 2006, 2011), review
by Nava et al. (2008), dominates the SiC X-ray photon counting spectroscopic detector
literature. At University of Leicester, a novel type of SiC Schottky diode (the semi-
transparent SiC Schottky diode — STSSD), fabricated at University of Newcastle, had
also been shown to function as a photon counting spectroscopic X-ray detector in

experiments at room temperature (Lees et al., 2007) (Lees et al., 2009).
1.5  Thesis organisation

Chapter 2 reviews the physics of X-ray detection with photodiodes and provides
background on the theory of impact ionisation in X-ray photodiodes. Chapter 3
describes the Monte Carlo model developed to model X-ray detection in AlygGag,AS
and GaAs p*-p-n” and p*-i-n* avalanche and non-avalanche photodiodes. Chapter 4
presents measurements and analysis characterising the performance of non-avalanche
Al sGag,As X-ray photodiodes at temperatures from +90 °C to -30 °C. Chapter 5
presents measurements and analysis of the performance of GaAs X-ray photodiodes at

temperatures between +80 °C and -30 °C. Chapter 6 presents experimental and
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computer modelling results which explain the origin of the additional peak anomaly
reported by Lees et al. (2008) in their X-ray spectra taken with a p*-p-n* X-ray
avalanche photodiode, and derives the temperature dependence of the impact ionisation
coefficients in AlggGag,As at a typical operating field. Chapter 7 reports high
temperature X-ray spectrum measurements taken with semi-transparent SiC Schottky
diodes. Chapter 8 offers overarching conclusions on the work and considers future

directions for subsequent research.
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Chapter 2  Detector physics

2.1 Introduction

This chapter describes the physical principles of X-ray detection with photon counting
non-avalanche photodiodes and photon counting avalanche photodiodes (APDs). The
physics of soft X-ray attenuation and photoelectric X-ray absorption are reviewed,
along with the basics of charge generation and transport in semiconductor detectors.
The factors affecting the energy resolution of semiconductor detectors are discussed,
and for avalanche photodiodes the impact ionisation process is reviewed with reference
to the local model (Mclintyre, 1966).

For further detail, various comprehensive introductions to X-ray detection with
semiconductor devices exist, including Fraser (1989), Knoll (2000) and Owens &
Peacock (2004).

2.2  X-ray attenuation

2.21 Beer-Lambert law

Monochromatic X-rays incident on a material are attenuated through it (absorbed or
scattered by it) according to the Beer-Lambert law (Potts, 1987):

I =1Ie " (2.1)

where 1 is the intensity of the beam transmitted through the material, Io is the original
intensity of the beam, p is the linear attenuation coefficient for the material at the
particular X-ray energy being investigated and x is the thickness of the material. It
should be noted that the linear attenuation coefficient varies with the density of the
material, even when the material stays the same. An absorber’s linear attenuation
coefficient, u, can be calculated from its mass attenuation coefficient, A/, and density, p
(L = Mp). If one wishes to detect a large fraction of the incident flux, it is desirable to
maximise the absorption, lo(1-e*), by maximising p and x. The linear attenuation
coefficient, p, is material dependent and can be maximised by selecting high Z (atomic

number) detector materials. The thickness, x, can also be increased, but it cannot be
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usefully increased indefinitely: it is limited by charge carrier mobility in the detector
and the quality and thickness of the detector material that can be grown (Owens &
Peacock, 2004).

For the soft X-ray energies (~ 1 keV — ~ 25 keV) of interest in this thesis, the dominant
form of attenuation of the incident beam is photoelectric absorption (82.2.2). For a

consideration of Compton scattering and pair-production see Knoll (2000).
2.2.2  Photoelectric absorption

In photoelectric absorption, an incident X-ray photon interacts with one of the detector’s
atoms. The photon ionizes the atom, liberating an electron. The incident photon’s
energy is transferred to the atom’s electron, less the binding energy of that electron in
its original shell. The vacancy is filled by the capture of a free electron from the
material or by rearrangement of the atom’s electronic structure. This rearrangement can
occur either by fluorescence, the Auger effect or both, since vacancies can cascade
through the shells.

When an atom rearranges by emitting a fluorescence photon, this photon is either
absorbed by the detector or escapes. When a fluorescence photon of energy, Exy,

escapes, this gives rise to an escape peak of energy,
Eesc = E — Eny (2.2)

in the spectrum, where E is the initial X-ray photon’s energy. If only the fluorescence
photon is absorbed (e.g. if the original X-ray photon was absorbed in a non-active
region of the detector), an elemental characteristic fluorescence peak can be visible in
the spectrum. Photoelectrons and Auger electrons have a sufficiently short range that
they can be considered to be localised to the point of X-ray absorption for the detectors

in this thesis.
2.2.3  Absorption edges

Plots of the linear absorption coefficients for GaAs, AlpgGagAs, SIC and Si as
functions of X-ray energy are shown in Fig. 2.1. Whilst there is a general trend for the
attenuation coefficient to decrease exponentially as the energy of the incident X-ray
increases, there are discontinuities, known as absorption edges, at energies equal to the

binding energies of the electrons in the material (for the energy range plotted, for GaAs,
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these are the elements’ K and L edges). Absorption edges have the effect that a photon
of energy just more than an edge has a higher probability of being absorbed than a
photon with an energy just below the absorption edge. The absorption edges result from
the different binding energies of the electrons in different shells; when a photon has an
energy greater than the binding energy of an electron in a given shell, the photon is
more likely to be absorbed by the atom because the photon has sufficient energy to

liberate electrons in that shell as well as the lower energy shells.

1000000
Gaand As L edges
100000 — GaAs
— Al 3Gag ,As
SiC
10000 —-Sj

1000

100

10

Linear attenuation coefficient (cm?)

Energy (keV)

Fig. 2.1. The energy dependence of the linear attenuation coefficients for GaAs (blue
line), AlpgGagoAs (red line), SiC (green line), and Si (dashed purple line). The

discontinuities are the absorption edges (see Tables 1.1a, 1.2a & 1.3a).
2.3 Diode structure

In order to collect efficiently the charge carriers generated by the absorption of an X-ray
photon, it is necessary to apply an electric field across the semiconductor detector
(82.5). In order to minimise the device leakage current (82.6.2) resulting from this
electric field, reverse biased semiconductor junctions are used rather than simple
crystals of intrinsic semiconductor material. A diode is reverse biased when a negative
voltage is applied to the diode’s p layer, with respect to its n layer (see below). This
reverse biasing has the effect of increasing the natural potential difference between the p

and n layers, and causes electrons to be attracted to the n layer and holes to the p layer.
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The GaAs and AlgsGag,As diodes described in this thesis are based on circular
(diameter = 200 um) mesa p*-i-n* and p*-p-n” junctions, which have highly doped p*
and n* layers (see Tables 4.1, 5.1 & 6.1 for layer properties) either side of an intrinsic
(or near intrinsic) layer; see Fig. 2.2 for a simplified schematic diagram, Fig. 2.3 for a
scanning electron microscope photograph, and Chapters 4, 5 and 6. The SiC devices are
square (250 pm x 250 um) 4H-SiC semi-transparent Schottky diodes, with an epitaxial
n layer and a semi-transparent Schottky contact grown on a 4H-SiC n* substrate (see
Fig. 2.4 and Chapter 7). Schottky diodes consist of a Schottky barrier metal-
semiconductor junction rather than semiconductor-semiconductor junctions, as in p-n,

p*-p-n” or p*-i-n" diodes.

The areas of the GaAs, AlypsGap2As and SiC diodes reported in this thesis are small
compared with some silicon photodiodes (e.g. diameter > 3 mm, (Kataoka et al., 2005))
but diodes of comparable area to those reported in this thesis may find use in pixel array
detectors and larger GaAs, AlygGagAs and SiC devices are planned to be fabricated in
future (see Chapter 8).

200 pm

GaAs p cladding layer | 0.01 pm

] pm
AlysGag As p layer

1
AlbsGagsAsilayer |

1
AlysGagAs 1 layer ‘ -

GaAs n buffer layer | 025 um

500 um

Fig. 2.2. A simplified schematic cross-section diagram depicting the AlpgGag2As
p*-i-n* diodes used in Chapter 4 (not to scale).
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AccV SpotMagn Det WD Exp 1 2pm
100kY 3.0 8031x SE 1401 Nasser B

Fig. 2.3. A GaAs diode of the sort used in Chapter 5 seen though a scanning electron
microscope. Image courtesy of Dr N. Babazadeh, Department of Electronic and

Electrical Engineering, University of Sheffield, UK.

Semi-transparent Schottky
contact.
3nmTi/ 12 nm Ni

4nm Cr/200nm Au

grown SiO,

n 4H-SiC

25 nm thermally l

5 nm Cr/250nm Au 4nmCr/100nmNi
Ohmic Contact

Fig. 2.4. A simplified schematic cross-section of a semi-transparent SiC Schottky diode
(not to scale). The substrate is the n* 4H-SiC region (doping density = 2 x 10 cm™).
The epitaxial layer is the n 4H-SiC region (doping density = 7.7 x 10" cm™) (Lees et
al., 2011).
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Inap™-i-n* diode, the depletion (high field) region thickness is, to a first approximation,
simply the thickness of the i layer. There can be some small extension of the depletion
region into the p* and n* layers as a consequence of the applied electric field but the
high doping concentrations of the p* and n* layers typically make this negligible
compared to the width of the i layer. The total thickness, D, of the depletion region in
ap’-i-n" diode including any extension into the p* and n* layers is given by

1/2
2e5 (Np+Np) /

_ 2
Dy = |w* + 2 (V)

(2.3)
where w is the thickness of the i layer, ¢ is the static permittivity of the diode material,
g is the charge on an electron, N, and Ny, are the doping concentrations in the p* and n*
layers, and V is the potential difference (reverse bias) across the diode (Van
Zeghbroeck, 2007). Conversely, in a Schottky diode, the thickness of the depletion
region is very dependent upon the reverse bias (there is no i layer), and it is given by

D, = [ﬂ]“ 2 (2.4)

qN

where ¢, V, and q have been previously defined, and N is the doping density in the

epitaxial layer.
2.4 Charge generation

The average number of electron-hole pairs, Ngqp, created by the absorption of an initial

X-ray photon is given by
NEHp =E /a)EHp (25)

where E is the initial X-ray photon’s energy and wgnp is the average electron-hole pair
creation energy, which for AlpgGag2As = 5.25 eV (NSM Archive, 2004). However,
while Eq. 2.5 gives the average number of electron-hole pairs created for photons of
energy E, in actuality the number of electron-hole pairs created is subject to random
variation from one photon absorption event to the next. Assuming that the process of
creating electron-hole pairs is Poissonian, the variability as quantified by the standard
deviation, ¢, of the distribution of Newp, is y/Ngyp . Since the number of electron-hole
pairs is typically large at X-ray energies (see Eq. 2.5), a Gaussian distribution (FWHM

= 2.350) results, which, assuming there are no other factors affecting the fluctuations in
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measured charge, suggests a fundamental, Poissonian charge resolution

(FWHM of Ngyp distribution
Modal Nggp

) limit of

2.35
Rpoisson = —/m- (2-6)
Eq. 2.6 shows that this limit depends on the number of electron-hole pairs created, with
larger Neyp leading to improved statistics and resolution. Consequently, it is desirable
for detectors to have as many electron-hole pairs generated as possible per photon

absorbed, to make Rpoisson @S Small as possible.

However, it has been experimentally shown that the processes by which each individual
electron-hole pair is generated are not independent (Fano, 1947). Consequently the
variation in Ngyp cannot be fully quantified by Poissonian statistics. The observed
deviation in number of electron-hole pairs (charge carriers) created, from that predicted
by Poissonian statistics, is quantified by the Fano factor (Fano, 1947), F, as

Observed variance in N
F (2.7)

Poisson predicted variance in N

Typical values of F in semiconductors are around 0.12 (Table 2.1) and F is bounded by
0 and 1. This modifies Eq. 2.6, to give the fundamental statistical resolution

(FWHM of Ngyp distribution

[13 2 H H
Modal Npp ) Fano” limit as

F

Reano = 2.35 = (2.8)
EHP
with the FWHM of the distribution as
FWHM [electron-hole pairs| = 2.35 i (2.9
WEHP
and the variance, ¢°, as
0_2 = FNEHP = FE . (210)
WEHP

This gives the fundamental statistically limited energy resolution (FWHM, in eV) of a

semiconductor detector as
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FWHM [eV] = 2.35wgxp |—— . (2.11)

WEHP

2.5 Charge transport

The negatively charged electrons and positively charged holes can move in
semiconductors under the influence of an electric field. The electron and hole

velocities, ve and vy, respectively, in a uniform electric field of strength Eg, are given by
Ve = peEd (2.128.)
Vh = UnhEqg (2.12b)

where . and [y are the electron and hole mobilities. The motion of charge carriers
through a semiconductor is impeded by charge carrier trapping and recombination,
caused by impurities and defects in the semiconductor material (Owens & Peacock,
2004). Trapping centres may immobilise charge carriers for longer than the read out
time of the detector, and recombination centres may capture both an electron and a hole
causing them to recombine. This restricts the lifetimes of the electrons and holes, z, and
. Both processes can cause a reduction in the measured charge, and trapping can cause
a second burst of charge to be recorded from the detector when charge carriers are
released. The recombination lengths, the average distances electrons and holes can

travel without being lost, r. and ry, respectively, are given by
le = HeteEq (2.133)
I = MnthEq (2.13b)

where all the symbols have been previously defined. The recombination lengths limit
the useful thickness of a detector, since any charge carriers generated beyond one

recombination length from an electrode do not contribute to the total detected charge.

The charge carrier mobilities are similar and high for electrons and holes in silicon
(Table 2.1). However, most compound semiconductors suffer from poor mobility of
one or both charge carrier types, or short charge carrier lifetimes. A table of properties
for some common semiconductor materials is given in Table 2.1, details for other

compound semiconductors can be found in Owens & Peacock (2004).
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CVvD
Parameter Si 4H-SIC | GaAs |AlygGag,As|CdygZny 1 Te .
Diamond
Density (g cm®) 2.33 3.21 5.32 4.07 5.78 3.515
Mean atomic number 14 10 31.5 24.8 49.1 6
Band gap (eV) 1.12 3.26 1.43 2.09 1.572 5.46-5.6
Pair creation energy
3.62 7.8 4.2 5.25 4.64 7.8
(eV)
Electron Mobility
o g 1 1400 1000 8000 1000 1000 2200
(cm° V= s)
Hole Mobility
o g 1 1900 115 400 - 120 1800
(cm* V7~ s)
Electron Lifetime (s) | >10° | 5x 107 10 - 3x10° |[10°-107°
Hole Lifetime (s) 10° | 7x107 | 107 - 1x10° | 5x10™
Electron ut product
) _1“ P >1 | 4x10" |8x10° - 4x10° | 2x10°
(cm® V™)
Hole ut product
) g _lp ~1 | 8x10° |4x10° - 1.2x 10" | 8x10°
(cm® V™)
Lattice constant (&) | 5.431 | 273973 | 5653 | s5.659 6.44 3.567
¢ =10.053
0.08
Fano Factor 0.116 0.100 0.12 - 0.099 )
(predicted)

Table 2.1. Indicative values of properties for some common intrinsic semiconductor
materials, (Adachi, 1985), (Franklin et al., 1992), (Salvatori et al., 1999), (Owens et al.,
2002b), (Bertuccio & Casiraghi, 2003), (Marinelli et al., 2004), (Owens & Peacock,
2004), (Sridharan et al., 2004), (Alig et al., 1980), (Kashiwagi et al., 2006), (Bertuccio
et al., 2011). Reliable measurements of some parameters for AlygGagAs are yet to be

reported.
2.6 Energy resolution and noise sources

26.1 Introduction

The ability to measure characteristic X-ray lines is the essence of X-ray spectroscopy.
The spectroscopic (energy) resolution of an X-ray detector is of basic importance since
it describes how close two X-ray lines can be in energy terms and still be
distinguishable from each other. A better (smaller) energy resolution allows X-ray lines

that are closer in energy to be separated more clearly.
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2.6.2  The energy resolution of a semiconductor detector

The fundamental (statistically limited) FWHM energy resolution of a semiconductor
X-ray detector (Eq. 2.11) is degraded by noise terms, R & A, defined below, which

cause the detector’s FWHM, expressed in eV, to become

FE

WEHP

The factor R is the equivalent noise charge (in r.m.s. ) introduced by the detector
during the movement of the charge to the contacts (e.g. by charge trapping), and A is the
equivalent noise charge (in r.m.s. e) introduced by the detector’s leakage current and
pre-amplifier (Fraser, 1989). It is desirable to minimise R and A, in order to improve
the resolution of the detector; when R and A are negligible, the spectral resolution is

said to be Fano limited.

Where charge trapping is the primary source of noise contributing to charge read out
noise, R has the form

k,EX2

- (2.35(4)51-11))2

(2.15)

where ki and k, are empirically derived constants. However, R is small compared with

A for most modern semiconductor crystals (Owens & Peacock, 2004).

A comprehensive introduction to the various electronic noise sources contributing to A
in photon counting X-ray photodiodes coupled to charge sensitive preamplifiers can be
found in Bertuccio, Pullia & DeGeronimo (1996), the salient points of which are
summarised below to give expressions for the parallel white noise (82.6.3), series white
noise (82.6.4), 1/f series noise (82.6.5), dielectric noise (82.6.6) and induced gate
current noise (82.6.7) contributions.

2.6.3  Parallel white noise

Parallel white noise stems from the shot noise of the currents flowing through the input
node of the preamplifier. It is primarily dependent on the leakage currents of the
detector, I_p, and the preamplifier input field effect transistor (JFET), I 1 (Bertuccio,
Pullia, DeGeronimo, 1996).

The parallel white noise power spectral density, Spy, can be expressed as
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Sew = 2qUp + I7) + ‘lrﬂ (2.16)
where q is the charge on an electron (1.602 x 10™*° C), k is the Boltzmann constant, T is
the temperature (in K) and r is the resistance of the preamplifier feedback resistor if the

preamplifier has one (Bertuccio, Pullia, DeGeronimo, 1996). The preamplifier used for

the measurements reported in this thesis does not have a feedback resistor so the #

term is omitted. The contribution (measured in r.m.s. €") of Spy to the equivalent noise
charge A (Eq. 2.14), is

Npyw = é\/ (A3/2)Spwt (2.17)

where A; is a constant dependent on signal shaping function (Gatti et al. 1990), and 7 is
the shaping time. The leakage currents of the detector and JFET are therefore important
in determining the limits of spectral resolution of the detector.

Whilst Npy is not directly dependent on the capacitance of the preamplifier input JFET,
it can be beneficial to reduce the JFET capacitance as this reduces the optimum shaping

time, 7, which does reduce Npy (Bertuccio, Pullia & DeGeronimo, 1996).
2.6.4  Series white noise

The series white noise primarily arises from the effect of thermal noise on the drain
current of the input JFET (Bertuccio, Pullia & DeGeronimo, 1996). When secondary
sources (e.g. stray resistance in series with the input JFET’s gate) are negligible, the
series white noise power spectral density, Ssw, can be approximated to the thermal noise
of the JFET drain current:

4kT
where 0.7 <y < 1 depending on JFET characteristics, and g, is the transconductance of
the JFET. The contribution (measured in r.m.s. e) of Sgy to the equivalent noise charge
(Eqg. 2.14) is

New = gJ (41/2)SswCr(1/7) (2.19)

where A; is a constant depending on signal shaping function (Gatti et al., 1990) and C+

is the total capacitance at the preamplifier input (= C4 + C; + C; + C;, where Cy is the
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detector capacitance, C; is the input transistor capacitance, C; is the feedback
capacitance and Cs is the stray capacitance) (Bertuccio, Pullia & DeGeronimo, 1996).
The equivalent noise charge contribution Nsyw becomes increasingly significant at

shorter shaping times because of the 1/z dependence.
2.6.5  1/f series noise

The noise from the drain current of the preamplifier input JFET is also the main
constituent of 1/f series noise. The 1/f noise contribution to the equivalent noise charge
A (Eq. 2.14) is

1
Ny == /AZnAfCTZ (2.20)

where At is a characteristic constant dependent on the JFET and A; is a constant ranging
from 0.64 to 2 depending on signal shaping function (Gatti et al., 1990) (Bertuccio,
Pullia & DeGeronimo, 1996).

2.6.6  Dielectric noise

Dielectrics in close proximity to the preamplifier, such as the packaging of the JFET

and detector contribute

Np = é,/AZZkTDCdie (2.21)

to the total electronics equivalent noise charge, A, where Cg;c is the capacitance of the
dielectrics, D is the dielectrics dissipation factor (Bertuccio, Pullia & DeGeronimo,
1996) and g, Az, k and T have all been previously defined. It is therefore desirable to
design the input JFET and detector packaging to minimise exposure to dielectrics, for
example by reducing the capacitance of the JFET and detector assembly by integrating
the JFET onto the detector.

2.6.7  Induced gate current noise

Drain current noise (82.6.4) causes charge fluctuations in the JFET gate current giving
rise to the induced gate current noise. The contribution from this to A is dependent on
Ssw (Eq. 2.18). Like the series white noise, the induced gate current noise becomes

important at short shaping times because of the 1/t dependence. Experimental

31



Wide Band Gap Compound Semiconductor Detectors for X-ray Spectroscopy in Harsh Environments

investigation has shown that Eq. 2.18 can be modified by a factor, G, (VG ~ 0.8) to
take account of the noise in the JFET’s gate (Bertuccio, Pullia & DeGeronimo, 1996):

Sswe = SswGc. (2.22)

Consequently the ENC contribution to A becomes

1
Nowe = 2 | (A/2)S00 6.0 (1) = NG 229
2.6.8  Electronic noise sources in combination

When considered together, the parallel white (82.6.3) and series (82.6.4) noise
contributions’ dependences on r and 1/r respectively, can give rise to an optimum
shaping time which minimises the combined noise from these sources (Pullia &
Bertuccio, 1996). In §4.6.2 and 85.5.2, it is shown how the parallel white, series white,
1/f and dielectric noises combine to produce the overall measurement ENC of a

preamplifier and how this is effected by varying the shaping time, z.
2.7 Impact ionisation

2.7.1 Introduction

Avalanche photodiodes (APDs) — photodiodes in which impact ionisation occurs — are
widely used in photonic detection systems (for compound semiconductors most notably
in telecommunications (Campbell, 2007) (David & Tan, 2008)) to increase the system’s
signal to noise ratio, with the charge from each detected event being multiplied by the
multiplication factor, M, of the APD. The multiplication factor depends on the position,
X, at which the initial electron-hole pairs are created within (or injected to) the
avalanche region, the charge carrier ionisation coefficients which are material specific,

the electric field, E, and the temperature, T, of the diode.

Avalanche multiplication occurs when charge carriers created by a photon absorption
event gain sufficient kinetic energy from being accelerated by the electric field in a
diode to cause the generation of additional charge carriers upon their interaction with a
lattice atom.

In the case of a conduction band electron which was generated by the absorption of a

photon in the device, the electron is accelerated toward the n* contact, gaining kinetic
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energy as it travels. When this energetic electron interacts with a lattice atom, some of
the electron’s energy is transferred to that atom, promoting one of the atom’s higher
energy valence band electrons into the conduction band. This newly promoted
conduction electron necessarily creates a hole upon leaving its valence band position.
The electron of the electron-hole pair created by the absorption of the photon, together
with the newly created (by impact ionisation) electrons and holes are then accelerated
through the device by the electric field in the same manner as before (electrons toward
the n* contact and holes toward p* contact). Both the charge carriers of the
electron-hole pairs liberated by the absorption of the photon, and the charge carriers
created by impact ionisation of those initial charge carriers, are free to impact ionise
with lattice atoms and generate more charge carriers once they have gained sufficient
energy. This chain of events is avalanche multiplication (avalanche gain) and can be
repeated many times with many impact ionisation events taking place before the charge
carriers reach their respective destination boundaries.

There are various structural forms of APD, including simple p*-i-n* (or p*-p-n*) devices
(Lees et al., 2008) (the APD structure considered in this thesis, see Chapter 6), and
separate absorption and multiplication region (SAM) or ‘reach-through’ devices, which
have their depletion regions separated into two regions: a low-field drift region
(typically of low doping) for the absorption of photons and one or more high-field
regions (typically p-n junctions) where avalanche multiplication takes place (Fig. 2.5)
(Ruegg, 1967), (Ochi et al., 1996), (Yatsu et al., 2006). The drift region is much thicker
than the multiplication region leading to the majority of the incident photons being
absorbed in the drift region. The charge carriers attracted to the multiplication region
(electrons for a p-i-p-n type device, as shown in Fig. 2.5) all enter the multiplication
region at the same position and consequently receive the same multiplication (§2.7.3).
This is in contrast to APDs of simple design (where the absorption region is also the
multiplication region); here the multiplication factor depends on the position, X, at
which the initial electron-hole pairs are created.

The X-ray photon counting APDs reported in the literature are dominated by silicon
devices e.g. (Squillante et al., 1985), (Farrell et al., 1991), (Ochi et al., 1996), (Yatsu et
al., 2006), although there have also been reports of Al,Ga;xAs and GaAs APDs e.g.
(Lees et al., 2008), (Lauter et al., 1995) (Lauter et al., 1996).
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Fig. 2.5. Anillustrative field profile in a p*-i-p-n* SAM diode (see text).
2.7.2  Background theory

The number of charge carriers generated through impact ionisation is dependent upon
the number of times that impact ionisation can occur before all charge carriers reach the
end of the high field region. The number of charge carriers generated by impact
ionisation can be different for electron and hole initiated avalanches. Stronger electric
fields within the device result in charge carriers obtaining the necessary energy to
impact ionise over a shorter distance and consequently more charge carriers can be
generated in devices operated at high electric field. The distance that charge carriers
must travel between impact ionisation events (the ionisation path length) is not constant
because the impact ionisation process is stochastic (i.e. random within the bounds of the
probability distributions) (see 82.7.4). The electron, a, and hole, g, ionisation
coefficients are the reciprocal of the average distance each charge carrier type must
travel between impact ionisation events. At sufficiently high fields, the number of
impact ionisation generated electrons and holes can increase very rapidly causing the
device to suffer avalanche breakdown.

The ionisation coefficients of a material are assumed in the local model (Mclintyre,
1966), to be dependent only upon the electric field and temperature in the device.
Conventionally, it is assumed that the ionisation coefficients are constant throughout the
material, and that differences in the multiplication experienced by charge carriers of the
same type are solely due to their starting position and not the charge carrier’s history
(Mclntyre, 1966). This local model assumption is generally assumed to be valid when
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the width, w, of the avalanche region is significantly larger than the electron, d., and
hole, dy, dead spaces (Plimmer, 1996) (Tan et al., 2001) (Ng et al., 2002). The electron
and hole dead spaces are the minimum distance that each type of charge carrier must
travel to gain the minimum (threshold) energy (Etne and Ernp, for electrons and holes
respectively) required to impact ionise. The values of de and dy are dependent on the
electric field in the avalanche region and scattering processes associated with the
movement of the charge carriers (Childs & Leung, 1991). The time it takes each type of
charge carrier to travel the dead space for each carrier type is termed the dead time (zqe

and zqn, for electrons and holes respectively).

Since the impact ionisation process is dependent upon the electric field, and the field
profile in a diode can be engineered by doping controls and layering, the region in
which charge carriers can impact ionize can be restricted by suitable layer doping
arrangements. In a reverse biased, idealised p*-i-n" APD, the central i layer is the
avalanche region, since it is the high field layer and consequently charge carriers within
it are subject to avalanche multiplication if the electric field generated by the applied
reverse bias is sufficiently large.

2.7.3  Multiplication factors

Assuming a local model (Mclintyre, 1966), for a given temperature, the multiplication
factor, M, as a function of photon absorption position, x, in the i layer, in an ideal p*-i-n*

diode of i layer width, w, and where the p*-i boundary is defined as x = 0 (Fig. 2.6), is

_ (a=ple” @ Px
M(X) = m . (224)

For pure (maximum) electron initiated multiplication, which occurs when photons are

absorbed at the p*-i boundary, x = 0, Eq. 2.24 becomes

—_ a-p
Me = m . (225)

For pure (maximum) hole initiated multiplication, which occurs when photons are

absorbed at the n*-i boundary, x = w, Eq. 2.24 becomes

_ (a=pe@Pv

Mh - ae‘(a—ﬁ)W—B ' (226)
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When photon absorption is not confined to an i layer boundary, avalanche
multiplication is a mixture of electron and hole initiated avalanche. The mixed
multiplication factor (Mpix) is given by

Mo = Jy’ M(x)G (x)dx
mix = f(;NG(x)dx

(2.27)

where G(x) is the distribution of photon absorption through the i layer.

i "f) WI

Fig. 2.6. Schematic cross-sectional diagram of a p*-i-n* diode with the position of

photon absorption, x, width of i layer, w, and the p*-i and i-n* boundaries marked.

Just as the electron, a, and hole, 8, impact ionisation coefficients can be used to derive
the multiplication factors, measurements of the multiplication factors can also be used

to derive the ionisation coefficients:

Q= %(ﬁ) In (ﬁj—h) (2.28)
=2 () e

2.7.4  Excess noise factor

Variation in the ionisation path length leads to variation in the multiplication factor
achieved for the charge carriers of each electron-hole pair for a given photon absorption
position. The excess noise factor, Nxs, quantifies the variation that arises in
multiplication factor due to the stochastic nature of the impact ionisation process. The
excess noise factor is defined by

Nys = ) = ) (2.30)

T mz - M2
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where m is the multiplication factor of a given electron-hole pair of a set of
electron-hole pairs (Eg. 2.5) for a given photon absorption event, and M is the mean
multiplication factor over all electron-hole pairs in the same circumstance. When no
multiplication is experienced by the charge carriers (i.e. m = M = 1), the excess noise

factor is at its minimum, Nxs = 1.

The excess noise factor modifies Eq. 2.14 to make it

(F+Nxs—1)E

WEHP

The excess noise factors for pure electron and pure hole initiated avalanche were
thought until recently to be well described (Mclintyre, 1966) as:

Nyse = kM, + (2 — Mi) (1-k) (2.32)
and

Nysn =2+ (2 - Mih) (1-3) (2.33)
where k = fla.

These relations suggest that to prevent broadening of the spectral resolution when the
avalanche multiplication is appreciable, it is necessary to have electron and hole
ionisation coefficients such that k is small. However, for most semiconductors k ranges
from 0.3 to 1.0; consequently Eqgs. 2.32 & 2.33 suggest large excess noise factors and
therefore poor spectral resolution when the gain is appreciable. Another way to limit
Nxs is to have a very thin (< 0.3 pm) avalanche region; in this case dead space effects
are exploited to restrict the range of probable multiplications achievable, thus limiting
Nxs (Ng et al., 2002) (David & Tan, 2008).

However, recent theoretical work (Tan et al., 2011) has shown that for a photon of
energy, E, where E/lwgnp >> 1, the distribution of avalanche gains achieved by the
charge carriers generated by the absorption of that photon is dependent on E/wgpp, With
larger values of E/wgnp leading to lower (improved) values of Nxs. Fig. 2.7 shows how

as E/wepp increases, the distribution of gains tightens.
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Fig. 2.7. Simulated gain distributions for numbers of electrons (E/wgnp) = 1 to 10000
(see figure key), injected at x = 0 (the p*-i boundary) when k = 1 (the situation of
greatest excess noise). Each distribution has a mean gain of 10. The distribution
quickly tightens from exponential-like to narrow Gaussians as E/wgnp increases (Tan et
al., 2011).
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Chapter 3  Monte Carlo model

3.1 Introduction

This chapter describes a new Monte Carlo computer model that has been developed to
simulate X-ray detection with three layer (e.g. p*-i-n*) non-avalanche and avalanche
mesa photodiodes, the results of which are presented in later chapters. Monte Carlo
modelling is a numerical simulation technique that can be used to model systems in
which there are stochastic (probabilistic) processes that cannot be well modelled with
deterministic methods. Many of the processes that occur in semiconductor X-ray
detectors are probabilistic and the use of Monte Carlo techniques in the simulation of
such devices is well established e.g. Lees (2010), Keister et al. (2010), Campbell et al.
(2001), McCarthy et al. (1995) and Fraser et al. (1994). The aim of developing the
model was to understand better the processes at work in X-ray semiconductor detectors,

as well as predict detector behaviour and inform future detector development.

The model was developed in The Mathworks Inc. Matlab® 7.10.0 and run on a
Microsoft® Windows® XP desktop PC with an Intel® Core 2 duo CPU. For a user
defined three-dimensional, three layer compound semiconductor detector (e.g. an
AlgsGag,As p'-i-n* diode) (83.2) and X-ray source (§3.3), the relatively simple model
simulates X-ray attenuation and photoelectric absorption (83.4), electron-hole pair
creation (83.5), X-ray fluorescence (83.6) and local model avalanche multiplication
(83.7), to produce a spectrum (83.8). A flowchart giving an overview of the model is
shown in Fig. 3.1. The processes shown in this overview are described in more detail in

the sub-sections of this chapter.
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4

Source properties defined

v

For each fluorescence event
determine whether:
a) only photoelectron is absorbed in
active region
b) only fluorescence photon is
absorbed in active region

¢) both photoelectron & fluorescence
photon are absorbed in active region

Emit photons from source & determine
which photons are absorbed and
where (X, y, z) (stochastic process)

v

Calculate pre-avalanche charge
carrier numbers for each event
(original photons & fluorescence
events)

For each absorbed photon determine
what type of atom it hit (e.g. Al, Ga or
As) (stochastic process)

v

v

Calculate post-avalanche charge
created for each event (original
photons & fluorescence events)

For each absorbed photon determine
if it fluoresces (stochastic process)

v

v

Determine which fluorescence

Generate spectrum with noise,
including read out electronics and
Fano statistics

photons are absorbed & where (X, y,
Z) (stochastic process)

Fig. 3.1. Flow diagram of the Monte Carlo model.

3.2 Detector properties definition

A three-dimensional square single pixel mesa photodiode consisting of three layers is
specified by the user. A schematic of the diode showing the definable dimensional
parameters is given in Fig. 3.2. The detector sizes in the y and z dimensions (L, and L,
respectively) are defined along with the x-dimension thickness of each layer (Lxi, Ly
and Ly3). The material from which each layer is made is input by the user in terms of its
elemental composition and the X-ray fluorescence probabilities (yields) of each shell of
those elements along with the elemental X-ray emission lines, fractional radiative rates
and electron binding energies. The electron, «, and hole, B, impact ionisation
coefficients of the diode material as functions of electric field, along with the electric
field strength to simulate, are also input by the user. The Fano factor, electron-hole pair
creation energy for the material and the total noise in r.m.s. e to be simulated are
specified. For layers 1 and 3 the electron, re, and hole, ry, recombination lengths are
also specified. The path to a pre-generated text file (using data from Cromer &
Liberman (1970)) containing X-ray linear attenuation coefficients for the energy range

of interest is provided by the user.
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L,

Fig. 3.2. A schematic of the simulated diode with its dimensional definitions (see text).
3.3  X-ray source properties definition

An X-ray source is specified by the user in terms of the number and energy of photons it
will emit. The X-ray source can be configured to be monochromatic or polychromatic.
In cases of polychromatic sources, the user can specify the number of photons the
source emits at each energy. The user can choose for the X-rays to be emitted such that
they are all incident in the middle of the y-z diode face or, alternatively, so that the
photons’ positions of incidence are randomly distributed over the diode face. In either
case, all emissions from the source are normal to the surface of the diode.

3.4  X-ray attenuation and photoelectric absorption

The probabilistic depth at which each photon would interact in a block of material of the

same properties as the diode is calculated from Eq. 2.1 on a photon-by-photon basis by
d; = _iuln R; (3.1)

where d; is the depth reached by the i photon, « is the linear attenuation coefficient at
the energy of the i photon and R; is a pseudorandom number drawn from a uniform
distribution 0 < R; < 1 for the i photon. If the depth at which the i photon is
calculated to interact by Eq. 3.1 is less than the thickness of the diode, the position and

the layer in which the photon interacts with the detector are recorded.
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3.5 Electron-hole pair creation

For X-rays which do not fluoresce the atom with which they interact, each absorbed
X-ray results in the generation of an average number of electron-hole pairs at the
position of absorption in accordance with Eg. 2.5. The number of electron-hole pairs

created is not single valued, but rather is the distribution which was described in §2.4.

Of the charge carriers generated by photons absorbed in layer 1, it is assumed that only
electrons generated within one electron recombination length, re, of the layer 1-layer 2
boundary will reach and transit layer 2. Electrons generated in layer 1 more than one
recombination length away from the layer 1-layer 2 boundary are assumed to recombine
before they can be read out. The converse is true for layer 3: holes generated more than
one hole recombination length, r,, away from the layer 3-layer 2 boundary recombine
before reaching layer 2. It is assumed that layer 1 is p* doped and layer 3 is n* doped so
any minority charge carriers generated in these layers are reabsorbed before they can
travel a significant distance and contribute their charge. In layer 2, the model assumes
by default that both electron and hole recombination lengths are sufficiently long to

allow complete collection of the charge carriers created in this layer.

Whether an atom fluoresces or not, when an atom photoelectrically absorbs an X-ray of
energy E, the atom emits a photoelectron of energy, Epe = E — Ep, Where Ey is the
electron binding energy of the shell of the atom with which the photon interacted
(Eq. 2.2). Whilst in reality this photoelectron does have a non-zero, but short, range in
the material over which it deposits its energy before being completely absorbed
(0.12 and 0.42 um at 5 and 10 keV respectively in GaAs; 0.28 and 0.96 um at the same
energies in silicon (Everhart & Hoff, 1971)), for simplicity the model assumes that the
range is negligible and that all photoelectrons are reabsorbed at the point of creation,
generating Epe/wenp electron-hole pairs of the total number of electron-hole pairs

generated (E/wenp).
3.6  X-ray fluorescence

The probability, P, of an X-ray photon of energy, E, photoelectrically interacting with
an atom of a particular element, i, in a compound made of a total number of elements, j,
depends on the mass attenuation coefficient of each element at energy E, yi(E), vi+1(E),

... yi(E), and the weight fraction for each element in the compound, Wi, Wi+, ... W,
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(Eq. 2.15 & Eq. 2.16 of Jenkins et al. (1995)), such that the probability, P(i), can be
written as

N _ Wiyi(E)
P(i) = o) (3.2)

where the weight fraction, Wi, is expressed as

n;A;
wW; = ST (3.3)
where n; and A; are the atomic fraction and atomic mass, respectively, of element n; in

the compound. The mass absorption coefficient for the compound, v, is expressed as

Ye(E) = X, Wapi(E). (3.4)

To model the stochastic process determining which type (element) of atom a photon
initially interacts with, for each photon emitted a new pseudorandom number is drawn
from a uniform distribution, 0 < R, < 1. For a compound consisting of three elements,
A, B and C, given the probability of interacting with each (Eq. 3.2), if 0 < R, < P(A)
then the photon is defined to have interacted with an element A atom, if P(A) < R, <
P(A) + P(B) the photon is defined to have interacted with an element B atom, and if

P(A) + P(B) < Rs <1, the photon interacted with an element C atom.

Once the element of initial interaction has been determined for each absorbed photon,
the absorbing element’s shells’ electron binding energies are considered. Whilst the
model takes into account the effects of K, L and M shell interactions for calculating the
absorption (Cromer & Liberman, 1970), for simplicity the model currently only
includes K shell fluorescence emission from the compound’s elements; fluorescence
from L and M shells will be included in future versions. Since K shell fluorescence can
only occur when the interacting photon’s energy, E, is greater than or equal to the K
shell electron binding energy, Ei, for each interaction when E > Ey, the probability of

fluorescence from that shell is considered for each photon-atom interaction.

The fluorescence yield, P(F), for the K shell having already been specified by the user
at the start of the simulation, a new pseudorandom number is drawn from a uniform
distribution 0 < R¢ < 1. If Ry < P(F), then the atom is considered to have fluoresced. For
each atom that fluoresces, the fractional radiative rates of each emission line, P(Ka;),
P(Kay), P(KB1), P(Kf2), P(Kps), are considered in order to determine the energy of the
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fluorescence photon emitted in this instance. To do this, a new pseudorandom number
is draw from a uniform distribution 0 < R; < 1 and, given the fractional radiative rates,

Table 3.1 lists the ranges of R, that result in emission of each fluorescence photon.

Range of R, Fluorescence
photon emitted

0 <R, < P(Koy) Koy
P(Ko1) <Ry <P(Kay) + P(Kay) Kay
P(Kay) + P(Kaz) <R, KB1

< P(Kay) + P(Kaz) + P(Kp:)
P(Koy) + P(Kay) + P(KB1) <R, KB

< P(Koy) + P(Kog) + P(KBy + P(Kp>)
P(Kay) + P(Kaz) + P(KB1) + P(KB2) <R, KBs

<P(Kay) + P(Kay) + P(Kf) + P(Kf>) + P(Kfs3)

Table 3.1. Ranges of pseudorandom number, R;, that result in the emission of each K

shell fluorescence photon.

The fluorescence photon emitted from the absorbing atom is subject to attenuation and
absorption in the same way as photons emitted from the X-ray source. The distance,
dqy, that the fluorescence photon travels from its point of creation is calculated by the
same stochastic process as the original photons emitted from the source (83.3).
However, unlike the photons emitted from the source (which are all travelling
perpendicular to the diode’s y-z plane), the direction in which each fluorescence photon
travels is randomised. Two new pseudorandom angles, ¢ and ¢, drawn from a uniform
distribution, 0 < D < 2=, are generated for each fluorescence photon and these are used
to randomise the vector describing the fluorescence photon’s direction of travel
(Fig. 3.3). The x, y, z components of distance that the fluorescence photon travels are

thus calculated by:

dflux = dﬂusinﬁ (35a)
dfpyy = dfp, cOs 6 cos @ (3.5b)
dfp; = dgp, cos 0 sin @. (3.5¢)
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These components are added to the coordinates of the absorption position of the initial
photon to produce the coordinates of absorption of the fluorescence photon. This
position is then recorded. Both the photoelectron and fluorescence X-ray generate
electron-hole pairs in proportion to their respective energies when they are absorbed
(83.5). The charge carriers generated by both the photoelectron and the fluorescence

photon are subject to avalanche multiplication (83.7).
-X

3D view of diode
v/

p layer

B
i layer A/

n layer

Z drnry

Fig. 3.3. Diagram showing the vector (and its components) that describes the path the
fluorescence photon takes to its absorption position (B) from the initial photon’s

position of interaction (A). Variables previously defined in text.

The model uses the logic summarised by the truth table in Fig. 3.4 to determine whether
both the photoelectron and fluorescence photon contribute charge to the spectrum or
only one of them (and if only one of them, which one). When both the photoelectron
and the fluorescence photon are absorbed in the active region (i layer + layer 1r. +
layer 3 ry) the sum of their charge (post-avalanche) is contributed to the spectrum in one
event. When there is no avalanche multiplication, this event is of the same charge
(within the variance of Eq. 2.10) as if the original photon had not fluoresced and instead
just contributed its charge directly. When just the fluorescence photon is absorbed in
the active region, only its charge contributes to the spectrum — events from this process
contribute to the fluorescence peak. When just the photoelectron from the source
photon is absorbed in the active region, only its charge contributes to the spectrum —

events of this nature contribute to the escape peak. When there is avalanche
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multiplication, the charge carriers generated by both the photoelectron and fluorescence
photon are subject to avalanche multiplication before the charge is contributed to the
spectrum. When neither the photoelectron or fluorescence photon is absorbed in the

active region, no charge is contributed to the spectrum.

Fluorescence photon Fluorescence photon
absorbed in active region | not absorbed in active
of detector region of detector

Photoelectron from Charge from photoelectron Only charge from

source photon absorbed and fluorescence photon photoelectron collected

in active region of collected (escape peak)
detector
Photoelectron from Only charge from No charge from
source photon not fluorescence photon photoelectron or
absorbed in active region collected (fluorescence fluorescence photon
of detector peak) collected

Fig. 3.4. Truth table summarising the outcomes of photoelectron and fluorescence

photon absorption in the model.
3.7  Avalanche multiplication

In the simulation, a local model as per 82.7 and Mcintyre (1966) is assumed. The
avalanche multiplication factor M (the avalanche gain experienced), Eq. 2.24, is thus
dependent on the position at which the electron-hole pair is created and the electron and
hole ionisation coefficients, a and S respectively. Dead space effects are neglected for
simplicity (Ng et al., 2001).

The electric field strength used in the avalanche multiplication calculations is specified
by the user, and restricted to layer 2 in a uniform field profile. Since the high field
region is restricted to layer 2, when a photon is absorbed in layer 1 within one electron
recombination length of layer 2, the electron’s starting position for multiplication
purposes is the layer 1-layer 2 boundary (i.e. at x = 0 in Eqg. 2.24). When a photon is
absorbed in layer 2, the starting location for multiplication purposes is the position of

photon absorption. The same is assumed to be true for photoelectrons.
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The electron, «, and hole, g, ionisation coefficients are calculated by the model from the
electric field parameterised versions input by the user. For AlggGagoAs the
parameterised forms of the ionisation coefficients have been reported by Ng et al.
(2001) as:

1.67

a = 3.18 x 105 exp [— (1'04;106) ]cm—1 (3.6a)
1.85

f = 3.55 x 10% exp [— (1'12;106) ]cm‘1 (3.6b)

where E is the electric field in VV/cm. The position dependent multiplication factor is
then used on a photon-by-photon basis to calculate the total charge contribution to the

spectrum from each photon absorption event.

The noise contribution to the final spectrum from the variation in the multiplication
factor between sibling electron-hole pairs created from the same photon absorption
event, i.e. the excess noise (82.7.4), is assumed to be negligible because E/wgpp >> 1 for
X-ray energies (Tan et al., 2011).

3.8 Spectrum generation

The charge generated in the detector for each photon emitted from the source (taking
account of fluorescence, avalanche multiplication and all other processes) is subjected
to random Gaussian noise (using pseudorandom numbers drawn from a Gaussian
distribution in Matlab) to simulate the noise (see §2.6) specified by the user. Finally,
the charge is calibrated into its energy equivalent and binned into energy bins of width

specified by the user.
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Chapter 4  The temperature dependence of
Al sGag ,As non-avalanche

photodiodes

4.1 Introduction

This chapter describes work characterising the temperature dependence of the X-ray
spectroscopic performance of AlggGag,As non-avalanche photodiodes with a view to
establishing their performance at high temperatures. The experimental methods and
techniques used to characterise the devices are presented, along with the findings of the

experimental work performed.
4.2 Background

Previous investigation of AlygGag,As photodiodes for soft X-ray photon counting
spectroscopy has shown that they can operate with promising spectral resolution
(~1.5 keV FWHM at 5.9 keV) at room temperature (Lees et al., 2008). However, there
has been no report of their operation at any other temperature and no report of the
temperature dependence of their spectral performance. The reports in the literature
regarding Al,Ga;«As photon counting X-ray detectors are very few. Ripamoni et al.
(1990) and Lauter et al. (1995, 1996) reported graded x AlyGa;xAs/GaAs separate
absorption and multiplication (SAM) staircase photodiodes, and Silenas (2004), Silenas
et al. (2002, 2003, 2005, 2006, 2011) and Dapkus et al. (2007) have reported non-
photon counting Al,Ga;.xAs/GaAs X-ray detectors. Lees et al. (2008) was the only
report of ALGa;,As p*-p-n" (or p*-i-n*) spectroscopic X-ray photon counting
photodiodes in the literature at the start of the research reported in this thesis. However,
work on AlysGag.As p*-i-n* photodiodes for telecommunications had been reported,
concentrating on the characterisation of avalanche multiplication in the material at room
temperature (Ng et al., 2000, 2001, 2002) (Saleh et al., 2000), as had similar work for
AlGa;As x < 0.8, e.g. Plimmer et al. (2000) and Tan et al. (2001).
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If detectors made from Al gGag,As can operate at temperatures > 20 °C, as the wide
band gap of AlysGag 2As (2.09 eV) suggests may be possible (by reducing parallel white
noise from the thermally dependent leakage current (82.6.3)), depending on the spectral
resolution required, it may remove or reduce the need for the cooling normally needed
by conventional semiconductor detectors in these regimes. This would reduce the
volume and mass of the instruments into which the detectors are integrated and
potentially lead to cost savings and greater instrument robustness because the detectors

would not be dependent on cooling systems.
4.3 Diode fabrication and design

Circular mesa AlgsGag2As diodes of 25, 50, 100 and 200 um radii were fabricated by
photolithography from wafers grown on GaAs n* substrates by molecular beam epitaxy
at the National Centre for I11-V Technologies, University of Sheffield, UK and mounted
in TO-5 packages (gold plated, 9 mm diameter, 12 pins, see Fig. 4.1). Diode layer
thicknesses and dopings as estimated at University of Sheffield from capacitance-
voltage (C-V) measurements (Fig. 4.4) which show how the capacitance of the device
changes as the reverse bias is increased and the i layer is swept out, are given for the
AlysGagAs diodes in Table 4.1.

Fig. 4.1. Photograph of a TO-5 package with attached wafer chip. The smallest
divisions on the scale are 0.5 mm.

49



Wide Band Gap Compound Semiconductor Detectors for X-ray Spectroscopy in Harsh Environments

The calculated (Eq. 2.1) quantum efficiency of the AlysGag.As devices implied by the
layer thicknesses in Table 4.1 (assuming only charge generated in the i layer (layer 3) is
collected) is shown in Fig. 4.2, along with a plot of the quantum efficiency if the same
device were made of silicon. The greater density of AlygGag,As can be seen
contributing to the greater efficiency of the device, albeit at the expense of additional
absorption edges. If the detector was being used to examine elements which have X-ray
emission or escape lines in the regions of these edges (see Fig. 4.2), the absorption
edges and detector internal fluorescence and escape lines (see Chapter 5) of the
AlgsGag2As device would complicate analysis of the spectrum because the effects of
these lines and edges would have to be subtracted from the spectrum in order to
quantify the abundance of these and other nearby elements (in energy terms) in the
sample. For planetary X-ray fluorescence spectroscopy (XRF), many common
interesting X-ray lines are below the Ga and As K edges (10.367 and 11.867 keV,
respectively) (see Chapter 1), so these particular edges may encroach less on the
spectrum than the Ga and As L and Al K edges (which are in the region 1.1 — 1.6 keV).
It should be noted that silicon has its K edge at 1.839 keV which is also in the region of
interest for planetary XRF, so even with a Si detector it can be necessary to process
spectra to subtract effects of detector fluorescence in this region.

An optical microscope photograph showing the diode layout of an Al gGag,As chip
ready for packaging is shown in Fig. 4.3. For the 100 and 200 um radii diodes, quasi-
annular contacts (Au/Zn/Au) which provide electric field uniformity across the face of
the diode are used, along with enlarged area bond pads to facilitate easier wire bonding
(Fig. 4.3).

Layer Material Thickness Dopant Type Doping Density
(um) (x 10" cm™®)

1 GaAs 0.01 Be p* 25

2 AlpgGag,As 1 Be p* 2.0

3 AlggGagoAs 1 Undoped

4 AlpsGag,As 1 Si n* 2.5

5 GaAs 0.25 Si n* 25

Substrate n* GaAs

Table 4.1. Layer details of the Al sGag,As wafer.
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Fig. 4.2. The quantum efficiency of the AlggGag.As p*-i-n* diodes (solid black line)
with varying X-ray energy (assuming only charge generated in the i layer (layer 3) is
collected). For comparison, the quantum efficiency of the same structure of diode made
from silicon is also shown (dashed red line). The discontinuities are the absorption
edges of As (K edge = 11.867 keV, L edges = 1.527, 1.359 and 1.324 keV), Ga (K edge
=10.367 keV, L edges = 1.299, 1.143 and 1.116 keV) and Al (K edge = 1.560 keV) and
Si (K edge = 1.839 keV)

Fig.4.3. An optical microscope photograph showing the diode layout of an
AlygGag,As chip ready for packaging (Lees et al., 2008).
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The active layer of the devices is considered to be limited to the i layer (layer 3); the
large doping concentrations in the p* and n* layers limit extension of the depletion
region into the p* and n* layers at normal operating reverse bias (10 V) to a total of
6.5 x 10 pm (Eq. 2.3 using Table 4.1) which is small compared with the thickness of
the i layer (1 um). C-V testing at the University of Sheffield showed that the i layer is
swept out and the capacitance of the 100 um radius diode = 3.1 pF at reverse biases
>10V (Fig. 4.4).
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=
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10 0 10 20 30 40

Reverse bias (V)
Fig. 4.4. Measurements of the area normalised capacitance of a 100 um radius diode

with varied reverse bias, courtesy of Dr. J. S. Ng, Department of Electronic and
Electrical Engineering, University of Sheffield, UK.

4.4  Leakage current measurements

The three functional 100 um radius diodes on the diode chip supplied by University of
Sheffield were installed in a mechanical mounting (MM) and placed inside a Design
Environmental FS55-65 Temperature Test Chamber (TTC) (Design Environmental,
N.D.). Each diode was individually reverse biased in turn by an externally located
Thurlby Thandar Instruments PL330QMD stabilised power supply kept at room

temperature (Thurlby Thandar Instruments Ltd, N.D.). The leakage current of each
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diode was amplified by a Keithley Instruments 427 current amplifier (Keithley
Instruments Inc., 1975) and measured by an Iso-Tech IDM 105 digital multimeter, both
located outside the TTC. Room temperature (20 °C) current-voltage measurements (up
to 28 V reverse bias) were taken for each diode and are plotted in Fig. 4.5. At 10 V (the
operating reverse bias of these diodes used for the spectroscopic X-ray measurements,
see §4.5), diodes 1, 2 and 3 were found to have leakage currents of 4.3, 5.6 and 11.9 pA,
respectively. The variation in the leakage currents between diodes may be attributable

to variations in wafer quality and/or diode fabrication.

The two diodes with the lowest leakage current at 10 V, D1 and D2, (4.3 and 5.6 pA,
respectively) were selected on this basis for temperature dependence testing of their
leakage current and X-ray spectroscopic performance. The measurements were taken at
temperatures between +90 °C and -30 °C, in 10 °C steps. The temperature inside the
MM was monitored by thermocouple and Fluke 50D digital thermometer to ensure that
the temperature had equalised between the MM and chamber after each temperature
change. The diode and the MM were assumed to be in thermal equilibrium. Fig. 4.6
shows how the leakage currents of the diodes vary as a function of temperature. At
temperatures > 60 °C, the leakage currents of the devices diverge from each other. The
exact cause of the difference between the leakage currents is currently unknown but is
attributed to small variations in wafer quality and diode fabrication, as for the room
temperature I-V testing leakage current variations (Fig. 4.5). Even at the highest
measured temperature (90 °C), the difference is less than a factor of two and the leakage

current is still <200 pA in each case.
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Fig. 4.5. Room temperature (20 °C) leakage current dependence on reverse bias of

AlpsGag,As 100 um radius diodes, D1 (open circles), D2 (open squares), D3 (open
triangles).
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Fig. 4.6. The measured temperature dependence of the leakage current of AlggGag2As
diodes D1 (open circles) and D2 (open squares) at 10 V.
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45  *°Fe X-ray spectral measurements

To obtain the X-ray measurements, each diode was individually reverse biased at 10 V
and connected to a charge-sensitive preamplifier with a Si JFET (Vishay Siliconix
2N4416, capacitance = 2 pF) input transistor (Siliconix, 1997). The preamplifier was
connected to an EG&G Ortec® 571 shaping amplifier (EG&G Ortec, N.D.) (shaping
time constant = 3 ps) whose output signal was connected to an Ortec multi-channel
analyser (MCA) (Advanced Measurement Technology Inc., 2008) (Fig. 4.7). The input
discriminator level of the MCA was adjusted to minimise the number of noise counts
from the zero energy noise peak. An >°Fe radioisotope source (~10 MBgq) giving
characteristic Mn Ka and K peaks (5.9 keV and 6.5 keV) was used as the X-ray source
and positioned 3 mm above the diode (detected count rate = 28 s™*). The X-ray source,
diode and preamplifier were installed in the TTC and subject to temperature control.
The shaping amplifier and MCA were located outside the TTC, at room temperature.
During the measurement period, the bias voltage was continuously applied to the diode
and the preamplifier constantly powered. For all temperature measurements, to ensure
thermal equilibrium, the system was allowed to stabilise for > 1 h after the diode and
preamplifier had reached the target temperature before the X-ray spectra were

accumulated.

Power supply

Diode A > Preamplifier » Shaping amplifier » MCA

Pulse Generator

Fig. 4.7. Block diagram showing the electronics chain for spectral measurements (see

text) (see 84.6.2 for pulse generator).

A typical >°Fe spectrum obtained at 20 °C with D1 at 10 V is shown in Fig. 4.8. Double

Gaussians (dashed lines in Fig. 4.8) were fitted to the observed peak representing the
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Mn Ka (5.9 keV) and KB (6.5 keV) peaks from the radioisotope source, which are too
close together to be resolved with the present energy resolution of the detector. A low
energy cut off of 2 keV was set as a compromise between minimising the number of
noise counts from the tail of zero energy noise and maintaining the low energy response
of the detector. Also seen in Fig. 4.8, is low energy tailing on the combined Mn Ka,
Mn Kf peak due to partial charge collection, possibly from photon interactions in the
non-active layers and substrate. The upwards curve on the low energy tail at low
energies is from the right hand side of the zero energy noise peak, which has not been
entirely eliminated by the 2 keV low energy cut off, extending under the low energy tail
of the combined Mn Ko Mn K peak. The spectra were calibrated in energy terms by
using the zero energy noise peak and the observed peak from the radioisotope source as
points of known energy on the MCA’s charge scale and assuming a linear variation of
detected charge with energy (Eq. 2.5). The spectral resolution (as measured by the
FWHM) at 5.9 keV of the complete system for D1 and D2 as a function of temperature
is shown in Fig.4.9. At room temperature, the diodes have energy resolutions
(FWHMs) at 5.9 keV of 1.07 keV (D1) and 1.12 keV (D2). At 90 °C, the FWHMs at
5.9 keV of D1 and D2 are 2.2 keV and 2.5 keV, respectively. The difference in spectral
resolution between D1 and D2 is small (< 50 eV) at low temperatures (< 30 °C), but
larger than can be entirely attributed to the differences in leakage current of the diodes
(Fig. 4.6): plots of the temperature dependence of FWHM of each diode with the effect
of the leakage current removed (i.e. with parallel white noise subtracted) still diverge
with increasing temperature (Fig. 4.10). The remaining difference in spectral resolution
between the two diodes may be attributable to small variations in diode fabrication or

wafer quality.
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Fig. 4.8. A typical *°Fe spectrum (solid line) obtained at 20 °C and 10 V with diode D1.
The Mn Ko. (5.9 keV) and Kf (6.5 keV) X-ray lines (dashed lines) are not resolved and
contribute to a single peak.
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Fig. 4.9. The temperature dependence of the spectral resolution (FWHM at 5.9 keV) of

diodes D1 (open circles) and D2 (open squares).
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Fig. 4.10. The temperature dependence of the spectral resolutions (FWHM at 5.9 keV)
of diodes D1 (open circles) and D2 (open squares) with the effects of the leakage

current subtracted.
4.6 Noise analysis

46.1 Initial measurements

The spectral resolutions reported in 84.5 for the AlpgGag,As diodes are much poorer
than would be expected if the system were Fano limited. The expected Fano limited
resolution is 155 eV FWHM at 5.9 keV (assuming a Fano factor = 0.14 throughout the
measured temperature range and an electron-hole pair creation energy = 5.25 eV (NSM
Archive, 2004)). In Chapter 2, the noise components which limit the energy resolution
of soft X-ray detectors were reviewed. To assess the composition of the noise that is
causing the resolutions achieved with the diodes to be poorer than the expected Fano
limit, the detector’s parallel white noise, Npw, contributions were calculated for each
temperature (Egs. 2.16 and 2.17, with Az = 2) and subtracted, along with the calculated
Fano noise contribution, Ng, in quadrature from the total system noise observed.
Assuming broadening of the 5.9 keV FWHM by charge trapping noise is insignificant
compared with the other noise sources (Fig. 4.8), the remaining noise is the contribution

from the rest of the electronics, Ng, (i.e. series white noise, induced gate current noise,
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1/f noise, dielectric noise and parallel white noise of the JFET). The noise contributions

from Nk, Npw and Ng, and their temperature dependences can be seen in Fig. 4.11.
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Fig. 4.11. The calculated noise contributions for the system as a function of operating
temperature. D1: remaining electronics noise (open triangles), D2: remaining
electronics noise (filled triangles); D1: detector parallel white noise (open squares),
D2: detector parallel white noise (filled squares) and D1 and D2 Fano noise (open
circles) (assuming F = 0.14 and wenp = 5.25 eV throughout the measured temperature

range).
4.6.2  Shaping time measurements

To further analyse the contribution of the noise components, a pulse generator was
connected to the system (Fig. 4.7). By measuring the FWHM of the peak produced by
the pulse generator, the performance of the electronics can be characterised without
having to disentangle detector effects such as Fano noise, charge trapping and partial
charge collection. Since the electronics’ performance depends on the capacitance of the
detector and the detector’s leakage current (Chapter 2), the detector remained connected
to the system and reverse biased (10 V) during these measurements. It was also
necessary to keep the detector connected and powered in order to energy calibrate the
spectra produced by using the zero energy noise peak and combined Mn Ka Mn K

peak from the *°Fe source (as per §4.5). To assess the shaping time and temperature
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dependence of the electronics noise, spectra were accumulated with shaping times of
0.5, 1, 2, 3, 6 and 10 ps at temperatures of +50, +20 and -10 °C.

Unlike the parallel white noise (Npw), the series white noise including induced gate
current noise (Nswc) and 1/f noise (Nys) contributions (see §2.6), the dielectric noise
(Np) is not readily calculable because the stray capacitances are not easily measured.
However, by calculating the noise contributions from detector and JFET parallel white
noise (82.6.3), series white noise including induced gate current noise (82.6.4 and
82.6.7), and 1/f noise (82.6.5), and subtracting these in quadrature from the total noise,
Nr, shown by the FWHM of the pulser peak, it is possible to obtain an estimate for the
dielectric noise, Np, assuming any noise sources other than those mentioned are

insignificant.

The total (detector and JFET) parallel white noise contribution for each shaping time
and temperature was calculated from Egs. 2.16 and 2.17 with signal shaping function
constant Az = 2 (Gatti et al., 1990) (EG&G Ortec, N.D.). The JFET’s parallel white
noise contribution was estimated to be 0.10, 0.11 and 0.50 keV at -10, 20 and 50 °C,
respectively (Siliconix, 1997). The series white noise contribution was calculated from
Egs. 2.18 and 2.19 assuming y = 0.85 (Bertuccio, Pullia & DeGeronimo, 1996),
transconductance of the JFET g =5 mS (Siliconix, 1997), and that the total capacitance
at the preamplifier input, Ct, is dominated by the capacitances of the detector (3.1 pF)
and JFET (2 pF). The series white noise contribution was adjusted for induced gate

current noise (82.6.7) by assuming JG_C ~ (0.8 (Bertuccio, Pullia & DeGeronimo, 1996).

The 1/f noise contribution was calculated from Eq. 2.20 with the above assumptions and
also that A, = 1.2 and A; = 3 x 10°° V2 (Gatti et al., 1990).

The calculated total (detector and JFET) parallel white, series white (including induced
gate current noise) and 1/f noise components together with the measured pulser peak
FWHM and estimated dielectric noise contribution (Np? = Nt~ Npw? — Nawc? — Ny at
each shaping time for temperatures of +50, +20 and -10 °C are shown in Fig. 4.12. The
contribution from the parallel white noise decreases and the series white contribution
increases as the shaping time is increased at all three temperatures. The increase in
parallel white noise with increased shaping time is more significant at higher
temperature because of the positive temperature dependence of the leakage current of
the detector (Fig.4.5) and JFET. The series white noise contribution can be seen
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decreasing with increasing shaping time, as expected from its 1/ dependence (Eq.
2.19). The 1/f noise contribution is not shaping time dependent and is, therefore,
constant (Eqg. 2.20). The shaping time at which the functions representing the parallel
white and series white contributions intersect lengthens with decreasing temperature (z
=2 psat50 °C, r=5.25 ps at 20 °C, 7 = 8.45 ps at -10 °C). The optimum shaping time
lengthens with decreasing temperature (r = 2, 3 and 6 ps at 50, 20 and -10 °C,
respectively). The data shown in Fig. 4.12 suggest that dielectric noise is a significant
noise source; indeed for the temperature range shown, the analysis suggests that the

dielectric noise is the most significant noise source.

The estimated dielectric noise is broadly similar across the measured shaping times as
would be expected from a shaping time independent contribution (Eq. 2.21). However,
slight increases in the calculated dielectric contribution are apparent, primarily at a
shaping time of 0.5 ps for temperatures of 50 °C and -10 °C, and to a lesser extent, at
long shaping times (6 us, 10 ps) for 50 °C and 20 °C. The apparent increase in
dielectric noise at short shaping times may be attributable to an underestimate of Nswc
(Eqg. 2.19), probably as a consequence of underestimating the total capacitance at the
preamplifier input (i.e. the stray capacitance is not insignificant compared with those of
the diode (3.1 pF) and JFET (2 pF)). However, if the apparent increase in dielectric
noise is attributable to underestimating the significance of the stray capacitance, it is not
clear why measurements at short shaping times at 20 °C do not show a comparable rise.
The slight rise shown in calculated dielectric noise at long shaping times at 20 °C could
be attributed to an underestimate of the parallel white noise as a consequence of
underestimating the leakage current of the JFET (the JFET’s parameters were taken
from its data sheet rather than being measured directly in the lab). The leakage currents
of the JFET and detector are greater and more significant at higher temperature,
explaining why little increase is observed in the parallel white noise at long shaping
times in the -10 °C data.

A computer model of the noise which varies parameters such as the additional stray
capacitances (capacitances in addition to those of the detector and JFET), to fit the
experimental data, may produce better estimates for the individual noise contributions
of the system, but the analysis presented here is sufficient to show that the dielectrics

around the detector and JFET may be a very significant source of noise in the system
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and that, if the dielectric noise could be reduced, the performance of the system is likely

to improve.

To demonstrate the importance of reducing the dielectric noise contribution, Fig. 4.13
shows the expected spectral resolution (FWHM) of diode D1 at 5.9 keV at a shaping
time of 3 ps, if the dielectric noise were to be eliminated. The spectral resolution data
obtained for the current system (Fig. 4.9) is replotted in Fig. 4.13 for comparison. If the
dielectric noise could be eliminated, at 20 °C a spectral resolution (FWHM) at 5.9 keV

of 380 eV could be obtained, compared with 1.07 keV with the current dielectric noise.
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Fig. 4.13. The calculated spectral resolution (FWHM) of diode D1 if the dielectric
noise was eliminated (filled circles). Also shown is the measured temperature
dependence of the spectral resolution of diode D1 including dielectric noise (open

circles).
4.7 Conclusions and discussion

AlgsGag,As p*-i-n* diodes have been shown to operate as photon counting
spectroscopic X-ray detectors in non-avalanche mode at temperatures from -30 °C to
+90 °C with promising spectral resolution (FWHM) of the full system (0.9 — 2.5 keV).
Room temperature spectral measurements have shown spectral resolutions at 5.9 keV of
1.07 keV and 1.12 keV FWHM for the diodes studied. This is better than that of the
previously reported AlggGag,As devices when operated in non-avalanche mode
(~1.5 keV FWHM at 5.9 keV) using the same preamplifier electronics as here (Lees et
al., 2008).

Investigations of the noise sources contributing to the 1.07 keV spectral resolution of
diode D1 have indicated that dielectric noise, thought to arise primarily from the diode
and JFET packaging, is the most significant factor in limiting the spectral resolution of
the current system. If the dielectric noise could be eliminated through improvements to

the diode and JFET packaging (e.g. custom designed packaging, perhaps using ceramic
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or Teflon mountings), spectral resolutions (FWHM at 5.9 keV) of 380 eV at 20 °C and
~500 eV at 50 °C are predicted (Fig. 4.13).

The spectral resolution of the diodes and system is currently modest compared with that
achievable with a Si CCD cooled to -90 °C (130 eV FWHM at 5.9 keV) (Nakajima et
al., 2005) and a silicon drift detector (SDD) operated at 20 °C (300 eV FWHM at
5.9 keV) (Lechner et al., 2001). SDDs may achieve good spectral performance at lower
temperatures (< 20 °C) but their spectral performance rapidly degrades at higher
temperatures (> 20 °C) (PNSensor GmbH, N.D.). Furthermore, avalanche
multiplication in AlygGag2As is increasingly well understood (Chapter 6) and recently it
has been found that appreciable avalanche multiplication can be achieved at X-ray
energies without introducing significant avalanche excess noise (82.7.4) (Tan et al.,
2011) (Lees et al., 2008). This may provide potential to exploit avalanche
multiplication in AlygGag2As APDs to achieve better resolutions than could be achieved

with non-avalanche devices (Tan et al., 2011).

The uncooled AlpgGag,As detectors reported in this chapter show promise for X-ray
spectroscopy at temperatures as high as +90 °C. An X-ray spectrometer based on
AlosGag2As detectors similar to those reported here, may find use in monitoring e.g.
iron or molybdenum content in oils as a consequence of engine and oil wear, and in
other applications where uncooled operation at high temperature is required, especially

if the dielectric noise could be reduced.

Refinements to the design of the preamplifier and reduction of the diode leakage current
through improved diode material quality, fabrication experience and mesa side wall
passivation will all enable improvement upon the currently achieved resolutions,
facilitating further progress towards the expected Fano limit of 155 eV at 5.9 keV
(assuming F = 0.14).
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Chapter 5 High temperature GaAs

non-avalanche photodiodes

5.1 Introduction

Owens et al. (2001, 2002a) have reported a number of photon counting GaAs X-ray
photodiodes operating at +23 °C with FWHM at 5.9 keV between 0.266 keV and
0.66 keV, and Erd et al. (2002) have reported the temperature dependence of the
spectral resolution of a GaAs diode at 5.9 keV, for temperatures between +21 °C and
-16 °C. However, the spectral resolution of GaAs photon counting soft X-ray
photodiodes at temperatures much greater than 20 °C has not been reported.
Considering the potential for GaAs photodiodes to operate at high temperature (it is a
relatively wide band gap material; E; = 1.43 eV (NSM Archive, 2004)), this is

surprising.

This chapter presents measurements of the temperature dependence of the spectral
resolution and leakage current of GaAs non-avalanche photon counting p*-i-n* diodes
over a temperature range of +80 °C to -30 °C, together with an analysis of the noise
components of the system. Also presented are experimental and computer modelling
results which show '®Cd X-ray spectra obtained with the GaAs devices and the
detector’s internal X-ray fluorescence that results from higher energy (E > Ga K shell
binding energy, 10.367 keV) X-ray photon interactions with the detector.

5.2 Diode design and fabrication

A GaAs p*-i-n* wafer was grown on a GaAs substrate by molecular beam epitaxy at the
EPSRC National Centre for 111-V Technologies, University of Sheffield, UK, as per
84.3. High efficiency soft X-ray detection requires a very thin entrance window and a
suitably thick absorption (depletion) layer; the GaAs wafer was designed to have a 2 um
thick i layer and a thin p* layer (0.2 um). Table 5.1 shows the GaAs wafer layer
thicknesses and doping densities. Circular mesa diodes of radii 25, 50, 100 and 200 um

were fabricated from this wafer by researchers at University of Sheffield using
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photolithography. The diode layout was the same as the AlygGag,As diode layout
(Fig. 4.3). The GaAs wafers were passivated with SU-8 (an epoxy-based material
commonly used for passivation and photoresist applications) (Chollet, 2009) to

minimise surface leakage current.

Layer Material Thickness Dopant Type Doping Density
(um) (x10" cm™)

1 GaAs 0.01 Be p’" 10

2 GaAs 0.2 Be p* 2.0

3 GaAs 2 Undoped <0.01

4 GaAs 0.1 Si n 2.0

5 GaAs 0.2 Si n 2.0

Substrate n* GaAs 500

Table 5.1. Layer details of the GaAs wafer used in this work.

A graph showing the quantum efficiency of the devices, assuming only charge
generated in the i layer (layer 3) is collected, is shown in Fig. 5.1, along with the
calculated quantum efficiency if the same structure of diode were made from silicon, for
comparison. The calculated efficiencies of the GaAs diodes at 5.9 keV (Mn Ka) and
22.16 keV (Ag Kay) are calculated to be 0.152 and 0.034, respectively. These are much
better than for the same structure made from silicon (0.067 at 5.9 keV, 0.001 at
22.16 keV). However, the efficiency of the GaAs diodes is lower than may be
achievable with a thicker (40 um, ~0.95 efficiency at 5.9 keV) GaAs diode, perhaps
grown by CVD or LPE, or a very thick (500 um) silicon device (~0.99 efficiency at
5.9 keV). At very soft X-ray energies, it is the thickness of the p* layer (0.21 pum) rather
than the thinness of the i layer that reduces the quantum efficiency of the GaAs devices.
At an X-ray energy of 2 keV, an efficiency of 0.7 is predicted for GaAs diodes of the
current design, but if the thickness of the p* layer were halved, this would increase to
0.81.

The high field region is considered to be restricted to the i layer at normal operating
bias; the high doping concentrations in the p* and n* layers limit the extension of the
depletion region into these layers to a total of 3.6 x 10° pm at 10 V (Eq. 2.3 using
Table 5.1), which is small compared with the thickness of the i layer (2 pum). The

diodes were mounted in a TO-5 package (gold plated, 9 mm diameter, 12 pins,
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see Fig. 4.1). The capacitance of the 100 um radius GaAs detectors was measured at
University of Sheffield as 1.94 pF at 10 V.
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Fig. 5.1. The calculated quantum efficiency of the GaAs p*-i-n* diodes with varying
X-ray energy (solid black line). The discontinuities are the Ga and As K L edges (see
Tables 1.1a and 1.2a). For comparison the calculated quantum efficiency of the same
structure of diode made from silicon (K edge = 1.839 keV) is also shown (dashed red

line).
5.3 Leakage current measurements

Using the same equipment and techniques as 84.4, leakage current verses reverse bias
(1-V) measurements of nine 100 um radius GaAs diodes were made at room temperature
(20 °C). The I-V data (< 40 V) for the diodes is shown in Fig. 5.2. For the reverse bias
range shown, the leakage current’s dependence on reverse bias is broadly linear
(coefficient of determination, R? > 0.99) for all devices with the exception of diode D6
which shows a slight exponential trend at higher reverse biases, possibly due to slight

imperfections in this device which may have arisen during fabrication or wire bonding.

At a typical operating reverse bias of 10 V at 20 °C, the spread of leakage currents was
from 5.9 pA (current density = 1.878 x 10% A/cm?) to 19.4 pA (current density =
6.175 x 10® A/lcm?). The cause of such a wide spread of leakage currents is currently
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unknown but probably attributable to a combination of wafer quality and/or small
variations in individual diode fabrication. The current densities at 10 V for the diodes
reported here are higher at 20 °C than for some GaAs pixel detectors previously
reported at 10 V at 30 °C (~ 4 x 10 A/cm?) (Bertuccio et al., 2003).

The temperature, T, dependence of the leakage current of GaAs diode D9, which had a
leakage current (12.2 pA) close to the mean (11.5 pA) at 10 V, is shown in Fig. 5.3. For
comparison, the figure also shows data from two previously reported AlgsGag2AS
diodes (Chapter 4). Although there are some differences in the measured leakage
current at high temperatures, the trend is very similar in the AlpsGag,As and GaAs
diode types. At the nominal operating voltage, 10 V, the temperature dependence of the
leakage current for the GaAs devices is similar to that reported for the AlysGagAs
devices (84.4).
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Fig. 5.2. 1-V data for nine (D1 — D9) 100 um radius GaAs diodes at room temperature.
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Fig. 5.3. The temperature dependence of the leakage current at 10 V of GaAs diode D9

(triangles), compared with the two previously reported AlysGag»As diodes, D1 (circles)
and D2 (squares) (Chapter 4).

5.4  >°Fe X-ray spectral measurements

The GaAs diodes were individually reverse biased at 10 V and X-ray spectral
measurements were obtained at temperatures from +80 to -30 °C in the same manner as
84.5. The input discriminator level of the MCA was adjusted (1.4 keV) to minimise the

number of events from the zero energy noise peak.

An >°Fe spectrum taken at 20 °C using GaAs diode D9 is shown in Fig. 5.4 along with a
comparable spectrum from AlysGag,As diode D2 (Fig. 4.8). The peak-to-valley (P/V)
ratio for the GaAs D9 spectrum is 0.04. This is the same as that seen by Owens et al.
(2001, 2002a) and Erd et al. (2002) with their GaAs diodes at -40, -20 and +5 °C
respectively (P/V = 0.04, in each case). There is less low energy tailing with GaAs D9
than there was with the Al gGagAs diodes (AlgsGagAs diode P/V ratio = 0.13). The
increase in counts above the low energy tail continuum between 4 keV and 2 keV seen
in the AlpgGagAs D1 spectrum is from the tail of the zero energy noise peak which has

not been entirely eliminated by the low energy cut off (84.5).
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The improvement in low energy tailing for the GaAs diodes compared with that
reported for AlpsGag,As D1 is hypothesised to be primarily due to more complete
charge collection in GaAs D9 as a result of better crystal quality. However, the less
significant tail from the zero energy noise peak in the GaAs spectrum also serves to
reduce counts in the valley. The zero energy noise peak tail is less significant in the
GaAs spectrum because GaAs has a lower electron-hole pair creation energy (4.2 eV,
(Owens and Peacock, 2004) than AlygGagAs (5.25 eV). This improves the system
gain (charge generated per eV of photon energy) leading to a greater separation between

the 5.9 keV peak and zero energy noise peak.
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Fig. 5.4. Typical >°Fe spectra taken at 20 °C with GaAs diode D9 (black solid line) and
AlpsGap,As D1 (black dotted line). The two Gaussian peaks fitted to the GaAs data
representing the Mn Ko (5.9 keV) and KB (6.5 keV) X-ray lines (blue and orange

dashed lines, respectively) are not resolved and so contribute to a single peak.

The temperature dependence of the spectral resolution (FWHM) for GaAs diode D9 is
shown in Fig. 5.5. Data from GaAs devices previously reported (Owens et al., 2001)
(Owens et al., 2002a) (Erd et al., 2002) are also presented in the figure along with the
data for AlpgGag,As D1 (84.5). The spectral resolution of the GaAs diodes in Owens et
al. (2001) was reported for two different preamplifiers; both data sets are reproduced in
Fig. 5.5.
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Over the temperature range, +80 to -30 °C, the spectral resolution measured with GaAs
D9 is better than that measured with the Al sGag2As diodes (Chapter 4). For example,
at 20 °C the FWHM at 5.9 keV with GaAs diode D9 is 0.8 keV compared to 1.07 keV
for AlpsGag2As diode D1.
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Fig. 5.5. The mean spectral resolution (FWHM at 5.9 keV) measured at each
temperature with GaAs diode D9 (open triangles), AlpsGag2As diode D1 (open circles)
and previously reported GaAs data: Owens et al. (2001) with preamplifier 1 (solid
diamonds), Owens et al. (2001) with preamplifier 2 (x symbols), Owens et al. (2002a)
(dashes), Erd et al. (2002) (+ symbols).

The spectral resolutions reported by Owens et al. and Erd et al. for their GaAs devices
are significantly better (0.66 keV and 0.266 keV (Owens et al., 2001), 0.380 keV
(Owens et al., 2002a), and 0.267 keV (Erd et al., 2002) at 23 °C) than the GaAs diodes
reported here. Their improved resolution is primarily attributed to the lower electronics
noise associated with their devices’ readout electronics; the pulser line FWHM (see
85.5.2) used to measure the electronics noise as reported by Owens et al. and Erd et al.
were 0.470 keV and 0.163 keV (Owens et al., 2001), 0.340 keV (Owens et al., 2002a)
and 0.220 keV (Erd et al., 2002) compared with 0.760 keV at 20 °C for the GaAs diodes
reported here, thus showing the importance of low noise electronics in achieving good

spectral resolutions with semiconductor detectors.
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The improvement in spectral resolution of GaAs D9 compared with AlysGagAs D1 can
be attributed primarily to the increased gain of the GaAs system; GaAs has a lower
electron-hole pair creation energy (4.2 eV) than AlygGag.As (5.25 eV) which leads to
larger numbers of charge carriers generated for the same input X-ray photon energy.
This improves the gain of the system and, consequently, the spectral resolution. As is
the case for the AlysGag2As diodes, the spectral resolution achieved with the GaAs
diodes is much poorer than would be expected if the system were Fano limited. For
GaAs, given a Fano factor of 0.12 (Bertuccio et al., 2003), the Fano limited resolution at
5.9 keV would be 129 eV FWHM, which is better than AlygGagAs (155 eV FWHM at
5.9 keV, assuming F = 0.14).

55 Noise analysis

55.1 Initial measurements

The noise contributions to the GaAs diode spectra FWHM total noise, N1, were assessed
similarly to those for the AlygGag2As spectra (84.6): the detector’s parallel white noise
contribution, Npy, was calculated for each temperature (Eqgs. 2.16 and 2.17, with A3 = 2)
and subtracted in quadrature. The expected Fano noise contribution, Ng, was similarly
subtracted. Assuming broadening of the FWHM due to charge trapping noise is
insignificant (Fig. 5.4), the remainder can be attributed to the rest of the electronics
noise contribution, Ne. The contributions and total for GaAs D1 are shown in Fig. 5.6
together with the data for AlpsGagAs D2 for comparison. The noise contribution from
the Fano noise is small compared with Ng, as is the detector’s parallel white noise,
which is even less significant at lower temperatures (< 40 °C) than the Fano noise.
From the relative insignificance of the detector’s parallel white noise, we can see that
the detector’s leakage current (which contributes to the parallel white noise) is not
presently a limiting factor in the spectral resolution achievable with the detectors in this
temperature range. Rather, it appears that it is one or more of the noise sources

remaining in Ng which is limiting the spectral resolution.
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Fig. 5.6. The calculated noise contributions for the system as a function of operating
temperature for both GaAs D9 and AlpsGag,As D1 diodes. GaAs D9: remaining
electronics (Ng) (open triangles), detector parallel white noise (Npw) (open diamonds),
Fano noise (Ng) (open dashes). AlggGag,As D1: remaining electronics (Ng) (open

circles), detector parallel white noise (Npw) (+ symbols), Fano noise (Ng) (% symbols).
5.5.2  Shaping time measurements

To analyse the electronics noise contributions further and deduce their origins, the same
method was used as was employed for the AlygGag,As devices (84.6.2): a pulse
generator was connected to the system (Fig. 4.7). By measuring the FWHM of the peak
produced by the pulse generator, the performance of the preamplifier electronics
coupled to the GaAs detector can be measured. The performance of the electronics
depends on the leakage current and capacitance of the detector (Chapter 2), so it was
necessary to keep the GaAs diode connected and reverse biased. As per §4.6.2, spectra
at 50, 20 and -10 °C were accumulated with shaping times of 0.5, 1, 2, 3, 6 and 10 s
and energy calibrated using the zero energy noise peak and the combined Mn Ka
Mn Kp peaks (Fig. 5.4) from the *°Fe source which was used to illuminate the diode.
The same values were used for the parameters characterising the electronics as were
used in 84.6.2 (Bertuccio, Pullia & DeGeronimo, 1996) (Gatti et al., 1990). The total
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capacitance at the preamplifier input, Cy, was assumed to be dominated by the
capacitance of the detector (Cy4 = 1.94 pF) and JFET (C; = 2 pF).

The FWHM of the pulser peak, Ny, along with the calculated contributions to this
overall noise, arising from total (detector and JFET) parallel white noise, Npw (82.6.3),
series white noise including induced gate current noise, Nswc (82.6.4 and §2.6.7), 1/f
noise, N1 (§2.6.5) and dielectric noise (Np? = Nt% — Npw? — Nswe? — Ny%) components
can be seen in Fig. 5.7. The JFET’s white parallel noise contribution was estimated to
be 0.10, 0.11 and 0.50 keV at -10, 20 and 50 °C, respectively (Siliconix, 1997). Even
though the preamplifier electronics are the same as were used in Chapter 4, their
measured performance is different with the GaAs detector because of the diode’s
different properties (compare Fig. 5.7 and Fig. 4.12). As expected from their
dependences, the parallel white contribution (Egs. 2.16 and 2.17) still reduces with
increasing shaping time, the series white contribution (Egs. 2.18 and 2.19) increases and
the 1/f contribution (Eg. 2.20) remains constant. The shaping time at which the parallel
white and series white noise contributions intersect lengthens with decreasing
temperature (z =2 ps at 50 °C, = 5.4 us at 20 °C, = 7.8 ps at -10 °C) similarly to that
found with the AlpgGag,As detector, but the GaAs system’s optimum shaping time
dependence on temperature is less clear because the minima representing the optimum
shaping time at 20 °C and -10 °C are not so well defined. However, the parallel white
and series white data suggest a lengthening of optimum shaping time with decreasing

temperature similarly to the AlygGag2As data (Fig. 4.12).

The calculated dielectric noise contribution is broadly constant with varied shaping time
as expected (Eq. 2.21 and 84.6.2), although there are slight increases in the calculated
component at short shaping times. This trend is consistent with an underestimate of the
series white noise and 1/f noise contributions as a consequence of an underestimate of
Cr. That Ct is underestimated in this way (it had been assumed that Ct = C4 + C;) is not
surprising given the significance of the estimated dielectric noise contribution and the
stray capacitance that such a contribution presupposes. As was the case for the
AlgsGag 2As diode system, a computer model which varies parameters such as the stray
capacitance to fit the experimental data, may enable the dielectric noise contribution to
be better calculated. Nevertheless, the analysis presented here is sufficient to show that
the dielectric noise contribution is significant and that future work to improve the
spectral resolution would be well targeted by improving the diode and JFET packaging.

75



Wide Band Gap Compound Semiconductor Detectors for X-ray Spectroscopy in Harsh Environments

A graph showing the expected spectral resolution (FWHM) at 5.9 keV (with 7 = 3 ps), if
the dielectric noise could be eliminated, is shown in Fig. 5.8 and compared with the
same data for AlpgGapAs D1 (Fig. 4.11) and those presented in Fig. 5.5.
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Fig. 5.8. The temperature dependence of the expected spectral resolution (FWHM) at
5.9 keV of GaAs diode D9 if the estimated dielectric noise was eliminated (filled
triangles). Also shown are the measured spectral resolution of GaAs diode D9
including dielectric noise (open triangles), the expected spectral resolution (FWHM) at
5.9 keV of diode D1 if the dielectric noise was eliminated (filled circles) and the
measured spectral resolution (FWHM) of AlgsGag.As diode D1 including dielectric
noise (open circles). The GaAs Fano limit (assuming F = 0.12 and wegpp = 4.2 €V

across the measured temperature range) is also shown (x symbols).
56  '%°Cd spectra and GaAs diode internal X-ray fluorescence

To measure the performance of the GaAs diodes at higher X-ray energies, spectra were
accumulated at 20 °C using a 1%°Cd (~0.06 MBq) source with a 254 um thick beryllium
window, giving characteristic Ag Ka (22.16 and 21.99 keV) and Ag Kf3 (24.94, 24.99
and 25.46 keV) X-ray lines. The majority of the Ag Lo (2.984 and 2.978 keV) X-ray
emissions from the *®Cd are screened from the detector by the source’s beryllium
window (transmission through 254 pm thick Be at 2.9 keV = 0.007). A typical
spectrum obtained at 20 °C with the *°°Cd source is shown in Fig. 5.9. The efficiency
of the GaAs diodes is low at Ag Ka and Kf energies (see Fig. 5.1); the accumulation
time for this spectrum was 14 days. The low energy threshold was set at 2 keV to

minimise counts from the tail of the zero energy noise peak. Ag Ko and K photons
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emitted from the source are able to fluoresce the Ga and As atoms in the detector (the
energies of the Ag Ko and Kf lines is greater than the K shell electron binding energies
of Ga and As). Consequently the Ga Ko and As Ka fluorescence and escape peaks
(82.2.2) can be seen in the spectrum in addition to the characteristic Ag K emission
lines of °Cd. The Ag Kay and Ko, peaks are too similar in energy to be individually
resolved so they both contribute to a single peak. The same is true for the Ag Kf lines
which also contribute to a single peak. The peak from the small proportion of Ag La
photons which were transmitted through the window is obscured by noise, so a distinct
Ag La peak does not appear in the spectrum. Three small peaks (Ni Ka, Fe Ka and Cr
Koa) from fluorescence of the stainless steel source capsule are visible at 7.47, 6.4 and
5.4 keV, respectively. The FWHM of the combined Ag Ka; and Ka, peak is ~ 850 eV,
implying individual FWHMSs for Ag Ka; and Ko, = 800 eV (Fig. 5.9).
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Fig. 5.9. A '®Cd spectrum accumulated with GaAs D1 at 20 °C over 14 days. Peaks
from the characteristic groups of Ag Ka and Kf X-ray lines from the source are visible,
but the individual Ag Ko (Koy — red dashed line; Ko, — olive dashed line) and Kp lines
are not resolved. Fluorescence and escape peaks from Ag K photon interactions with
Ga and As atoms of the detector are apparent as are fluorescence peaks (Ni Ka, Fe Ka
and Cr Ka) from the stainless steel source capsule. The K edges and fluorescence
yields of Cr, Fe, Ni, Ga and As are given in Table 5.2, and emission lines and radiative

rates for each element in Tables 5.3a-e.
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Element Cr Fe Ni Ga As

K edge (keV) 5989 |7.112 |8.333 |10.367 |11.867

K fluorescence yield |0.281 | 0.336 | 0.410 | 0.543 0.581
Table 5.2. K shell fluorescence yields and edges for Cr, Fe, Ni, Ga and Ga (Brunetti et
al., 2004).

Ka; |Ka, |[Kp: | KBs
Line energy (keV) | 9.252 |9.225 | 10.264 | 10.260
Radiative rate 0.577 |0.294 |0.083 |0.043

Table 5.3a. Gallium X-ray fluorescence lines and fractional radiative rates (Brunetti et

al., 2004).

Ka; Kay Kp: K3
Line energy (keV) | 10.543 | 10.507 | 11.726 | 11.720
Radiative rate 0.571 |0.294 | 0.086 | 0.044

Table 5.3b. Arsenic X-ray fluorescence lines and fractional radiative rates (Brunetti et

al., 2004).

K(ll K(lz KBl KB3
Line energy (keV) | 7.478 | 7.461 | 8.265 | 8.265
Radiative rate 0.580 | 0.297 | 0.081 | 0.041

Table 5.3c. Nickel K emission line energies and radiative rates (Brunetti et al., 2004).

K(ll K(lz KBl KB3
Line energy (keV) | 6.404 | 6.391 | 7.058 | 7.058
Radiative rate 0.581 | 0.297 |0.081 | 0.041

Table 5.3d. Iron K emission line energies and radiative rates (Brunetti et al., 2004).

Ka; |Ka; |Kp1 | Kps
Line energy (keV) | 5.415 | 5.406 | 5.947 | 5.947
Radiative rate 0.585 | 0.298 | 0.078 | 0.040

Table 5.3e. Chromium K emission line energies and radiative rates (Brunetti et al.,

2004).

The Monte Carlo model described in Chapter 3 was used to simulate a GaAs p*-i-n*

diode illuminated with a *®Cd radioisotope X-ray source. In the simulation, the X-ray
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source was defined to emit the photons shown in Table 5.4. These numbers take into
account the relative emission probabilities of 1°°Cd (Table 5.5) and the attenuation of
the X-rays through the Be window of the source capsule. The model was configured so
that the X-ray source uniformly illuminated the face of a square 200 um x 200 um diode
with p* layer thickness = 0.21 pum, i layer thickness = 2 um and n* layer thickness =
500.3 um (consisting of 0.3 um of n* epilayer and 500 pum of n* substrate) (Table 5.1).
The model simulates noise (§82.6) totalling 81 e r.m.s., giving a FWHM of 800 eV at
22.16 keV, as experimentally measured. In the simulation it was assumed that all
charge in the i layer was collected, whereas all charge in the n* layer was lost (ry = 0,
see §3.4). The electron recombination length, re, used for the p* layer was 0.16 um
(assumed to be similar to that for AlggGag,As p* (Chapter 6)). The fluorescence yields
and X-ray edges of Ga and As, given in Table 5.2, along with their X-ray lines and
radiative rates in Tables 5.3a & 5.3b (Brunetti et al., 2004) were entered into the
model. For simplicity, only K shell fluorescence is currently included in the model; L
shell fluorescence will be included in future versions. Fig. 5.10 compares the simulated
spectra which resulted from the simulation and experiment. The spectra have been
normalised to the height of the Ag Ka peak in the experimental spectrum.

Energy (keV) | Number of photons | Simulating
22.16 4 x10° AgKay

21.99 2.11964 x 10° Ag Koy

25.00 1.30298 x 10° Combined Ag Kp
2.98 584 Combined Ag La

Table 5.4. Emissions from the *™Cd X-ray source in the computer simulation (see text).

Emission Energy (keV) Relative emission probability
Ag Koy 22.16 1

Ag Kap 21.99 0.530

Combined Ag K | 25.00 0.325

Combined Ag La | 2.98 0.189

Table 5.5. Relative emission probabilities of '%°Cd (Xiaolong et al., 2010).
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The experimentally observed Ag Ka, K} peaks are very well reproduced by the model.
The locations of the Ga Ko and As Ka fluorescence and escape peaks in the simulated
spectrum match the experimental data, but there are differences in the magnitude of the
peaks. There are proportionally fewer fluorescence and escape events in the simulated
case than in the experimental case. In the experimental case the source illuminated the
whole wafer chip (Fig. 4.1) rather than a single diode as the model assumes. Part of the
fluorescence in the experimental spectrum is hypothesised to be due to fluorescence of
the substrate located to the sides of the investigated diode and fluorescence of other
(non-active) diodes on the chip being detected by the investigated diode. Currently, for
simplicity, only the portion of the substrate directly below the operational diode is
included in the model and the effects of the other diodes are not included at present, but

these effects will be included in future versions of the model.
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Fig. 5.10. Comparison of 1®°Cd spectra obtained experimentally with GaAs D1 (black
line) and simulated with the model (red line), see text.

Additionally, the larger than predicted escape peaks in the experimental spectrum
suggest that the experimental detector may be collecting charge from photoelectrons
created outside of the active region (i layer width + re of p* layer) of the detector. For
simplicity, it had been assumed in the model that the range of the photoelectrons was

negligible i.e. they were considered to be localised to the atom from which they
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originated. However, the actual range of photoelectrons at 10 keV in GaAs is
~0.42 um (Everhart & Hoff, 1971). Photoelectrons that do reach the active region of
the detector will contribute to the escape peaks, but their contribution is expected to be
small and may not entirely explain the difference between the experimental and
simulated spectra. The effect of non-localised photoelectrons, along with the effect of
fluorescence from the substrate and other diodes will be explored and quantified in
future modelling work. This may help achieve better agreement between the
experimental and modelled spectrum in the region of the Ga and As fluorescence and
escape peaks. Tailing on the low energy sides of the peaks is also visible in the
experimental spectrum but not present in the simulated spectrum. This is consistent
with the tailing being due to partial charge collection which is not presently included in

the simple model, but will be included in future work.
5.7 Conclusions and discussion

Circular mesa GaAs p*-i-n" diodes for photon counting X-ray spectroscopy have been
fabricated and their performance characterised at temperatures from +80 °C to -30 °C.
The performance of these diodes has been compared to AlygGag2As devices of similar
geometry using identical signal electronics (84.3) and GaAs diodes previously reported
at <24 °C (Owens et al., 2001) (Owens et al., 2002a) (Erd et al., 2002).

The investigations reported in this chapter have extended the high temperature range at
which GaAs diodes have been characterised beyond that previously reported and have
shown that GaAs diodes can work as photon counting X-ray detectors at temperatures
between +80 °C and -30 °C with modest spectral resolution (FWHM at 5.9 keV: 780 eV
at 0 °C, 1.55 keV at +80 °C).

Examination of the noise contributions has shown that the spectral resolution (FWHM)
at 5.9 keV of the detectors is primarily limited by dielectric noise, which is thought to
arise primarily from the diode and JFET packaging, as was the case for the AlpsGag,As
detectors (Chapter 4). The contribution from dielectric noise is significant; if it could be
reduced to negligible levels, the data suggest that spectral resolutions (FWHM) at
5.9 keV of 480, 370 and 350 eV at 50, 20 and -10 °C respectively, may be possible
(Fig. 5.8).
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Higher energy X-ray spectra have been obtained experimentally using a *°Cd
radioisotope X-ray source (providing Ag Koy = 22.16 keV, Ag Kay = 21.99 keV and Ag
KB =~ 25 keV X-ray emission lines). These spectra demonstrate that although the
quantum efficiency is low at higher energies (0.034 at 22.16 keV) the diodes are still
able to operate as photon counting spectroscopic devices at low count rates (~ 0.3
counts/sec for Fig. 5.9) without the signal being swamped by noise. The spectra also
demonstrate the X-ray fluorescence of the diode itself which occurs when X-rays of
energy greater than the binding energies of the Ga and As K shell electrons illuminate
the detector. If the detector was to be used for X-ray fluorescence analysis of samples
containing elements with emission lines between ~ 9 keV and ~ 13.5 keV (the region
covered by the detector’s Ga and As Ka and Kf lines and associated escape peaks,
assuming a '°°Cd source was used to excite the sample), such as gold (Au La; = 9.713
keV, Lo, = 9.628 keV) or lead (Pb Loy = 10.552 keV, La, = 10.450 keV), this internal
fluoresce may obscure the fluorescence from the sample and would have to be

subtracted from the spectra in order to reveal counts from emission lines in this region.

Simulated ®°Cd radioisotope X-ray spectra have been produced using the Monte Carlo
model detailed in Chapter 3. Good agreement between the model and experiment was
achieved with regard to the positions and sizes of the Ag Ka and K emission peaks
from the X-ray source, and the positions of the fluorescence peaks (and associated
escape peaks) from the GaAs detector itself. However, the sizes of the Ga and As
fluorescence and escape peaks predicted by the model are smaller than those measured
experimentally.  This is possibly a result of the model not currently including
fluorescence of the non-active diodes and substrate located to the sides of the
investigated diode, and assuming that all photoelectrons generated in the non-active
portions of the detector are reabsorbed before reaching the diode’s active region. These
assumptions, which were included for simplicity in the present model, will be re-
examined, their effects quantified and the simulations extended to include the
phenomena they represent, in future versions of the model.

Whilst the currently achieved spectral resolutions are modest, the new measurements
reported here hint that further development of GaAs X-ray p*-i-n* photodiodes will lead
to devices that can operate in spectroscopic photon counting mode at temperatures

(> 50 °C) where silicon detectors cannot operate without cooling.
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Chapter 6  Photon counting AlysGag,As

avalanche photodiodes

6.1 Introduction

Room temperature AlGa;4As avalanche photodiodes (APDs), which use impact
ionisation (see §2.7) to multiply the charge created when a photon is absorbed in the
device to increase the signal to noise ratio achieved, have been of interest to researchers
investigating devices suitable for telecommunications for some years. Particular
research emphasis has been placed on understanding AlGa;.xAs’s impact ionisation
properties (Ng et al., 2001, 2002) (Plimmer et al., 2000) (Tan et al., 2001) in order to
exploit the charge multiplication effect fully. However, those devices have always been
operated in current mode, rather than photon counting mode, and not at X-ray energies.
Silicon X-ray photon counting APDs have been reported in the literature, and
commercial reach-through devices (see §2.7.1) are available which can achieve a
spectral resolution at 5.9 keV of 380 eV FWHM at -20 °C with an electron avalanche
multiplication factor of 14, and that have a 130 um thick absorption layer giving a
quantum efficiency of ~0.99 at 5.9 keV (Yatsu et al., 2006) (Kataoka et al., 2005).

Prior to the work reported in this thesis, there had been some limited reports of X-ray
detection with Al,Ga;.xAs avalanche devices, both photon counting (Lauter et al., 1995,
1996) (Lees et al., 2008) and not photon counting (Silenas et al., 2002, 2003) (Dapkus
et al., 2007). Of the two X-ray photon counting AlyGa;«As APDs reported in the
literature, Lees et al.’s detector was an AlggGag,As p*-p-n* diode (Table 6.1) and
Lauter et al.’s detector was a separate absorption and multiplication region (SAM) diode
which had a 4.5 um GaAs absorber region with 12 very thin (0.045 um) x-graded (x =
0.01 to x = 0.45) Al Ga;.«As multiplication regions beneath it. Lauter et al.’s detector
was reported to have spectral resolutions (FWHM) at 13.96 keV and 17.8 keV of

0.95 keV and 1.4 keV, respectively, when operated at room temperature.

Lees et al.’s device was reported as having a spectral resolution (FWHM) at 5.9 keV

of 1.5 keV in non-avalanche mode which improved to 1.2 keV in avalanche mode
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(reverse bias = 26 V) at room temperature. However, when the detector was operated in
avalanche mode, an additional peak was reported to appear in the spectrum. The
additional peak was observed by Lees et al. to separate from the expected Mn Ko & Kf3
peak (produced by the >°Fe radioisotope source used to illuminate the device) with

increasing reverse bias and avalanche multiplication factor (Lees et al., 2008).

Layer Material Thickness Dopant Type Doping Density
(um) (x 10" cm™®)

1 GaAs 0.01 Be p* 2

2 AlpgGag,As  0.92 Be p* 0.4

3 AlogGap,As  0.58 Undoped p 0.05

4 AlpsGag,As 1.0 Si n 2

5 GaAs 0.25 Si n* 2

Substrate n* GaAs

Table 6.1. Layer details of the AlggGagAs p*-p-n* wafer (Lees et al., 2008).

This chapter presents results both experimental and from the Monte Carlo model
described in Chapter 3. The additional peak observed by Lees et al. is shown by these
results to be a consequence of the unequal distributions of multiplications undergone by
charge carriers created by photons absorbed in the p* and p layers of the device. The
effects of this phenomenon on future Al,Ga;As X-ray photon counting avalanche

photodiode designs are discussed.

The additional peak effect was then exploited through further experimental and
modelling results to derive the temperature dependence of AlysGag,As’s electron and

hole ionisation coefficients which had not previously been reported.
6.2 Diode fabrication, design and selection

The diodes used in this chapter were the same diodes used by Lees et al. (2008). They
are circular mesa diodes fabricated by photolithography from wafers grown on a GaAs
n" substrate by molecular beam epitaxy at the National Centre for 111-V Technologies,
University of Sheffield, UK. An optical microscope photograph (Fig. 4.3) of a chip of
the wafer shows the diode layout; 25, 50, 100 and 200 um radii devices can be seen in

this figure, but only the 100 pum radii devices were used in this work. The 100 and
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200 um radii diodes have quasi-annular contacts as per the devices reported in Chapters

4 and 5. A table showing the wafer’s layer properties is shown in Table 6.1.
6.3 Initial computer simulations

6.3.1  X-ray source definition

The Monte Carlo model described in Chapter 3 was used to simulate an AlpgGag2AS
avalanche photodiode illuminated with an *°Fe radioisotope source. For the simulations
discussed in this chapter, the source defined in the model was configured to emit 10°
photons per simulation with an energy of 5.9 keV and 1.38 x 10° photons with an
energy of 6.5 keV, representing the Mn Ka and Mn Kp emission lines of *°Fe in the
ratio measured by Schétzig (2000). All emissions from the source were normal to the
y-z surface of the diode (Fig. 3.3).

6.3.2  Detector properties definition

For simplicity, the detector was defined in the model to consist of a 0.92 um p* layer, a
0.58 um p layer and a 1.0 um n* layer as shown in Fig. 6.1. The Fano factor, F, was
assumed to be 0.14 and the electron-hole pair creation energy, wenp, = 5.25 eV. The
electron recombination length, re, in the p* layer was estimated to be 0.16 pm. Hole
recombination in the n* layer was assumed to occur before the holes could travel a
significant distance. The electron and hole recombination lengths in the p~ layer were
assumed to be long enough to enable complete collection of the charge generated in this
layer (see §3.4). The electron, a, and hole, S, ionisation coefficients were calculated in
the model from the parameterised functions reported by Ng et al. (2001), see Fig. 6.2.
Following Tan et al. (2011), the noise contribution to the final spectrum from the
variation in the multiplication factor between sibling electron-hole pairs was assumed to
be insignificant compared with the other sources of noise contributing to the broadening
of the spectral peaks (§2.7.4).

6.3.3 Initial simulation results

Initial simulations at 1/E = 2.15 x 10° cm/V (reverse bias = 27 V) predicted that no
significant avalanche multiplication would occur at this reverse bias because the field
produced in a uniformly doped p° layer (thickness = 0.58 pum) would be too small.
Simulations using higher electric fields showed that at 1/E = 1.796 x 10 cm/V (reverse
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bias = 32.3 V), the electron multiplication factor, M., (Eqg. 2.25) equalled 6.00 and the
mean mixed carrier multiplication factor (Eq. 2.24) in the p™ layer, Mpix, equalled 4.64.
A graph showing the electron, hole and mean mixed multiplication factors predicted by

the model from Ng et al.’s parameterised ionisation coefficients is given in Fig. 6.3.

p* / v p* layer, 0.92 um thick
______________________ X e

- x W . .
p w p~ layer, 0.58 um thick

n' n" layer, 1.0 pm thick

Fig. 6.1. A schematic cross-sectional diagram of the modelled diode. The depth, x, of
the photon interaction in the p~ layer is shown, along with the thickness, w, of the
p~layer (0.58 um) and electron recombination length, r.. The thicknesses of the p*

(0.92 pm) and n* (1.0 um) layers are also indicated.

1E+6

1E+5

1E+4
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lonisation coefficient (cm™)

1E+2

1E+1 + T T T T T 1
0.5 1 15 2 2.5 3 3.5
Inverse electric field (x 10° cm/V)
Fig. 6.2. Plots of the functions describing the electron (a, blue line) and hole (f, red
line) ionisation coefficients of AlpsGag.As (Ng et al., 2001).

The simulations showed that when the diode is in avalanche mode, the variation of the

multiplication factor (82.7.3) as a function of photon absorption depth (83.3) in the p°
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layer would lead to a significant variation in the post-avalanche charge read out from
each event in this layer. The simulations predicted that this would result in events from

the p~ layer forming a broad spectral peak in the spectrum.

However, electrons created by photons absorbed in the p* layer within one
recombination length of the p*-p” boundary, would all receive the same multiplication
since they all must pass through the whole of the p™ layer to be read out. Therefore
events from photons absorbed in the p* layer would be tightly clustered (with only the
system noise (Eg. 2.31) and not any position dependence (Eq. 2.24) causing Gaussian

spreading of their values).

A simulated spectrum from both layers showing the combination of the broad peak from
the p~ layer and the tightly clustered peak from the p* layer is shown in Fig. 6.4. A
system noise (Eq. 2.31) (inc. parallel white (82.6.3), series white (82.6.4), 1/f (82.6.5),
dielectric (82.6.6), induced gate current (82.6.7), Fano (Eq. 2.6) and excess (Eq. 2.30)
noise contributions) = 105 e r.m.s. ENC, equivalent to 1.3 keV FWHM at 5.9 keV

(derived from comparable experimental spectra) is included.

11 -

=
Q

Avalanche multiplication factor

QP N W B U0 OO N4 0 W

20 22 24 26 28 30 32 34

Reverse bias (V)

Fig. 6.3. Multiplications predicted by the simulation: M, (dots), Mmix p~ layer mean
(solid line) and My, (dashes).
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Fig. 6.4. Predicted spectrum from multiplications of M. = 6.00 and Mpyix = 4.64
(1/E = 1.796 x 10°® cm/V, reverse bias = 32.3 V). The dashed line shows the predicted

shape of the spectrum without the p* layer’s contribution.
6.4 Experimentally observed spectra

Experimental *°Fe X-ray spectra to compare with the simulation results were produced
as per 84.5 and Lees et al. (2008). The diode was reverse biased at 24, 26 and 27 V in
avalanche mode and at 10 V in non-avalanche mode. The diode, pre-amplifier, shaping
amplifier (shaping time = 3 ps), multi-channel analyser (MCA) and power supplies

were all kept at 20 °C.

The avalanche multiplication factors were calculated from the position of the additional
and main peaks assuming Gaussian peak shapes for each main and additional peak (see
Figs. 6.5 & 6.7). As per Lees et al. (2008), the experimental X-ray spectra showed
significant avalanche multiplication (e.g. M. = 3.47, Mpix = 2.74 at 24 V). The
additional peak emerged when the diode was operated in avalanche mode. The gain of
the main and additional peaks increased with reverse bias and the additional peak
separated from the main peak (Fig. 6.5). The unity avalanche gain (Me = My = Mpix = 1)
characteristics derived from the non-avalanche mode spectra taken at a reverse bias of
10 V were used to deduce the avalanche gains of the main and additional peaks
(Fig. 6.6). As per Lees et al. (2008), the FWHM improved when the diode was
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operated in avalanche mode (best FWHM = 1.21 keV at 5.9 keV, achieved at reverse
bias = 24 V) compared with non-avalanche mode (reverse bias = 10 V, FWHM =
2.39 keV at 5.9 keV), see Fig. 6.5. However, as the reverse bias was increased above
the optimum (24 V), the FWHM became poorer but still remained better than in non-
avalanche mode. This degradation of the FWHM at high reverse biases (> 24 V) is
hypothesised to be primarily a consequence of the leakage current and parallel white
noise (82.6.3) increasing rapidly as the diode approaches its breakdown voltage
(=29 V).

1000 -
10V
FWHM at 5.9 keV = 2.39 keV
800 A
n 24V
. 600 - FWHM at 5.9 keV = 1.21 keV
=
3
S 26V
400 + FWHM at 5.9 keV = 1.30 keV
27V
200 A FWHM at 5.9 keV = 1.54 keV
O - T 1

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Detected charge (x 103 e)

Fig. 6.5. Experimentally obtained >°Fe spectra at 10, 24, 26 and 27 V.
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Fig. 6.6. Experimentally measured reverse bias dependence of the avalanche

multiplication factor of the additional (filled circles) and main (open squares) peaks.
6.5 Interpretation of experimental results and model adaptation

The onset of avalanche multiplication in the experimentally investigated diode occurs at
lower reverse bias (> 10 V) than predicted from the model (> 22 V). The reverse bias
necessary to achieve a specific multiplication is larger in the model than required with
the experimental diode (Table 6.2). In the experimental spectra, even with the diode
operated in avalanche mode, both the main and additional peaks appeared Gaussian (see
Fig. 6.5 for the experimental spectra and Fig 6.7 for an example spectrum with the
fitted Gaussians shown) with no indication of the main peak being broadened by the
position dependence of the multiplication (Eq. 2.24), as would be expected from the
simulated spectra (Fig. 6.4).

Discussions with Dr J.S. Ng, Department of Electrical and Electronic Engineering,
University of Sheffield, who supplied the diodes, indicated that the doping within the p
layer of the devices may be non-uniform (Ng, 2009). This doping non-uniformity is
postulated to allow higher fields to be achieved within the p™ region for a given reverse
bias than would be expected in a diode with uniform doping. This leads to the onset of
avalanche multiplication at lower reverse bias than the simulations predict and modifies

the position dependence of the multiplication factor in the p~ layer. Consequently, with
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the assumption that the ionisation coefficients (Ng et al., 2001) were correct, the simple
model for an ideal p-i-n diode (86.3.3) was extended to account for the doping non-

uniformity.

The electric field required to match the multiplications seen experimentally (Fig. 6.6)
was used in the model, see Table 6.2. The position variance (Eq. 2.24) of the
multiplication factor in the p” layer was restricted by applying the mean multiplication
to all charge carriers from the p” layer. The mean multiplication was calculated from
the multiplications predicted by the model (using Egs. 2.24 and 3.6a-b) for each

individual charge carrier.

Me  Mnix  Experimental Equivalent Simulated inverse electric
reverse bias (V) simulated field (x 10° cm/V)

reverse bias (V)

347 274 24 31.1 1.865
6.00 4.64 26 32.3 1.796
8.74 6.56 27 32.8 1.770

Table 6.2. Reverse biases required to achieve specific multiplications in the
experimentally measured diode and the simulated diode (see §6.3.3 and §6.5).

6.6  Adapted model results

The simple modifications to the model produced simulated spectra that are in good
agreement with the experimentally obtained spectra (see Fig. 6.7, and compare Fig. 6.8
with Fig. 6.5). The tail on the left of the experimental spectrum (Fig. 6.7) is due to
partial charge collection in the device (for simplicity, this is not included in the model at
present). For comparison, the simulated spectra were normalised in counts to the

experimental spectra by normalising to the height of the main peak.

Fig. 6.8 shows how, as the avalanche gain increases, the additional peak separates from
the main peak in agreement with the separation that is observed in the experimental
spectra (Fig. 6.5). The increasing separation of the main and additional peaks in the
simulations is a result of increasing electric field (reverse bias) across the high field

region.
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Fig. 6.7. Comparison between the experimentally obtained *>Fe spectrum (dotted line)
and simulated >>Fe spectrum (dashed line) at Me = 8.74, Mpix = 6.56 (Table 6.2). Two
Gaussian peaks are shown which have been fitted to the experimental data representing
the peaks from the p™ (red line) and p* (blue line) layers (FWHM at 5.9 keV = 1.5 keV).

1000

800

600

400

Counts per channel

200

H

” 1/E =5.8x10°% cm/V

1/E =1.865x10° cm/V

1/E=1.796x10° cm/V

1/E=1.770x10° cm/V

4 5 6 7 8 9 10 11 12 13 14
Detected charge (x 103 e7)

Fig. 6.8. Simulated *°Fe spectra at inverse electric fields of 5.8 x 10°, 1.865 x 10°®,
1.796 x 10° and 1.770 x 10° cm/V (Table 6.2). Compare with the experimental

spectra in

Fig. 6.5.
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6.7 Reduced p* layer thickness simulations

For many applications, such as X-ray fluorescence spectroscopy (XRF) of planetary
surfaces, the low energy X-ray performance of the device is critical (Fraser, 2008).
Three major rock forming elements (Mg, Al and Si) have Ka lines below 2 keV
(Table 6.3). Sensitivity to X-rays at energies 0.4 — 1 keV makes the O Koy line
(0.525 keV) detectable and allows the investigation of L shell emission from elements
such as Ti (0.45 keV) and Fe (0.705 keV). Since the attenuation coefficients at these
energies are high, it is essential to minimise the thickness of the p* layer to ensure the
photons interact in the active region of the device. The relatively simple modification to
the existing design of reducing the thickness of the p* layer to re will ensure all photons
absorbed in the p* layer are counted. Relative device efficiencies at reduced p* layer

thicknesses were calculated from Eqg. 2.1 and are shown in Fig. 6.9.

Element Ka (keV) La (keV)

0 0.525 -
Mg 1.25 -

Al 1.49 -

Si 1.74 -

Ti 45 0.45
Fe 6.4 0.705

Table 6.3. Important low energy X-ray emission lines.

Reducing the thickness of the p* layer is also necessary to minimize the degradation of
the spectrum caused by the additional peak. To show this effect, the simulations were
repeated with the thickness of the p* layer reduced to 0.08 um (half the recombination
length in the p* layer) as well as 0.04 and 0.01 pm. In the spectra resulting from these
simulations, the number of counts in the additional peak is reduced (Fig. 6.10). The
additional peak is reduced in size because thinning the p* layer to less than one
recombination length reduces the number of electrons generated in the p* layer that can

contribute to the spectrum.
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Fig. 6.9. Effect of p* layer thickness on quantum efficiency of the device (p~ layer
thickness = 0.58 pum) at 0.5 keV (solid line) and 2 keV (dashed line) with varying p*

layer thickness.
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Fig. 6.10. Simulations of *°Fe spectra with p* layer thickness of 1 um (solid black line)
(Table 6.1), 0.08 um (long red dashes), 0.04 um (short blue dashes) and 0.01 um (olive
dots). For clarity, only simulations for 1/E = 1.796 x 10°® cm/V (M. = 6.00, Mpix =

4.64) are shown.
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6.8  Temperature dependence of the impact ionisation coefficients in
AlolgGaoleS

The electric field dependence of the electron and hole impact ionisation coefficients had
previously been reported for Al,Ga;«As with x = 0.15, 0.3, 0.6 (Plimmer et al., 2000), x
= 0.2, 0.4 (Zheng et al., 2000) and x = 0.8 (Ng et al., 2000, 2001). However, the
temperature dependence of the impact ionisation coefficients had only been reported for
x = 0.2, 0.4 (Zheng et al., 2000) and x = 0.6 (Harrison et al., 2002). Knowing how the
ionisation coefficients vary with temperature is essential to understanding how APDs

operate at high, and varied, temperature.
6.8.1  Experimental measurements

To obtain the measurements necessary to determine the temperature dependence of the
ionisation coefficients in AlggGagAs, the diode was housed with, and connected to, a
Si charge sensitive preamplifier with a Si JFET (Vishay Siliconix 2N4416) front end
transistor, as per 86.4 and Chapter 4. The APD, Si JFET and preamplifier electronics
were all placed inside a Design Environmental FS55-65 temperature test chamber
(TTC) (Design Environmental, N.D.) and subject to temperature control. The
temperature of the APD, Si JFET and preamplifier was monitored by thermocouple
(positioned adjacent to the diode) to ensure temperature equalisation between APD
environment and TTC environments. The temperature dependent performance of the
system was investigated from +80 °C to -20 °C. The preamplifier was connected to an
EG&G Ortec® 571 shaping amplifier (EG&G Ortec, N.D.) (shaping time = 3 us)
located outside of the TTC. The shaping amplifier was connected to an Ortec MCA
(Advanced Measurement Technology, Inc., 2008). The diode was reverse biased and
the preamplifier powered by externally located power supplies.

A 10 MBq *Fe radioisotope X-ray source was positioned 3 mm above the diode.
Spectra were taken from high temperature to low temperature in 10 °C steps. The
system was allowed to stabilise at each temperature before spectrum accumulation was
started and multiple spectra were accumulated at each temperature. Spectra were
accumulated at each temperature with the diode reverse biased at 26 V (avalanche
mode) and 10 V (non-avalanche mode) to obtain unity avalanche gain spectra to enable

calculation of multiplication factors as per 86.4.
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For each avalanche mode spectrum, the position of the additional peak and main peak
relative to the spectrum’s zero energy noise peak were recorded. The positions of the
main and additional peaks were determined by fitting Gaussians to the data in the
software package MicroCal Origin®. The non-avalanche peak’s position relative to the
zero energy noise peak’s position was recorded for each non-avalanche spectrum to
give the system’s gain calibration in non-avalanche mode. The positions of the main
and additional peaks in the avalanche mode spectra were divided by the position of the
non-avalanche mode peak to determine Mnix and M. at each temperature. The measured

Mmix and M, can be seen in Fig. 6.11.
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Fig. 6.11. The experimentally measured temperature dependence of Mpix (X symbols)
and M, (+ symbols) at 26 V.

6.8.2  Computer modelling and the determination of « and g

The computer model (Chapter 3) with the simple modifications described in §6.5 was
used with the electric field and multiplication dependent ionisation coefficients from Ng
et al. (2001) to determine the ionisation coefficients required to produce the Mp,x and Me
that were experimentally observed at each temperature. As previously reported for
room temperature, since the doping in the p™ layer of the investigated diodes was non-
uniform, an electric field greater than would be expected in a uniformly doped p~ layer
was produced within the diode. The inverse electric field expected in a uniformly
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doped p” layer of width, (w = 0.58 pum), at a reverse bias of 26 V was 2.23 x 10™ cm/V;
however the inverse electric field implied by the experimentally observed multiplication
factors M, and Mpix was 1.796 x 10° cm/V. To correct for the doping non-uniformity in
the p~ layer, the same approach was taken and the inverse electric field observed to be

present in the device (i.e. 1/E = 1.796 x 10° cm/V) was used.

For each temperature, the computer model was used to determine the inverse electric
field at which the ionisation coefficients produced the M. and Mpx experimentally
observed. Simulated and experimental M, and Mpix matched extremely well (£ < 5%
over the full range). Having determined the corresponding ionisation coefficients for

each temperature in this manner, M, was computed for each temperature.

The temperature dependence of the measured M, and My, together with the simulated
Me, Mnix and My, are shown in Fig. 6.12. The temperature dependence of the electron, «,
and hole, g, ionisation coefficients corresponding to these multiplications are shown in
Fig. 6.13. The inverse electric field for the data presented in Fig. 6.12 and Fig. 6.13 is
1.796 x 10 cm/V.

The temperature dependence of the k-ratio (= pla) is shown in Fig. 6.14 along with
k-ratio data for AlyGa;xAs x = 0, 0.2 and 0.4 (Zheng et al., 2000). However, it should
be noted that Zheng et al.’s data were measured at different electric field strengths and

are only shown for interest.
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1/E = 1.796 x 107 cm/V.
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Fig. 6.14. The temperature dependence of the determined AlysGagAs k-ratio (= f/a)
at 1/E = 1.796 x 10 cm/V (open circles). Also plotted are the k-ratios for GaAs at
1/E = 2.8 x 10 cm/V (filled triangles), Alg,GaggAs at 1/E = 2.402 x 10 cm/V (filled
squares), and Alg4GageAs at 1/E = 2.04 x 10° cm/V (filled diamonds) (Zheng et al.,
2000).

6.9 Conclusions and discussion

The additional peak observed here and by Lees et al. (2008), is formed by electrons
generated in the p* layer within one recombination length of the p*-p~ boundary, and is
predicted by the model described in Chapter 3 with the simple modifications described
in 86.5. The avalanche multiplication received by electrons generated in the p* layer is
equal to the maximum electron-initiated avalanche multiplication achievable at the
applied electric field. The charge carriers forming the additional peak receive the
maximum electron-initiated avalanche multiplication because they pass through the
whole of the p” layer before being collected. The additional peak separates from the
main peak (which has avalanche gain equal to Mpyix) with increasing applied electric
field because the ionisation coefficients of AlggGag,As are such that M. rises more
rapidly than Myx (Fig. 6.2) (Ng et al., 2001).

Reducing the p* layer to a thickness less than one electron recombination length

decreases the size of the additional peak and improves the device’s efficiency at low
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(< 2 keV) energies. Practicalities of wafer growth may limit the p* layer thickness to
values larger than 0.01 pm. With such a thin p* layer, impurities from the ohmic
contact may penetrate through the layer and into the low doping, high field region. This

would adversely affect the doping and field characteristics.

Increasing the efficiency of an abrupt p*-p-n* or p*-i-n" type diode to be operated in
avalanche mode by growing a thicker p~ (or i) layer will lead to degraded spectral
resolution in avalanche mode because the mixed avalanche gain is a function of photon
interaction depth, x, (Egs. 2.24 — 2.26 and Fig. 6.4), except in the special case when
Me(x) balances with My(x) to give constant Myix(x). To operate in avalanche mode and
maintain the spectral resolution, it is necessary to use a graded doping profile across the
region or adopt a reach-through/SAM APD design.

The temperature, T, dependence of the electron and hole ionisation coefficients in
AlgsGapAs were determined using soft energy X-ray measurements on AlygGag,As
p*-p-n* APDs operated at 1/E = 1.796 x 10 cm/V for +80 °C < T <-20 °C. For the
full temperature range, M and Mpix, Were measured from experimental X-ray spectra
and My was predicted from the model. The change in avalanche multiplication factors
within that temperature range was found to be significant (Me, Mmix and M, at -20 °C are
approximately a factor of two larger than at +80 °C). The variation of multiplication
factor with temperature suggests that whilst AlggGo.As p*-p™-n" APDs can successfully
operate uncooled for photon counting X-ray detection at temperatures between +80 °C
and -20 °C, it is important to maintain a constant temperature during spectrum
accumulation to prevent variation of the multiplication factors and degradation of the

spectrum.

102



Wide Band Gap Compound Semiconductor Detectors for X-ray Spectroscopy in Harsh Environments

Chapter 7 High temperature semi-transparent
4H-SiC Schottky photodiodes

7.1 Introduction

Previously, silicon carbide diodes have been investigated as detectors for applications in
many sensing fields including UV (Hu et al., 2008), a-particle detection (Nava et al.,
1999) (Ruddy et al., 2006) and X-ray spectroscopy (Lees et al., 2007) (Bertuccio, 2005)
(Bertuccio et al., 2001, 2003, 2004a, 2004b, 2011) (Nava et al., 2008). There has been
much interest in SiC for radiation detectors in recent years because its wide band gap
(3.23 eV for 4H-SIC) (Goldberg et al., 2001), radiation hardness (Lees et al., 2009)
(Ruddy & Siedel, 2006) and commercial availability make it attractive for the
manufacture of sensors for extreme (high temperature, intense radiation) environments.
It is also suitable as a material for capacitive gas sensors (see the review by Wright &
Horsfall (2007)) for the detection of rapidly varying concentrations of gases at
temperatures of hundreds of degrees Celsius in, for example, vehicle exhausts, and for
the monitoring of volcanoes (Weng et al., 2007). There are also efforts to manufacture
SiC JFETs (Neudeck et al., 2009), (Bhatnagar et al., 2007), (Wright and Horsfall,
2007); if JFETSs suitable for use in ultra-low noise charge sensitive preamplifiers could
be produced so that signal amplification could be integrated on chip with SiC detectors,
this would potentially reduce electronic noise (by reducing the parallel white noise
component (82.6.3) from the JFET’s leakage current) and eliminate the temperature
sensitive silicon preamplifier electronics currently used, improving detector
performance. SiC exists in many different polytypes, including 4H and 6H, which are
the two polytypes most commonly researched because they are available commercially.
All the SiC diodes in this thesis are 4H-SiC; 4H-SiC has a wider band gap (3.23 eV)
than 6H-SIC (3.0 eV (Goldberg et al., 2001)) so this should result in lower leakage
current at high temperatures.

At the University of Leicester, the SiC detector development programme in
collaboration with Newcastle University has produced X-ray sensitive semi-transparent
silicon carbide Schottky photodiodes, see 82.3 and Lees et al. (2007). X-ray photon
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counting SiC photodiodes from this programme have already been reported operating at
room temperature and have been shown to function as photon counting X-ray
spectrometers after proton irradiation (total dose = 10*° cm™ at 50 MeV) (Lees et al.,
2009).

In this chapter, reports are made of experiments with semi-transparent silicon carbide
Schottky photodiodes illuminated by *°Fe and '®°Cd radioisotope X-ray sources
investigating the suitability of these diodes as detectors for X-ray photon counting
spectroscopy in high temperature environments. The detectors are shown to operate as
X-ray spectrometers at energies between 5.9 keV and 25 keV at temperatures from
-30 °C to +80 °C with spectral resolutions (FWHM) between 1.6 keV and 2.5 keV.

7.2 Diode fabrication and design

Square (250 pum x 250 pm) semi-transparent silicon carbide Schottky diodes in 2 x 2
and 3 x 3 arrays of varying pixel separation (10 — 50 um) were fabricated at Newcastle
University from commercial wafers from Cree Inc. (Cree Inc., 2011) as per Lees et al.
(2007). The devices were fabricated in array form to enable future research into pixel
arrays. The layout of the diodes fabricated is shown in Fig. 7.1. The wafers had a
45 pm 4H-SiC epitaxial layer (n type doping (nitrogen), density = 7.7 x 10 cm™) on
top of a 370 pm 4H-SiC n* substrate (doping density = 2 x 10 cm™®). A 25 nm thick
thermal oxide passivation layer was grown on the epitaxial layer. Ti/Ni ohmic contacts
were deposited on the opposite side of the substrate and annealed at 1100 °C for 800
seconds to form the rear contact of each diode. Windows were etched in the front side
passivation layer and 3 nm of titanium and 12 nm of nickel were deposited by e-beam
evaporation and annealed at 600 °C to form 18 nm thick NiSi Schottky contacts. A gold
bond pad and square annular contact (200 nm thick) were deposited on top of a 4 nm

chromium adhesion layer for each pixel.

When a reverse bias is applied to a Schottky diode, the epitaxial layer depletes from the
Schottky contact to form the active detection region of the device. The depletion depth
is dependent on the applied reverse bias (Eq. 2.4). A graph showing the calculated
thickness of depletion layer with reverse bias for the devices reported in this chapter is

given in Fig. 7.2. The quantum efficiency of the devices is discussed in §7.6.
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Fig. 7.1.

250 um x 250 um diode arrays. In the diagram, black represents the passivation layer,

Diagram of a section of the SiC wafer layout showing the 2 x 2 and 3 x 3

red represents the Schottky contact and gold represents the bond pads and top contacts.
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The calculated depletion depth as a function of reverse bias for the SiC diodes

used in this work.
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7.3 Leakage current measurements

The leakage current characteristics of the SiC diodes were investigated as described in
84.4. After initial room temperature (20 °C) I-V testing, a representative diode, D1, was
selected for more extensive varied temperature characterisation. The |-V curve obtained
with diode D1 at 20 °C is shown in Fig. 7.3. The leakage current was measured for
reverse biases up to 120 V, inclusive. While reverse biases > 80 V were achievable
when the diodes were new, after a few months the diodes became unstable at reverse
biases > 80 V (resulting in breakdown), even though their performance at reverse biases
<80 V remained the same. Because of this failure mode, the X-ray measurements
reported in this chapter were taken with the diodes reverse biased at 80 V. At reverse
biases < 50 V, the leakage currents were not measurable because they were smaller than
the limit (~ 0.05 pA) of the current amplifier (Keithley Instruments Inc., 1975). At a
reverse bias of 80 V (electric field = 75.5 kV/cm), the leakage current was 1.5 pA
(leakage current density = 2.4 nA/cm?).
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Fig. 7.3. The variation of leakage current with reverse bias for SiC diode D1 operated
at 20 °C.

To measure the temperature dependence of the leakage current of diode D1 when
reverse biased at 80 V, measurements were taken from 80 °C to -30 °C using the

procedure and equipment described in 84.4. The results are shown in Fig. 7.4. It can
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be seen that by starting at 80 °C and reducing the temperature in 10 °C steps, the
leakage current recorded at 20 °C had reduced to 0.6 pA (0.96 nA/cm?) from 1.5 pA as
recorded at 20 °C and 80 V in the room temperature I-V testing. The reason for this
reduction in leakage current is presently unknown, but it is possibly due to the
evaporation of moisture from the diodes and mountings, which may have occurred at
high temperature; when the diodes were left unbiased in laboratory air (relative
humidity ~ 40%) at room temperature for a few days and then measured again without
heating, the leakage current would return to its original value of 1.5 pA. At 80 °C the
leakage current was 8.1 pA (12.96 nA/cm?), 13.5 times greater than at 20 °C
(0.96 nA/cm?).
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Fig. 7.4. The temperature dependence of the leakage current of SiC diode D1 reverse
biased at 80 V (filled circles).

7.4  X-ray spectral resolution measurements

To characterise the spectroscopic performance of the diodes, measurements were
obtained as per 84.5 except that the radioisotope X-ray source was positioned 5 mm
above the diode, instead of 3 mm. *Fe (~10 MBq) and ®°Cd (~0.06 MBq) radioisotope
X-ray sources were used to characterise the spectral performance of the diodes reverse
biased at 80 V at 5.9 keV (Mn Ka from *Fe) and 22.16 keV (Ag Kay from '®Cd), at
temperatures from 80 °C to -30 °C and 80 °C to 20 °C, respectively. Example spectra
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from the *°Fe radioisotope X-ray source (accumulation time 1000 sec) and °°Cd
radioisotope source (accumulation time = 345000 sec) at 20 °C are shown in Fig. 7.5
and Fig. 7.6. *%°Cd spectra were acquired at only three temperatures (80, 50 and 20 °C)

due to the long accumulation time required for each spectrum.

The peak shown in Fig. 7.5 from the >°Fe radioisotope X-ray source, is a combined peak
composed of the Mn Ka (5.9 keV) and Mn KB (6.5 keV) emissions from the *°Fe X-ray
source; the present spectral resolution of the system is insufficient to individually
resolve these lines so they contribute to a single peak. The individually fitted Mn Ka
and Mn K components are shown with dashed lines in the figure. The Mn Ko and Kf3
peaks were fitted assuming their emissions were in the ratio measured by Schétzig
(2000) and that the FWHM of the Ka and Kf peaks were identical. The FWHM were
adjusted to give good agreement between the combined fitted lines and the peak in the
measured spectrum (see Fig. 7.5). In the experimentally obtained spectrum, the low
energy threshold was set at 2.6 keV to minimise counts from the zero energy noise
peak. For the 1°Cd spectrum in Fig. 7.6, the peak shown at 22 keV is the combined Ag
Kay (22.16 keV) and Ag Koy (21.99 keV) peak. The peak at 25 keV is the combined
Ag KpB; (24.94 keV), Ag KB, (25.46 keV) and Ag KP3 (24.91 keV) peaks, which are too
close together to be individually resolved by the detector. The individual Ag Ko, and
Ko, peaks were fitted as for the °Fe Mn Ka and KB peaks (above) except that the Ag
Ka peaks were assumed to be in the ratio measured by Xiaolong et al. (2010). The peak
at =~ 6 keV is hypothesised to be a combination of Cr Ka, Fe Ko and Ni Ka fluorescence
lines from the interaction of the '°Cd Ag Ko and KB X-rays with the stainless steel
capsule of the source. The Ag peaks in the spectrum are emissions from the °Cd
source. The low energy threshold was set higher (3.5 keV) in this spectrum because the
low activity of the source means a longer accumulation time is required. This longer
accumulation time results in a larger zero energy noise peak and more counts from the
noise peak’s tail encroaching on the spectrum. The spectral resolution (FWHM)
measured at each temperature for 5.9 keV and 22.16 keV is shown in Fig. 7.7. The
spectral resolution (FWHM) measured with the diodes at 5.9 keV and 22.16 keV, at
temperatures < 20 °C, is = 1.6 keV. When the temperature of the diode and
preamplifier is increased to 80 °C, the spectral resolution increases to 2.5 keV FWHM
at 5.9 keV and 2.27 keV FWHM at 22.16 keV.
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Fig. 7.5. An **Fe X-ray spectrum obtained with SiC diode D1 at 20 °C (solid black
line). The individually fitted Mn Ko. (5.9 keV) (dashed red line) and Mn KB (6.5 keV)
(dashed olive line) peaks, along with their combination (dotted yellow line) are also

shown.
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Fig. 7.6. A typical *®Cd X-ray spectrum obtained with SiC diode D1 at 20 °C (solid
black line), see text. The individually fitted 4g Ka; (22.16 keV) (dashed red line) and
Ag Koy (21.99 keV) (dashed olive line) peaks, along with their combination (dotted

yellow line) are also shown.
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Fig. 7.7. The temperature dependence of the spectral resolution (FWHM) at 5.9 keV

(open blue squares) and 22.16 keV (open red diamonds).
7.5 Noise analysis

The spectral resolution obtained with the semi-transparent SiC Schottky photodiodes
reported in this thesis is much poorer across the whole of the temperature range than the
Fano limited spectral resolution (FWHM) of SiC (160 eV at 5.9 keV at 30 °C, 166 eV at
5.9 keV at 100 °C) (Fano factor = 0.100 and 0.108 at 30 °C and 100 °C, respectively
(Bertuccio et al., 2011)). To assess the components of the noise leading to the measured
spectral resolution of the SiC detectors reported here, the relations given in Chapter 2
were used. The detector’s parallel white noise contribution, Npyw, was calculated for
each temperature (Egs. 2.16 and 2.17, with Az = 2) and subtracted in quadrature, along
with the Fano noise (Bertuccio et al., 2011), from the total system noise measured in
87.4. Fig. 7.8 shows the noise contributions from the Fano statistics, N, detector
parallel white noise, Npw, and the noise from the remaining components, Ng, i.e. series
white noise, induced gate current noise, 1/f noise, dielectric noise and JFET parallel
white noise (which was estimated to be 0.10, 0.11 and 0.50 keV at -10, 20 and 50 °C,
respectively (Siliconix, 1997)). From this analysis it can be seen that it is Ng which

gives rise to the bulk of the total noise.
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Fig. 7.8. The calculated noise contributions of the Fano noise (Ng, blue open
triangles), detector parallel white noise (Npw, red open circles) and the remaining noise
of the system (see text), Neg (black open diamonds), at 5.9 keV over the temperature
range 80 °C to -30 °C.

When the measured spectral resolutions (FWHMSs at 5.9 keV at 20 °C) of the SiC (wenp
= 7.8 eV), AlpgGag,As (wenp = 5.25 eV) (Chapter 4) and GaAs (wenp = 4.2 eV)
(Chapter 5) diodes are compared in units of e r.m.s. (these units normalise the effect of
different electron-hole pair creation energies), the resolutions are similar (Table 7.1).
From this, it can be seen that in the same way the bulk of the improvement in spectral
resolution (measured in keV) of the GaAs diodes over the AlysGag2As diodes is
primarily attributed to the lower electron-hole pair creation energy of GaAs (85.4), so
can the poorer spectral resolution of the SiC diodes be attributed to SiC’s higher
electron-hole pair creation energy. This greater electron-hole pair creation energy
reduces the number of electron-hole pairs generated per keV of input photon energy.
This leads to a poorer spectral resolution in units of keV (FWHM) but similar spectral
resolutions, AE, in units of e r.m.s. For the temperature range investigated, with the
presently used preamplifier electronics, the benefit of the lower leakage current of the
SiC diodes is outweighed by the higher electron-hole pair creation energy of SiC in the

balancing of terms to achieve the best spectral resolution.
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Electron-hole pair FWHM at 5.9 keV AE at 5.9 keV

creation energy (eV) (keV) (e'rms.)
GaAs 4.2 0.80 80.71
AlgsGag,As 5.25 1.07 86.36
SiC 7.8 1.60 86.91

Table 7.1. The spectral resolutions (in FWHM keV and e r.m.s.) achieved at 20 °C
with the GaAs, AlpsGagAs and SiC detectors reported in this thesis.

7.6 Detector quantum efficiency

The depletion depth of the Schottky diodes varies with applied reverse bias (see Eq. 2.4,
87.2 and Fig. 7.2). The calculated quantum efficiency (Eq. 2.1, given Eq. 2.4) of the
devices at 5.9 keV and 22.16 keV with varied reverse bias is shown in Fig. 7.9. At
80 V (the reverse bias used for the X-ray spectral measurements in §7.4), the calculated
depletion depth is 10.6 um. The quantum efficiency (for X-ray energies up to 30 keV)
of the devices operated at 80 V is shown in Fig. 7.10. At 5.9 keV and 22.16 keV the
calculated quantum efficiencies are 0.31 and 0.007, respectively. At 5.9 keV, the
efficiency of the SiC devices is much greater than the efficiency of the GaAs diodes
(2 um i layer, 0.2 um p* layer, 0.152 quantum efficiency) (Chapter 5) and AlggGag.As
diodes (1 um i layer, 1 pm p* layer, 0.033 quantum efficiency) (Chapter 4). However,
at 22.16 keV, despite the thicker depletion layer (10.6 um), the calculated efficiency of
the SiC devices (0.007) is lower than for the GaAs (0.034) and AlysGag,As (0.011)
diodes at this energy because of SiC’s lower density (3.21 g cm™, Table 2.1). The
quantum efficiency of the SiC devices reported here is lower than for some other SiC
diodes which operate at higher reverse biases (e.g. 300 V) with greater depletion depths
(e.g. 25 pm) and correspondingly greater quantum efficiencies (0.54 at 5.9 keV, 0.016
at 22.16 keV) (Bertuccio et al., 2011). However, it is notable that at 22.16 keV, even
with a 25 um depletion depth, SiC devices still have only half the calculated quantum
efficiency of a much thinner (2 um) GaAs diode (Chapter 5). In each case, the quantum
efficiency is still less than that achievable with a very thick (500 um) silicon diode (0.29
at 22.16 keV).
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Fig. 7.10. Quantum efficiency with varying energy (up to 30 keV) of the SiC devices
reverse biased at 80 V (depletion depth = 10.6 um). The discontinuity at 1.839 keV is
the silicon K edge.
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Since the depletion depth (and hence quantum efficiency) of the SiC device varies with
reverse bias, it was possible to measure the relative change in efficiency by operating
the diode at different reverse biases. To perform these measurements, the same
experimental conditions as §7.4 were used, except that the temperature was held
constant at 20 °C. The diode was illuminated with the >°Fe radioisotope source and
reverse biased at 40, 80 and 120 V, corresponding to calculated depletion depths of 7.5,
10.6 and 13.0 um and calculated quantum efficiencies at 5.9 keV of 0.23, 0.31 and 0.36,
respectively. Four *°Fe spectra were accumulated at each reverse bias. The number of
counts under the combined Mn Ka (5.9 keV) and KB (6.5 keV) peak in each spectrum
was counted and the mean was calculated at each reverse bias. The number of counts
under the peak at each reverse bias was divided by the number of counts under the peak
with the diode reverse biased at 40 V to obtain efficiencies relative to this value. The
results are shown in Fig. 7.11 along with the calculated 5.9 keV data from Fig. 7.9
replotted as efficiencies relative to 40 V. The experimentally obtained data suggest that
the efficiency of the diodes increases more rapidly than predicted, possibly as a result of
the doping in the epilayer not being constant with depth, but more measurements would

be required in order to verify this as the cause.
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Fig. 7.11. The measured relative efficiency of the SiC diodes at 5.9 keV with varied

reverse bias (filled squares) compared with calculated efficiencies (dashed line).
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1.7 Conclusions and discussion

The spectroscopic X-ray performance of semi-transparent silicon carbide Schottky
photodiodes as measured by the FWHM of peaks from *°Fe and '®°Cd radioisotope
X-ray sources has been investigated at temperatures from +80 °C to -30 °C. The diodes
have been shown to operate at high temperature (up to 80 °C) with low leakage current
(8.1 pA at 80 °C) and to operate as photon counting spectrometers sensitive to X-ray
radiation in the range 5.9 keV to 25 keV, with promising spectral resolution (1.6 —

2.5 keV FWHM) over the measured temperature range.

The larger band gap and higher electron-hole pair creation energy of SiC (compared to
AlgsGag2As and GaAs) reduces the leakage current of the devices, but also makes the
energy resolution obtained using the detector with the current preamplifier electronics
poorer than that achieved with the other devices reported in this thesis; AlogGag2As
(Chapter 4), 1.07 keV FWHM at 5.9 keV at 20 °C; GaAs (Chapter 5), 0.8 keV FWHM
at 5.9 keV at 20 °C). However, Bertuccio et al. (2011) have shown that with ultra-low
noise preamplifier electronics, SiC X-ray detectors are able to achieve excellent spectral
resolution even at high temperature (FWHM at 5.9 keV: 233 eV at 100 °C, 196 eV at
30 °C). These results, along with those reported in this thesis, suggest that SiC Schottky
diodes are promising devices for X-ray detection in high temperature environments.
The benefit of SiC’s larger electron-hole pair creation energy over materials with lower
electron-hole pair creation energy (such as AlogGap,As or GaAs) may become
increasingly significant at even higher temperatures where the spectral resolution may
be limited by device leakage current rather than preamplifier noise. Advancements in
SiC JFET technology (Neudeck et al., 2009) (Bhatnagar et al., 2007) (Wright &
Horsfall, 2007) may also open the possibility of integrating the front end JFET of the
preamplifier with the detector, potentially reducing noise and the temperature sensitivity
of preamplifier by removing the highly temperature sensitive silicon based preamplifier
components. The potential for high temperature operation of SiC detectors together
with their radiation tolerance (Lees et al., 2009) and the possibility of SiC based
preamplifiers are likely to make SiC detectors attractive options in future for sensors

that need to survive in extreme environments.
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Chapter 8 Summary, conclusions and further

work

8.1 Summary and conclusions

AlosGag2As, GaAs and SiC photodiodes have been investigated for their suitability as

spectroscopic soft X-ray (< 25 keV) detectors at high temperature.

AlysGag2As non-avalanche mesa p*-i-n* photodiodes have been shown to function as
X-ray photon counting detectors over a temperature, T, range, -30 °C < T <90 °C, with
promising energy resolution of the full system (0.9 — 2.5 keV, FWHM at 5.9 keV). At
20 °C, the measured spectral resolution was ~1.1 keV FWHM at 5.9 keV. The main
source of noise contributing to the measured spectral resolution has been determined, by
amplifier shaping time noise analysis, to be dielectric noise. This is suspected to be
from the packaging material surrounding the detector and input JFET of the
preamplifier. It has been predicted that if this noise could be eliminated, the spectral
resolutions (FWHM at 5.9 keV) achievable at -10, +20 and +50 °C would improve to
332, 380 and 615 eV from the currently achievable 0.90, 1.07 and 1.35 keV, at a
shaping amplifier time constant of 3 ps (Fig. 4.13).

GaAs non-avalanche mesa p*-i-n* diodes of similar design have also been investigated.
They have been shown to have better spectral resolution (0.80 — 1.55 keV, FWHM at
5.9 keV) than the AlygGag2As devices over the measured temperature range, -30 °C <T
<80 °C. At 20 °C, the measured spectral resolution was ~0.8 keV FWHM at 5.9 keV.
The GaAs detectors were also shown to have a lower low energy threshold (1.4 keV)
than the AlogGagAs detectors (~2 keV). These better characteristics are primarily
attributed to the lower electron-hole pair creation energy of GaAs (4.2 eV (Owens &
Peacock, 2004)) compared with AlygGagAs (5.25 eV (NSM Archive, 2004)) resulting
in the production of larger numbers of charge carriers in GaAs for a given X-ray photon
energy. The characterisation of the GaAs devices was extended to higher energies
(< 25 keV) with experiments using a *°Cd radioisotope X-ray source and simulations

from the Monte Carlo model (Chapter 3). This higher energy work demonstrated the
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internal detector K shell fluorescence that results when the incident X-ray photon’s
energy is greater than the Ga and As K shell electron binding energies. The primary
noise source contributing to the spectral resolution achievable with the GaAs detectors
is, as for the AlysGag,As detectors, the dielectric noise which can be attributed to the
packaging of the diode and preamplifier input JFET. At -10, +20 and +50 °C if the
dielectric noise was eliminated, the spectral resolutions achievable with the GaAs
detectors have been estimated to be 351, 367 and 484 eV FWHM at 5.9 keV,
respectively (Fig. 5.8).

The research conducted with the p*-i-n* non-avalanche photodiodes has advanced the
state of the art for both AlysGag,As and GaAs high temperature X-ray detectors.
Devices of both materials have been shown to have potential for soft X-ray
spectroscopy at high temperatures. If the quantum efficiency of the detectors can be
increased by growing thicker devices and the electronic noise sources reduced (the
spectral resolution improved) through redesign of the packaging of diode and
preamplifier input JFET, as well as through improvements to the diode design and
fabrication to reduce leakage currents, AlysGagAs and GaAs based spectrometers are
likely to find rapid adoption in both space based and terrestrial applications, where their
tolerance of high temperatures will result in cost savings and simpler, more robust

instrument design.

AlosGap,As soft X-ray photon counting avalanche photodiodes (APDs) were
investigated experimentally and using the Monte Carlo model. A spectral anomaly
which had previously been reported in X-ray spectra obtained with AlpgGag.As X-ray
APDs (Lees et al., 2008) was predicted using the model and explained. Through new
experimental and computer modelling results, it was shown that the additional peak
reported by Lees et al., that emerged from the expected Mn Ko and Kf peak from an
%Fe radioisotope source, when the AlygGag,As APDs devices were operated in
avalanche mode, was a consequence of the diode structure and the different
multiplication factors achieved by charge carriers generated by X-ray photons absorbed
at different positions in the diode. Understanding this phenomenon allowed a new
method to be developed for determining the impact ionisation coefficients in
semiconductor devices. This enabled the electron and hole impact ionisation
coefficients of AlygGag,As to be determined at X-ray energies, and their temperature

dependence to be reported for the first time.
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The derivation of the temperature dependence of the impact ionisation coefficients in
AlgsGap2As has led to a better understanding of the properties of AlpsGag2As APDs in
environments of high or fluctuating temperature, and prompted the discovery (Tan et
al., 2011) that the established understanding of impact ionisation was incomplete and
that the avalanche excess noise factor is inversely proportional to the number of charge
carriers generated (Fig. 2.7). Determination of the temperature dependence of the
ionisation coefficients of AlpgGag2As has shown that whilst APDs made of this material
can operate at high temperature, and avalanche multiplication can be used to improve
the signal to noise ratio at X-ray energies, it is essential that the temperature of the
detector remains stable throughout the spectrum accumulation period in order to prevent

the ionisation coefficients from varying and smearing the spectrum.

As part of an on-going SiC photodiode development programme, the high temperature
X-ray spectral properties of Semi-Transparent SiC Schottky Diodes (STSSDs) were
characterised. The temperature dependence of the X-ray spectral performance was
investigated at energies from 5.9 keV to 25 keV. Over a temperature range -30 °C < T
< 80 °C, it was found that the FWHM varied from 1.6 keV to 2.5 keV. At 20 °C, the
measured spectral resolution was ~1.5 keV FWHM at 5.9 keV. The poorer resolutions
achieved (compared with the AlggGag,As and GaAs devices) were attributed to the
greater electron-hole pair creation energy of SiC (7.8 eV) reducing the number of
charge carriers generated. The relative increase in efficiency brought by increasing the
reverse bias of the devices was investigated theoretically and experimentally. It was
found that the relative efficiency increased more rapidly than theoretically predicted,
possibly because of a non-uniform doping in the epilayer of the devices, although more

measurements would be required to confirm this.

The work presented in this thesis has shown that compound semiconductor X-ray
photodiodes made from Al gGag2As, GaAs and SiC are all promising detectors for high
temperature X-ray spectroscopy. The spectral resolutions reported here for these
materials with the present preamplifier electronics are currently poorer at room
temperature than have been reported with silicon drift detectors at 20 °C (~0.3 keV
FWHM at 5.9 keV) (Lechner et al., 2001) and silicon CCDs cooled to -90 °C (130 eV
FWHM at 5.9 keV) (Nakajima et al., 2005). However, the majority of the noise present
with the AlysGagAs, GaAs and SiC detectors appears to be from the packaging of the
devices and the preamplifer electronics (see Figs. 4.12, 5.7 & 7.8) and improvements to
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these aspects will result in much better spectral resolution (see Figs. 5.8 & 4.13). When
coupled to ultra-low noise electronics (pulser line FWHM = 113 eV at 30 °C, 163 eV at
100 °C), Bertuccio et al. (2011) have demonstrated SiC Schottky detectors with spectral
resolutions (FWHM at 5.9 keV) of 196 eV at 30 °C and 233 eV at 100 °C, reinforcing a
conclusion of this thesis that wide band gap compound semiconductor photon counting
X-ray detectors are able to function at high temperature and with useful energy

resolution.

Each material has advantages and disadvantages which must be must be balanced in
order to select the most appropriate material for a specific application. The most
notable example of such a trade-off is the balance that must be struck between selecting
a material with a larger band gap to reduce thermally generated parallel white noise, and
selecting a material with a low electron-hole pair creation energy to increase the number
of charge carriers generated per keV of incoming photon energy. The trade-offs
involved must be informed by the environment in which the instrument is intended to
operate, as well the X-ray energy range of interest and preamplifier electronics and

semiconductor material available.

With refinements to the diode packaging and preamplifier electronics to improve the
spectral resolution, along with improvements in the quantum efficiencies of the
detectors by the production of thicker devices, detectors made from AlygGag 2As, GaAs
and SiC, will likely find use in applications where operation at high temperature is
required. Real time in situ X-ray fluorescence condition monitoring of engine oil to
detect signs of oil and engine wear in high value and high performance vehicles is one
such potential terrestrial application. Space applications for wide band gap compound
semiconductor detectors include X-ray fluorescence spectrometers for future planetary
geology missions to high temperature environments such as Mercury, Venus and
hydrothermal vents in the Europan Ocean (Thomson & Delaney, 2001), (Lowell &
DuBose, 2005).

8.2 Further work

Possibilities for continued work on AlysGag,As, GaAs and SiC detectors abound. One
area of research predicted to have an immediate payoff would be the development of
low noise packaging for the detector and preamplifier input JFET. Custom packaging

for the detector and JFET, perhaps using ceramic or Teflon, may reduce the noise
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contribution from this area and improve the spectral resolution achievable with the
detectors to such an extent that they become serious contenders for soft X-ray
spectroscopy at room temperature and above, with comparable spectral resolution to a
Silicon Drift Detector cooled to +20 °C (~300 eV FWHM at 5.9 keV) (Lechner et al.,
2001). Development of FETs with lower leakage currents, ideally fabricated from the
same material as the detector so that they can be integrated easily with the detector,
would also be very beneficial as at higher temperatures the JFET leakage becomes

increasingly significant.

In addition to obvious areas of future development such as thicker, more efficient
devices, systematic studies of the processes used to manufacture the devices should be
carried out to optimise the growth and quality of the wafers and the fabrication of the
devices. The leakage currents of the GaAs and AlGa;.xAs devices should be explored
in more detail to reveal the relative importance of contributions from bulk and surface
leakage. Trials investigating the suitability of various passivation materials (such as
SU-8, SiN and SiO) (Hwang et al., 2001) for reducing surface leakage current should
also be conducted.

Linear and two dimensional detector arrays should be fabricated and characterised to
understand the pixel-to-pixel charge sharing and crosstalk effects that may be present in
Al,Ga; «As, GaAs and SiC detector arrays; this work will hopefully lead to the
development of high temperature tolerant soft X-ray imaging devices. The model
described in Chapter 3 could be extended to simulate these multi-pixel effects, and also
include single-pixel partial charge collection and charge spreading. Larger area diodes

should also be fabricated and characterised.

Synchrotron measurements, using very small spot size X-ray beams to measure the
uniformity of response across the face of individual diodes and diodes in arrays would
be useful to develop a better understanding of the material quality, electric field
uniformity and charge collection in both avalanche and non-avalanche devices. The
radiation hardness of photon counting Al sGag2As and GaAs X-ray photodiodes should
also be characterised, and the characterisation of semi-transparent silicon carbide (SiC)
Schottky spectroscopic X-ray photon counting photodiodes extended beyond 10
protons/cm? at 50 MeV (Lees et al., 2009).
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Through further laboratory experiments on the existing AlpsGag,As APDs, the
temperature dependence of the ionisation coefficients at different electric fields could be
measured using the method described in Chapter 6. This would enable the production
of equations that parameterise ionisation coefficients in AlygGagAs as a function of
electric field and temperature. This technique could be extended to other AlyGa;xAs
alloys to characterise the temperature dependence of the ionisation coefficients with x,
or even to different materials, subject to wafer and device availability. Further research
into APDs could investigate more advanced device designs, such as separate absorption
and multiplication region (SAM) AlpsGag,As APDs or even GaAs/AlysGag,As SAM
APDs which use GaAs for the absorber region (to take advantage of the lower electron-
hole pair creation energy of GaAs) and AlygGag2As in the avalanche region similarly to
those of Lauter et al. (1995).
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