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Abstract 

 
A theoretical investigation into the avalanche statistics limited energy 

resolution of avalanche photodiodes (APDs) was carried out using a random 

path length (RPL) model. The probability density function (PDF) of the 

avalanche gain which directly affects the energy resolution was computed taking 

into account the effects of the incident photon energy, the pair creation energy 

of the interacting material, the electron and hole ionisation coefficients and the 

mean avalanche gain. The results show that the use of conventional excess noise 

factors obtained from light measurements to calculate the spread in energy 

resolution due to avalanche statistics is incorrect as the gain PDF generated by 

X-ray absorption is considerably different from that obtained from light 

detection. The effect of dead space on the PDF was also investigated. 

Significant dead space leads to a more deterministic multiplication process 

leading to a narrow gain PDF and hence an improvement in the spectral 

resolution. Simulations were performed to study the experimental pulse height 

spectra obtained from a GaAs/Al0.8Ga0.2As separate absorption and 

multiplication (SAM) APD. The simulated spectra are found to be in good 

agreement with experimental results when the noise from APD and read out 

electronics along with the statistics of photon energy loss were accounted for. 

The spectral performance of the SAM APD at room temperature is also 

presented. 

 

In addition to the SAM APD, narrow bandgap InAs has also been 

investigated. InAs has the potential to achieve spectral resolution beyond that 

of elemental Si and Ge, closer to that obtained by superconductors. Its larger 

atomic number and crystal density also ensure that its linear stopping power is 

higher than elemental semiconductors. In addition, InAs APDs exhibit the 

highly desirable single carrier ionisation characteristic that leads to low 

avalanche excess noise. Electrical and X-ray characterisation of InAs n+ip+ 

APDs was carried out at liquid nitrogen temperature. The 5.9 keV X-ray energy 

peak from a 55Fe radioisotope source was detected at zero bias with a full width 
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half maximum (FWHM) of 2.8 keV. At increasing gain the 5.9 keV peak shifts 

away from the electronic noise floor improving the signal to noise performance 

of the detector. This is also complemented by a rapid improvement in the 

energy resolution with an FWHM of 950 eV obtained at a gain of 5.3. Modelling 

of the X-ray pulse height spectra was carried out using the RPL technique. The 

intrinsic resolution limited by avalanche statistic was found to be independent 

of avalanche gain. 
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Chapter 1 Introduction 
 

 

 

1.1 Overview and motivation 

 

 

 

Figure 1.1 Schematic of the electromagnetic spectrum 

 

In late 1985 Wilhelm Röntgen noticed that a barium platinocyanide screen 

was fluorescing as he generated cathode rays a few feet away using a cathode 

ray tube. The rays referred to as X-rays (X standing for an unknown quantity 

usually used in mathematics) were invisible to human eye and possessed high 

energy that enabled them to pass through matter. X-rays occupy the short 

wavelength portion of the electromagnetic spectrum from 10-8 to 10-11 m. 
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Immediately following his discovery X-rays were extensively used in medical 

imaging by using a photographic plate as a detector. In 1912 M. von Laue and 

P. Knipping used X-rays to obtain the diffraction pattern of crystals. Another 

important landmark was reported in 1953 when J. Watson and F. Crick used X-

rays to solve the structure of the DNA. The X-ray tube has been conventionally 

used to generate X-rays by bombarding high energy electrons on a metal target. 

Mono energetic X-rays are also emitted from the decay of radioactive isotopes. 

X-rays are still omnipresent in medicine due to use in dental imaging and 

mammography. Apart from the medical applications X-rays are also important 

in astronomy, nuclear physics and crystallography. 

 

The use of semiconductor detectors like p+in+ diodes, charge coupled devices 

(CCDs) and phototransistors has been popular in various industrial, biomedical 

and telecommunication applications. Semiconductors have the flexibility to be 

modified to fit a particular application that requires a specific spectral response, 

speed and geometry. Despite these advantages these devices need to operate in 

conjunction with low noise external amplifiers to amplify the detected signal. 

Photomultiplier tubes (PMTs) that are capable of operating at high gains have 

also been popular. PMTs are used in spectrometry, medical imaging systems, 

photometry and photon counting applications. However PMTs have many 

disadvantages; they are highly sensitive to stray magnetic fields (could affect 

their operation in positron emission tomography systems), high operating 

voltage (for high negative bias of the photocathode to accelerate the electrons 

away from it) and very low quantum efficiency as not every photon incident on 

the photocathode generates an electron. For the last 40 years the development 

of APDs as more flexible alternatives to PMTs has been undertaken. APDs 

operate at fields close to avalanche breakdown where carrier multiplication 

occurs hence producing internal gain. The development of high speed, low noise 

APDs with high quantum efficiency have been spurred by the recent advances 

in the telecommunication industry. This has led to the investigation of 

semiconductors like Si, Ge, GaAs. InP and InGaAs. APDs are available 

commercially for operation at a range of wavelength from visible to infrared 

light up to the wavelengths from telecommunications. 



Chapter 1 Introduction 
 

 3 

The development of semiconductor X-ray APDs has been largely limited to 

Si. The use of APDs for detection of ionising radiation was first shown by 

Locker and Huth [1]. One of the first uses of X-ray using APDs was carried out 

by Webb and McIntyre [2]. Most of the work was focused on analysing the 

avalanche noise performance of these APDs and their use as a replacement to 

the PMT [3, 4]. A Si APD coupled with a scintillator for detection of higher 

energy X-rays was carried out by Petrillio [5]. An investigation on the 

application of a Bismuth Germanate scintillator coupled to a Si APD for PET 

applications was also carried out[6, 7]. These initial results showed that APDs 

could be used for achieving good resolution without the requirement for 

expensive low noise electronics. The resolution was largely limited by the gain 

non uniformity across the devices.   

 

Apart from coupling with scintillators Si APDs were also being used for 

direct detection of X-rays. Squillante et al. showed the use of a Si APD for 

detection up to 26 keV with an energy resolution given by the ratio of the 

FWHM to the photon energy ER = 10% obtained from a 5.9 keV X-ray peak [8]. 

APDs with very low noise threshold which enabled the detection of light 

elements were shown in [9], a peak at 1.49 keV was detected well above the 

noise floor originating from the backscatter of Aluminium. Energy thresholds as 

low as 50 eV have been demonstrated using a Si APD with a bevelled edge 

design [10]. Bevelled edge devices manufactured by Advanced Photonics Inc. 

were extensively studied by Moszynski et al. [11-15]. Highlights of the results 

obtained include an energy resolution of ER = 4.8 % using a scintillator crystal 

coupled to an APD for 662 keV gamma-rays. Since the devices also had a thick 

absorption region direct detection of X-ray was also possible and best resolution 

ER = 9.3 % at 5.9 keV X-rays was obtained. Reach through APDs for direct 

detection [16] and reverse type APDs which have the avalanche region close to 

the surface of the detector and are hence most suitable for coupling with 

scintillators [17, 18] developed by Hamamatsu photonics have also been studied. 

The scintillator-APD performance was comparable to that obtained by the 

bevelled edge APDs. For direct X-ray detection an ER = 6.4 % was achieved at 

5.9 keV at -20 °C, which is the best resolution performance obtained using an 
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APD [19], still higher than the 130 eV that has been achieved with Si CCDs 

which were cooled to −90 °C [20]. 

 

In the early 1990’s Kishimoto et al. pioneered the use of APDs for fast 

detection using synchrotron radiation with sub nanosecond timing resolution 

[21, 22]. This was then extended to devices with larger area and thicknesses for 

more practical application in nuclear scattering experiments by Baron et al. [23, 

24]. A general overview of APDs for high count rate applications with good 

timing resolution can be found in [25, 26]. 

 

Although good energy and timing resolution have been obtained using Si 

APDs the detection of higher energy X-rays is limited by the maximum 

thickness of the detector. Compound semiconductor materials like GaAs, CdTe, 

CdZnTe, PbI2 and HgI2 have been investigated as alternatives to Si. These 

semiconductors offer higher detection efficiency due to their larger atomic 

numbers and crystal densities. They also offer the capability of room 

temperature operation with good resolution due to their larger band gap. An in 

depth review of progress in these materials is given by Sellin [27] and McGregor 

[28]. Owens et al, have also reviewed and highlighted the potential of a large 

number of compound semiconductors for radiation detection [29]. Narrow band 

compound semiconductors have also been investigated as they have the 

potential to achieve much better spectral resolution than Si with a higher 

quantum efficiency and peak to Compton ratio. There has been very little 

reported work on the use of compound semiconductors as X-ray APDs. Lauter 

et al. reported a GaAs/AlGaAs SAM APD with an energy resolution defined by 

the FWHM of the energy peak of 1.95 keV at 13.96 keV [30, 31]. GaAs was used 

as an absorber layer and an AlGaAs layer was used as the multiplication layer. 

An improvement in energy resolution to 0.9 keV was obtained at a gain of 4.1. 

GaP APDs operating in the Geiger mode have been demonstrated to detect X-

rays, although their performance as energy resolving APDs were not studied 

[32]. Al0.8Ga0.2As p+in+ diodes for soft X-ray spectroscopy has been the only 

other reported work on compound semiconductor X-ray APDs [33, 34]. The 



Chapter 1 Introduction 
 

 5 

APD was also operated above room temperature and showed an energy 

resolution (1.0–1.25 keV) over a temperature range of -30 to +90 °C. 

 

APDs offer improvement in energy resolution and system signal to noise 

ratio due to internal gain when the system noise is dominated by amplifiers. 

Since avalanche multiplication is a stochastic process, randomness in the process 

will lead to an additional contribution to the intrinsic energy resolution of the 

APD. Despite many reports of X-ray APDs with good performance there has 

been a lack of gain optimisation studies in these APDs. The main motivation of 

this work is to understand the avalanche gain distribution effects on the energy 

resolution of X-ray APDs for a wide range of semiconductor materials. This will 

enable design of APDs optimised for low intrinsic noise with good energy 

resolving capabilities. Another section of this work focuses on the development 

of narrow band gap semiconductor APDs for X-ray detection. These APDs offer 

the potential for much lower spectral resolution and higher quantum efficiency 

than elemental semiconductors like Si and Ge. 

 

1.2 Organisation of thesis  

 

This thesis, presents a Monte Carlo method which has been developed to 

study the avalanche gain limited energy resolution in semiconductor X-ray 

APDs. The thesis reports the electrical and X-ray characterisation of an InAs 

n+ip+ diode for soft X-ray detection. The performance of the diode as an X-ray 

APD is also presented. The spectral performance of a GaAs/Al0.8Ga0.2As SAM 

APD for room temperature photon counting applications is presented. The 

aforementioned Monte Carlo model was used to analyse the pulse height spectra 

obtained from the SAM APD. An overview of the thesis is provided below with 

a brief summary of the individual chapters. 

 

Chapter 2 provides an outline of the interaction process of X-rays in 

semiconductors. A description of a read out system for pulse height analysis is 

also presented. A detailed breakdown of the various noise sources which lead to 
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fluctuations in the energy resolution both intrinsic to the APD and that arising 

from external electronics is described. An overview of the impact ionisation 

theory and avalanche multiplication along with the excess noise is presented. 

 

Chapter 3 describes the experimental techniques used to characterise the X-

ray APDs presented in the thesis. Electrical characterisation systems used to 

measure the current-voltage and capacitance voltage characteristics of the APD 

are described. Phase sensitive detections technique to measure the avalanche 

gain is detailed. A simple X-ray spectrometer that was set-up to obtain pulse 

height spectra from the APDs is also described. 

 

Chapter 4 presents a Monte Carlo model to determine the PDF of the 

avalanche gain distribution in APD. The dependence of the energy resolution on 

the incident photon energy, its mean free path length through the absorbing 

material, the pair creation energy, impact ionisation coefficients and dead space 

of the APD along with the mean operating gain is rigorously analysed. 

 

Chapter 5 describes the first report on the InAs n+ip+ diode both as a soft X-

ray detector and its operation as an X-ray APD. The energy resolution and 

noise performance of the APD is experimentally and theoretically investigated. 

 

Chapter 6 reports the experimental results on a GaAs/Al0.8Ga0.2As SAM 

APD for X-ray spectroscopy. The spectral performance of the detector was 

determined at room temperature. Simulations were performed to reproduce the 

experimentally obtained spectra at different gain values using the model 

described in chapter 4. An analysis of the electronic noise of the spectrometer 

was also performed. 

  

Chapter 7 summaries all the work presented in the thesis along with 

suggestions for future work in compound III-V X-ray APDs. 
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Chapter 2 Background theory 
 

 

 

2.1 Introduction 

 
This chapter explains the underlying principle of radiation interaction in 

semiconductors. The principles of operation of a spectrometer used for pulse 

height spectra analysis of energy resolving detectors are also discussed. The 

basic principles of impact ionisation and avalanche noise are presented. An 

analysis of the noise sources both intrinsic to the APD and from accompanying 

electronics is presented. This has been used to characterise the performance of 

the APDs presented in this work. 

 

2.2 Interaction of X-rays  

 
The interaction of X-rays with a material can occur in three major ways: 

photoelectric effect, Compton scattering and pair production [1]. The possibility 

of pair production occurs only when the photon energy is larger than twice the 

rest mass energy of an electron (1.02 MeV). The probability of pair production 

is low until the gamma ray energy approaches several MeV. Since the X-ray 

photons used in this work range from 5 - 60 keV, this process can be neglected.  

The photoelectric and Compton interactions depend on the energy of the 

incident photon and will involve in either a partial or complete transfer of its 

energy resulting in an emission of a secondary X-ray photon or an electron. 

 

Compton scattering takes place when an incident photon interacts with an 

electron in the absorber. The photon is scattered thorough an angle which 

results in partial transfer of energy to the electron, referred to as the ‘recoil’ or 

‘Compton’ electron. The photoelectric effect occurs when the interaction with 

the atom involves the complete transfer of the incident photon energy. An 

energetic ’photoelectron’ is ejected in this process. Figure 2.1 shows the energy 
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dependence (from 1 keV – 100 MeV) of the various interaction mechanisms for 

photons incident on GaAs [2]. The discontinuities in the curves correspond to 

the binding energy of electrons in different shells of the atom. For the energy 

range up to 30 keV the probability of Compton Effect is negligible. Most of the 

results reported in the work involve the interaction of soft X-rays and hence 

Photoelectric effect will be considered as the dominant process of interaction. 

 

 

Figure 2.1 Energy dependence of the major interaction processes of X-rays with 

GaAs [2]. 

 

2.2.1 Photoelectric effect 

 
Photoelectric effect is the dominant mechanism at X-ray energies (e.g. below 

60 keV for Si). The interaction only occurs with an absorber atom and cannot 

take place with free electrons. The incident photon of energy hν is completely 

absorbed and results in the ejection of a bound electron with energy given by 

 

binde
EhνE −=− ,                                                          (2.1) 
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Figure 2.2 Schematic of the photoelectric effect illustrating the possible emission 

of characteristics X-rays. An alternative possibility is the emission of auger 

electrons (not shown in the schematic). 

 

where Ebind is the binding energy of the electron in its original state. The 

photoelectric effect also results in the creation of an ionised atom with a 

vacancy in its bound shells. This vacancy is subsequently filled by 

rearrangement of the electrons. Energy is hence liberated either in the form of a 

characteristic X-ray or the emission of an Auger electron. A schematic of the 

process is shown in figure 2.2. The emission of Auger electrons is an alternative 

mechanism of releasing excess energy. The energy of the Auger electron, like the 

characteristic X-rays, depends on the electronic configuration of the ionised 

atom. Hence the energy of either the emitted X-ray or electron is fairly low and 

can range from a few 100 eV to a few keV. 

 

The characteristic X-ray is usually reabsorbed close to the original 

interaction point by the photoelectric effect. If the X-rays are absorbed close to 

the surface, the characteristic X-ray may escape the detector without absorption 
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resulting in an ‘escape peak’ in the collected energy spectra. The ratio of the 

emission of secondary X-rays to the ejection of Auger electrons is dependent on 

the constituent atom and its fluorescence yield. The fluorescence yield is simply 

defined as the probability that a vacancy in a given shell will result in a 

radiative transition. The process is independent of incident energy. The 

probability of auger electrons escape is higher closer to the surface of the 

semiconductor. 

 

The probability of photoelectric absorption per atom can be given by the 

following empirical relationship:  

 

53

n

h

Z
.)( ν

δ ≈   ,                                                       (2.2) 

 
where the exponent n varies from 4 to 5, depending on hν and Z is the atomic 

number. Hence the photoelectric effect increases with atomic number for a given 

energy. The atomic number is thus an important parameter when considering 

materials for X-ray detection.   

 

The ejected photoelectron, along with the secondary electron created during 

the photoelectric process, will undergo multiple scattering resulting in the 

creation of a large number of electron-hole pairs (EHPs). These EHPs usually 

have kinetic energy lower than the threshold and thus are incapable of 

undergoing any further ionisation. They achieve equilibrium by losing their 

residual energy to lattice vibrations. If nothing escapes the detector the kinetic 

energy of the electrons created is equal to the energy of the incident X-ray. This 

photoelectric process is hence the most ideal process for energy resolving X-ray 

detectors.  
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2.2.2 Photon absorption 

 
The photoelectric effect results in the complete absorption of the incident 

photon. The X-ray beam incident on the detector is attenuated in intensity and 

is given by  

 
))(I ζexp(I0 φζ −=  ,                                           (2.3) 

 
where I0 is the incident X-ray beam intensity, I(ζ) is the intensity at depth ζ 

and φ is the linear attenuation coefficient of the absorber and can be given as  

 

 ρ
ρ 








=

ϑ
φ   ,                                                          (2.4) 

 
where θ/ρ is the mass attenuation coefficient of the material (cm2gm-1) and ρ is 

the density (gmcm-3). The mass attenuation coefficient is fairly constant for 

different materials for a particular energy range and hence the linear 

attenuation coefficient is strongly dependent on the density. The probability 

P(ζ), that a photon is absorbed at position ζ is  

 
ζ)exp(1)P( ϕζ −−= ,                                             (2.5) 

 
where φ is the absorption coefficient of the material. The photoelectrons and the 

Auger electron undergo interaction with the electrons and nucleus of the atom. 

Elastic collisions can occur with the nucleus of the atoms which sometimes can 

result in the complete back scattering of the electrons. Interaction with loosely 

bound electrons in the valence or conduction band can lead to the emission of 

secondary electrons referred to as slow electrons. Electrons can also be generated 

with interaction with the more tightly bound electrons in the inner shell of the 

atom. This process can lead to ejection of characteristic X-rays or Auger 

electrons, and a fast electron, as electrons ejected from the inner shells of the 

atom can be of considerably high energy. In materials with free or loosely bound 

electrons inelastic interactions can occur with the incident electron leading to 

collective oscillations in the electron cloud called Plasmons. 
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The loss of energy of an electron through a material can be quantitatively 

given by the phenomenological expression first specified by Bethe [3, 4]. The 

‘stopping power’ which gives the electron range and the spatial distribution of 

secondary emissions is given as  

 

G

1.166E
ln

AE

ρZ
785

dx

dE
−= ,                                         (2.6) 

 
where E is the instantaneous energy of the electron (in eV), along the path 

length x (Å). Z is the atomic number, ρ is the density (in gm/cm-3), A is the 

atomic weight and G is the mean ionisation potential (in eV). The  value of G 

can be experimentally obtained or in this case used from tabulated results 

obtained from analytical fitting of data by Berger and Seltzer [5]  and given as, 

 

0.18Z

58.5
9.76ZG += .                                              (2.7) 

 
Figure 2.3 shows the calculated stopping power using equation (2.6) and 

(2.7) for GaAs as a function of increasing incident photon energy. For values of 

E < G/1.166, the equation will predict a negative stopping power which is 

physically impossible. Hence it is invalid for low electron energies. An empirical 

correction as suggested in [6, 7] can be used. The equation predicts the mean 

distance travelled by the electron without change of direction. In reality due to 

the various interaction mechanisms briefly described earlier the electron will 

undergo a change of direction and hence the effective disarticulation will be 

much shorter. To analyse this, figure 2.4 shows the realistic electron path length 

of 4 electron paths generated by 5.9 keV X-rays in GaAs through simulations. 

The X-rays are assumed to be incident normal to the surface of the sample. A 

Monte Carlo ‘CASINO’ code obtained from [8-10] has been used to simulate the 

interactions of electrons in GaAs. In the Monte Carlo simulation the path of an 

electron is followed in a step wise approach until it is completely absorbed or 

back scattered. The probability of electron scattering, the scattering angle, the 

distance between scattering events and the electron loss is computed using 

relevant physical models. 
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Figure 2.3 Stopping power of GaAs calculated using Bethe’s equation. 

 

 

Figure 2.4 Four simulated electron path lengths created by the absorption of 5.9 

keV X-rays in GaAs, The position of interaction is at the origin. The simulation 

accounts for the probability of elastic and inelastic scattering. 

 

The interaction of radiation with semiconductors always leads to the 

creation of a large number of EHPs. The energy required to create an electron 

hole pair is called the pair creation energy, denoted by ε. A small value of ε 
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results in a large number of EHPs which makes the statistical fluctuation in the 

creation of charge carriers a smaller faction of the total EHPs creation, leading 

to an improvement in the energy resolution. The decrease in ε also helps to 

improve the signal to noise ratio of the detection system due to the increase in 

the amount of charge per pulse. Since detectors are of finite thickness, not all 

the generated photoelectrons, auger electrons and characteristic X-ray rays are 

absorbed in the detector. The escape of electrons or X-rays can lead to a 

considerable change in number of electrons deposited in a material for a given 

incident X-ray photon. For an X-ray with energy E, in a material with a pair 

creation energy ε, the number of EHPs created is given by N = E/ε, when no 

electrons escape the detector. For a characteristic X-ray of energy Ec that 

escapes the detector N = (E- Ec)/ε, this will result in an ‘X-ray escape peak’ in 

the pulse height spectra. The distortion in the pulse height spectra due to 

escape of secondary electrons depend on the kinetic energy of the escape 

electron.  

 

2.3 Radiation detection systems 

 
Radiation detection systems usually consist of a detector, a preamplifier a 

pulse shaping amplifier and a pulse digitising system. Certain experiments 

include the incorporation of alternative electronic components but the basics of 

the measurements remain the same. The detector converts the interaction 

photon energy into an electrical signal that is proportional to the energy of the 

incident photon. The electrical signal is coupled to a preamplifier and shaped 

using a pulse shaping network. The shaped signal is passed on to an analogue to 

digital converter for further signal processing or for pulse height analysis using a 

multichannel analyser (MCA). A schematic of a readout system is shown in 

Figure 2.5. 
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Figure 2.5 Block diagram of a pulse readout system for signal processing. 

 

2.4 Detector 

 
Radiation detection can be carried out either by direct or indirect detection. 

In direct detection the incident photons ionise the detector atom as in the case 

of solid state or gas detectors. In indirect detection the incident energy is 

converted to light, as in the case of scintillations. This is then converted to an 

electrical signal by coupling the light to a PMT or semiconductor detectors. The 

detectors used for radiation detection can be summarised as follows, 

 

• Proportional Counters In proportional counters, ion pairs are 

created by the interaction of incident radiation with an inert gas like 

Helium or Argon. They are operated at high electric fields to amplify 

the charge represented by the ion pairs via the process of gas 

multiplication. The number of ion pairs produced is thus proportional 

to the incident energy (assuming negligible noise in the multiplication 

process). 

• Geiger-Mueller counters also work on the gas multiplication 

principle similar to proportional counters but operated at much 

higher fields. The amplitude of the pulse obtained from a Geiger tube 

is independent of the incident energy and can only be operated as 

counters for radiation events, often without the need for external 

amplification due to the high gain. 

• Scintillator detectors convert the energy of the incident high 

energy photons to visible light that can be measured. The total light 
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is proportional to the incident photon energy. Inorganic Alkali halide 

crystals (like Nai or CsI) are most widely used as they show good 

linearity and stopping power. 

• PMTs are largely used in combination with scintillator crystals to 

convert the light signal into an electrical pulse. The PMT consists of 

a photosensitive layer called a photocathode, which converts the 

incident light to electrons with relatively low energy via the 

photoelectric effect. The second stage involves an electron multiplier 

section that increases the number of electrons before their collection. 

• Semiconductor detectors (including APDs CCDs and 

photoconductors) offer the potential for a much lower statistical limit 

to the energy resolution due to the large number of EHPs created by 

an incident photon when compared to ionising gas chambers or 

scintillators. Solid state detectors offer higher quantum efficiency 

compared to the other detectors mentioned earlier together with a 

compact geometry and low power consumption. In addition APDs 

offer internal charge multiplication though the process of impact 

ionisation and hence are attractive choices for low energy gamma ray 

spectroscopy. 

 

Irrespective of the type of detector used the basic attributes required for 

energy resolving detectors are discussed in the following sections. These define 

the characterisation required for various applications. 

 

2.4.1 Energy Resolution 

 
For detectors operating in a pulse mode, where every pulse produced 

provides information of the energy of the interacting quanta of radiation, a 

pulse height distribution can then give the energy of the interacting photon. 

Even for single energy X-rays, fluctuations in the pulse height spectra are 

produced due to the inherent response of the detector or accompanying 

electronics. For radiation spectroscopy where the energy distribution of the 
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incident radiation needs to be determined, the energy resolution is the 

fundamental measure of the quality of the detector.  

 

 

Figure 2.6 Gaussian response function of a detector with standard deviation σ to 

single energy X-rays. The FWHM is given as 2.36 σ. The energy resolution is 

thus defined as ER = FWHM/E0. 

 

The energy resolution of a detector can be determined by measuring its 

response to single energy X-rays. The pulse height distribution for a 

hypothetical detector is shown in figure 2.6. The full width at half maximum 

(FWHM) is defined as the width of the function where the distribution level is 

half that of the peak. The energy resolution ER is defined by the ratio of the 

FWHM to the centroid of the energy peak and hence a dimensionless quantity. 

ER is hence given as a percentage of the detected peak energy. For detectors 

with good resolving capabilities the FWHM should be ideally as narrow as 

possible.  

 

The response fluctuations could arise due to statistical fluctuations in the 

number of EHPs created in the detector. Noise from the read out electronics will 

also contribute to the broadening of the energy resolution. A detailed 

breakdown of all the significant noise sources with relevance to APDs is 

presented later in this chapter. 
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2.4.2 Detection efficiency 

 
X-rays and gamma rays have to undergo significant interactions with the 

host atoms before their detection is possible. The probability of interaction 

reduces with increasing energy due to the increase in the mean free path length 

of the photon through the detector. For very low energy X-rays (<0.5 keV) a 

drop in the absorption probability can be obtained due to absorption of these 

photons in the dead layer (where EHPs created are not collected) at the surface 

of the detector. The number of counts produced hence can be much lower than 

the number of photons incident on the detector. The intrinsic efficiency of the 

detector can be given as,  

 

detector on incidentphotons  of number

recordedpulses  of number
=intη .             (2.8)                                                       

 
The intrinsic resolution is thus independent of the geometry of the source 

and the distance of the source from the detector. Equation 2.8 gives the total 

efficiency of the detector. The number of incident photons can be determined by 

collimating the X-ray beam on a high efficiency reference detector (e.g. using a 

Si (Li) drift detector). Practically the efficiency can be calculated by integrating 

the area under the curve of the measured pulse height spectrum. In this method 

the calculated quantum efficiency will be limited by the low energy threshold of 

the system and as such is difficult to obtain. An alternate method is to 

determine the efficiency of the detected peak obtained by integrating the total 

area under the detected energy peak. This value is more easily obtained and in 

less susceptible to experimental variations and read out electronics. The 

intrinsic peak efficiency gives a measure of the number of events that result in 

complete deposition of their energy in the detector. The detection efficiency can 

be increased by using material with larger absorption coefficients either due to 

their higher atomic number or crystal density. If a material absorption edge lies 

in the energy region of interest a sharp increase in the absorption coefficient is 

seen after the edge, thus leading to a minimum in detection efficiency 

immediately below the absorption edge. 
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2.4.3 Low energy threshold 

 
The minimum detectable energy of a detection system can be defined as the 

required minimum number of primary carriers, generated by the detector, to 

produce a count above the electronic noise floor. The electronic noise floor is 

dependent on the dark current of the detector and noise from the preamplifier. 

Detectors which offer charge multiplication can hence offer an improvement in 

the low energy threshold, provided their intrinsic noise is kept to a minimum. 

APDs operating at optimised reverse bias voltage levels can thus be useful when 

a low noise threshold is required. The charge multiplication reduces the effect of 

the amplifier voltage noise with increasing multiplication factors. Although the 

bulk dark current will also increase at higher gains and the stochastic nature of 

the avalanche process can increase the dark current contribution to the 

electronic noise at higher gain. Figure 2.7 shows the electronic noise peak 

obtained by connecting a test pulse to the preamplifier input. A 

GaAs/Al0.8Ga0.2As SAM APD is also connected at the input. As the reverse bias 

increases tailing in the electronic noise peak is observed suggesting a non 

systematic behaviour of the dark current at increasing gain.  

 

 

Figure 2.7 Noise peak from a pulser connected to the preamplifier input along 

with a GaAs/Al0.8Ga0.2As SAM APD connected at the input. The noise is seen 

to be non- Gaussian for higher gain values of the APD. 
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2.5 Preamplifier 

 
 

 
 

Figure 2.8 Schematic of a charge sensitive amplifier. Also shown is the 

equivalent circuit of a detector connected to the amplifier via an n-channel 

JFET at the input.  

 
The preamplifier used in radiation detectors are known as ‘charge sensitive’. 

The preamplifier integrates the charge from a current pulse flowing through the 

detector intimated by a photon absorption event. The charge integration takes 

place via a capacitor in the feedback loop of the amplifier; the voltage at the 

output is hence proportional to the charge at the input of the amplifier. Figure 

2.8 shows the basic schematic of a charge sensitive amplifier. An equivalent 

circuit of a detector with junction capacitance, CD, and dark current, ID, is also 

shown. The feedback capacitor Cf is discharged by placing a resistor across it. 

Since the resistor introduces a thermal noise current source to the system its 

value is chosen to be as high as possible. The use of a large resistor will lead to 

a slow discharge of the capacitor; this can be particularly inhibiting for high 

count rate applications. Pulsed light or transistor reset techniques as described 

in [11] have previously been used as alternatives. A novel charge amplifier 

design that excludes the feedback resistor has been developed by Bertuccio et al. 
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that displayed noise characteristics below 20 electrons (r.m.s.) at room 

temperature [12]. 

 
When the input resistance is high, the time constant at the input of the 

amplifier is large and hence the signal pulse is determined by the integrated 

current and the decay time constant. Considering a charge sensitive amplifier 

with infinite input impedance and a gain A0, the output voltage for an inverting 

amplifier configuration can be given as vo = -A0vi [13]. Since the input 

impedance of the preamplifier is large, there is no signal flowing through the 

input. The difference in voltage across the feedback capacitor of the amplifier vf 

= (A0+1) vi. The charge deposited on the feedback capacitor is hence given as 

Qf = Cfvf = Cf (A0+1) vi. Since no signal flows through the input of the 

amplifier the charge at the input Qi = Qf and hence the effective input 

capacitance of the amplifier can be given as  

 

1)(AC
v
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C 0f
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i +==                                         (2.9)                                                       

The gain at the output per unit charge at the input of the amplifier can thus 

be expressed as  
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The gain of the amplifier (for 0A >>1) is thus inversely proportional to the 

feedback capacitor which is well defined. Unlike voltage sensitive amplifiers the 

charge sensitive amplifiers output signal voltage is independent of the 

capacitance at the input of the detector. This configuration is thus preferred for 

use with detectors whose junction capacitances changes with increasing reverse 

bias voltage. The above analysis assumes an ideal charge sensitive preamplifier 

that can follow the detector pulse shape. Practical charge sensitive amplifiers 

might be much slower but this does not typically pose a problem as the signal is 

first integrated across the device and stray capacitances at the input. The time 

response of the amplifiers is dependent on the input resistance and the 

capacitance at the input. Since radiation detectors operate above the cut off 
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frequency of the amplifier the input impedance is resistive. The RC time 

constant of the preamplifier should always be larger than that of the shaping 

amplifier. 

 

2.6 Shaping amplifier 

 
The main objective of the shaping amplifier is to improve the signal to noise 

ratio of the detected pulses. This is achieved by reducing the bandwidth. An 

additional function of the shaping amplifier is to convert the short pulses from 

the detector into broader pulses that gradually peak at the maximum, which are 

then suitable as input to ADCs for pulse height analysis. The use of a larger 

pulse width can cause a pile up of pulses, which would make the system 

unsuitable for high count rate applications. Hence a compromise needs to be 

achieved based on the application. The reduction of pulse width for higher 

count rate applications would involve sacrificing low noise performance. The 

choice of shaping time is hence a direct compromise between good noise 

performance and high count rate. If the peak time of the shaper is less than the 

detector collection time, then loss in the pulse height occurs affecting the signal 

to noise ratio termed ‘ballistic defect’. Apart from this the shaping amplifier 

also performs the rudimentary function of amplifying the signal from the 

preamplifier. 

 

 

Figure 2.9 Schematic of a CR-RC pulse shaping amplifier with a differentiator 

as a high pass and an integrator as a low pass filter. 
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A simple pulse shaper is shown in figure 2.9 which has a differentiator and 

an integrator in cascade, also referred to as a CR-RC shaper. The low 

frequencies that contain a lot of noise are attenuated by the differentiator. The 

decay time of the pulse from the preamplifier is also shortened to avoid pulse 

pile up. This then passes through a low pass filter which limits the rise time to 

reduce the bandwidth. Practical shapers use much more sophisticated methods 

for shaping [14]. For semi Gaussian pulse shaping commonly employed in 

spectroscopy amplifiers, a differentiator stage followed by n integrator stages are 

used to make the pulse more symmetrical. Nonetheless the basic principles are 

similar to a CR-RC which introduces an upper and a lower frequency bound on 

the signal. 

 

2.7 Intrinsic detector noise 

 
The various factors that lead to the fluctuations in the pulse height spectra 

of a single energy X-ray photon intrinsic to the detector are discussed in the 

following sections. 

 

2.7.1 Fano noise 

 
The statistical fluctuations in the number of EHPs created during a photon 

interaction event places a limit on the lowest possible energy resolution achieved 

by a solid state detector.   

 

The creation of each charge carrier is dependent on the history of the X-ray 

photon (some energy is lost via optical phonon scattering) leading to a 

distribution of carrier number from a given X-ray photon, as shown by Fano 

[15] in his paper on the fluctuations of ions created by the ionisation of gas by 

radiation. The fano factor f is introduced to describe the variance of a total 

number of charges N created during each photon interaction, such 

that ( ) NfNN
2
=− . For the special case having Poissonian statistics where the 

variance is given by the average N , f =1. Hence the fano factor can be 
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interpreted as the ratio of the observed variance to that of a Poisson 

distribution. Since N for X-ray APDs is typically large, the final distribution 

approaches a normal distribution irrespective of the initial distribution, 

following the central limit theorem. The response function is given by a 

Gaussian with FWHM given as 2.36 times the standard deviation. 

 

The fano limited resolution of the detector can hence be given in terms of 

energy as  

 

fN2.36εEF =                                                           (2.11) 

 
The fano factors for semiconductor materials are much smaller than unity. 

Typical values obtained experimentally give the fano factor for Si = 0.12 [16], 

and GaAs = 0.12 [17]. In this thesis, the most accurately available 

experimentally obtained values of fano factor are used. In the case of 

unavailable experimental data, a conservative estimate of 0.14 is used. Figure 

2.10 shows the fano limited energy for a range of semiconductors with increasing 

photon energy. 

 

 

Figure 2.10 Comparison of the fano limited energy resolution with increasing 

incident photon energy for a range of semiconductors. f and ε for 4H-SiC 

obtained from [18, 19], f = 0.14 for InAs and ε calculated from equation 2.13 

assuming rh(ωR) = 0.5 eV. 
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The value of ε is important to determine the number of charge carriers 

created and hence the statistical limit of the detector. Two different approaches 

have been used to calculate ε. The first approach postulated by Shockley [20] 

assumes that the incident energy is lost in the ionisation events that generate 

EHPs. In addition to this some of the energy is also lost due to phonon 

scatterings with the lattice before ionisation. Assuming an ionisation threshold 

equal to the band gap Eg, ε is given by the expression 

 
)rh(ω2.2Eε Rg += ,                                                        (2.12) 

 
where r is the number of optical (or Raman quanta h(ωR)) phonons emitted 

between impact ionisation events. Klein [21] showed that the average energy to 

create an EHP was equal to the sum of the residual kinetic energy of the carrier 

after ionisation (9/5Eg), the bandgap and the phonon loss term to give 

 
)rh(ω2.8Eε Rg += ,                                                     (2.13) 

 
where rh(ωR) was treated as the adjustable parameter. Klein also showed that 

the fano factor was dependent on the relative amount of phonon losses 

(rh(ωR)/Eg). The bandgap dependence on the value of ε was shown to agree 

with equation 2.13 for phonon losses independent of Eg. Good agreement was 

found between experimental and calculated values for a range of semiconductors 

when rh(ωR) ~ 0.5 eV was used [21, 22]. Another approach to the calculation of 

ε is given in [23], referred to as the ‘scattering rate assumption’. The free 

electron approximation is used to solve the probability of the number of EHPs 

created by an interacting photon. The calculated ε values are also shown to be 

in good agreement with experimentally obtained values. 

 

2.7.2 Charge collection 

 
The charges created, within the depletion region, by an X-ray detector drift 

under the influence of an applied voltage. The induced current per unit charge 

as given by Ramo’s theorem [24] is collected by a charge sensitive preamplifier 
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at one of the electrodes of the detector. In an ideal detector the total measured 

charge by the preamplifier QM should be equal to the created charge Qo = Nq 

(where q is the electronic charge) such that the charge collection efficiency η = 

QM / Qo = 1. In many semiconductors the amount of charge measured is less 

than the created due to the incomplete diffusion of carriers created in the non 

drift region of the detector or due to the loss of carriers via various trapping 

mechanisms  

 

For carriers created in a region with a uniform electric field the charge 

collection efficiency can be calculated using the Hecht equation [25]. This is only 

useful at low electric fields. At higher field values the drift velocity of the 

carriers is less dependent on the electric field and will eventually reach a 

saturation velocity. APDs operate at sufficiently high fields such that the 

carriers reach their saturation velocity. Apart from the carriers created in the 

drift region, the carriers created in the field free region will diffuse through the 

semiconductor in an isotropic manner. Some of the charge will undergo 

recombination while the residual charge is injected into the depletion region of 

the detector. The extent of recombination is dependent on the carrier diffusion 

lengths. This partial collection will also lead to a broadening of the energy peak 

in energy resolving detectors. The diffusion of the charges from their initial 

point of creation will degrade the spatial distribution of detectors used from 

position sensitive applications.   

 

2.7.3 Avalanche statistics  

 
In APDs, another important factor contributing to the broadening of the 

energy resolution is due to the avalanche multiplication process. The stochastic 

nature of the process, while providing an improved signal to noise performance, 

can lead to considerable broadening and artefacts in the pulse height spectra 

under conditions discussed in chapter 4. An intensive analysis of the avalanche 

statistic contribution is presented in chapter 4. In the following sections the 
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basics of the impact ionisation process are discussed along with avalanche 

multiplication and noise theory. 

 

2.8 Impact ionisation theory 

 

 

 

Figure 2.11 Schematic wavevector diagram illustrating an electron initiated 

impact ionisation event. 

 
The process by which carriers (electrons or holes) in a reverse biased 

junction with high electric field lose their energy by interaction with atoms in 

the crystal lattice in creation of an EHP is called impact ionisation. Figure 2.11 

depicts an electron initiated impact ionisation event (in the simple case of 

parabolic bands) whereby an electron in the conduction band that has gained 

energy from the electric field loses it via Coulombic interaction with an electron 

in the valence band thus promoting the electron to the conduction band. The 

newly created EHPs can further initiate impact ionisation if they accumulate 

sufficient energy from the electric field. A similar process occurs for hole 

initiated ionisation. Due to conservation of momentum and energy, a minimum 

threshold energy is required to create an EHP. As discussed previously the 
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carrier also undergoes non-ionising collisions where it can lose or gain energy 

from the lattice or can also undergo elastic scattering.  

 

Carriers travel a distance, termed the dead space, to gain sufficient energy 

from the high field, before their energies exceed the threshold energy required to 

initiate impact ionisation events. After traversing the dead space a carrier has a 

finite ionisation probability. The distance travelled by a carrier between two 

successive ionisation events is called its ionisation path length. The reciprocal of 

the average ionisation path length gives the total number of ionisations per unit 

distance and is termed as its ionisation coefficient. The hole and electron 

ionisation coefficients given as α and β are material dependent whose values also 

vary with the electric field. 

 

2.8.1 Avalanche multiplication 

 
Impact ionisation process can occur in cascade producing a finite number of 

secondary carriers which leads to an increase in current. Figure 2.12 illustrates 

the avalanche multiplication process for an electron injected into an avalanche 

region of a p+in+ diode with a uniform electric field across its width, w. The 

electron injected at z = 0 travels a random ionisation path length before it 

impact ionises to create an EHP. The newly created secondary electron like the 

primary has an ionisation probability that is mutually exclusive of the primary 

electron. The secondary hole will also ionise after travelling a random ionisation 

path length. This process is repeated until all the electrons (holes) exit the 

avalanche region at z = w (0). In the example shown in figure 2.12, a single 

electron injected results in a collection of five electrons; hence a multiplication 

factor of five is obtained.  

 

The conventional expression for the mean multiplication factor M as given 

by Stillman and Wolfe [26] assume that the ionisation probability for the  



Chapter 2 Background theory 
 

 32 

 

 

Figure 2.12 Schematic of an electron initiated ionisation process of a p+in+ diode 

with a uniform electric field across its width, w. 

 

electron and hole depend only on the local electric field, an assumption that has 

been shown to be valid for diodes with thick avalanche regions. Hence the 

position dependent multiplication factor for a primary carrier created within w 

at x is given as, 
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For pure electron or hole injection at x = 0 or w respectively, equation 2.14 

reduce to 
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where Me and Mh are the mean multiplication factors obtained under the pure 

electron and pure hole injection conditions respectively. For an avalanche region 

with a uniform electric field profile the ionisation coefficients are no longer 

dependent on the field and hence 2.14 simplifies to 

 

   
( )

( ) ββ)w(exp

β)x(β)exp(
M(x)

−−−
−−−

=
α

αα
                                          (2.17)    

 
Me and Mh can hence be deduced for x = 0 and w respectively. 

 

2.8.2 Avalanche excess noise 

 
Impact ionisation is a stochastic process and hence the avalanche gain 

fluctuates about its mean value M. The fluctuations occur due to the 

randomness in the position of ionisation of carriers, as well as the number of 

secondary carriers created in each ionisation chain. This adds noise in addition 

to the shot noise associated with the diode. This is characterised by an excess 

noise factor F given by 

 

   2

2
g

g

σ
1F
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+=   ,                                                                  (2.18)    

 
where σg

2 = <g2> - <g>2, is the standard deviation of a multiplication event 

with mean gain <g> = M. Thus rearranging the above equation  
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M
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The mean square noise current for pure electron injection is thus given as   

 

   FM2qIN 2
ein=   ,                                                                  (2.20)    
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where Iin is the injected current. The noise spectral density for pure electron, Ψe 

and hole Ψh initiated impact ionisation process are given by McIntyre [27] using 

a local approximation as  
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where k = β/α . The excess noise factors Fe and Fh as a function of gain can 

thus be given as  
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From the above equations it can be seen that the excess noise factor is 

dependent on the type of carrier injection and the value of k. In order to achieve 

a low excess noise factor, the values of the ionisation coefficients should be 

disparate and the ionisation process has to be initiated by the strongly ionising 

carrier. As the electric field increases the ionisation coefficients converge and 

hence a large excess noise is predicted. However many III – V semiconductors 

have shown lower excess noise, despite the ionisation coefficients convergence, 

when the avalanche region thickness is reduced. This is because the dead space 

occupies a significant portion of the avalanche region width, leading to 

reduction of the variance of the ionisation path length PDF. Hence the local 

model overestimates the excess noise in thin avalanche regions. Non local 

models are used to determine gain and excess noise factors by accounting for the 

dead space effect, as discussed further in chapter 4. 
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2.9 Electronic Noise 

 

This section deals with the noise added to the measurement of the induced 

charge by ionising radiation in the detector. This is differentiated from the 

intrinsic noise of the detector arising from statistics of energy loss, charge 

multiplication and collection. Referred to as the ‘electronic noise’ it can arise 

from the electronic circuit components and the detector. For the noise analysis a 

charge sensitive amplifier with a JFET at the input is employed. A quasi 

Gaussian pulse shaping network is used for improving the signal to noise ratio of 

the preamplifier pulse. For diodes which operate at unity gain or for APDs 

operating at low gain values, the preamplifier is the most important source of 

noise. Noise introduced between the APD and the input FET will also 

contribute to the energy resolution of the detector. 

 

 

 

Figure 2.13 Equivalent circuit of the diode connected to a preamplifier with a 

JFET at the input for noise analysis. The signal from the preamplifier is given 

to a pulse shaping circuit. 

 

A schematic of the equivalent circuit diagram for noise analysis is shown in 

figure 2.13 [28]. The noise is classified as series or parallel noise, according to its 

origin with respect to the signal. The total leakage current of the diode Id is 

represented as a current noise generator in parallel with the detector 

capacitance CD. RP represents the effective shunt resistance across the detector 
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which includes the detector biasing resistor. The bias resistor Rb is connected to 

the detector along with a shunt capacitor that blocks any interference from the 

SMU. Since the shunt capacitor appears to have low impedance for high 

frequency signals the far end of Rb can be assumed to be connected to ground. 

Rb has noise behaviour similar to that of the shot noise from the detector 

leakage current. To limit the noise, Rb should have a large value. Since Rb is in 

parallel with the detector its resistance should be large such that the detector 

does not discharge through it. Ideally RbCD >> τp, the peaking time of the 

shaping amplifier.  If RbCD is smaller than τp then most of the signal will be lost 

through discharge through Rb. A very large bias resistor is used to block the 

flow of the charge signal. For detector with high leakage current, the bias 

resistor value has to be reduced to minimise the voltage drop across it. The 

series resistance of the diode RS acts a voltage noise source and thus contributes 

to the series noise in the system. The series noise largely stems from the voltage 

noise of the input JFET.  

 

The noise is expressed in terms of its equivalent noise charge (ENC). This is 

defined as the value of a delta like charge signal that must be applied at the 

input to produce a signal to noise ratio of unity. ENC can be expressed in 

Coulombs, number of electrons or expressed in terms of energy (eV). For noise 

analysis the charge sensitive amplifier is considered to be coupled to a shaping 

amplifier with a single differentiating stage and n integration stages in cascade. 

With a shaping time constant τ the noise equivalent charge, Qn, is given by [29, 

30], 
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where  n/n!n
n ena −=  is the maximum value of  τ I(t), where I(t) is the impulse 

response of the amplifier. S(ω)= (S0+S1ω+S2ω
2+…) is the noise current spectral 

density at the input and bn is given by 
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21nn
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+
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The charge generated at the input is far from a delta like function and is of 

finite shape and duration, dependent on the impulse response function of the 

detector. The term an is thus replaced by an’, which accounts for the transit 

time of holes, τh, across the depletion region of the device and is given by, 

       

τ
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'
n += .                                                                  (2.27) 

 
  Neglecting the frequency dependent noise contribution, (which is generally 

much smaller than the other sources of noise in the system [31]) the main 

contribution to S(ω) are from S0 and S2 which are respectively the parallel and 

series noise contribution from the detector-preamplifier system. It can be seen 

from equation 2.25, that the parallel contribution is proportional to the shaping 

time constant and the series noise contribution is inversely proportional to the 

shaping time. The contribution of sources of noise to S0 and S2 for a preamplifier 

with an APD connected to it via an input JFET is analysed in the following 

section. An expression for the total ENC is eventually derived.  

 

  The main contribution to S0 is from the shot noise originating from the 

leakage current of the APD. McIntyre has analysed the noise spectral density of 

APDs [27]. The spectral density of the leakage current contribution is 

qualitatively given as [32] 

 
)FIM2q(Is db

2
dsd +=  ,                                                    (2.28) 

 
where Ids is the unmultiplied component of the dark current termed as ‘surface 

leakage’ current. Idb is the portion that does get multiplied called the ‘bulk 

leakage’ current of the APD. F and M are the avalanche excess noise and 

multiplication factor of the APD respectively. F for electron injection is given 

by equation 2.23. 

 



Chapter 2 Background theory 
 

 38 

The value of F and M derived from the signal created by the incident 

radiation will not be equal to that from thermally ejected EHPs. This is due to 

the difference in the spatial generation of the carriers by the two processes. 

These factors can be assumed to be equal, if the majority of noise and signal are 

generated before the avalanche region of the APD [33]. Other sources of parallel 

noise are from shot noise due to the gate leakage current, Ig, of the JFET with 

spectral density 2qIg. This can be a few orders lower than the detector leakage 

current and in some systems its contribution will be negligible. The contribution 

from the effective resistance in parallel with the detector can be given as 

4kbT/Rp. The total spectral density of the parallel noise is thus given by  

 

p

b
gdb
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T4k
)IFIM2q(IS +++= .                                      (2.29) 

 
These expressions are derived assuming a single value of F and M. The 

effects of this assumption are further analysed in chapter 4. Nevertheless they 

provide useful indication of the sources on noise in the spectrometer. As stated 

before, the contribution to S2 is mainly from the thermal noise affecting the 

drain current of the preamplifier whose noise spectral density can be given as 

 

m

b
n

g

T4k
γe =   ,                                                                 (2.30) 

 
where γ is a constant whose value lies between 0.5 and 0.7, depending on the 

gate length and bias conditions of the JFET [34], and gm is the 

transconductance. The noise associated with the series resistance of the APD is 

in series with the other noise sources so its contribution is simply given as 

4kbTRS. Apart from the white noise there is also a frequency dependent 1/ff 

noise. This appears as a fluctuation in charge at the gate channel interface. The 

1/ff noise in JFETs is small and is neglected in this analysis. For an APD- 

preamplifier system with total input capacitance CT which includes the APD 

capacitance CD, the JFET capacitance CGS, the feedback capacitor Cf and any 

stray capacitances, Ci at the input, the series white noise spectral density is 

given as [11], 
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ENCn, which is given as the total number of electrons required to achieve a 

signal to noise ratio of unity with an APD operating at gain M, is given as  
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The broadening of the X-ray peak due to the electronic noise contribution 

can be hence given as  

 
      nN ENC2.36E ε=  .                                                     (2.33)       

 

 

 

Figure 2.14 ENC dependence on the M, The series noise contribution (dotted) 

decreases with increasing gain while the parallel (dashed) contribution increases. 

The total contribution is also shown (solid). 

 

Figure 2.14 shows the dependence of the noise components on the avalanche 

gain of the APD. For small gain values, the series noise is the dominating 

factor, hence a low noise amplifier is ideal for this purpose. As the gain 

increases, the dependence on the amplifier noise reduces while the parallel noise 

contribution increases. The parallel noise increases due to the increasing dark 
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current at higher gains. Thus an ideal operating point exists where the series 

and white noise are comparable.  
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Chapter 3 Experimental methods for 
characterisation of X-ray 
APDs 

 
 
 

3.1 Introduction 

 
The X-ray APDs presented in the work were evaluated for their dark 

current-voltage (I-V) characteristics. Capacitance–voltage(C-V) characteristics 

were determined to estimate the doping profile and depletion width. 

Photomultiplication measurements were performed to measure the avalanche 

gain with increasing reverse bias. A simple spectrometer to determine the 

performance of the APD as an X-ray detector has been set-up and described in 

this chapter along with other electrical characterisation techniques. The dark 

current and capacitance contribute to the parallel and series white noise 

respectively as detailed in chapter 2.  

 

3.2 Electrical characterisation 

 

3.2.1 I-V measurements 

 
Dark current measurements are the fundamental way of accessing the shot 

noise performance of an APD. The shot noise contributes to the parallel white 

noise of the spectrometer and is detrimental to both the energy resolution and 

signal to noise ratio of the system. Additionally dark I-V measurements are used 

to determine the leakage current mechanism and breakdown voltage, Vbd, of the 

detector among other elementary characteristics. 

 

The I-V measurements were carried out using an HP 4140B picoammeter. 

Measurements were carried out on several devices in the dark in order to avoid 

the photogeneration of carriers. The dark current density, JD, was obtained from 
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reverse biased I-V measurements. Bulk leakage current mechanism dominates 

when the measured JD across different sized devices is in good agreement. The 

bulk currents are proportional to the device area and can be due to the diffusion 

current Idiff, generation-recombination current, Igr, and tunnelling current, Itunn. 

At higher electric fields Itunn increases at a much faster rate than Idiff and Igr. It is 

particularly significant in narrow band gap materials due to band to band 

tunnelling, which reduces the useful operating gain region of the detector for X-

ray spectroscopy. 

 

The diodes presented in the thesis were produced by etching epitaxially 

grown planar structures into mesa devices. The abrupt discontinuities in the 

crystal structures arising from the exposed mesa side walls give rise to surface 

states. Moreover the formation of native oxides on the sidewalls can create a 

conduction path along the interface.  This gives rise to surface leakage currents 

on the perimeter of the mesa. When the surface leakage current dominates, JD is 

no longer related simply to the area but also involves a term related to device 

parameter.   

 

The ideal forward current diode equation can be given as 

 









−= 1

Tnk

qV
expI(V)I

b
Df ,                                            (3.1)               

                                        
where kb is the Boltzmann’s constant, T is  the temperature and n is the ideality 

factor with ranges from a value between 1 and 2 depending on the diffusion and 

recombination currents [1]. A deviation from the ideal exponential increase in 

current is seen in diodes with series resistance. The series resistance can arise 

from the bulk of the semiconductor or formed between the deposited metal 

contact and the semiconductor. Contact resistance can be minimised by 

choosing an appropriate metal to form ohmic contacts and by thermal annealing 

after deposition. A large series resistance can control the voltage drop across the 

depletion region of the diode and hence limit its maximum achievable avalanche 
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gain. For X-ray detectors the series resistance contributes to the series white 

noise and needs to be evaluated. 

X-ray characterisation of the diodes was carried out by packaging the diodes 

on TO-5 headers bonded using gold wires. A Keithley 236 or 2400 source 

measurement unit (SMU) was used to measure the leakage current and bias the 

packaged diodes. This allowed assessment of the degradation caused by the 

packaging process. For low temperature measurements the packaged diode were 

placed in a modified metal Dewar with a liquid nitrogen jacket for cooling the 

detector to 77 K. 

 

3.2.2 C-V measurements 

 

Doping profile and the depletion region width, w, of the diodes were 

determined by performing C-V measurements using a HP 4275 LCR meter. A 

sinusoidal ac signal of 50 mV at a frequency of 1 MHz superimposed over the 

bias voltage was used to drive the diode. Capacitance of the diode was 

determined from the measured impedance by the LCR meter by using one of 

the parallel or series equivalent circuit configurations. The series measurement 

circuit was employed for devices with high capacitances and the parallel 

measurement circuit was used for lower capacitances. Since the diodes presented 

in the work have capacitance up to a few tens of pico farads the parallel circuit 

configuration is chosen. C-V measurements were performed on devices with 

different sizes to check if the capacitance scaled with area.  

 

For a one sided abrupt junction the depletion region width, WD, for a reverse 

biased junction with voltage, V, is given as 
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where Vbi is the built in potential, εs is the permittivity of the  semiconductor 

and N0 is the doping concentration of the depletion region. The term 2kT is 

used as a correction factor for the majority carrier diffusion tail at the edge of  

  

Figure 3.1 Electric field profile of an abrupt 3 region diode. 

 

the depletion region. The capacitance of the junction with area, Aj, and 

depletion width Wd is hence given as  

 

d

js

W

Aε
C =  .                                                                         (3.3)       

                                                                                             
The doping profiles of the diodes presented in the thesis were estimated by 

solving Poisson’s equation. Three regions for the p+in+ diodes and five abrupt 

regions for the SAM APDs were assumed. The electric field gradient in each 

region is hence given as  

 

s

0

ε

qN

dx

dξ
=  ,                                                                       (3.4)  

                                                                                               
where ξ is the electric field across the region and εs is the permittivity of the 

material. For a diode with a p+in+ structure as shown in figure 3.1 the doping 

profiles can be estimated. N1, N2, -N3 are the doping concentrations of the p+, i 

and n+ regions respectively (where the negative sign indicated n type doping). 
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For an ideal p+in+ structure the capacitance is inversely proportional to the 

intrinsic region width, wi, when fully depleted. The depletion width is generally 

longer than w due to the depletion in the cladding layers. The depletion region 

widths X1, X2 and X3 were then obtained by calculating ξ(x) (see Appendix A). 

The calculated capacitance was fitted to the experimental data by adjusting the 

values of the doping densities N1, N2 and -N3 along with the intrinsic region 

thickness. A similar approach was used to determine the doping profile for a 

SAM APD structure.  

 

3.3 Photomultiplication measurements 

 
Photocurrent measurements were performed on a reverse biased diode using 

the set up shown in figure 3.2. Light from the laser was focused on the top of 

the diodes using a microscope objective. The focusing of the laser ensures that 

the light does not fall on the edge of the mesa structures giving rise to mixed 

injection of carriers. A white light source was aligned along with a beam splitter 

to aid the focusing of the device captured via a camera and displayed on a 

monitor. The photoresponse of the diode was measured as function of bias 

provided by a Keithley 236 or 237 SMU. Measurements were performed at 

different incident power to ensure primary photocurrents were independent of 

incident power and negate any heating effects on the value of multiplication 

obtained. 

 

The primary photocurrent increases with bias due to the increasing 

collection efficiency. Since the depletion region increases with bias it reduces the 

distance travelled by the minority carries towards the edge of the depletion 

region and hence the increase in primary photocurrent [2]  
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Figure 3.2 Schematic of an AC photomultiplication measurement setup. 

                                                           

For cases where the dark current was significantly lower (2-3 orders) than 

the primary photocurrent, DC measurements were performed to determine the 

multiplication factor. A SMU was used to measure the dark current and the 

total current under illumination of the laser. The dark current was then 

subtracted from the total current to obtain the multiplied photocurrent. For 

devices where the dark currents were higher, phase sensitive (AC) 

measurements were used. This technique allows for measurement of 

photocurrent levels of a few orders of magnitude lower than the dark currents.  

 

Figure 3.2 shows the schematic diagram of the setup used for phase sensitive 

measurements. Light from the laser was modulated at 180 Hz using a 

mechanical chopper. The photocurrent was sensed by measuring the voltage 

drop across the series resistor, RL, using a Stanford Research 830 Lock-in 

Amplifier (LIA). The chopping reference frequency was also supplied to the 

LIA. Iph is hence simply given as Vph/RL. The value of RL was also chosen such 

that a sufficiently large voltage drop appears across the resistor (~μV) while also 

ensuring that most of the applied voltage was dropped across the device.  
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3.4 Simple X-ray spectrometer  

 
X-ray characterisation involves the determination of the pulse height spectra 

of the APD irradiated with characteristic X-ray photons. The spectral resolution 

of the detected energy peaks, low energy threshold and signal to noise ratio are 

determined from these measurements.  

 

A simple X-ray spectrometer is shown in figure 3.3. The system comprises of 

the detector placed 0.5 cm away from an X-ray source along with its bias 

voltage supply, a charge sensitive preamplifier, a shaping amplifier and the 

multichannel analyser (MCA) interfaced via USB to a computer running the 

software required to build the pulse height spectra. The pulse generator along 

with the test capacitor are used only for testing purposes and also used to 

characterise the electronic noise generated by the detector-preamplifier system. 

The spectrometer used in this work is explained in this section along with the 

necessary calibration checks. 

 

 

 

Figure 3.3 Schematic of a simple X-ray spectrometer. 
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3.4.1 Radioactive sources 

 
The APDs investigated in the thesis are primarily for soft X-ray detection. A 

55Fe radioactive X-ray source from HTSL is used for most of the measurements 

[3]. The 55Fe is encapsulated in a welded Monel capsule with a beryllium 

window. The source was covered in an additional cylindrical Perspex sleeve for 

handling purposes. The 55Fe radioisotope has a half life of 2.73 years. The 

energy of photons and their probability of emission are shown in Table 3.1.  

 

Additionally a 241Am gamma-ray source has been used for higher energy 

detection. The 241Am source is preferred for energy efficiency calibration for low 

energy detectors. 241Am is a point source with an activity of 406 kBq. It is in a 

small plastic tile 10mm wide, 23mm long and 2mm thick with source (1mm 

diameter) located centrally. The decay process of 241Am is rather complex, it 

alpha decays to 237Np with majority of the decay populating the 59.5 keV 

gamma ray level. The gamma decays are also accompanied by Neptunium L-X-

rays of high intensity in the 11 -23 keV range. The source has a half life of 432 

years. Principal emissions of the source are also listed in Table 3.1. 

 

 

Radiation 
source  Emission 

probability Energy (keV) 

Mn - Kα 0.245 5.9 55Fe 

Mn - Kβ 0.0338 6.49 

XLα1 0.13 13.95 

XLβ1 0.185 17.75 

XLγ1 0.029 20.78 

γ1 0.0231 26.3 

241Am 

γ2 0.3592 59.5 

 

Table 3.1: Emission data for 55Fe [4] and 241Am (for X-ray [5] and gamma-ray 

[6]) radiation sources. 
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3.4.2 Preamplifier 

 
The signal from the detector is fed to a charge sensitive amplifier with a 

JFET at the input, where the input charge Q collected by the detector is 

deposited on the feedback capacitor, Cf, of the amplifier which produces a 

voltage step of magnitude Q/Cf. Hence the voltage step at the output is 

proportional to the charge deposited at the input. 

 

The preamplifier used here is an Amptek A250 CoolFET charge sensitive 

preamplifier shown in figure 3.4 [7], where the input JFET is cooled to -50°C 

using a two stage Peltier cooler. Cooling the JFET reduces the shot noise 

generated by the JFET gate leakage current and also increases its 

transconductance which helps reduce the electronic noise in the preamplifier.  

 

 

 

Figure 3.4 Block diagram of an Amptek A250 CF charge sensitive preamplifier. 

 

In order to limit the series white noise of the preamplifier, the input 

capacitance should be comparable to the JFET input capacitance. Two choices 

of capacitances are available (using JFET 1 and 2 with CGS = 8pF and JFET3 

has C = 30pF) for high and low capacitance detectors. The JFET with C = 

8pF is chosen for these measurements as most of the APDs used in the work 
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have capacitances below 25 pF. The preamplifier input is AC coupled. The 

detector is biased through a biasing resistor Rb = 330 MΩ and a high voltage 

low pass filter in preamplifier using a Keithley 2400 SMU.  

 

The amplifier decay time of 500 μs is limited by the value of resistor Rf = 1 

GΩ. The resistor is used to discharge the feedback capacitor and also establish a 

DC operating point to the amplifier. The feedback resistor will add to the 

thermal noise of the detector and its choice depends upon the shot noise from 

the leakage current of the detector and the input JFET. For low levels of 

leakage current a large resistor is necessary. 

 

For calibration and noise measurements the detector output signal was 

simulated by a rectangular pulse generator coupled to a small 0.5 pF test 

capacitor. An Agilent 81101-a precision pulse generator was used to generate a 

square pulse with a rise time of 10 ns and a period of 100 μs. Charge is only 

transferred during the transition time of the pulse and is simply given as Q = 

CtestV, where Q is the charge transferred and V is the amplitude of the test 

pulse. The noise measurement is performed with the post amplifier and detector 

connected accounting for the total system noise. 

 

3.4.3 Post amplifier 

 
The preamplifier output is shaped using a pulse shaper. As described in 

chapter 2, pulse shaping techniques help improve the resolution of the 

spectrometer by improving the signal to noise ratio. The width of the output 

pulse from the preamplifier is reduced which makes it suitable for higher count 

rate applications without pile-up. An Ortec 570 shaping amplifier is used for the 

purpose [8]. The output of the shaping amplifier is a unipolar semi Gaussian 

pulse. The semi Gaussian shape is achieved by using a differentiator in cascade 

with an active integrator circuit, as shown in figure 3.5. The shaping time 

constant can be varied to obtain the best resolution from the detector. The 

choice of shaping time depends on the parallel and series white noise 
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contribution from the detection system. The shaped signal is also suitable for 

pulse height analysis using an MCA.  

 

 

 

Figure 3.5 Schematic of the pulse shaping amplifier with a single stage 

differentiator followed by an active integrator in cascade, to produce a quasi 

Gaussian pulse shape. 

 

The amplifier consists of an active filter shaping network that optimises the 

signal to noise ratio and reduces the pulse width. The differentiator in the 

shaping network produces an undershoot due to the exponential tail in the 

preamplifier output step signal. Pole-Zero (P-Z) cancellation technique is used 

whereby the pole created by amplifier pulse decay is cancelled by the zero of the 

shaping network. This is particularly important for higher count rate 

spectroscopy applications.  

 

The test input can be used to configure the shaper output. The different 

gain and shaping time constant are adjusted from the front panel dials placed 

on the amplifier. Each time either the gain or the shaping time is adjusted the 

pole-zero correction of the amplifier needs to be checked and adjusted. This step 

is particularly crucial for fast count rate applications.  
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Figure 3.6 Semi Gaussian output from shaper with shaping time of 2μs using a 

test pulse.  

 

Figure 3.6 shows the output for a shaping time constant of 2 μs normalised 

to its peak amplitude. The FWHM is 4.7×10-6s, which is approximately equal to 

2.36 times the shaping time of the amplifier. 

 

The signal generated by the preamplifier using a pulse generator to simulate 

the detector can be used for P-Z adjustment. When connected to the shaper this 

produces unipolar semi Gaussian pulses of both positive and negative pulse 

captured using a Lecroy Waverunner oscilloscope shown in figure 3.7. The 

shaping amplifier can be adjusted for P-Z by using a screw potentiometer 

provided on the front panel until no undershoot is obtained. The figure shows 

the unipolar Gaussian pulse (with 2μs shaping time) for each transition of the 

square wave signal with P-Z adjusted. 

 

For high count rate applications where pulses created by absorption of 

radiation are in quick succession, the P-Z cancellation becomes crucial. If a 

pulse arrives at the post amplifier when the previous pulse has an 

undercompensated P-Z adjustment, the negative undershoot can reduce the 

actual pulse height measured by the MCA, causing deterioration in the 

measured energy resolution of the radiation peak. Similarly overcompensation 
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can also limit the energy resolution. The P-Z cancellation effects are much less 

significant at lower count rates. 
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Figure 3.7 Output of preamplifier (red) and shaping amplifier (black) with a 

square wave input test signal.  

 
 

3.4.4 Multichannel analyser 

 
The shaped signal can now be used for pulse height analysis; the shaper 

output is connected to an Ortec easy MCA that is interfaced to a PC which is 

operated with Ortec’s proprietary MAESTRO software package [9]. The semi 

Gaussian pulse height is sampled and converted to a digital value with an 

inbuilt ADC (Analog to Digital Converter) and binned into channels to build a 

histogram of the pulse height. The Ortec Easy MCA has a maximum of 8192 

channels. The numbers of channels are selected depending on the required 

resolution of the spectrum being collected. A simple expression that gives the 

channel requirements for a detector is shown below  

 

H

FWHM
R =  ,                                                                   (3.6)                                                                                 
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where R is the required resolution of the detector, FWHM is the full width at 

half maximum of the peak and H is the mean peak pulse height. In general the 

FWHM is required to be represented by at least 5 channels [10].  

 

 

Figure 3.8 MCA linearity obtained using an electronic test pulse. 

 

The BUSY signal from the shaper was used for dead time correction by 

connecting it to the BUSY input of the MCA. The pulser signal that was 

previously used as an input to the preamplifier produces a single peak in the 

collected spectra. The peak shifts to higher level in the MCA channel when its 

amplitude is increased. The FWHM at that peak can be directly obtained from 

the spectrum. An MCA calibrated with known energy sources will also give the 

FWHM in keV. 

  

Ideally, a MCA should have linear conversion of pulse height to channel 

number. The linearity of the MCA is tested by recording the channel numbers 

with pulses of different known heights. The peak channel number is then plotted 

against the pulse height as shown in figure 3.8.  The linearity is then given as 

the maximum deviation of the measured curve from a best straight line fit for 

the data. This data includes the uncertainties from the pulse generator and the 

preamplifier and hence represents the total system linearity. In order to test the 

pulse height to energy relation, a calibrated energy source is needed. The 

relation will also include the non linearity introduced by the detector used. 
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Figure 3.9 241Am spectra collected from a BPX65 diode. 

 

The system was used to measure spectra from 241Am gamma-ray source. A 

commercially available Centronic BPX65 Silicon photodiode was used as the 

detector. The device has low dark current in the pA range. The source was 

placed directly above the detector with its active area facing the top surface of 

the diode. The collected pulse height spectrum is shown in figure 3.9. The MCA 

can be calibrated by the two adjacent known energy doublet peaks of 13.9 and 

17.8 keV respectively. In order to determine the energy resolution, the peak 

which corresponds to the energy at which maximum numbers of photons are 

emitted by the source (59.5 keV) was considered. Approximately 35% of the 

photons emitted by the source are of this energy. A FWHM of 1.89 keV was 

obtained at a reverse bias of 15 V corresponding to an energy resolution of ER = 

3.1%. 
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Chapter 4 Avalanche gain and energy 
resolution of APDs 

 

 

 

4.1 Introduction 

  
Using compound semiconductors for X-ray detection offers more flexibility in 

detector design than using elementary Si and Ge. A wide band gap material 

offers better room and high temperature operations in hostile conditions with 

good spectral response while small band gap materials can offer higher spectral 

resolution provided the noise in the system is kept to a minimum. Compound 

(III-V) semiconductors have been used for detection of soft X-rays, while APDs 

have the added benefit of enhancing the signal to noise ratio of a detection 

system through avalanche gain. However, since avalanche multiplication is a 

stochastic process it can degrade the energy resolution of X-ray detectors. This 

depends on a number of factors such as the APD structure and constituent 

material parameters along with the incident photon energy. Despite the 

potentials in compound semiconductor APD detectors, there has been limited 

work on gain optimisation strategies in these detectors. 

 

Conventionally the experimental energy resolution of semiconductor X-ray 

APDs has been interpreted using a semi empirical expression as follows [1, 2], 

 
2

EN
22

total )(FWHM1)E/-F(f)(2.36  )(FWHM ++= εε   ,  (4.1) 

 
where FWHMEN accounts for the electronic noise arising from the amplifier and 

noise from the APD dark current and capacitance. 

 

The first term on the right hand side of equation 4.1 includes the statistical 

errors from two fundamental sources. The first is the fano factor, f, which 

relates N, the number of primary EHPs, to the variance of primary EHPs, 
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σehp

2 = Nf .        (4.2) 

 
The second mechanism captures the effect of gain distribution of APD if the 

absorbed photons obey Poissonian statistics (this is generally acceptable for 

visible photon absorption but less obvious for X-ray photon absorption that 

leads to a large N). In conventional APDs where the avalanche process is seeded 

by a single EHP, the variance is 

 
σAPD

2 = <g2> - M2 = (F-1) M2,     (4.3) 

 
where F is the excess noise factor that characterises the gain fluctuation and g is 

the gain associated with each individual absorbed photon, Since an injected 

EHP does not always produce the same gain under a given set of conditions and 

can be approximated using [3]. Note that equation 4.3 is true for pure electron 

(or pure hole) injection case which can be easily achieved in conventional APD 

but much less likely in X-ray APD due to the significantly larger mean free path 

length of incident photons (this will be revisited in section 4.3.2). However to 

obtain an approximate analytical expression the following assumptions are made 

in equation 4.1 (i) equation 4.3 is assumed to be applicable and (ii) the carrier 

injection into the avalanche region is pure such that a single value of F is 

applicable. Since the two mechanisms are independent of each other, using the 

error propagation formula the final variance scaled by M2, is given by  

 

( )APD
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2 NσσM
M

1
σ += .      (4.4) 

                                             
Using (4.2) and (4.3), and N = E/ε we have 

 

1)F(f
ε

E
σ 2 −+= .       (4.5) 

   
Assuming a Gaussian distribution for the output signal, its FWHM is given 

by 2√ (2 ln2)σ ~ 2.36σ. Using (4.5), the FWHM expressed in energy is  
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1)F(f
ε

E
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Although 4.1 can be used for quantitative analysis of the APDs energy 

resolution, it has not been shown whether F can explain the avalanche gain 

distribution accurately for X-ray APDs. Recently Barnett et al. [4] analysed the 

energy resolution data of an AlGaAs soft X-ray APD from [5] by including 

avalanche multiplication from the p+ and i-layers in the APDs. This model 

predicts the bimodal distribution in the energy spectra but was unable to 

include accurate distribution of the avalanche gain. 

 

In this chapter a detailed analyses of the avalanche gain distribution of 

semiconductor X-ray APDs is presented. The effect of the incident photon 

energy, material EHP creation energy, ionisation coefficient ratio and the mean 

gain among others were studied using simulations. Analytical equations have 

been previously derived by McIntyre to access the relationship of avalanche gain 

and the number of injected EHPs [6]. These equations do not include the non 

local effects that can affect avalanche gain statistics. The model presented in 

this work includes the carrier dead space. Since X-ray absorbed across the 

device leads to a mixed injection of carriers across the avalanche region the 

dependence on the EHP creation position is also accounted for. The model can 

be used to predict the realistic gain distribution profile of the APD, This allows 

for the accurate prediction of the energy resolution broadening caused by the 

randomness of the avalanche process. 

 

4.2 Model  

 

A brief summary of previous work in determining the avalanche gain 

distribution of APDs is presented. The probability density functions of the gain 

in an avalanche region with uniform electric field have been previously 

presented by McIntyre [6]. Following [6] we have for a depletion region of width, 

w and pure electrons injected at position x = 0 into the avalanche region, the 
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probability Pn,n+r that r ionisation events taken place in the avalanche region at 

position x1,x2,….xr  generating n + r electrons at the output is given as 
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where pn,n+r is given by the product of the probability density that ionisations 

occur at x1,x2,….xr , p1(n,r) and the probability that no ionisations occur  

elsewhere, P2(n,r). The model is difficult to solve analytically hence an 

assumption of k = β/α is made such that k is independent of the electric field  

The approximation of the probability distribution function is given as [6] 

 
k)kr)/(1(nr

rnn,
krn

k)Xn(1
1

r

nX
1

kr)r)r)(n(n(2

n
P

−+

+ 







+

−
+








−

++
=

π                                                                                                   

, (4.8) 

 
where X = (n+r-nM)/nM = a - 1, where a = n+r/nM is the ratio of the actual 

gain to the mean gain, M. The equation above has been used to model the 

experimentally obtained values for a Si reach through APD [7]. An effective 

value of k = 0.028 was shown to provide a good fit with the experimental data 

for a range of multiplication values, with k being the only adjustable parameter.  

 

Other models has been developed to provide an alternative to McIntyre’s 

models [8-11] which were primarily developed to study the bit error rate 

performance of APDs used in optical telecommunications systems. Moment 

generating functions of the avalanche gain were obtained for the case of equal 

ionisation coefficients and the case of single carrier ionisation [10]. A generalised 

moment generating function of the gain as a function of k and M has also been 

derived [11]. Since no analytical solution was available the functions had to be 

solved numerically. This approach was shown to corroborate with the study by 

McIntyre.  
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All the above models assume a constant ionisation probability along the 

avalanche region such that the ionisation probability is independent of the 

carrier history. From a realistic standpoint, every single carrier generated needs 

to travel a certain distance before it can gain sufficient energy to initiate an 

ionisation event. This is defined by the carrier ‘dead-space’ and is dependent on 

the strength of the electric field and the threshold energy for impact ionisation.  

Significant dead-space is shown to reduce the avalanche multiplication and 

excess noise factors in a range of semiconductor materials [12-15]. The good 

agreement with McIntyre’s model [6] with experimental results by Conradi [7] is 

obtained due to the thick avalanche region Si APD used in the measurements 

negating effects of dead space. Current APDs have depletion regions that are 

significantly smaller which make the dead space an important factor.  

 

Another limiting factor of the model in [6] is that it does not take into 

account the carrier velocity. This is plausible if the bandwidth of the APD is 

significantly larger than the rate of the incoming signal. X-ray detectors with 

good timing resolution are necessary for high count rate applications, where the 

speed of the APD can be a limiting factor. Additionally, the probability 

distribution functions have been accurately predicted using the above 

expressions for pure injection of carriers into the avalanche region. X-rays are of 

considerably higher energy and hence are absorbed throughout the active region 

of the diode resulting in mixed injection carriers into the avalanche region. 

Hence in practical X-ray APDs a more complete model that takes into account 

the mixed injection of carriers is needed.   

 

Hayat et al. have incorporated dead space effects and finite carrier velocity 

to access the bit error rate performance of the APD using recursive equations 

[16]. In these analyses, the probability density function (PDF) of the injected 

charge was assumed to be Gaussian. Another sampling technique to 

approximate the PDF of the charge is shown [17]. For energy resolving X-rays a 

model that takes into account the ionisation dead-space and distributed 

generation of charge all across the avalanche region is needed to generate 

realistic gain distribution of X-ray APDs. Monte Carlo models from full band 
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[18] to simple [19, 20] have been used to study the avalanche properties of 

semiconductors. A Random Path Length (RPL) model that has been developed 

to accurately model M and F in a wide range of semiconductor materials is 

chosen for this purpose [21-24].The RPL model was chosen as it can incorporate 

dead space and carrier velocity effects without the analytical difficulties 

associated with the integral technique [17], Initial results that exclude dead 

space are compared with those obtained from equation 4.8 to determine its 

validity.  

 

In the RPL model, the random ionisation path length of an electron, xe, is 

described by the ionisation path length probability density function, he(xe). In 

the simulations, xe is determined by substituting uniformly distributed random 

number R between 0 and 1 into the survival probability, Se(xe), which is given 

by  

( ) ( )dxxh1xSR
ex

0
eeee ∫−== .                                            (4.9) 

 
In conventional APD simulations to obtain M and F, an EHP is injected at 

a position,ζ within an avalanche region width of w. The avalanche process is 

initiated by choosing a random path length xe (for w ≥ ζ + xe) and under the 

assumption that the electron travel from left to right of the avalanche region.  

An electron hole pair is created at position (ζ + xe), along with the initial 

primary electron. The process is repeated for all primary and secondary 

electrons until they exit the avalanche region. By replacing xe and Se(xe) by xh 

and, Sh(xh), a similar approach is applied for all the holes (travelling from right 

to left) until their exit at ζ = 0. 

 

In each simulation trial, an X-ray photon interaction with the detector will 

generate a large number of EHPs depending on the photon energy and ε of the 

absorber material. Assuming that all the EHPs are created within a small 

distance of the position of interaction, appropriate numbers of EHPs are 

injected at the photon absorption position. The model tracks each carrier’s 

journey through the avalanche region until its exit. The avalanche gain of each 
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trial, g, is then given by the ratio of the total number of final EHPs to the 

number of injected EHPs. At least 10000 trials were simulated for a given set of 

conditions to give gain distribution functions, P(g), which are statistically 

accurate. Full width at half maximum of the gain distribution function, 

FWHMg, can be obtained from P(g) that indicates the detector energy 

resolution. Mean gain, M, is also obtained from P(g).  

 

4.3 Results 

 
The following sections present an intensive analysis of the dependence of the 

gain distribution on the incident energy its path length through the absorbing 

material and the ionising properties of the constituent material.   

 

4.3.1 Dependence on material parameters and incident photon 
energy 

 

To analyse the dependence of the gain distribution on the material electron 

hole pair creation energy and the interacting photon energy, probability 

distribution functions of the gain, P(g), for a mean gain, M = 10, simulated by 

injecting different number of EHPs at ζ = 0 and assuming k = 1, are compared 

in Figure. 4.1. P(g) changes from a quasi-exponential distribution for injection 

with a single carrier to a Gaussian like distribution for injections with large 

numbers of EHPs (> 1000). For a single injected carrier a large spread in the 

gain is obtained. Since a large number of these electrons injected fail to impact 

ionise while a certain number of electrons ionise readily to produce 

multiplication values well above a factor of 10.  

 

While the equation given in (2.23) successfully models the excess noise for 

the single carrier injection it is insufficient for carriers generated by X-ray 

absorption since the absorption of X-ray creates a large number of EHPs that 

lead to different distribution of P(g). P(g) is also strongly dependent on the 

position of interaction of individual X-ray photons which requires the 
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consideration of the carrier generation profile across the active region of the 

detector to be considered to determine the real distribution.  

 

 

Figure 4.1 Simulated gain distributions for different numbers of EHPs (1 to 

10000) injected at position ζ = 0 assuming k = 1. Each simulation yields a 

mean gain of 10. The pseudo exponential distribution for a single carrier rapidly 

converges to a Gaussian as higher numbers of EHPs are injected. 

 

The results for pure injection of carriers are verified using McIntyre’s model 

as shown in figure 4.2. P(g) is simulated for different k values. The solid curves 

are directly obtained from equation 4.8. Good agreement between the two is 

seen for the computed values. 

 

The excess noise factor F, conventionally given by <g2>/<g>2 is 

concurrently computed for increasing EHPs and is seen to rapidly approach 

unity as shown in Figure 4.3(a). Similarly, with the increasing number of EHPs 

injected the FWHM of P(g),  FWHMg, reduces as shown in Figure 4.3(b). Since 

a large number of primary carriers are injected the non- ionising carriers are 

easily compensated by carrier that ionise repeatedly to create large 

multiplication chains, leading to a much more deterministic ionisation process 

and a smaller FWHMg. P(g) is hence expected to converge to a delta-like 

function for very large number of EHPs. Hence using conventionally obtained 

excess noise factors to determine the spread in the energy resolution due to 
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avalanche noise is incorrect and can lead to overestimation of the degradation of 

the energy resolution due to avalanche statistics.  

 

 

Figure 4.2 Comparison of P(g) obtained from McIntyre’s equation 4.8 (solid) 

with those generated from the RPL model (symbols) for n=1000, M =10. 

 

 

 

Figure 4.3 Variability of the (a)the excess noise factor and (b) FWHMg of P(g)  

with the number of EHPs injected at position ζ = 0. The value k = 1 and M = 

10 are used in the simulations.   
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For interactions with high energy X-ray photons the number of EHPs 

produced is large, suggesting that the avalanche gain can improve the energy 

resolution and overall signal to noise ratio of the X-ray APDs. For low energy 

X-rays, chosen with a small ε will give large number of EHPs which is desirable 

to achieve a narrow P(g). 

 

 

Figure 4.4 Simulated P(g) for M = 10 with 1000 injected EHPs and different 

values of k = 0.01, 0.1, 0.5 and 1.0. 

 

A further analysis was undertaken to assess the influence of ratio of 

ionisation coefficients. The dependence of P(g) on k, using simulations with 1000 

EHPs injected at ζ = 0 and M = 10 was assessed. The results are compared in 

Figure. 4.4. Identical ionisation coefficients for electrons and holes, i.e. k = 1, 

produces the broadest P(g). As electron and hole ionisation coefficients, become 

increasingly dissimilar i.e. k approaching 0, P(g) narrows rapidly. More 

interestingly an analysis of the number of EHPs required to achieve a given  

FWHMg, ~0.7 used in this case, shows that the minimum number of injected 

EHPs required increases with M and k. Simulations were carried out for 

different values of M (5 to 20) and k (0.01, 0.1, 0.5, and 1.0) and are shown in 

Figure 4.5. Hence to achieve a given FWHMg at low photon energies (small 

number of EHPs), in addition to the requirement for a material with a small ε, 

a material with a low k is preferred. Similarly for higher values of M, there are 

more statistical fluctuations in the ionisation of the injected EHPs, requiring 

more injected EHPs to reach  FWHMg ~ 0.7.  
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Figure 4.5 Minimum number of EHPs required to achieve a distribution of P(g) 

with linewidth (FWHM~0.7), as a function of k, for M in the range from 5 to 

20. 

 

Although avalanche gain will always add to the spread in energy resolution, 

it can also help to significantly improve the signal to noise ratio of the detection 

system. The model can be used to determine the maximum value of M for an X-

ray APD at a given FWHMg to ensure the highest signal amplification without 

degrading the energy resolution, through the number of EHPs generated by the 

X-ray photon. The choice of operating gain will ultimately depend on the 

electronic noise from the leakage current of the APD and read out electronics. 

In the example presented in Figure 4.5 where the X-ray photon generated 1000 

EHPs per interaction before the avalanche region such that carriers are injected 

at ζ = 0 in materials with k = 0, 0.1, 0.5 and 1, the maximum value of M to 

achieve  FWHMg ~ 0.7 would be 9.97, 7.66, 6.15 and 5.36, respectively. For a 

detection system where the series white noise is larger than the noise 

contribution from the leakage current flowing through the detector, a material 

with a small k value can be operated at higher M without degrading the energy 

resolution. Although materials with comparable electron and hole ionisation 

coefficients tend to show the highest deterioration in the energy resolution, they 

would still be acceptable for detection of higher energy X-ray photons due to 
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the larger number of primary EHPs available for impact ionisation. If the 

avalanche noise becomes comparable or larger than the noise originating from 

the electronics no improvement in the overall signal to noise ratio will be seen.  

 

4.3.2 Dependence on carrier injection position 

 
Since X-rays are of considerably higher energy their mean free path length 

through a semiconductor APD can be a significant portion of the active region 

thickness. Thus even in the soft X-ray range absorption can take place all along 

the avalanche region of the detector. The absorption profile has to be considered 

in order to assess the actual deterioration due to avalanche gain in practical 

applications. Simulations at different injection positions for k = 1.0 and M = 10 

were carried out. The results of P(g) with injection positions, 0 ≤ ζ ≤ w, are 

compared in Figure 4.6(a). In conventional APDs the mean gain is independent 

of injection position, a similar trend is seen in the simulated P(g) which is 

invariable to the charge injection position.  Hence for materials with k = 1, the 

statistical broadening of P(g) only depends on the mean gain M and the number 

of EHPs injected, This allows for absorption of photons within the depletion 

region of the APD without a compromise on both the energy resolution and 

quantum efficiency. A simple p+in+ diode with a constant electric field profile in 

the i-region would thus be adequate for higher energy X-ray APDs. 

 

To analyse the dependence on injection position for disparate ionisation 

coefficients, the simulations were repeated for k = 0.5. Figure 4.6(b) shows that 

the gain distribution is strongly dependent on the injection position. For such 

cases where the X-ray photons are strongly absorbed throughout the avalanche 

region, P(g) with consequentially be a discrete sum of the individual P(g) due to 

carriers generated at each photon interaction position ζ where  0 ≤ ζ ≤ w, 

resulting in a broad distribution of P(g). Absorption of photons in the avalanche 

region is hence detrimental when k ≠ 1 and needs to be minimised by design. 
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Figure 4.6 Simulated P(g) for (a) k = 1.0 and (b) k = 0.5, when the injection 

position varies from ζ = w to 0, in steps of 0.1w. P(g) is invariable to injection 

position when α = β. 

 

 

 

Figure 4.7 Schematic of a p+in+ diode illustrating its distributed carrier 

generation profile. 

 

The position dependent distribution of P(g) can be modelled and is 

illustrated for a simple p+in+ diode shown in Figure 4.7. Consider X-ray photons 

at a rate Ao photons per second and per unit area from the top p+ surface of a 

p+in+ diode with p+, i, n+ region of widths Xp, w, and Xn, If ϕ is the absorption 

        p+ i n
+ A0φ 
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po XexpA ϕϕ −  

        Xp 

 

        Xn 

 

distance, ζ 
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coefficient of the diode then the rate at which EHPs are generated in the p+ and 

n+ region denoted as Ap and An respectively are given as 

 
( )( )pop Xexp1AA ϕ−−=

                                                 (4.10) 

 
( )( )npon Xexp1w))(Xexp(AA ϕϕ −−+−=

                           (4.11) 

 
Accounting for the position dependent gain distribution, P(g, ζ), where ζ is 

calculated from the p+/i  region interface of the diode, the cumulative gain 

distribution of the diode is given by, 

 

w) , P(gAζ)dζ)exp(Xexp(Aζ) P(g,0)  P(g,AP(g) npo

w

0
p +−−∫+= ϕϕϕ

, (4.12) 

 
The above equation can be now used to determine the gain distribution of 

diode with different attenuation coefficients and active layer thickness (with 0 > 

ζ < w).  To exemplify the dependence on these factors and ultimately the 

photon interaction position, P(g) is simulated for different values of ϕXp = 0.1, 

0.5 and 1.0, assuming that w = 2Xp = Xn and k = 0.5. The results that have 

been simulated to achieve a pure electron injection mean gain of 10 are 

compared in Figure 4.8. 

 

When φXp is large, most of the photons are absorbed in the p+ region 

resulting in the pure injection of electrons into the avalanche region. The 

cumulative gain distribution is thus largely dependent on the first term, ApP(g) 

in equation 4.12, resulting in a peak gain of 10.  Photons absorbed in the n+ and 

i region of the diode will also broaden the cumulative distribution. The peak at 

a gain of 5.5 in figure 4.8 is largely due to the ionisation events initiated by 

holes generated in the n+ region of the diodes. When all the photon are 

absorbed in the p+ region of the diode, no secondary peaks occur and P(g) of 

the profile shown in figure 4.8 (solid curve) is obtained. 
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Figure 4.8 P(g) due to distributed photon absorption in a p+in+ diode calculated 

using (equation 4.12), the ratios of photon absorption coefficient and epilayer 

thickness are shown in the legend.  

 

Conversely when φXp is small, photons are weakly absorbed throughout the 

p+, i and n+ regions, resulting in a broad distribution (computed in figure 4.8 

(dashed curve) for φXp = 0.1). The larger peak at 5.5 and a second smaller peak 

at 10 obtained are consistent with the experimental results presented in [5] 

where an APD with a similar absorption profile was used to detect 5.9 keV X-

rays. The model is compared with experimental data obtained from a 

GaAs/Al0.8Ga0.2As APD in chapter 6. The peaks at g = 10 and g = 5.5 are 

determined by ApP(g,0) and AnP(g,w) respectively. The intermediate gains 

between the two peaks and the overall distribution are determined by the 

integral of the middle term in equation 4.12.  

 

When φXp is small the dependence of the distribution on the middle term 

increases with the avalanche region width for materials with disparate ionisation 

coefficients. The reliance on the intrinsic region width is mitigated when φXp 

increases. This effect is illustrated in figure 4.9 for the same case of k = 0.5 and 

a mean gain 10, for φXp = 0.1 and 0.5 each with w = Xn and 4Xn. The 

simulated curves in figure 4.9(b) show that increased absorption in the 

avalanche region can severely impede the peak resolving capability of the APD.   
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Figure 4.9 P(g) due to distributed photon absorption in a p+in+ diode (a) φXp  

= 0.5 (b) φXp  = 0.1 each with w = Xn (solid) and 4Xn.(dotted). 

 

For k ≠ 1, when most of the X-ray photons are absorbed before the 

avalanche region, the results strongly suggest that a minimum spread in the 

gain distribution occurs. This can be practically achieved by either having the 

photons absorbed in the p+ region of the device ( limited to by the minority 

electron diffusion length of the material) or within an absorption region with 

sufficiently low electric field to ensure unity gain, such as in a separate 

absorption and multiplication region APD, to achieve the best possible energy 

resolution. 

 

4.3.3 Effects of ‘dead space’ on the avalanche gain distribution 

 

The local model predicts an ionisation path length PDF of a carrier that 

exponentially decays from its point of creation. Although as discussed before 

each carrier has to traverse a dead space before it can gain sufficient energy to 

impact ionise. Significant dead space effects are known to reduce both the 

multiplication and excess noise factors in APDs with submicron (typically < 0.5 

µm) avalanche regions [23, 24]. The local model is hence only valid when the 
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dead space is insignificant compared to the avalanche region width, w and the 

distance between consecutive ionisation events. Hence the gain distribution, 

P(g), is also a function of the carrier ionisation dead space. Self contained 

models like the Monte Carlo techniques have been previously used to compute 

accurately the multiplication and excess noise in a range of APDs [18-20].  

Recessive techniques and RPL model which are less cumbersome than the 

Monte Carlo models have also been successfully used to model the reduced 

multiplication and excess noise in APDs [16, 17]]. The RPL model described 

earlier in the chapter is used with a hard threshold for the dead space. The 

assumption of the hard threshold is reasonably plausible but care has to be 

taken when used this approach for avalanche region width < 0.1 μm, where the 

dead space can be a very large fraction of w. This section presents a study of 

potentially important effects of carrier’s ‘dead space’ in impact ionisation on the 

energy resolution of X-ray APDs. The effects of dead space on mixed carrier 

injection and its subsequent effect on the gain distribution is also studied.  

 

For an avalanche region with a uniform electric field profile, the hard 

threshold limited ionisation path length PDFs can be given as, 
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where α*and β* are the non-local ionisation coefficients for electrons and holes 

respectively. The hard threshold dead space de (dh) for the electron (hole) can be 

calculated ballistically as 
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where Ethe (Ethh) is the electron (hole) ionisation threshold energy. The local 

ionisation coefficient α and β for electron and hole respectively are related to 

non-local coefficients by the following relation, 
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Random electron and hole ionisation path lengths are then computed and 

the multiplication and subsequently the PDFs are generated using the method 

described in section 4.2. 

 

To study the effects of dead space on P(g), simulations were carried out for 

k ≡ β/α = 0.1 and 0.5 with 1000 EHPs injected per trial at ζ = 0, covering 

mean gains of M = 5 to 20. Identical electron and hole dead spaces, d, were 

assumed for simplicity. Significance of dead space in the simulations was varied 

by using the ratio d/w = 0 and 0.3. The ionisation coefficients were 

appropriately adjusted to maintain the same M for cases with different d/w 

values. Figure 4.10 compares the FWHMg given as a percentage of the mean 

gain for k = 0.1 and 0.5. The FWHM is computed as a percentage of the mean 

gain to ensure a fair comparison of the change in distribution at different mean 

gain values. For a given k value, FWHMg reduces when dead space is increased. 

This is because significant dead space results in a more deterministic ionisation 

process which narrows P(g). Conventional APDs used for light detection are 

known to exhibit lower than expected excess noise factors when dead space 

becomes more significant in these avalanche regions. For d/w = 0.3, P(g) 

becomes narrower as k approaches zero (α and β become disparate), as shown 

by the smaller FWHMg in figure 4.10. This trend with decreasing k is consistent 

with the observation made previously where no dead space was accounted for. 
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Figure 4.10 FWHMg as a percentage of mean gain for k = 0.5(�) and k = 

0.1(○), each with d/w =0 (closed symbols) and 0.3 (open symbols). 

 

The decreasing FWHMg with increasing d/w ratio can be explained as 

follows. The randomness in the multiplication value obtained is largely 

determined by the variance of the ionisation path length of the electron. For the 

simulated range of d/w ratio from 0.1 to 0.3 the probability of the electron 

ionising has the highest value just after it has traversed its dead space and 

hence an electron hole pair is created (in addition to the original electron) 

thereafter. The secondary carriers also have a probability of ionising before their 

exit from the avalanche region. The impact ionisation process is strongly 

dependent on he(xe) of the primary electron. With increasing dead space the 

variance of ionisation path length PDF becomes smaller leading to a narrower 

PDF. Hence there is a significant reduction in the uncertainty of the ionisation 

of primary electrons. Due to the large number of primary electrons injected from 

an X-ray photon absorption event, the multiplication process is highly 

deterministic. This reduction in the fluctuation in the multiplication process 

leads to P(g) with decreasing  FWHMg at larger d/w values. 
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Figure 4.11 (a) FWHMg   as a percentage of the mean gain across the avalanche 

region for k = 1 (○), k = 0.5 (�) and k = 0.1(□), each for d/w = 0 (closed 

symbols) and 0.1 (open symbols). (b) Simulated corresponding mean gain across 

the avalanche region. 

  

So far we have considered the case where EHPs are injected at ζ = 0, 

resulting in pure electron initiated impact ionisation. When k ≠ 1, P(g) varies 

with the charge injection position within the avalanche region. Since the effect 

of dead space is not known for the mixed injection condition, the gain 

distribution is simulated for 1000 EHPs, varying the injection position from ζ = 

0 to ζ = w. The ionisation coefficients are appropriately adjusted such that all 

simulations conditions yield a multiplication factor, M = 10 at ζ = 0. Figure 

4.11(a) compares the simulated FWHMg, expressed as a percentage of M versus 

injection position, for k = 1, 0.5 and 0.1 (with and without dead space effect). 

Equal electron and hole dead spaces given by the ratio d/w = 0.1 have been 
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assumed in these simulations. The corresponding mean gains are shown in figure 

4.11(b). 

 

From figure 4.11(a), it is clear that for a given set of k (for k ≠ 1) and d/w, 

injection position of ζ = 0 yields the smallest FWHMg and largest M, as the 

simulations assumed that the electrons impact ionise more readily than holes i.e. 

α >β. A similar approach can also be applied to the case where holes have a 

higher ionisation probability. As ζ varies from 0 to w, FWHMg increases and M 

decreases. Although k = 1 gives constant gain independent of the injection 

position, which is desirable in minimising distribution in gain across the 

avalanche region, it gives the largest  FWHMg, in comparison to k = 0.5 and 

0.1. When dead spaces in the avalanche regions are considered, FWHMg 

improves for all k values, with k = 1 showing the largest reduction. Thus for k 

= 1, in avalanche regions with significant dead space, an improvement in 

FWHM can be achieved when pure electrons (or holes) are injected without a 

reduction in M. The effect of dead space on the reduction in M, for k < 1 is 

observed to be less significant as k approaches 0.  

 

To analyse, the dependence of M(ζ) and P(g, ζ) with varying injection 

position , ζ, across the avalanche region we consider the simple case of k = 1. 

Figure 4.12 shows the  FWHMg of P(g, ζ) and M(ζ) with  1000 EHPs injected 

across the avalanche region with d/w = 0.2. For k = 1, the FWHMg and M(ζ) 

characteristics are symmetric about the centre of the avalanche region. As EHPs 

are injected from the edge of the avalanche region towards w, the value of M(ζ) 

drops to a minimum at ζ = 0.2w. For all the EHPs injected before ζ = 0.2w 

only the primary electron can ionise and its ionising probability keeps 

decreasing as the injection position approaches ζ = 0.2w. For ζ > 0.2w, both the 

primary electron and hole have a finite probability of ionising and hence the 

multiplication value increases from the minima. It retains almost a fixed value 

before falling to a minimum at ζ = 0.8w, as the electron and hole have equal 

ionising probability it rises back to its maximum at ζ = w.  Consequently the 

injection position also has effects on the distribution of gain, P(g) leading to a 
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change in the  FWHMg. For k = 1 considered here the avalanche multiplication 

process depends heavily on the ionising probability of the secondary EHPs 

created. The primary electron ionisation probability reduces as the injection 

position approaches ζ = 0.2w, it causes a large fluctuation in the multiplication 

obtained for each photon absorption event causing an increase in the FWHMg of 

P(g). The value of FWHMg peaks at ζ = 0.2w after which it stays at a constant 

value until ζ = 0.8w. Although for ζ > 0.2w the ionisation probability of the 

hole increases there is no reduction in FWHMg or increase in M(ζ). The 

uncertainties of ionisation in the large number of primary electrons injected per 

absorbed photon (1000 in this case) are seen to mitigate the increasing 

ionisation probability of the injected hole. The FWHMg drops after ζ > 0.8w 

and reaches a minimum again at ζ = w. 

 

 

Figure 4.12 FWHMg (dashed) as a percentage of the mean gain (solid), M along 

the avalanche region for the case k = 1.  

 

As dead spaces become significant only in thin avalanche regions, the 

improved  FWHMg shown in figure 4.11 {a) will only be achieved using these 

avalanche region designs. The X-ray photon absorption in these thin structures 

will be substantially smaller when compared with thick avalanche regions. Since 

the gain distribution is also dependent on the X-ray photon interaction position, 
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thin avalanche region are also essential in minimising the distribution in gain 

and undesirable artifacts in the pulse height spectra due to avalanche statistics. 

 

4.4 Summary 

 

The avalanche gain distribution narrows as the number of carriers generated 

by X-ray photon absorption (dependent on the incident photon energy and the 

absorbing material) increase. The excess noise factors used in light detection 

APDs are thus not appropriate for X-ray APDs.  

 

For a given mean gain, less fluctuation in gain, and hence a narrower P(g) is 

obtained as the ionisation coefficients become disparate (i.e. k approaches zero). 

For low energy detection a material with a small k is essential. For higher 

energy detection materials with large k values would be still acceptable at 

reduced operational gain. 

 

Dead space effects are shown to decrease the spread in avalanche 

multiplication distribution and hence improve the energy resolution in X-ray 

APDs.  Mixed injection of carriers across the avalanche region exacerbates the 

spread in the gain distribution, except when k = 1. To minimise the spread in 

the gain distribution, photons should be absorbed predominantly in a non-

avalanching region in the APD. 
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Chapter 5 InAs avalanche photodiodes for 
X-ray detection 

 

 

 

5.1 Introduction 

 
X-ray detectors with low thresholds and energy resolution in the sub 100 eV 

range are required in astrophysics and other industrial applications. 

Superconductor radiation detectors that have the potential for achieving this 

low resolution have been investigated [1, 2]. A superconducting tunnel junction 

detector has also been shown to achieve statistical limited resolution 

performance in the 0.2 to 1 keV energy range when cooled to 0.1 K [3]. A 

similar high resolution performance has been obtained at higher energies using 

5.9 keV X-rays [4].  

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.1 Comparison of semiconductor properties for radiation detection. 

 

Despite the high resolution performance of superconductors these devices 

suffer from high capacitance per unit area. They also have absorber thickness 

Semiconductors 
 

InSb InAs Ge Si 
Atomic 
numbers 49,51 49,33 32 14 

Band gap 
(eV) 0.165 0.36 0.67 1.11 

Density 
(gm/cm3) 5.78 5.68 5.32 2.33 

Electron 
mobility 

(cm2V-1s-1) 
77000 40000 3900 1400 

Hole 
mobility 

(cm2V-1s-1) 
850 500 1900 450 

Operating 
temperature 

<77 K 77 K 77 K Room 
temperature 

Fano limit 
@5.9 keV 

68 85 99 115 
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within the sub micrometer range making them inefficient for detection in the 

tens of keV range. The operation of superconductors is also restricted to the 

very low temperatures below 1 K, for semiconductor detectors such high 

resolution cannot be achieved with elemental Si and Ge due to the statistical 

limit and thus requires the exploration of other potential semiconductor 

materials. Table 5.1 shows the comparison of two narrow band gap III-V 

compound semiconductors (InSb and InAs) with Si and Ge. These compound 

semiconductors possess high atomic numbers and crystal densities making them 

ideal for enhanced detection efficiency at higher energies. The narrow band gap 

leads to low electron hole pair creation energy. Since fano-limited energy 

resolution is proportional to the square root of the pair-creation energy, these 

materials have the potential to provide better energy resolution than Si and Ge. 

To calculate the statistical limit best available values of fano factors have been 

used for the calculations for the fano limited energy resolution for Si and Ge [5]. 

Since no measured fano factors for InAs and InSb are available, a conservative 

value of 0.14 is assumed [6].  

 

McHarris first highlighted the advantages of using InSb for X-ray detection 

along with its pitfalls [7]. Despite their potential, X-ray detectors based on InSb 

have only been investigated by a group at Kyoto University [8, 9]. Their most 

recent work has shown the detection of gamma rays [10] and alpha particles 

[11]. These diodes were cooled to very low cryogenic temperature (4.2 - 5.4 K) 

to avoid high leakage currents contributing to noise in the detection system. 

Using InSb wafer grown by liquid phase epitaxy, an ER = 2.4 % was achieved 

for 5.5 MeV alpha particles when the diode was cooled to 5.4 K [12]. With a 

wider band gap and similar atomic numbers compared to InSb, InAs is expected 

to exhibit leakage currents much lower than those of InSb, whilst largely 

retaining high X-ray detection efficiency. InAs is therefore an attractive choice 

for better energy resolution detectors operating at higher temperatures than 

InSb. A pixel matrix detector fabricated by Zn diffusion has been the only 

reported work on InAs radiation detectors [13]. The detector placed in liquid 

nitrogen was shown to detect alpha particles but showed very poor resolution 

which was attributed to the high leakage current of the detector. This severely 
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limited the detector’s ability to resolve X-ray and gamma ray peaks. High 

leakage current further inhibited the diodes to be biased to a higher voltage and 

prohibited a meaningful determination of the FWHM of the detected peaks.  

 

Well designed APDs can help improve the signal to the noise ratio of the 

detector and the FWHM of the detected photo peak. This is a significant 

advantage in applications that require low energy thresholds like X-ray 

fluorescence studies and detection of elements with small atomic numbers. 

Recently high quality epitaxially grown InAs photodiodes have been reported 

[14, 15]. Surface leakage currents were suppressed in these diodes over a wide 

range of temperature such that the leakage current was dominated by bulk 

mechanism. Additionally, within the electric field range studied, these diodes 

exhibit the ideal avalanche characteristics, i.e. only electron initiated impact 

ionisation process [14]. This yields avalanche gain M, with very low excess noise 

factors, consistent with McIntyre’s excess noise theory [16]. The highly desirable 

single carrier ionisation characteristic can be exploited to produce high gain in 

X-ray APDs without significant degradation of the energy resolution. This can 

lead to X-ray APDs with high resolution and greatly improves signal to noise 

performance. 

  

This chapter reports InAs X-ray APDs for detection of soft X-ray photons 

below 10 keV and exhibits the improving FWHM with avalanche gain. The 

effects of the avalanche gain on the signal to noise ratio are studied and 

discussed. The avalanche gain statistics model presented in chapter 4 is used to 

quantify the avalanche contribution of the APD. This is the first investigation 

into the detection of soft X-rays using InAs and the demonstration of an InAs 

X-ray APD. 

 

5.2 APD structure  

 

The InAs APD used was grown and fabricated at the National Centre for 

III-V Technologies at the University Of Sheffield. It has an n+ip+ configuration, 
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grown on a p-type InAs substrate using metal organic vapour phase epitaxy 

(MOVPE) at a growth temperature of 600 °C. The p-type cladding was 2 μm 

thick and doped with Zn to a concentration of ~ 1 × 1018 cm-3. The 2 μm thick 

n-type region was doped with Si to a concentration of ~ 2 × 1017 cm-3. The 6 μm 

wide intrinsic region was undoped but the depletion achieved was limited by its 

unintentional n-type background doping concentration of ~ 2 × 1015 cm-3.   

 

 

Figure 5.1 Schematic cross section of an InAs n+ip+ APD, also shown is the top 

view of mesa etched InAs APDs with remote bond pads. 

 

Circular mesa diodes were fabricated by using wet chemical etching and 

photolithographic techniques described in detail in [17]. The wet etching was 

carried out using a 1:1:1 mixture of phosphoric acid, hydrogen peroxide, and de-

ionised water followed by another etch using a 1:8:80 mixture of sulphuric acid, 

hydrogen peroxide, and de-ionised water. The cross section of the diode along 

with the top view of fabricated mesa diodes is shown in figure 5.1. Ti/Au was 

deposited by metal evaporation to form both the p- and n-type contacts. 

Annular (or dot) contacts were deposited on the top of the device while a large 

contact was deposited at the back of the substrate by thermal evaporation. The 

etched mesa walls were passivated by depositing SU-8 to preserve the diode 

leakage current characteristics. Diodes with 100 µm diameter were bonded using 

gold wires to a TO-5 package for X-ray measurements. Due to its narrow band 

gap the bulk dark current is prohibitively high for room temperature 
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measurements. Fortunately the bulk leakage current decreases rapidly with 

temperature, exhibiting ~150 nAcm-2 leakage currents at low reverse bias when 

the device is cooled to 77 K. The typical characteristics and a rigorous analysis 

of the temperature dependence of leakage current in InAs APDs have been 

performed by Ker et al. [15]. 

 
X-ray measurements were performed using the characterisation system 

described in chapter 3. The T0-5 package was placed in a vacuum Dewar filled 

with liquid nitrogen to achieve a temperature of 77 K. The sample was 

irradiated with a 55Fe radioactive X-ray source (with Mn Kα and Kβ peaks at 5.9 

keV and 6.49 keV) placed 0.5 cm away from the diode. Pulse height spectra 

were then obtained from the diodes by varying the reverse bias voltage. 

 

5.3 APD response 

 

5.3.1 X-ray spectra 

 
Pulse height spectra of two InAs APDs, D1 and D2, are shown in figure 5.2. 

The 5.9 keV X-ray peak shifts away from the electronic noise floor with 

increasing reverse bias.  A unity gain peak was observed at channel 41 (figure 

5.2(b)) of the MCA at a reverse bias of 1 V. The maximum reverse bias applied 

to D1 and D2 were limited to 10.8 and 9.5 V since at higher bias the potential 

drop across the biasing resistor of the preamplifier became unacceptably high. 

Since the MCA was calibrated for zero offset using a precision pulse generator 

(such that channel 0 represents the actual 0 value of the spectrometer), M for a 

given diode was deduced from the ratio of peak channel numbers to the unity 

gain channel number (41). Maximum effective avalanche gain of 5.3 for D1 and 

4.1 for D2 were obtained. Since the X-ray absorption takes place in all the 

epilayers of the diode the multiplication characteristics result from mixed carrier 

injection that affect the pulse height spectra.  
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The unity gain voltage was set at 1 V, corresponding to a peak at channel 

number 41. The peak at channel number 41 is seen to show no shift when the 

reverse bias is increased from 0 to 1 V, the region which corresponds to the 

steep increase in the depletion region of the APD. The capacitance of the APD 

measured at 77 K is shown in Figure 5.3. A depletion region of ~3.2 μm is 

achieved at the highest measured reverse bias voltage of 10.8 V. The increase in 

depletion region width is seen to have negligible effects on the charge collection 

efficiency particularly attributed to the long minority carrier lifetimes in InAs 

[18]. For InAs grown by vapour phase epitaxy the carrier lifetime was shown to 

lie between 10-6 to 10-7 s for temperatures ranging from 77 to 300 K. The unity 

gain peak voltage has also been verified by light measurements discussed in the 

following section. 

 

 

 

Figure 5.2 Pulse height spectra obtained from (a) D1 and (b) D2 irradiated by a 
55Fe X-ray source with increasing reverse bias. 
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Figure 5.3 C-V characteristics of an InAs APD with 100μm diameter measured 

at 77 K. 

 

5.3.2 Visible light measurements 

 
Due to the onset of impact ionisation in InAs APDs at fields as low as ~3 

kVcm-1, avalanche gain was observed at very low bias. On the contrary typical 

Si X-ray APDs exhibit useful gain at much higher electric fields > 90 kVcm-1 

[19]. The values for M deduced from the X-ray spectra are compared with those 

from visible laser measurements, shown in figure 5.4. A 633 nm wavelength laser 

was used to generate the primary photocurrent for these measurements.  

 

To achieve a mixed carrier injection profile the laser was focused on the edge 

of the mesa structure such that electron-hole pairs were generated in all the 

epilayers. The variability in the positioning of the laser spot on the edge of the 

device will produce varying degrees of mixed injection leading to a spread in the 

measured gain. Measurements on a number of devices are shown in figure 5.4. 

The avalanche gains derived from the laser measurements are in good agreement 

with that obtained from X-ray measurements, as shown in figure 5.4. The 

higher gain measured on one of the devices was due to the larger proportion of 

electron injection generated by the 633 nm laser. 
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Figure 5.4 Comparison of avalanche multiplication factors obtained from a 633 

nm laser and X-rays performed at 77 K. 

 

 
 

Figure 5.5 FWHM (left axis) of the 5.9 keV peak from D1 (circles) and D2 

(triangles) versus reverse bias, along with the peak channel numbers (closed 

squares, right axis) (the lines are included for visualisation purposes). 

 

5.4 Energy resolution 

 
The calibration of the spectra for photon energy in terms of keV was 

obtained using the electronic noise peak and the detected X-ray peak 

corresponding to 5.9 keV photons. Gaussian curves were then fitted to the 
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experimental spectra to obtain the energy resolution given by the FWHM of the 

detected 5.9 keV X-ray peak. Figure 5.5 shows the FWHM as a function of 

reverse bias. As the reverse bias increases the FWHM drops substantially. A  

FWHM of 2.02 keV at M = 1.58 reducing to 0.95 keV at M = 5.3 for the 5.9 

keV X-ray photons was obtained for D1. D2 showed a FWHM of 2.8 keV at M 

= 1 reducing to 1.3 keV at M = 4.3. Also shown in figure 5.5 is the 

corresponding increment in the peak channel number with bias for D1.  

 

 
 

Figure 5.6 Comparison of the reverse bias dark currents from diodes D1, D2 and 

unpackaged InAs APDs measured at 77 K. 

 

The discrepancy in the measured FWHM at higher bias can be attributed to 

the higher leakage currents of D2 compared to D1, shown in figure 5.6. The X-

ray detection measurements were limited to a maximum gain of 5.3 by the 

increase in dark current of the detector limiting the useful gain of the detector. 

Tunnelling current kicks in at around 11 V in the measured devices. The 

leakage current in the packaged devices was considerably higher than 

unpackaged devices, possibly due to increased surface leakage current caused by 

non-optimised packaging procedures. The shot noise from the diode leakage 

current increases the parallel white noise contribution. InAs APDs with thicker 

avalanche regions would achieve higher gain for a given bias, increasing the 

maximum useful gain. A wider depletion region would also reduce the electric 
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field delaying the onset of tunnelling. A thicker structure would also increase 

detection efficiency at higher energies. 

 

5.5 Model 

 

The fano-limited energy resolution for InAs for the 5.9 keV X-ray photon 

can be obtained as follows. With a pair creation energy, ε = 1.56 eV (from 

Klein’s empirical equation [20]) and a fano factor, f of 0.14 [6] a fano-limited 

energy resolution given by,   

 
eV684.fEε2.36EF ==  (eV) ,                            (5.1) 

                                      
where E = 5.9 keV,  the incident photon energy. The experimental FWHM is 

significantly larger than this theoretical limit. To study this, the gain 

distribution of the InAs APD was simulated using the RPL model discussed in 

chapter 4.  

 

5.5.1 Avalanche gain statistics 

 
The spread in avalanche gain from the model can be combined with the 

electronic noise contributions from the leakage current and read out electronic 

circuit as well as the intrinsic fano spread to model the experimental spectrum. 

The RPL model used parameterised equation for the electron ionisation 

coefficient α at 77 K from ref [21]. The parameterised equations are obtained 

assuming that the diode has an ideal n+ip+ structure and the hole ionisation 

coefficient, β = 0. Hence for the electric field range in this study we have 
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exp103.91)(ξα  cm-1.                   (5.2) 

 
Excess noise factors measured in InAs are seen to be well lower than the 

lowest limit predicted by McIntyre’s local model. This discrepancy has been 

attributed to the dead space, d, which has been included in the model. As 
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shown in chapter 4 significant dead space can improve the gain-limited energy 

resolution. A value of αd = 0.08, derived from modelling of the experimentally 

obtained excess noise factors was assumed. The position of interaction ζ, for 

each photon was calculated using absorption coefficients from ref [22]. Using the 

equation ζ =-(1/φ) ln(R) (where R is random number uniformly distributed 

between 0 and 1). The electric field profile in the APD was assumed to be 

constant across the avalanche region. An emission probability ratio of PKβ / PKα 

= 0.138 for the 55Fe source was used [23]. A charge collection of 100 % within 

the p region has been assumed due to the long minority electron diffusion length 

in the p+ region of InAs [18].  

 

The simulated spectrum for D1 at M = 5.3 (bias = 10.8 V) is shown in 

figure 5.7. The counts in the peak of the simulated spectra were normalised to 

the experimental data as the total number of photons radiated on the device 

was unknown. The simulated avalanche gain-limited spectrum has two peaks 

corresponding to 5.9 keV (larger) and 6.49 keV (smaller). Additionally an 

unmultiplied X-ray peak is seen at channel 41. An avalanche gain limited energy 

resolution, EG = 172 eV was predicted for the main peak at 5.9 keV. This is 

seen to be sufficiently small to resolve the 6.49 keV X-ray peak. The simulated 

spectrum reveals considerable absorption in the top n-cladding layer and the 

avalanche region of the APD, resulting in a range of intermediate gain values. 

These correspond to counts between channels 41-200, degrading the peak-to-

background ratio in the spectrum. Since the hole does not impact ionise the 

pure electron injection peak shifts away from the unity gain peak. This results 

in negligible interference between the two peaks at high gains. Due to the 

considerably thick avalanche region width the peak to background ratio is much 

higher than expected. Characteristic X-rays with energies lower than the 

incident X-ray can be emitted by the constituent atoms. These low energy X-

rays are usually reabsorbed, if they escape the detector it can result in X-ray 

escape peaks in the lower end of the energy spectra. The probability of emission 

of characteristic X-rays is dependent on the energy of the incident X-ray i.e. if 

the incident energy is higher than the absorption edge of the constituent atoms 

and its fluorescence yield. Since the number of X-rays that escape the detector 



Chapter 5 InAs avalanche photodiodes for X-ray detection 
 

 95 

can be relatively low, a good peak to background ratio is necessary to recover 

these peaks in addition to the requirement of a low energy threshold. 

 

 
 

Figure 5.7 Comparison of simulated and experimental spectra for D1 at reverse 

bias 10.8 V (M = 5.3), along with the gain distribution of the diode. 

 
Figure 5.8 shows the unity gain spectra at a reverse bias of 1V in 

comparison with the spectra at a gain of 6.1. The lower electronic noise floor 

enables the observation of the unity gain peak at higher bias. The large 

separation between the peaks helps in observing photo peaks (if present) at 

intermediate energies. 

 

 

Figure 5.8 Comparison of pulse height spectra obtained from an InAs APD at 

unity gain and a gain of 6.1. 
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5.5.2 Noise 

 
  

 
 
Figure 5.9 Calculated FWHM due to avalanche gain, EG (solid line) and fano 

limit, EF (dashed line) compared to the experimental FWHM of D1 (squares). 

 

 
Figure 5.9 compares the experimental FWHM with the gain and fano-limited 

FWHM values in terms of energy. At all avalanche gains, the experimental 

FWHM is much higher than the fano limited resolution, EF, and avalanche 

statistics limited resolution, EG, indicating that these noise sources intrinsic to 

the APD are insignificant compared to the electronic noise (including leakage 

current and diode and other stray capacitance ). For M ≥ 3, EG remains 

constant at ~172 eV, independent of the gain. The measured excess noise factors 

in InAs are shown to be extremely low and independent of avalanche gain for a 

primary photocurrent generated by electrons [21]. The dead space reduces EG 

from 213 to 172 eV confirming that carefully designed APDs could exploit the 

dead space effects to improve the energy resolution. To experimentally verify 

this effect the electronic noise contribution has to be comparable to the intrinsic 

noise of the APD. 

 

It is clear that the measured spectrum has a much wider distribution than 

the simulated avalanche gain limited spectrum (dashed line figure 5.7). This is 

attributed to the noise contributions from the preamplifier-APD system which 
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can be mainly divided into a parallel and series white noise components (section 

2.9) [24, 25]. The diode leakage current is the major contributor to the parallel 

white noise in the current system while the bias resistor and the preamplifier 

feedback resistor will also contribute towards the parallel noise. Since the 

parallel noise is directly proportional to the shaping time of the amplifier a 

small shaping time was used in these measurements to minimise parallel noise. 

The second noise component is the series white noise in the system, which 

originates from the input JFET of the preamplifier. The series white noise is 

proportional to the sum of the capacitances from the detector, input JFET, 

stray (diode packaging and cabling) and feedback capacitor. It is however 

inversely proportional to the shaping time used. Since a small shaping time (0.5 

μs) was used for these measurements the series white noise was an important 

factor at all measured gain values.  

 

The system electronic noise, EN, was subtracted in quadrature from the 

expression for the total measured energy resolution, E, such that E2= EG
2+ 

EN
2+ EF

2. EN is then used as a fitting parameter and a good fit is obtained as 

seen in Figure 5.7. 
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Figure 5.10 MDE with increasing reverse bias (Lines are for visualisation 

purposes). 
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Although the avalanche gain will always add to the total spread in energy 

resolution the gain helps improve the FWHM in systems dominated by the 

series white noise. The improved signal to noise ratio also helps in the reduction 

of the low energy threshold of the system. Since detection of light elements 

requires the threshold to be as low as possible, APDs could be important in 

such applications. A rudimentary extraction of the minimum detectable energy 

(MDE) from the measured spectra has been performed. MDE is usually defined 

as the minimum energy at which X-ray events are measured from a detector 

above the electronic noise tail. The MDE here is determined by the intercept of 

a Gaussian curve to the abscissa which is fitted to the measured electronic noise 

peak of the spectra. A rapid improvement in the MDE is seen at higher reverse 

bias as shown in Figure 5.10. The MDE reduces from 2.8 keV at M = 1.58 to ~1 

keV at M = 5.3. Although the leakage current increases at higher bias it is not 

seen to affect the MDE within the range of measured data. For low energy X-

rays the avalanche gain helps improve the signal strength above the noise floor 

thus improving the MDE.  Since InAs APDs exhibit very low excess noise that 

is independent of avalanche gain, the effect of gain fluctuation on MDE is not 

important. Hence the electronic noise is the most important parameter to 

achieve the lowest possible MDE as well as maintain good spectral resolution. 

For each APD a compromise between dark current and avalanche gain has to 

be independently chosen to determine the best operating voltage. 

 

5.6 Response to 241Am 

 

The InAs n+ip+ was also used to study its response to higher energy X-rays. 

A 241Am X-ray source with principal emissions as listed in table 3.1 was used. 

The I-V characteristic of the diode packaged on a TO-5 header used to carry 

out the measurement is shown in figure 5.11, measured at room temperature 

and at 77 K. The measurements are performed at 0 V where the dark current 

was measured to be 50 pA (77 K). The depletion region is estimated to be 1.13 

μm at 0 V, inferred from C-V measurements. The long minority carrier lifetimes 
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in InAs enable the measurements to be performed without any external reverse 

bias.  

 

Figure 5.11 I-V characteristics of an InAs n+ip+ diode at room temperature 

(solid line) and 77 K (dashed line). 

 

The spectrum collected over duration of 12 hours with an amplifier shaping 

time of 2 μs, as shown in figure 5.12. The 13.9 and 17.8 keV doublets have been 

clearly resolved. The insert in figure 5.12 shows the spectrum obtained form a 
55Fe source, the 5.9 keV energy peak is clearly resolved above the noise floor 

with a peak to background ratio of 10:1.  

 

The large time required for sufficient collection of counts to build the pulse 

height spectra is due to the low quantum efficiency of the detector at higher 

energies (largely limited by its active layer thickness) and also restricted by the 

low activity of the 241Am source (406 kBq). Figure 5.13 shows the calculated 

quantum efficiency of the InAs diode, a diode active region thickness of 10 μm 

was used. This assumption is made while considering the large carrier diffusion 

lengths in InAs. The quantum efficiency is calculated to be 0.89 and 0,02 at 5.9 

and 59.5 keV respectively, which is much higher than 0.28 and 2.98×10-4 

respectively for Si with comparable thickness. This is mainly attributed to the 

larger atomic numbers and crystal density of InAs. Diodes with increased active 

region thickness are required for improved efficiency at higher energies. 
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Figure 5.12 Spectrum collected from a 241Am gamma ray source, with the device 

biased at 0 V at an amplifier shaping time of 2 μs. The insert also shows 

spectrum collected from a 55Fe X-ray source at the same conditions (the 55Fe 

source has an activity of 185 MBq, the collection time was 48 seconds). 

 

 

The pulse height spectrum is re-plotted in figure 5.14 in a log scale to 

observe the gamma ray response of the diode. The higher energy gamma ray γ2 

at 59.5 keV has the highest emission probability of 0.35. It can be seen that γ2 

has been resolved by the detector.  The spectrum also shows additional features 

related to the escape of indium or arsenic photons. The energy of γ2 is much 

higher than the K shell binding energy of both As and In and hence escape 

peaks can be seen in the spectrum in addition to those arising from the capture 

of photons emitted by the source. Table 5.2 and 5.3 show the K shell florescence 

line energies along with their fractional radiative rates for In and As respectively 

[26, 27].  
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Figure 5.13 The calculated quantum efficiency (right vertical axis) of InAs 

diodes with 10 μm thickness. The discontinuities in the curve correspond to the 

absorption edge of the constituent atoms (K-edge In = 27.94 keV, K edge As 

=11.86 keV and also seen is the L edge discontinuity for In = 3.93 keV). The 

figure also shows the plot of the linearity of the detector up to 60 keV (closed 

circles).   

 

 

Figure 5.14 Log plot showing the pulse height spectrum of the gamma rays 

detected from the 241Am source. The escape and fluorescence peaks from the 

constituent atoms are also identified 
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 Kα1 Kα2 Kβ1 Kβ3 

Line energy 
(keV) 

24.210 24.002 27.276 27.237 

Radiative 
rate 

0.535 0.285 0.099 0.051 

 

Table 5.2 In florescence line energies along with their respective fractional 

radiative rates [26, 27]. 

 

 Kα1 Kα2 Kβ1 Kβ3 

Line 
energy(keV) 

10.543 10.507 11.726 11.720 

Radiative 
rate 

0.571 0.294 0.086 0.044 

 

Table 5.3 As florescence line energies along with their respective fractional 

radiative rates [26, 27]. 

 

The Kα1and Kα2 escape peak for In from γ2 are too similar in energy to be 

resolved and seen as a single peak at 35.3 keV in the measured spectrum. 

Similarly the Kα1and Kα2 escape peak for As from γ2 have been partially 

resolved in the spectrum as shown in figure 5.14. The low energy shoulder near 

the Kα escape peak for In from γ2 is postulated to be the 33.2 keV gamma ray 

emitted by the source. The As escape peaks from 13.95, 17.8 and 20.8 keV X-

ray have not been resolved. The Kα fluorescence peak from In at 24.2 keV is in 

close proximity to the γ1 peak at 26.3 keV (from the 241Am source with emission 

probability of 0.023) and have been partially resolved in the pulse height 

spectrum. A FWHM of 2.58 keV is obtained for the peak at 13.95 keV 

corresponding to ER = 18.5 %, a modest resolution for the detector biased at 0 

V.  Fitting a Gaussian to the 59.5 keV peak gives an ER = 4.5 %.  
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5.7 Summary 

 

InAs APDs have been show to detect soft X-rays. The energy resolution of 

the detected photo peak was shown to improve significantly with avalanche 

gain. The avalanche gain also helped improve the overall signal to noise ratio of 

the detection system thus increasing its low energy threshold. A gamma ray 

source has also been used to detect higher energy X-rays without any external 

bias with reasonable resolution.  

 

The energy resolution is still significantly poorer than the fano limited value. 

A reduction in the series electronic noise along with the diode leakage current is 

necessary to achieve better spectral performance. Operating the APD at higher 

gain would reduce the series white noise such that the performance is limited by 

the shot noise from the leakage current of the detector. Modelling results have 

shown that the avalanche gain limited energy resolution can be independent of 

gain, due to the desirable single carrier ionisation characteristics in InAs.  
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Chapter 6 GaAs / Al0.8Ga0.2As Separate 
absorption and multiplication 
(SAM) APD for soft X-ray 
detection 

 

 

6.1 Introduction 

 
X-ray detectors for operations in harsh thermal environments, require 

detectors that operate without cryogenic cooling for higher stability and lower 

operational cost. Many wide band gap compound semiconductors have been 

investigated for room (and higher) temperature operation. McGregor and 

Hermon have summarised the materials investigated for room temperature 

operation [1]. A more recent review of compound semiconductors for room 

temperature radiation detection has been presented by Sellin [2]. Some of the 

best results have been achieved with GaAs and SiC coupled with ultra low noise 

electronics. Bertuccio et al. have shown SiC X-ray detectors operating in a wide 

temperature range [3]. The pixel detector showed sub keV resolution with 

equivalent noise energy of 797 eV even at temperature as high as 100 °C, when 

irradiated by a 241Am gamma ray source. This was largely attributed to the 

extremely low leakage currents and low noise electronics. Most of the reported 

III-V X-ray detectors are based on GaAs. One of the earlier reports using an n 

type GaAs grown by liquid phase epitaxy showed good response to both gamma 

rays and alpha particles. A FWHM of 694 eV was obtained for 59.5 keV 

photons with the detector cooled to 130 K which increased to 2.5 keV at room 

temperature [4]. This allowed for a good estimate of the fano factor and ε value 

for GaAs, which were reported to be 0.18 and 4.27 eV (at room temperature) 

respectively. More recently with the development in the growth and fabrication 

techniques coupled by low noise electronics a more accurate estimate of the fano 

factor and ε has been obtained. A GaAs pixel detector with an active thickness 
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of 5 μm has been shown to detect X-rays from a 55Fe source with a good 

resolution of 407 eV when cooled to -30 °C [5]. Bertuccio et al. in another piece 

of work have reported an improved fano factor of 0.124 [6] and a slightly lower ε 

= 4.21 eV [7].  Owens et al. developed GaAs pixel arrays with a pixel size of 200 

μm2 with a FWHM of 266 eV for 5.9 keV X-rays at room temperature [8]. GaAs 

schottky diodes with a time resolution of 600 ps at 14.4 keV have been 

developed for high count rate applications. These diodes also showed a modest 

energy resolution of 1.6 keV for 6 keV X-rays [9].  

 

Other semiconductors investigated include, Al0.8Ga0.2As [10, 11] and diamond 

[12, 13]. Recently, Al0.8Ga0.2As photodiodes have been tested for soft X-rays 

performance at higher temperatures [14]. The detectors were shown to have a 

spectroscopic performance from 0.9 – 2.5 keV for temperatures ranging from 

−30 to +90 °C.  

 

The results in chapter 4 strongly indicate that X-ray APDs with 

improvement in signal to noise ratio, without significant degradation in spectral 

resolution due to the avalanche multiplication process can be designed. In 

summary, the avalanche gain distribution narrows as the number of carriers 

generated by X-ray photon absorption (dependent on the incident photon 

energy and the absorbing material) increase. The results are shown to be in 

good agreement with the analytical studies by McIntyre [15]. Materials with 

dissimilar ionisation coefficients also produce a better energy resolution. 

Minimum spread in the energy spectra was achieved when the avalanche process 

is dominated by pure injection of the carrier with higher ionisation probability, 

such as in a SAM APD. Yet there has only been a single report of a 

GaAs/AlGaAs SAM APD [16] demonstrating its X-ray spectroscopic capability. 

The APD comprised of an undepleted GaAs absorption region and an AlGaAs 

multiplication layer. Spectra were obtained from a 241Am source irradiated on 

the device. An energy resolution of 1.95 keV and an improvement to 0.9 keV 

were achieved at unity gain and a gain of 4.1 respectively, for 13.9 keV X-rays.   
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In this chapter, results from the characterisation of a GaAs/Al0.8Ga0.2As 

SAM APD for soft X-ray detection at room temperature are presented. The 

effects of avalanche gain on the energy resolution of the detected X-ray peak 

and the minimum detectable energy were experimentally obtained. The spread 

in avalanche gain was computed using the model presented in chapter 4. An 

assessment of the electronic noise from the APD and the accompanying 

preamplifier system was carried out. The avalanche gain model was tested by 

comparing the simulated and experimentally obtained energy spectra. 

 

6.2 Layer details and C-V characteristics 

 
 
 

Layer 
Thickness 

(nm) Material Type 
Doping 
(cm-3) 

50 GaAs p+ 1×1019 
Cladding 

200 GaAs p+ 2×1018 

Absorber 400 GaAs i - 

50 GaAs p- 2.6×1017 
Charge sheet 

80 Al0.8Ga0.2As p- 2.6×1017 
Avalanche 100 Al0.8Ga0.2As i - 
Cladding 100 Al0.8Ga0.2As n+ 2×1018 
Buffer 200 GaAs n+ 2×1018 

Substrate  GaAs n+  

 
Table 6.1 Details of the GaAs/Al0.8Ga0.2As SAM APD structure 
 
 

The GaAs/Al0.8Ga0.2As SAM APD structure grown on an n+ GaAs substrate 

by Molecular Beam Epitaxy (MBE) is shown in Table 6.1. It consists of a 0.4 

μm GaAs absorption region and 0.1 μm Al0.8Ga0.2As multiplication region. The 

GaAs/Al0.8Ga0.2As system was chosen to obtain good avalanche characteristics 

as well as high absorption efficiency. GaAs has a higher absorption coefficient 

compared to Al0.8Ga0.2As, leading to better detection efficiency for the same 

absorber thickness. The lower ε of GaAs leads to a better spectral resolution due 

a smaller fano spread as compared to Al0.8Ga0.2As. Figure 6.1 shows a 

comparison of the attenuation length of GaAs with Si and Al0.8Ga0.2As. The thin 
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Al0.8Ga0.2As multiplication region was chosen because of its lower avalanche 

statistics noise due to increased dead space effects [17]. The two regions are 

separated by a p-doped GaAs region to reduce the strength of the electric field 

in the absorption region, which allows for the drifting of the carriers generated 

into the multiplication region, while restricting avalanche multiplication. The p+ 

and n+ cladding regions of the diode were doped with Be and Si respectively to 

a concentration of 2 × 1018 cm-3. 

 

 

 

Figure 6.1 Comparison of attenuation lengths of GaAs (dashed), Al0.8Ga0.2As 

(dotted) and Si (solid) for X-rays up to 30 keV. The discontinuities in the graph 

are due to the absorption edges of the constituent atoms. There is a significant 

improvement in the detection efficiency immediately after the absorption edge. 

 

Circular mesa diodes of diameters ranging from 50-400 μm were processed by 

using photolithographic techniques (fabricated by Yu Ling Goh at the National 

III-V centre, Sheffield). Au/Zn/Au annular contacts were deposited on the top 

p+ layer of the diode. The n+ contacts were formed by using In/Ge/Au. The 

mesa diodes were isolated by wet chemical etching using a 1:1:1 mixture of 

hydrogen bromide, acetic acid and potassium dichromate. Diodes with 200 μm 

diameter were bonded using gold wires to a TO-5 package for X-ray 

measurements. 
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Figure 6.2 Measured (line) and fitted (symbols) results of a 200 μm diameter 

device. 

 

C-V measurements were carried out on devices of different diameters. The 

capacitance scaled with area for the devices measured. The i-region thickness, w, 

and its background doping were estimated by modelling of the C-V 

characteristics using the electrostatic model described in section 3.2.2. The C-V 

characteristic of a 200 μm diameter along with the fitted curve is shown in 

figure 6.2. The intrinsic doping concentration of the absorption and the charge 

multiplication region are obtained from the C-V fitting. The thickness of 

absorption region and the multiplication region are estimated to be 0.43 and 

0.22 μm respectively. These values are used as input parameters when modelling 

the X-ray response of the SAM APD.   

 

6.3 X-ray Response 

 

6.3.1 Pulse height spectra 

 
The TO-5 package was placed in a metal Dewar. A 185 MBq 55Fe 

radioisotope source emitting characteristic Mn Kα and Kβ peaks at 5.9 and 6.49 

keV respectively was irradiated on the APD placed 0.5 cm away. The APD was 

reverse biased using a Keithley 2400 SMU through a charge sensitive 
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preamplifier (Amptek A250CF). X-ray spectra were then obtained using the 

process described in chapter 3. The signal from the preamplifier was shaped 

using a semi-Gaussian shaping amplifier (Ortec 570), with a shaping time of 2 

μs. The amplified pulse was then digitised and pulse height distribution was 

obtained by connecting the amplifier output to a multichannel analyser (MCA) 

interfaced to a computer. The spectra were collected for a range of bias voltages 

at room temperature. 

 

 

Figure 6.3 Reverse I-V characteristics of 200 μm diameter diodes. 

 

 

The dark reverse I-V characteristics of two diodes D1 and D2 used in the 

measurements are shows in figure 6.3. The dark current increases rapidly above 

21 V due to avalanche multiplication of current, resulting in a sharp breakdown. 

 

Pulse height spectra obtained from the 55Fe isotope irradiated on D2 with 

increasing reverse bias is shown in figure 6.4. The 5.9 keV X-ray peak shifts 

away from the electronic noise floor as the gain increases, thus improving the 

signal to noise ratio of the detection system. The maximum useful gain before 

breakdown is dependent on the increasing noise due to the device leakage 

current. The bias resistor value used is large (330 MΩ), in order to reduce the 

noise in the system. At higher bias, the dark current increases, resulting in an 

appreciable drop across the bias resistor, hence the applied voltage values were 
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appropriately corrected to include this. Since most of the photons absorbed are 

in the low field absorption region of the APD, pure injection of electrons 

predominantly accounted for the main detected peak. As the reverse bias 

increases, a distinct secondary peak at the lower channel numbers of the MCA 

is seen. This has been analysed later on in the chapter using the RPL model. 
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Figure 6.4 55Fe pulse height spectra obtained from D1 as function of avalanche 

gain, M.  

 

Effective avalanche multiplication factors were obtained by normalising the 

peak channel number for each bias to its unity gain peak channel number. The 

unity gain peak was set at 9 V as there was no appreciable change in its channel 

number after the punch through voltage (~10 V). The long minority carrier 

diffusion length in GaAs [18] ensures that the carriers generated in the 

undepleted absorber before punch through, reach the high field region. The 

MCA was also calibrated with zero-offset such that channel number zero 
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represents the actual zero of the detection system. Figure 6.5 shows the mean 

gain values obtained for D1 and D2.  

 

 

Figure 6.5 Effective avalanche multiplication factors deduced from X-ray 

measurements (lines are for visualisation purposes). 

 

6.3.2 Energy resolution 

 
The energy resolution of the APD at different gain values was compared by 

determining the FWHM of the detected X-ray peak. Accurate Gaussian curves 

were fitted to the experimentally obtained 5.9 keV energy peak. The calibration 

in terms of energy was obtained by considering the electronic noise peak and the 

detected X-ray peak as reference. Figure 6.6 shows the FWHM as function of 

increasing bias. The FWHM obtained from a pulser fed simultaneously through 

the input of the preamplifier is also shown. The pulser is used for noise 

evaluation and calibration purposes. Hence the electronic noise measured 

includes the contribution from the APD leakage current, the preamplifier and 

the post amplifier and also includes stray capacitances between the diode and 

preamplifier input.  
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Figure 6.6 Noise measured from a pulser compared with experimental FWHM 

obtained from 55Fe isotope from D1 and D2. 

 

 

 
 
Figure 6.7 Comparison of pulser and X-ray energy peaks at 19 V for D2. 
 

 
An example of an X-ray spectrum with the test pulser obtained from D2 

biased at 19 V is shown in figure 6.7. The FWHM of the 5.9 keV energy peak 

drops as the gain increases for both D1 and D2, largely due to a reduction in 

the series white noise of the system. At higher gains the FWHM increases due 

to increasing leakage current of the detectors, contributing to the increase in the 
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parallel white noise. The pulser peaks shows excessive tailing effect when the 

device was biased close to its breakdown voltage possibly indicating non 

systematic dark current noise from the APD. The results have been presented in 

figure 2.7. The disparity in the FWHM value between D1 and D2 is due to the 

difference in their dark current characteristics and breakdown voltage. 

 
The optimum operating voltage for an X-ray APD can be obtained from the 

FWHM measurements. Best FWHM values of 1.08 keV at 20 V for D1 and 1.12 

keV at 20.8 V for D2 have been obtained. The APD provides a significant 

improvement in the energy resolving capability of the system, in the soft X-ray 

energy range, for room temperature detection. 

 

 

Figure 6.8 Variation of the low energy threshold with increasing reverse bias. 

 

Another important parameter for detection in this range is the low energy 

threshold or the MDE of the APD. The MDE is defined as the lowest energy, 

which upon interaction, produces counts above the electronic noise floor of the 

system. The MDE for D1 and D2 was determined using the spectrum obtained 

from the pulser measurements at each bias voltage. The MDE characteristics as 

a function of increasing bias voltage are shown in figure 6.8. The MDE is largely 

determined by the noise contribution of the preamplifier system and the leakage 

current of the APD. At higher gain the MDE will also be dependent on the 
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avalanche statistics due to the stochastic nature of the multiplication process. 

As seen in figure 6.8, the MDE reduces rapidly from ~4 keV at 12 V to ~1.1 keV 

at 21 V. Above that voltage, as the diodes approach breakdown, the increasing 

dark current exacerbates the MDE due to increasing tailing effects in the 

electronic noise peak in the pulse height spectra. 

 

The results presented in this section show that the avalanche gain 

significantly improves the energy resolution and the signal to noise ratio of the 

detection system. The increasing leakage current compromises any further 

improvement at higher bias. Optimised fabrication techniques can help reduce 

the dark current in the system. The reduction in the noise from the preamplifier 

and stray capacitances from the APD packaging and cabling is also needed to 

achieve further improvements in the spectral resolution. 

 

6.4 Noise Analysis 

 
The fano limited energy resolution for the energy peak is given by fEε2.36  

[19], where f is measured to be = 0.12 for GaAs [6], E is the incident photon 

energy (5.9 keV) and the pair creation energy ε of 4.21eV is used for GaAs. An 

EF = 129 eV due to the fano limit is obtained. This is significantly smaller than 

the FWHM obtained experimentally. The noise sources that lead to the spread 

in energy resolution are quantified in this section and subsequently used to 

reproduce the experimental spectrum. 

 

6.4.1 Electronic noise 

 
The electronic noise contribution is mainly divided into the parallel white 

noise (PWN) and series white noise (SWN) contribution [20]. The PWN 

includes the shot noise from the leakage current of detector and gate leakage 

current of input JFET. It also includes the thermal noise generated by the 

preamplifier feedback resistor. Since the PWN is proportional to the shaping 

time constant a small shaping time of 2 μs was used. The SWN includes the 
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preamplifier noise voltage. The SWN is also dependent on the capacitance of the 

detector, the input JFET and stray capacitance from cabling and device 

packaging. The SWN is inversely proportional to the shaping time and hence an 

important factor in these measured values. 

 

The measured and the calculated FWHM of equivalent noise charge (ENC) 

(expressed in terms of energy (eV)) are calculated as shown in figure 6.9 for 

diode D1. The various noise sources contributing to the total noise in the 

system are also shown. The contribution from the PWN to the noise spectral 

density, Sp, is given by equation 2.31 as, 

 

p
db

2
ds0

R

4kT
)FIM2q(IS ++=   ,                                      (6.1) 

 
Since the FET used in the A250CF is cooled to -50°C, the effect of the gate 

leakage current on the total noise is negligible and hence is neglected. The SWN 

stems from the thermal noise from the input FET of the preamplifier, en and the 

capacitance of the APD, CD. This contribution is inversely proportional to 

shaping time. Neglecting the frequency dependent noise components (as it is 

usually much smaller than the noise sources considered here) the SWN noise 

spectral density can be given as 
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where RS is the series resistance of the diode (determined from the forward dark 

I-V characteristics of the diode). CT is the total capacitance, which includes the 

detector, preamplifier feedback capacitor, Cf  and stray capacitances. The total 

stray capacitance from the cabling, T0-5 package and electrical connections 

inside the metal Dewar to the preamplifier input was measured to be 39 pF. 

The parameters used in the above equations are summarised in Table 6.2. The 

total electronic noise expressed in terms of its ENC is obtained from equation 

2.33 in chapter 2 for a single differentiating and integrating stage shaping 
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amplifier. The total ENC contribution to the energy peak is given in terms of 

the FWHM from equation 2.33. 

 

 

Figure 6.9 ENC (FWHM) as a function of avalanche gain M (lines are for 

visualisation purposes). 

 

 

Parameter Symbol Value 
Preamplifier 
noise voltage 

en 1.08 nV/√Hz 

Capacitance 
of FET 

CGS 
 8 pF 

APD series 
resistance 

RS 
 70 Ω 

APD 
capacitance 

CD 6 pF 

Shaping time 
constant 

τ 2 μs 

Preamplifier 
feedback 
capacitance 

Cf 0.5 pF 

Total 
Capacitance 

CT 53 pF 

 
Table 6.2 Parameters used to model the electronic noise. 
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For multiplication factors below 4, the electronic noise is primarily 

dominated by the SWN contribution. The SWN decreases as the gain increases. 

An increase in gain is also accompanied by increased diode leakage current. For 

low gain operation, a low noise preamplifier would significantly improve the 

performance of the system. The PWN contribution increases above a gain of 5. 

Operating the APD at high gain will reduce the SWN such that the energy 

resolution performance largely depends on the leakage current of the APD. The 

measured leakage current was assumed to be subjected to full shot noise; this 

produced a good fit to the total measured ENC at higher gain. The APD 

leakage current at higher gains can be possibly reduced by cooling the APD. 

This would not be a feasible option for operation in harsh environments. 

 

6.4.2 Avalanche statistics 

 
To calculate the total energy resolution, the noise due to avalanche statistics 

has to account for, in addition to the electronic noise and the noise from EHP 

creation statistics. The RPL model presented in chapter 4 is used to compute 

the spread in energy resolution due to avalanche statistics. The material 

parameters used for the carrier generation profile along the avalanche region are 

listed in Table 6.3. The linear absorption coefficients are obtained from their 

mass absorption coefficients after multiplying with their respective material 

densities [21]. The impact ionisation coefficients are computed from 

parameterised equations given in [22]. These coefficients have been 

independently measured using a series of Al0.8Ga0.2As p+in+ diodes covering a 

wide range of electric fields. The parameterised equations for α and β for the 

electric field, ξ, in the range from 328 to 1110 kVcm-1 are given by  
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 ε 
Absorption 
coefficient @ 

5.9 keV  (cm-1) 

 
Absorption 
coefficient @ 
6.49 keV (cm-

1) 
GaAs 4.21 833.7 640.5 

Al0.8Ga0.2As 5.25 638.8 490.9 
 

Table 6.3 Material parameters used for modelling of the SAMAPD 

 

The position of interaction of each photon was calculated using the 

parameters in Table 6.3. The value of ε was used to obtain the number of EHPs 

created per photon interaction. The EHPs were assumed to be created at the 

point of interaction. These parameters were used as input to the RPL model to 

calculate the gain of each photon independently. An emission probability ratio 

of PKβ / PKα = 0.138 for the 55Fe source was used [23]. Avalanche gain 

distribution across the APD was then generated. The ‘dead-space’ effect has 

been shown to improve the energy resolution of X-ray APDs. Dead space is a 

significant factor in thin avalanche regions, as in the one used here, and hence 

has to be considered. Ionisation threshold energy equal to the average of the 

bandgap energy of 2.23 eV was assumed for electrons and holes [24]. This was 

used to successfully model the experimental multiplication and noise data for 

Al0.8Ga0.2As in [17].  

 

For simplicity the simulations assumed complete charge collection for every 

X-ray photon absorbed within all epitaxially grown layers (i.e. layers including 

and above the n+ Al0.8Ga0.2As layer), although experimental results indicate 

incomplete charge collection. The counts of the simulated spectrum were 

normalised to those of the experimental spectrum for easy comparison.  
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Figure 6.10 Comparison of simulated (grey line) and experimental (black line) 

spectra for D1 at M = 4.5. The avalanche gain limited spectra is also shown 

(dashed). 

 

The simulated gain spectrum is shown in figure 6.10. The avalanche limited 

spectrum is narrower than the total measured spectrum. The total electronic 

noise from the diode preamplifier system and the fano limit were added in 

quadrature and used as a fitting parameter to simulate the total spread in 

energy resolution. The simulated spectrum is in agreement with experimental 

results. The poor fitting to the low energy tail indicates the presence of 

incomplete charge collection, which also contributes to the increasing FWHM. 

The additional (smaller) peak at ~3 keV in the experimental spectrum is also 

present in the simulated spectrum. This originated from avalanche 

multiplication initiated by holes generated by photon absorption in the n+ 

Al0.8Ga0.2As cladding layer, and was confirmed by simulations that excluded 

absorption in that layer. As the reverse bias increases, the separation between 

the two peaks is seen to increase (figure 6.4), because of the increasing difference 

between the pure electron and pure hole multiplication factors. Since the 

measured gain are limited to low values, these factors will eventually converge 

at higher electric fields leading to a single broad peak. 
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6.5 Summary 

 

GaAs/Al0.8Ga0.2As SAM APDs have been implemented for soft X-ray 

detection. Measurements carried out using a 55Fe radioisotope source show that 

avalanche gain substantially improves the signal to noise ratio and spectral 

resolution of the detected 5.9 keV energy peak. Further improvements in energy 

resolution can be obtained by reducing the noise from accompanying electronics 

and stray capacitances. Additional improvement is also possible by reducing the 

leakage currents through optimised fabrication, perhaps with device surface 

passivation.  

 

At room temperature the APD exhibited a capacitance of ~6 pF above 12 V, 

as shown in figure 6.2. This value is consistent with the relatively narrow 

depletion region in the design (~0.7 μm), although the capacitance is much 

larger than those typically found in X-ray APDs, where the depletion region 

width is at least tens of μm. A more appropriate APD design with a thicker 

absorption region is necessary to improve detection efficiency particularly at 

higher energies. 

 

The energy spectrum has been successfully modelled while taking into 

account the noise due to avalanche statistics and the electronics. The model also 

predicts the occurrence of undesirable secondary peaks in the spectra that can 

be mitigated by optimizing the APD design. 
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Chapter 7 Conclusions 
 

 

7.1 Summary 

 
A generalised model that quantifies the spread in the energy resolution of 

the detected energy peak by X-ray APDs has been presented. The model has 

shown that the avalanche gain distribution PDFs created by high energy 

photons are considerably different from that obtained from EHPs created by 

light absorption. The PDF changes from an exponential for a single EHP 

injection to a pseudo Gaussian as the number of EHPs injected increase. For 

EHPs greater than 1000, the distribution is seen to converge to a Gaussian in 

accordance with the central limit theorem. Hence for very large number of 

EHPs approaching infinity, the distribution is expected to converge to a delta 

like function. The incorporation of conventionally obtained excess noise factors 

from light measurements, to determine the avalanche gain limited energy 

resolution of the APD is thus inaccurate and can lead to an overestimation of 

the resolution spread. 

 

The FWHM of the PDF is shown to narrow with increasing number of 

EHPs. The distribution also narrows with the increasing difference between the 

electron and hole ionisation coefficients, consistent with analytical studies by 

McIntyre [1, 2]. X-rays are of considerable high energy and hence can be 

strongly absorbed throughout the active region of the APD. The PDF of the 

gain distribution is shown to be heavily dependent on the position of interaction 

of the photon throughout the APD. The gain distribution is independent of 

path length of the photon through the absorber with equal ionisation 

coefficients. For disparate ionisation coefficients, the PDF changes with 

absorption position and hence can cause degradation in the total spectral 

resolution. APDs can thus be optimised for their best avalanche statistics 

performance using the model. 
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The well known dead space effect observed in wide range of semiconductor 

APDs reduces the avalanche excess noise. Dead space effects are incorporated in 

the model to study its effects on the PDF. Significant dead space, achieved 

using APDs with thin avalanche region width and high impact ionisation 

threshold energies, is shown to considerably reduce the FWHM of the PDF. The 

effect of dead space on the photon absorption position has also been 

investigated.  

 

InAs APDs have been investigated for their soft X-ray spectroscopic ability. 

The APDs were shown to detect the 5.9 keV energy peak from a 55Fe 

radioisotope source at zero bias with a FWHM of 2.8 keV at 77 K. The energy 

resolution spread is largely dominated by the voltage noise from the 

preamplifier. As the reverse bias is increased, the FWHM is seen to drop rapidly 

and a lowest value of 950 eV at a reverse bias of 10.8 V (corresponding to a 

gain of 5.3) is obtained. The 5.9 keV energy peak is also seen to shift away from 

the electronic noise floor, improving the low energy threshold of the 

spectrometer. Simulations were carried out to model the experimental spectra. 

The single carrier ionisation characteristic of InAs is shown to exhibit very low 

spread in energy resolution due to avalanche statistics. More importantly, the 

intrinsic resolution of the APD is shown to be independent of avalanche gain. 

This shows the capability of low noise APDs for X-ray detection. A further 

improvement in energy resolution can possibly be achieved by the reduction in 

leakage currents introduced during non optimised bonding techniques. Reducing 

the noise from readout electronics and the stray capacitances between the 

detector and the preamplifier will reduce the series white noise of the APD. 

Thicker structures are necessary to detect higher energy X-ray with good 

efficiency. Increasing the avalanche region also increases the gain obtained at a 

particular reverse bias and delays the on set of band to band tunnelling due to 

the reduced electric field across the junction. A 241Am gamma ray source was 

also used to demonstrate the higher energy response of the detector. An ER = 

18.5 %, was obtained for 13.95 keV photons. The 59.5 keV gamma ray peak was 

also resolved with an ER = 4.5 % under no external bias. 
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Finally the spectroscopic performance of a GaAs/Al0.8Ga0.2As SAM APD has 

been analysed at room temperature. An optimum FWHM of 1.08 keV has been 

achieved for 5.9 keV X-rays. Electronic noise contribution to the FWHM has 

been evaluated using a test pulser. The FWHM at gains below 3, is limited by 

the series white noise of the system. At higher gains the shot noise from the 

detector increasing leakage current is a major limiting factor. The avalanche 

gain helps improve the signal to noise performance and the MDE reduces 

rapidly from ~4 keV at 12 V to ~1.1 keV at 21 V. The pulse height spectra have 

been modelled using the method presented in chapter 4. A good agreement with 

experimental data is obtained when the electronic noise and statistics due to 

energy loss of the photon are accounted for. Spurious secondary peaks arsing 

due to avalanche gain statistics have also been accounted for by the model. 

Optimum design for a given energy range can be developed using the model that 

mitigate any stray peaks in the pulse height spectra. 

 

7.2 Future work  

 
In this section some further comments and suggestions are listed for future 

work in modelling and experimental characterisation of compound 

semiconductor APDs for X-ray spectroscopy. 

 

7.2.1 APD modelling 

 

 The model presented in the thesis presents an accurate method to predict 

the avalanche statistics effects on the energy resolution of APDs for soft X-rays. 

A simple approach that includes the electronic noise and photon energy loss 

statistics is shown to reproduce the experimental data with sufficient accuracy. 

In order to have a more complete model of the detector response factors like 

incomplete charge collection needs to be taken into account.  

 
• For X-rays absorbed in the field free region of the APD the carries 

generated rely on diffusion to be efficiently collected. This depends on 
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the diffusion length of the carriers which is a function of temperature 

and doping density. Since the carriers generated at the interaction 

point move in an isotropic manner, some of the carriers will 

recombine while others that reach the edge of the depletion region are 

collected after charge multiplication. This can lead to a degradation of 

the spectral resolution and low energy tails in the pulse height 

spectra. 

 
• A further improvement that could lead to more realistic modelling is 

the inclusion of the carrier velocity distribution and space charge 

effects on the avalanche gain distribution PDF.  

 
• In the current model the carriers are assumed to be created at the 

point of interaction. This is a reasonable assumption for soft X-rays, 

as the mean free path length of the ejected photoelectron by a photon 

absorption event is much smaller than the active region thickness. As 

the incident photon energy increases, the stopping power of the 

material is reduced and hence the position of the carrier creation can 

affect the PDF. Some of the energetic photoelectrons can also escape 

the detector without depositing all their energy. Monte Carlo models 

like CASINO [3] used in chapter 2 to simulate electron path lengths 

in semiconductors can be incorporated to include the energy loss 

statistics.  

 
• The energy loss mechanism is assumed to be photoelectric (the 

dominant mechanism at low energy X-rays), for modelling of high 

energy X-rays the Compton Effect has to be taken into consideration. 

 
• During the ejection of a photoelectron the atom is ionised and hence a 

rearrangement of the electrons takes place resulting in the emission of 

characteristic X-rays or the ejection of auger electron. Usually the 

characteristic X-rays are of low energy and reabsorbed close to the 

point of creation. Some of the characteristic X-rays can escape the 
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detector resulting in the peaks in the pulse height spectra referred to 

as X-ray ‘escape peaks’ which could also be included in the model. 

 

7.2.2 X-ray APD characterisation 

 

The APDs presented in chapters 5 and 6 show the advantages of the avalanche 

gain mechanism. Although the avalanche process will add to the statistical noise 

in fano limited systems, an APD can be a good alternative in systems operating 

above the fano limit to improve the signal to noise ratio without the use of ultra 

low noise read out electronics.  

The first results using an InAs APD has shown sub keV energy resolution 

for soft X-rays. Further improvements are needed to achieve performance closer 

to the limit predicted by the fano and avalanche statistics.  

• Since the diodes are limited to measurements at low gain values, the 

series white noise is still a significant contributor to the spread in 

energy resolution. Having diodes with thicker avalanche region width 

would allow for operation at much higher gains for a given reverse 

bias voltage. The modelling indicates that avalanche statistical 

broadening is almost independent of the avalanche gain due to the 

single characteristic ionisation behaviour in InAs. Hence operation at 

higher gain would solely be dependent on the short noise contribution 

from the leakage current of the detector.  

• Since the n+ region in the n+ip+ diodes measured is thin, a sizable 

number of incident photon are absorbed in the avalanche region 

worsening the peak to background ratio (also seen in the modelled 

spectra). This can be mitigated by increasing the thickness of the 

cladding layers or having a low field drift region before the avalanche 

region. Since impact ionisation in InAs occurs at low fields, it would 

be difficult to control the electric field in the drift region of the diode 
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and hence diffusion from the thick p+ into the i region is a better 

option. 

• The packaged diodes measured in this thesis show a significant 

increase in leakage current compared to the unpackaged samples. The 

exact cause of the increase in current has yet to be comprehensively 

investigated. The optimisation of the packaging process could further 

aid in improving the APD performance. 

The SAM APD shows reasonable spectral performance at room temperature. 

The improvement in FWHM is limited by the leakage current at higher bias. 

Due to the small absorption region width the evaluation of these diodes has 

been limited to the soft X-ray range. Thicker diodes would improve the 

detection efficiency. Temperature dependent measurements can also be 

performed on the APDs to access their feasibility for operation in harsher 

conditions. 

 

7.3 References 

 
[1] R. J. McIntyre, "Multiplication noise in uniform avalanche diodes," 

Electron Devices, IEEE Transactions on, vol. 13, pp. 164-168, 1966. 
[2] R. J. McIntyre, "The distribution of gains in uniformly multiplying 

avalanche photodiodes: Theory," Electron Devices, IEEE Transactions 
on, vol. 19, pp. 703-713, 1972. 

[3] P. Hovington, D. Drouin, and R. Gauvin, "CASINO: A new monte carlo 
code in C language for electron beam interaction —part I: Description of 
the program," Scanning, vol. 19, pp. 1-14, 1997. 



Appendix 
 

 131 

 

Appendix A 
 

The Poisson solver for the fitting in section 3.2.1 is described in this 

appendix.  For a p+in+ diode as shown schematically in figure 3.1,  N1, N2, -N3 

are the doping concentrations of the p+, i and n+ regions respectively (where the 

negative sign indicated n type doping). 

 

From the Poissonian equation we get  
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The electric field at the junction is thus given by 
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Solving for X3 we get, 
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The area under the curve in figure 3.1 gives the total voltage than can be 

given as 
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Substituting the values from equation 2 and 3 into 4 and rearranging we get 
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which is a quadratic equation whose roots are given by the formula 
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where the coefficients a, b and c are given as 

 









−=

3

1
1

N

N
1Na , 








−=

3

22
21

N

XN
XN2b  and  

 
( )

q

V2
XN

N

XN
c

2

22

3

2

22 sε−+−=  

 

Similarly for a four region diode like a SAM APD we can write the 

coefficients for the quadratic equation as  
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A similar approach can be followed to derive the coefficients for the case of a 

SAM APD with a charge sheet between the absorption and multiplication 

region, by following a five region model. 
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Appendix B 
 

The code used to generate random numbers that are normally distributed 

has been achieved using the Box-Muller approach in polar form. This has been 

used to generate the electronic noise with desired mean and standard deviation 

to simulate the pulse height spectrum. The code written in C is shown below. 

 

The process is started off by generating two uniformly distributed random 

numbers between 0 and 1. The transformation is then used to generate random 

numbers with normal distribution with a mean of 0 and a standard deviation of 

1. 

 

#include <limits.h> 

#include <stdio.h> 

#include <math.h> 

#include <stdlib.h> 

#include <time.h> 

 

 unsigned time_seed() 

 { 

 time_t now = time ( 0 ); 

 unsigned char *p = (unsigned char *)&now; 

 unsigned seed = 0; 

 size_t s; 

 for ( s = 0; s < sizeof now; s++ ) 

seed = seed * ( UCHAR_MAX + 2U ) + p[s]; 

return seed; 

} 

 

int main(void) 

{ 

    srand ( time_seed() );  
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     float x1, x2, w, y1, y2; 

     double r,r1; 

     int i; 

     FILE *f; 

     f = fopen("histogram.txt","w");    // file to store the Gaussian random 

numbers  

 for (i=0;i<100000;i++) 

 { 

         do  { 

               r=(double) rand() / (RAND_MAX); // random number 

generator for x1 

                 x1 = 2.0 * r - 1.0; 

                  r1=(double) rand() / (RAND_MAX);   // random number 

generator for x2 

                  x2 = 2.0 * r1 - 1.0; 

                  w = x1 * x1 + x2 * x2; 

          } while ( w >= 1.0 ); 

 

         w = sqrt( (-2.0 * log( w ) ) / w ); 

         y1 = x1 * w; 

         y2 = x2 * w; 

fprintf(f,"%f\n",y1); 

} 

fclose(f); 

system("PAUSE");  

return 0; 

} 
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Appendix C 
 

In this appendix the basic steps to carry out the pulse height measurements 

are outlined for future reference. For details on the various modules used in the 

setup refer to chapter 3. 

 
• The device bonded to TO-5 headers is placed on the copper cold finger in 

the metal Dewar for low temperature measurements and sufficient shielding 

of the X-rays from the user. After securely placing the X-ray source above 

the detector the following steps need to be performed (for low temperature 

measurements only). 

 
• A custom pump-out valve (VOM-1) operator made by Judson Technologies 

is used to pump the dewar following the steps below 

� Remove the phenolic valve cap from the dewar. 

� Install and tighten the operator on the gland seal nut. 

� Screw in the valve operator stem into the insert, then the vacuum line 

can be evacuated while simultaneously pulling the plug from the valve. 

� Pump down the system until full deflection of the Pirani gauge 

corresponding to a pressure of around 10−4 Torr is achieved. 

� Pour the liquid nitrogen into the jacket and allow the temperature to 

stabilise at 77 K for around 25 minutes before carrying out the 

measurements (the dewar is recommended to be continuously pumped 

down during measurements to maintain the low pressure). 

 
• Connect the SMA connector from the dewar to the input BNC of the 

Amptek preamplifier using a SMA to BNC cable.  

 
• Connect the bias supply to the SHV bias input of the preamplifier to bias 

the detector that is ac coupled to the input of the preamplifier as shown in 

figure 3.4.  
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• The energy output of the preamplifier is connected to the input of the 

shaping amplifier via a BNC cable. The unipolar output of the shaping 

amplifier is fed to the Ortec MCA that is interfaced to a PC via USB and 

controlled using the proprietary MAESTRO package. The busy output of 

the shaping amplifier is connected the BUSY of the MCA for dead time 

correction. 

 
• The output from the preamplifier and shaping amplifier can be observed 

using an oscilloscope. By varying the shaping time and gain of the post 

amplifier the change in the waveforms can be observed. 

 
• Bias the detector to the desired voltage and start the pulse height build-up 

by using the start acquisition button on the MAESTRO interface. Before the 

acquisition the properties of the MCA can be adjusted from the MCB 

properties dialog box as follows. 

� The ADC tab in the properties can be used to adjust the conversion gain 

of the MCA. The conversion gain represents the maximum number of 

channels used for storing the pulse height. For instance a gain of 1024 

means that the pulse height spectra will be represented by 0 to 1023 

channels. The conversion gain should be chosen such that the detected 

peak in the region of interest (ROI) is represented by at least 5 channels. 

� The lower and upper level discriminator can also be adjusted in terms of 

channels. The lower level limits the lowest pulse height spectra that can 

be binned into the MCA (used to reduce the counts in the noise peak). 

Similarly the higher level determines the highest amplitude pulse that 

will be stored. 

� The MDA preset tab can also be adjusted to determine the time of 

collection of each spectrum. The ROI peak preset determine the number 

of counts required in the region of interest of the peak and the 

acquisition is stopped when the desired number is achieved. The real 

time represents the real clock time and can be set to stop the acquisition 

after a desired period of time. The live time represents the time elapsed 

since the start of acquisition minus the dead time of the detector.  
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• After the spectrum has been collected the next step is to calibrate the 

channels such that the pulse height in terms of energy is obtained. 

Calibration in MAESTRO can be achieved in terms of units of keV using the 

following steps. 

� Place the marker on the peak centroid and press insert to insert an ROI 

on the peak. 

� Select the Calculate/Calibrate option to calculate the centroid of the 

peak, enter the value of the peak energy on prompt in keV. If there is a 

warning at the bottom of the status bar, the energy value can be entered 

manually by placing the marker on the peak centroid. 

� Place the marker on the second peak and repeat the above process, (for 

the 55Fe source where only a single 5.9 keV peak is resolved by the 

detector the zero energy noise peak can be used for calibration). Entering 

3 or more peak energy values will prompt the program to perform a 

quadratic fit for more accurate results. 

� The calibrated spectrum can now be saved in ASCII format from the file 

menu. The calibration data is also saved in the file in the form of three 

(a, b and c) coefficients that can be recovered by using then in the 

quadratic equation ax2+bx+c , where x is the channel number, to obtain 

the energy value for each x in keV. 

� The data from the ASCII file can now be used in Sigmaplot for Gaussian 

fitting to determine the peak resolution in terms of energy. 

 
Isotope markers from the library can also be used in the energy calibrated 

spectrum to locate the position of other gamma rays from the same nuclide 

(useful for sources that emit photons with a wide energy range such as the 
241Am gamma source presented in the thesis). 


